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o References for chapter 1 (General Introduction) and chapter 7 (General Discussion) are listed
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e Figures and tables are consecutively numbered in chapter 1 (General Introduction) and chapter 7
(General Discussion), while figures and tables of the manuscripts (chapters 2 —6) are numbered
separately according to their appearance within the respective manuscript.

e Owingto the complex terminology of IUPAC nomenclature, the chemical compounds studied in this
thesis are referred to using their trivial names.

e Registered and legally protected trademarks are marked by the following symbols ™ or ®
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SUMMARY

The trace elements, selenium (Se) and copper (Cu) play an important role in maintaining normal brain
function. Since they have essential functions as cofactors of enzymes or structural components of
proteins, an optimal supply as well as a well-defined homeostatic regulation are crucial. Disturbances
in trace element homeostasis affect the health status and contribute to the incidence and severity of
various diseases. The brain in particular is vulnerable to oxidative stress due to its extensive oxygen
consumption and high energy turnover, among other factors. As components of a number of
antioxidant enzymes, both elements are involved in redox homeostasis. However, high concentrations
are also associated with the occurrence of oxidative stress, which can induce cellular damage.
Especially high Cu concentrations in some brain areas are associated with the development and
progression of neurodegenerative diseases such as Alzheimer's disease (AD). In contrast, reduced Se
levels were measured in brains of AD patients. The opposing behavior of Cu and Se renders the study
of these two trace elements as well as the interactions between them being particularly relevant and
addressed in this work.

In the first part, the transfer of the individual elements into the brain as well as their combination was
investigated using a well-established in vitro model of the blood-brain barrier (BBB). The study
demonstrated that the Se transfer is strongly dependent on the Se species used. In the in vitro model
of the BBB, the newly discovered Se species, selenoneine, and two reference species were investigated
regarding their transfer and metabolism. While previous studies have demonstrated side-directed
transfer of selenonein across the intestinal barrier and partial metabolization, here it was transferred
only in small amounts staying in the non-metabolized form across the in vitro BBB.

In the next section, as part of a collaboration, the impact of Cu on primary porcine brain capillary
endothelial cells (PBCECs) forming the in vitro BBB as well as transfer behavior was studied.
Furthermore, a combined approach was selected to evaluate the efficacy of a newly developed Cu
chelator for the treatment of Wilson’s disease (WD) patients in this model. It was shown that the
PBCECs are particularly sensitive to Cu, weakening the barrier integrity resulting in higher Cu transfer
into the brain. Combined administration with ALXN1840 prevented the impairment of the barrier as
well as Cu transfer to the brain. These results are promising for further development of ALXN1840 as
a clinical treatment for WD.

In vivo models of neurodegenerative diseases have already shown the protective effect of Se
supplementation. Therefore, the in vitro BBB model was applied to investigate whether insufficient Se
supply to PBCECs results in higher Cu transfer to the brain. Here, PBCECs were supplemented with
physiologically relevant concentrations of selenite already during cultivation and subsequently the

transfer of Cu was measured via ICP-MS/MS. Supplementation with Se did not demonstrate any effect
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on the transfer of Cu. However, the Se status of PBCECs improved, as evidenced by increased cellular
Se content, improved the barrier integrity accompanied by higher levels of selenoprotein P (SELENOP).
In addition, transfer rates were decreased upon incubation of supraphysiological Cu concentrations,
presumably indicating saturation of the transporters involved.

After considering the transfer of Se and Cu, the focus has shifted to the brain, where the effect of Cu
on brain cells, was characterized. Furthermore, the effect of Cu on the Se status of cells was of
particular interest. Astrocytes are the first cells encountered by the transmitted Cu in the brain.
Moreover, they effectively accumulate and store redox-active Cu to protect the highly specialized
neurons. Exposure of cells to Cu exhibited substantial cytotoxicity both in astrocytes as well as neurons.
This remained unchanged even after Se supplementation. In addition, it was shown that the cells
accumulate Cu efficiently, which was also independent of additional Se administration. Investigations
observing the mode of action demonstrated an increased formation of reactive species especially in
the mitochondria. Cu seems to trigger structural and functional changes in these organelles and
consequently causes a decline in membrane potential. In addition, changes in the glutathione balance
were observed, whereby increased GSH is formed, presumably to bind excess free Cu. With increasing
Cu concentrations, the GSH/GSSG ratio also decreased. Oxidative DNA damage formation and neurite
network loss were also induced by Cu. Additional supplementation with Se exhibited only a protective
effect on neurite degeneration, whereas the other mechanistic endpoints remained largely unaffected.
However, Cu significantly affected Se status, which was evident from reduced glutathione peroxidase
activity, decreased cellular Se as well as SELENOP levels, and decreased excretion of this selenoprotein.
This could be partially protected by supplementation with selenite or SeMet, although a dependence
on the Se species used was clearly evident.

The present work demonstrated an impact of Cu on cells of the neurovascular unit. Whereby Se
supplementation did not provide a clear positive effect on Cu-induced toxicity. However, an interaction
of the two trace elements has been demonstrated, especially regarding the cellular Se status.
Deteriorations of the Se status may have a negative effect on cellular redox regulation and presumably

on the development and progression of neurodegenerative diseases.
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ZUSAMMENFASSUNG

Die Spurenelemente Selen (Se) und Kupfer (Cu) spielen eine wichtige Rolle bei der Aufrechterhaltung
einer normalen Gehirnfunktion. Da sie wesentliche Funktionen als Cofaktoren von Enzymen oder
Strukturbestandteile von Proteinen haben, sind eine optimale Versorgung sowie eine genau definierte
homoostatische Regulierung von entscheidender Bedeutung. Stérungen der Spurenelement-
homoostase beeintrachtigen den Gesundheitszustand und tragen zum Auftreten und zur Schwere
verschiedener Krankheiten bei. Insbesondere das Gehirn ist aufgrund seines hohen
Sauerstoffverbrauchs und seines hohen Energieumsatzes anfallig flr oxidativen Stress. Als
Bestandteile einer Reihe von antioxidativen Enzymen sind beide Elemente an der Redox-Homdoostase
beteiligt. Hohe Konzentrationen werden jedoch auch mit dem Auftreten von oxidativem Stress in
Verbindung gebracht, der zu Zellschaden flihren kann. Besonders hohe Cu-Konzentrationen in einigen
Hirnregionen werden mit der Entwicklung und der Progression neurodegenerativer Erkrankungen wie
Alzheimer in Verbindung gebracht. Im Gegensatz dazu wurden in den Gehirnen von Alzheimer-
Patienten geringere Se-Konzentrationen gemessen. Das gegensatzliche Verhalten von Cu und Se
verdeutlicht die Relevanz der Untersuchung dieser beiden Spurenelemente sowie deren
Wechselwirkungen und wird in dieser Arbeit thematisiert.

Im ersten Teil wird der Transfer der beiden Elemente einzeln, sowie in deren Kombination in das Gehirn
anhand eines gut etablierten in-vitro-Modells der Blut-Hirn-Schranke (BHS) untersucht. Die
Untersuchung des Se-Transfers konnte zeigen, dass dieser stark von der verwendeten Se-Spezies
abhadngig ist. In diesem Modell wurden die neu entdeckte Se-Spezies, Selenonein, sowie zwei
Referenzverbindungen hinsichtlich Transfer und Metabolismus untersucht. Wahrend friihere Studien
einen gerichteten Transfer von Selenonein liber die Darmbarriere und eine teilweise Metabolisierung
nachgewiesen haben, wird dieses in der in vitro-BHS nur in geringen Mengen unverstoffwechselt
transferiert.

Im folgenden Abschnitt wurden im Rahmen einer Kooperation die Auswirkungen von Cu auf primére
porcine Hirnkapillarendothelzellen (PBCECs), die die in vitro-BHS bilden, sowie das Transferverhalten
untersucht. Dariiber hinaus wurde ein kombinierter Ansatz gewahlt, um die Wirksamkeit eines neu
entwickelten Cu-Chelators (ALXN1840) fur die Behandlung von Wilson Patienten zu testen. Es konnte
gezeigt werden, dass PBCECs besonders empfindlich auf Cu reagieren, wodurch die Integritat der
Barriere geschwacht und mehr Cu in das Gehirn transferiert wird. Die Kombination mit ALXN1840
konnte sowohl die Beeintrachtigung der Barriere als auch den Cu-Transfer ins Gehirn verhindern. Diese
Ergebnisse sind vielversprechend fiir die weitere Entwicklung von ALXN1840 zur Behandlung der
Wilson Erkranung.

In vivo-Modelle fir neurodegenerative Erkrankungen konnten bereits eine protektive Wirkung einer

Se-Supplementierung zeigen. Daher wurde das in vitro BHS-Modell verwendet, um zu untersuchen, ob
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eine unzureichende Se-Versorgung der PBCECs zu einem hoheren Cu-Transfer in das Gehirn fiihrt.
Dabei wurden PBCECs bereits wahrend der Kultivierung mit physiologisch relevanten Konzentrationen
von Selenit supplementiert und anschlieRend der Cu-Transfer mittels ICP-MS/MS gemessen. Die Se-
Gabe zeigte keinen Einfluss auf den Cu-Transfer. Allerdings verbesserte sich der Se-Status der PBCECs,
was durch einen erhohten zelluldren Se-Gehalt, eine verbesserte Barriereintegritdit und hohere
Selenoprotein P Gehalte nachgewiesen wurde. Dariiber hinaus zeigte sich, dass die Transferraten bei
der Inkubation mit supraphysiologischen Cu-Konzentrationen abnahmen, was vermutlich auf eine
Sattigung der beteiligten Transporter hinweist.

Nach der Betrachtung des Transfers wurde das Gehirn in den Fokus gestellt, wo die Wirkung von Cu
auf Gehirnzellen charakterisiert wurde. Dartber hinaus war die Wirkung von Cu auf den zelluldren Se-
Status von besonderem Interesse. Astrozyten sind die ersten Zellen, auf die das Ubertragene Cu im
Gehirn trifft. AuBerdem akkumulieren und speichern sie redox-aktives Cu, als Schutzmechanismus der
hochspezialisierten Neuronen. Die Exposition gegentliber Cu konnte sowohl bei Astrozyten als auch bei
Neuronen eine erhebliche Zytotoxizitdit zeigen. Dies blieb auch nach Se-Supplementierung
unverandert. Darliber hinaus konnte gezeigt werden, dass die Zellen Cu effizient akkumulieren
konnten, was auch unabhadngig von einer zusatzlichen Se-Gabe war. Untersuchungen zur
Wirkungsweise zeigten eine vermehrte Bildung reaktiver Spezies insbesondere in den Mitochondrien.
Cu scheint in diesen Organellen strukturelle und funktionelle Veranderungen auszulésen und in der
Folge eine Reduzierung des Membranpotentials zu bewirken. Dariiber hinaus konnte eine Verande-
rung des Glutathionhaushalts beobachtet werden, wobei vermehrt GSH gebildet wird, vermutlich um
freies Cu zu binden. Die Induktion oxidativer DNA-Schdaden und der Verlust des Neuritennetzwerks
wurden ebenfalls durch Cu untersucht. Eine zuséatzliche Se-Gabe konnte jedoch nur eine protektive
Wirkung auf die Neuritendegeneration zeigen, wahrend die anderen mechanistischen Endpunkte
weitgehend unbeeinflusst blieben. Allerdings beeintrdchtigt Cu den Se-Status erheblich, was sich in
einer verringerten Glutathionperoxidase-Aktivitat, verringerten Se- und Selenoprotein P-Gehalten und
einer verringerten Ausscheidung des Selenoproteins zeigte. Dies konnte teilweise durch Zugabe von
Selenit oder SeMet protektiert werden, obwohl eine Abhdngigkeit von den verwendeten Se-Spezies
deutlich zu erkennen war.

In der vorliegenden Arbeit konnte ein Einfluss von Cu auf Zellen der neurovaskuldren Einheit
nachgewiesen werden. Dabei zeigte die Se-Gabe keine eindeutig positive Wirkung auf die Cu-
induzierte Toxizitat. Allerdings konnte eine Wechselwirkung der beiden Spurenelemente
nachgewiesen werden, insbesondere hinsichtlich des zelluldren Se-Status. Eine Verschlechterung des
Se-Status konnte sich negativ auf die zellulare Redox-Regulation und vermutlich auf die Entwicklung

und das Fortschreiten neurodegenerativer Erkrankungen auswirken.
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1.1 Selenium - Occurrence and physiological relevance

1.1.1 Physicochemical characteristics

Selenium (Se) is a member of the 16" group (Vla subgroup) of the periodic table, with atomic number
34 and characterized by a relative mass of 78.971 u [1,2]. Along with oxygen, sulfur, tellurium and
polonium, Se forms the group of chalcogens. It occurs in the following valence states: 0 (elementary),
+1V (selenite), +VI (selenate) and -ll (selenide). Organic compounds usually contain selenides and are
therefore of particular relevance in biological systems. Influenced by various factors such as pH, redox
potential, free oxygen availability, and humidity it can easily switch between oxidation levels [2].
Among the six naturally occuring Se isotopes, "Se and 8°Se are the most abundant ones (Figure 1)
[1,3,4]. Elemental Se is found in five allotropic modifications, three being crystalline and two
amorphous (red or black in colour) [2]. Crystalline allotropes are formed by either Seg or Ses polymer
rings, grey or red in colour, or Se, helical chains (grey colour). The last representing the most
thermodynamically stable form with metal-like properties [5,6]. Se and sulfur, located one below the
other in the periodic table, have similar chemical properties and are both involved in biological
processes [7]. Both can be found at equivalent positions of different proteins as constituents of amino
acids. Besides their similarities, those two elements are not completely interchangeable in biological
systems [8]. Se differs from sulfur in terms of a slightly larger atomic radius and lower electronegativity,
resulting in weaker bonds with carbon and hydrogen [9]. At physiological pH, selenol groups are
present in their deprotonated selenolate form (pKa = 5.2), leading to higher reactivity, while their
sulfur analog remains in the thiol form (pKa = 8.3) [9].

Isotopic abundance [%] 086

882 g3 Atomic mass 34

Atomic weight [u] 78.971
d74Se 765e

Density [g/cm?®] 4.808

[177Se  [@78Se Melting temperature [°C] | 220

498 Boiling temperature [°C] | 685
805e 82Se* !

Oxidation states -1, 0, +IV, +VI

Figure 1. Percentage abundance of natural Se isotopes and chemical properties of Se. According to the Commission on
Isotopic Abundances and Atomic Weights (CIAAW) from the International Union of Pure and Applied Chemistry (IUPAC).

*radioactive
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1.1.2 Environmental occurrence and food sources

Due to its diverse and complex chemical properties, Se is ubiquitously found in a variety of
environmental compartments including air, water, soil, and plants. Se concentrations in water vary
widely between surface water (0.06 to 0.12 pg/L) and groundwater (0.06 to 400 pg/L) and depend on
pH, with higher contents in acidic (pH < 3.0) and alkaline (pH > 7.5) water [10]. Se concentrations in
the atmosphere range between 0.1 and 10 ng/cm3. It is produced, among other things, by volcanic
activity that releases Se-containing gases and dusts, but also by the industrial combustion of coal and
fuels [10]. The average Se concentration in the Earth's crust ranges from 0.05 to 0.09 pg/g, but it is
unevenly distributed and can reach very high levels in some areas. For example, volcanic rocks (120
pg/g) and shales (675 pg/g) can be particularly high in Se [5,10]. Most soils contain about 0.01 - 2.0
ug/g Se, although seleniferous soils can contain up to 1200 pg/g, depending mainly on the source rock
material [10,11]. In addition to local weathering processes, other natural sources (e.g. volcanic
eruptions) as well as anthropogenic inputs (combustion of fossil fuels, use of fertilizers, coal-generated
fly-ash, non-ferrous metal production etc.) can contribute to soil and atmospheric Se concentrations
[11]. Se-deficient areas are found in mountainous countries like Finland and Sweden, New Zealand,
and some regions of China [12], whereas Venezuela, Canada, Western Australia, and parts of China,

Russia, and the United States have particularly Se-rich soils [13,14].

Se content in plants depends on a number of factors such as soil properties, climate and geography.
Moreover, the amount and chemical form of Se are of crucial importance for the plant availability of
the element. Generally, the uptake and metabolism of Se follow the same pathways as for sulfur [15].
Based on the ability to accumulate Se, plants can be divided into non-accumulators and Se-
accumulators [10]. Most plant species belong to the group of non-accumulators and tolerate only small
amounts of Se (10 - 100 pg/g dry matter). Se-accumulating plants can contain Se levels up to 500 ug/g
dry matter when grown on seleniferous soils [10,16]. Although Se is not essential for higher plants
(angiosperms), there are so-called Se-hyperaccumulators, which include about 30 representatives of
the families Brassicaceae, Fabaceae and Asteraceae and can contain up to 15,000 pg Se/g dry matter
[17]. Nutritionally relevant plant products, which can be enriched in Se include onions, garlic and
broccoli, which deposit Se mainly in the form of selenate, selenomethionine (SeMet), methyl-
selenocysteine (MeSeCys) and y-glutamyl-Se-methyl-selenocysteine [13,18]. Some plant products such
as brazil nuts (Bertholletia excels), containing relatively high Se amounts (up to 320 ug Se/g) and
metabolize the absorbed Se mainly to SeMet [18]. Most vegetables and fruits contain only low
amounts of Se [10]. In animal products, Se concentration depends largely on feeding conditions and
the use of supplements [7]. Se is mainly enriched in form of SeMet and SeCys, and especially offal and

some fish (cod and tuna) contain high Se concentrations [19].
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1.1.3 Human selenium intake and recommendations

Se is mainly absorbed through food, but the environment, occupation and smoking can also contribute
to exposure [13]. Consumption of cereals and cereal products accounts for the largest share of Se
intake, followed by meat, fish, eggs, and milk and dairy products [13,20]. The uptake via drinking water,
mainly as selenate, is low; the maximum permissible amount of Se in drinking water in Germany is
10 pg/L[13,21]. Human bioavailability of Se is influenced by certain factors including content of protein
and fat as well as heavy metals in the diet [2,22]. Generally, protein-rich foods contain higher Se
amounts, while fat content correlates with lower Se [23]. In addition, the bioavailability of Se is
negatively affected by the presence of heavy metals and sulfur, and positively affected by the presence

of vitamins A, C and E [2].

Individual Se intakes vary widely around the world, ranging from 3 to 7000 ug per day, and both Se
deficiency and intoxication, as described later in this section, can be observed. Particularly high daily
intakes were observed in Venezuela, some parts of China and North America [13,24]. In contrast, Se
intake in Europe is lower, ranging from 7 to 90 ug per day (average 40 pg/d) [19]. In the dietary
supplement sector, a number of Se compounds (e.g. SeMet, Se-enriched yeasts, sodium selenate, -
selenite) are approved in Europe and can increase the individual Se intake [25]. In order to achieve
adequate Se contents in plant and animal products, Se-containing fertilizers or feed additives are
applied. In Germany, the use of sodium selenate (as fertilizer and feed additives) and sodium selenite

(as feed additives) is permitted [26-28].

According to the German, Austrian and Swiss Societies of Nutrition (D-A-Ch), average intake
recommended for men is 70 ug and for women 60 ug Se per day, respectively. Accordingly, values for
children and young people are set lower and nursing women have a higher requirement [29]. These
recommendations were derived from a study in Se-deficient chinese participants supplemented with
SeMet [30]. The U.S. National Institute of Health (NIH) recommends a daily intake of 55 ug Se per day
on the basis of two intervention studies in China and New Zealand [31-33]. In contrast, intake
recommendations from the World Health Organization (WHO) are based on two-thirds saturation of
plasma glutathione peroxidase (GPX) activity, a representative of the selenoproteins that contain
selenocysteine in their active center (see section 1.1.4 — Human selenium metabolism and
selenoprotein synthesis). From this, a daily Se intake of 26 ug for women and 34 pug for men was
determined to be sufficient [34]. The differences in the recommendations result from different
derivation methods used for the calculation. In addition, the choice of the ideal biomarker for Se supply

is a matter of ongoing debate.

One of the most widely used biomarkers of Se status is the total concentration in serum or plasma and

corresponds to the amount of Se that is absorbed and retained by the organism. However, the
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nonspecific incorporation of SeMet, a Se compound commonly found in diet, may contribute to the
total content without playing a functional role and consequently, not providing information about the
capacity and saturation of functional selenoproteins. Therefore, additional assessment of parameters
like selenoprotein P (SELENOP) level and GPX3 activity is used to gain more specific information about
the functional Se fraction [35]. These parameters can easily be measured in plasma or serum samples
and already respond to minor Se deficiency [36]. Plasma/serum SELENOP concentration is considered
a more accurate biomarker of the Se status than total serum Se, as it is the physiological transport
form of Se, ensuring systemic supply of the trace element [30,37]. GPX3, another functional biomarker,
is synthesized in the kidney, which is dependent on external Se supply via SELENOP. A Selenop-
knockout mouse model demonstrated decreased Gpx3 activity, which could be recovered by
transgenic liver-specific expression of human SELENOP [38], demonstrating the link between both
biomarkers. Urinary Se levels can be used to assess Se status at the population level as well [39]. Se
concentration in hair or toenails is used as a non-invasive long-term biomarker [40]. To obtain a

complete picture of the Se status, the combination of biomarkers is useful [35,40].

1.1.4 Human selenium metabolism and selenoprotein synthesis

The uptake of Se takes place mainly in the upper part of the duodenum and depends on the chemical
structure of the Se species ingested. Absorption of the various Se species is achieved by different
mechanisms, some of which have not yet been fully elucidated, as in case of selenite. The organic
selenoamino acids, equivalent to the sulfur-containing analogues, are actively transported into the
enterocytes viag amino acid transporters. After uptake of selenate by the anion transporter (SLC26), it
is reduced to selenite and then further metabolized. In general, absorption of selenoamino acids and
selenate is highly efficient with absorption rates ranging from 70% to 90% [41]. In contrast, selenite
uptake is less efficient with about 60% and depends on the availability of reduced glutathione (GSH) in
the intestine [41]. The rate of absorption can be negatively affected by the presence of other elements
like iron (Fe) (lll), calcium, arsenic, lead and sulfur. As selenite is complexed by Fe(lll) it can no longer

be absorbed by enterocytes [12].

Human Se metabolism at cellular level is depicted in Figure 2. The main metabolite of Se homeostasis
is selenide (Se?) and the Se species are converted to it albeit vig different metabolic pathways before
Se can specifically be incorporated into selenoproteins. Metabolism of selenate and selenite involves
a series of reduction steps facilitated by thioredoxin reductase (TXNRD) system or GSH to selenide.
Ingested SeMet can be incorporated non-specifically into proteins, so-called selenized proteins that
have no additional function, or it can be enzymatically converted into SeCys. This is further metabolized

into selenide via SeCys-B-lyase to be subsequently used for the synthesis of selenoproteins or for
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transport in the blood. In this process, selenide is bound to various proteins such as very low density
lipoprotein (VLDL), low density lipoprotein (LDL) as well as albumin or globulin and then transported
to the liver, which represents the central organ of Se homeostasis [18]. Hepatic Se is then either
provided to selenoprotein synthesis or undergo further transformation for excretion [42]. For further
distribution of Se within the body, it is incorporated into SELENOP in the liver, which is considered as
major Se transporter [43]. In plasma, the largest proportion of Se is composed of SELENOP (53%),
followed by GPX3 (19%) and others (28%) [44]. Uptake of SELENOP into extrahepatic tissues is
receptor-mediated by apolipoprotein E receptor 2 (ApoER2) (brain, testis) or megalin (kidney) [2,45].
Excess Se is excreted mainly in the form of selenosugars, dimethylselenide (DMSe) and

trimethylselenide (TMSe) via urine and faeces [46].

Starting from the central metabolite selenide, selenoprotein synthesis happens selectively at the
translational level through a highly complex process. Normally recognized as a stop codon, SeCys is
encoded via UGA codon. Recognition of this as SeCys requires the so-called SeCys insertion element
(SECIS), a hair structure in the 3'-untranslated region (3'-UTR) of eukaryotic selenoprotein mRNA that
prevents premature chain termination [47]. In addition to the SECIS element, Sec-tRNASe75¢¢ js needed,
which is complementary to the UGA codon. Beginning with a serine-loaded tRNA, the synthesis of
SeCys takes place directly at the tRNA. Initially the serine residue is phosphorylated by phosphoseryl
tRNA kinase (PSTK) and then converted to Sec-tRNAFeSe¢ by SeCys synthetase (SEPSECS) in the
presence of selenophosphate. Selenide is enzymatically activated to selenophosphate by
selenophosphate synthetase (SEPHS) under consumption of ATP. Subsequently, SeCys-loaded tRNA is
recognized by a specific elongation factor (eEFsec) and directed to the ribosomes. There, a complex
consisting of SECIS, SECIS binding protein 2 (SBP2), eL30, EFsec and tRNA is formed and referred to as

SeCys insertion complex [48].

The observation that individual selenoproteins respond differently to Se deficiency is known as
selenoprotein hierarchy. Some selenoproteins, such as GPX4, deiodinases (DIOs) and TXNRDs, are
expressed with higher priority than other selenoproteins (e.g., GPX1), while SELENOP has medium
priority. However, this hierarchy is not yet fully known for all selenoproteins. Furthermore, the
individual organs are also governed by a hierarchy, which means that under Se deficiency, brain and
testis can maintain their Se levels constant at the expense of other organs (e.g. liver, kidney or lung)

[49,50].
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Figure 2. Schematic overview of the human Se metabolism. (Figure was adapted from [13]). In principle, dietary Se is
metabolized to the central Se metabolite selenide (Se%) via different pathways depending on the Se species. Organic
selenomethionine (SeMet) can be incorporated into proteins instead of methionine or undergo further metabolism by
different enzymes. It is first converted to selenocystathionine (SeCT) via SeCT-B-synthethase and subsequently over
selenocysteine (SeCys) to selenide via two different lyases. Methylselenocysteine (MeSeCys) is metabolized to
methylselenole (MeSeH), which can be either demethylated to selenide or further methylated to form the excretion products
dimethylselenide (DMSe) or trimethylselenide (TMSe). Inorganic selenate is reduced to selenite, which can be converted into
selenide either via the glutathione/glutathione disulfide (GSH/GSSG) or via the thioredoxin reductase/thioredoxin
(TXNRD/TRX) system. At high Se concentrations, selenide is excreted in the urine by formation of selenosugars. Selenoprotein
synthesis starts with selenide, which is first activated to selenophosphate via selenophosphate synthetase (SEPHS) and
subsequently loaded to a specific phosphoseryl-tRNAISer/secl Incorporation of SeCys into selenoproteins takes place vig a

sophisticated system in which a number of other proteins are involved [13].
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1.1.5 Physiological functions of selenoproteins

In 1817, the swedish chemist Jons Jakob von Berzelius discovered Se and for a long time it was only
known for its toxic properties. The essential nature of Se was first described by Schwarz and Foltz in
1957 on the basis of experiments in which prophylactic administration of Se prevented liver necrosis
in rats [51]. In the 1970s, the discovery of Se in the GPX1 enzyme allowed for the first time the
identification of a specific biochemical function of Se in mammalian cells [52,53]. Nowadays, Se is
considered an essential trace element for all vertebrates including humans. In contrast to metals, Se
does not interact with proteins solely as a cofactor, but it is incorporated into proteins as a constituent
of the proteinogenic amino acid SeCys. The majority of the biological action of Se is based on these
selenoproteins [47]. In humans, there are 25 coding genes known for Se-dependent enzymes, with
GPXs, TXNRDs, and DIOs representing the most well-known selenoproteins [2]. Although the functional
properties of several selenoproteins have already been well characterized, there are a number of
representatives whose functions have not yet been fully elucidated. An overview of the individual
selenoproteins with regard to function and localization is shown inTable 1. Based on their function,
some selenoproteins can be classified into different families with five members belonging to the GPX,
three to the TXNRD and three to the DIO family. The GPX and TXNRD families are major participants in
the antioxidant defense system. While the GPXs are responsible for the detoxification of peroxides,
the TXNRD family regulates the redox status of disulfides [54]. Members of the DIO family are
important mediators of thyroid hormone metabolism via activation and inactivation of thyroid
hormones [55]. SELENOP has a special role among the selenoproteins. Up to ten SeCys are
incorporated in the amino acid sequence, rendering SELENOP responsible for the systemic distribution
of Se in the body. Moreover, antioxidant and metal-binding properties have already been observed,
making SELENOP a multifunctional selenoprotein [44]. The functions of other selenoproteins have not
yet been fully elucidated. Thus, SELENOM, SELENON, and SELENOT appear to be involved in the
regulation of Ca homeostasis [56—58]. While others, such as SELENOF, SELENOK, and SELENQS, appear
to play a role in protein folding and degradation [59—61]. Moreover, structural similarities may be
useful in predicting the functions of currently less understood selenoproteins. A number of

selenoproteins contain a TRX-like motif (C-X-X-U), suggesting involvement in redox regulation.
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Table 1. Overview of the 25 human selenoproteins, their functions and localization. *selenoprotein with TRX-like redox motif

(C-X-X-U). General reviews used for the overview: [54,62]. Abbreviations: AD - Alzheimer’s disease, CNS - central nervous

system, Cys — cysteine, ER - endoplasmatic reticulum, Met - methionine, PM — plasma membrane, TRX — thioredoxin

DIO1* activation of thyroid hormones (T4), liver, kidney, thyroid (PM) [63]
inactivation of thyroid hormones (T3 = rT3,
T4 - T2)
DIO2* activation of thyroid hormones (T4) thyroid, CNS, pituitary, skeletal muscle
(ER)
DIO3* inactivation of thyroid hormones (T3, T4) pregnant uterus, placenta, fetal and
neonatal tissues (PM)
GPX1 reduction of hydroperoxides ubiquitous, kidney, liver, erythrocytes [64]
(cytosol)
GPX2 gastrointestinal tract, liver (cytosol)
GPX3 plasma, kidney (extracellular)
GPX4 reduction of phospholipid & cholesterol ubiquitous, testes, spermatozoa, brain
hydroperoxides, embryogenesis, sperm (cytosol, mitochondria, nucleus)
maturation
GPX6 reduction of hydroperoxides olfactory epithelium, embryo (cytosol)
TRXND1* NADPH-dependent reduction of TRX ubiquitous (cytosol, nucleus) [65]
TRXND2* ubiquitous (mitochondria)
TRXND3* reduction of TRX, sperm maturation testis
Methionine-R-sulfoxide reduction of Met sulfoxide to Met ubiquitous (cytosol, nucleus) [54,66]
reductase 1 (MSRB1, SELENOR)
Selenophosphate synthetase 2 selenophosphate synthesis ubiquitous (cytosol, nucleus) [67]
(SEPHS2)
Selenoprotein F (SEP15)* control of protein folding, redox regulation ubiquitous (ER) [59,68]
Selenoprotein H* redox-sensitive DNA-binding protein, ubiquitous (nucleoli) [69,70]
antioxidative defense
Selenoprotein | phosphatidylethanolamine synthesis, role in T-  ubiquitous (PM) [71]
cell function
Selenoprotein K ER-associated protein degradation, immune ubiquitous (ER membrane) [60,72-74]
function, regulation of myogenesis
Selenoprotein M* Ca homeostasis regulation, neuroprotective ubiquitous, most abundant in brain (ER)  [56,75]
role in AD
Selenoprotein N Ca homeostasis regulation, SEPN1-related ubiquitous, embryonic development (ER  [57,76]
myopathies membrane)
Selenoprotein O* AMPylation, redox regulation ubiquitous (mitochondria) [77,78]
Selenoprotein P* Se transport & homeostasis, antioxidative plasma (secreted) [44,79]
function
Selenoprotein S ER-associated protein degradation, regulation ubiquitous (ER membrane, PM) [61,80]
of inflammation and oxidative stress
Selenoprotein T* Ca homeostasis regulation, neuroendocrine ubiquitous (Golgi apparatus, ER, PM) [58,81]
function, neuroprotective role, involved in
glucose homeostasis
Selenoprotein V* ER-stress mediated signaling, regulation of Se testis (cytosol, nucleus) [82-84]
metabolism, male reproduction
Selenoprotein W* regulation of bone metabolism, redox ubiquitous, muscle, brain (cytosol) [85,86]

regulation




GENERAL INTRODUCTION 9

1.1.6 Imbalances of selenium homeostasis

An intake below 20 ug Se per day or Se serum level <25 pg/L is referred to as Se deficiency and is
associated with alterations in expression of selenoproteins. Although there is usually no obvious Se
deficiency in Western industrialized countries, there are a number of people who are at risk of
developing Se deficiency, including patients on total parenteral nutrition or gastrointestinal
malabsorption, vegetarians, and alcoholics [20]. Symptoms of Se deficiency include fatigue, poor
performance, hair loss, whitening of fingernails, muscle weakness and infertility [20]. Additionally, a
number of conditions are associated with Se deficiency: decreased immune function, increased viral
virulence, cognitive decline or dementia [87]. Furthermore, endemic Se deficiency diseases are known,
especially in Se-poor regions such as parts of China or Siberia. The Keshan disease, a cardiomyopathy
that mainly affects children and women of childbearing age, is the best-known Se deficiency disease.
However, infection with Coxsackie virus together with a coexistent Se deficiency seems to be a trigger
for this disease [13]. Kashin-Beck is another endemic Se deficiency disease that occurs in Se-deficient
areas of China, Korea, and Siberia. This disease is a dystrophic osteoarthropathy leading to deformation

of bones and joint structure [13].

Though Se is one of the essential trace elements for humans, excessive intake can lead to toxic effects.
Cases of Se intoxication can arise due to occupational exposure, suicidal intent, and overdosage of
supplements [13,88,89]. Acute Se poisoning (serum levels of 400 to 30.000 pg/L) is associated with
abdominal (vomiting, nausea, diarrhea, abdominal pain, and garlicky bad breath) and neurological
symptoms (tremors, muscle spasms, agitation, confusion, delirium, and coma). In severe poisoning,
cardiac and pulmonary symptoms such as hypotension and pulmonary edema may develop, causing
possible death [89,90]. Endemic cases of chronic Se poisoning, known as selenosis can be observed in
particularly seleniferous areas of China [91]. Symptoms of chronic Se intoxication (serum levels of 500
to 1400 pg/L), include abdominal symptoms (nausea, diarrhea, vomiting, garlicky breath odor),
alopecia, nail changes, fatigue, skin lesions, peripheral paresthesias accompanied with hyperreflexia,
and pain in the extremities [90]. Neurological symptoms such as a decline in cognitive function,
weakness and paralysis may also be seen [90]. Due to the adverse effects, a tolerable upper intake
level of 300 pg per day (adults) and for children depending of the age ranging from 60 ug (age: 1 -3
yrs) to 250 ug (age: 15 — 17 yrs) has been established by the European Food Safety Authority (EFSA)
[92]. In a similar range, the WHO and the U.S. Institute of Medicine of the National Academies
established a maximum safe dose of 400 pg Se per day (age >14 yrs) and for children ranging from 45

ug (age up to 6 months) to 280 ug (age: 9 — 13 yrs) [31,34].

The substantial role of Se and selenoproteins in inflammatory processes and the immune response has

been extensively studied (detailed reviews on this topic [93,94]). Deficiency of this trace element can
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lead to decreased immune competence resulting in increased susceptibility to infection and possibly
other diseases. Lower Se status could be observed in patients with chronic inflammation (including
cystic fibrosis [95], rheumatoid arthritis [96] and inflammatory bowel disease [97]), critical illness
(sepsis [98]), trauma patients with wound healing disorders [99] and virus infections (AIDS [100] and
COVID-19 [101]). In this context, Se and selenoproteins have been shown to be involved in immune
cell activation, proliferation, and differentiation [94]. Antioxidant selenoproteins (GPXs and TXNRDs)
play a role in the homeostasis of redox-active components like hydrogen peroxide, which together
with other mediators trigger proper immune response [93]. The role of specific selenoproteins in
immune function is not yet conclusively understood. However, some appear to have regulatory roles

like SELENOR [102], SELENOK [73] and SELENOS [103].

The fact that Se deficiency can negatively affect the cardiovascular system has already been shown in
the endemic cardiomyopathy known as Keshan disease. Association between physiological Se status
and reduced cardiovascular diseases (CVDs) incidence and mortality could be shown by meta-analysis
of observational studies indicating a possible U-shaped relationship (Figure 3) [104-106]. Possible
mechanisms at the cellular level include an increased antioxidant function, inhibition of apoptosis and
influence on cell survival [107]. However, the use of Se supplements for the prevention of CVDs
remains controversial. Meta-analysis of randomized controlled trials (RCTs) regarding the benefit of Se

supply failed to identify an association between Se alone and reduced risk of CVDs and mortality [108].

Recent analyses of observational studies on Se and risk of type 2 diabetes (T2D) suggest a positive
association [109,110], which was first reported in 2007 after re-evaluation of data from the Nutritional
Prevention of Cancer (NPC) study [111]. However, there seems to be an interrelation between
SELENOP secretion from the liver and insulin signaling. This balance is disturbed in T2D, and SELENOP
is increasingly released into the blood [112,113]. This raises the question of whether elevated Se is a
risk factor for T2D or the consequence of it and highlights the need for well-designed studies in this

field.

A number of studies have demonstrated an association between Se status and decline in cognitive
function in elderly patients. In this context, a low Se plasma or toenail content is related to a higher
cognitive decline over time [114-116]. Similar observations could be made in AD patients [117,118].
In a later section of this work, the importance of Se in the context of the brain and neurodegenerative
diseases (NDs) is discussed in more detail (see section 1.3.2 — Physiological relevance of selenium for

brain function).

Human reproductive function can also be influenced by Se status. Especially male fertility is associated
with the selenoproteins GPX4 and SELENOP [119]. Thereby, GPX4 plays an important role in

spermatogenesis as well as in sperm motility [120]. Male Selenop!”” mice show reduced fertility, lower
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Se levels in the testes, and even supplementation with Se failed to raise Se levels to Selenop*/*) levels
indicating the high relevance of this selenoprotein [121]. The involvement of Se in female reproduction

is less well understood, although a possible role in follicular development is assumed [122].

Aiming to investigate the potential benefits of Se supplementation on the development of cancer, the
NPC study was initiated. Initial results were promising, showing reductions in cancer incidence, cancer
mortality, and incidence of lung, colon, and prostate cancer [123]. However, these results were
weakened by re-evaluation, resulting in only patients with low Se status at study entry (<106 ng/mL)
who showed a reduced incidence of total and prostate cancer [124]. Additionally, a second re-
evaluation even revealed an increase in skin cancer risk in patients with high Se status (>123 ng/mL)
[125]. Another large study, the Selenium and Vitamin E Cancer Prevention Trial (SELECT), failed to show
any benefits of supplementation on the development of prostate cancer and other cancer types [126].
In contrast to the NPC study, these patients already had a relatively optimal Se status (122 to 152
ng/mL) at baseline, which might be a reason for the absence of effect. The Swedish Mammography
Cohort Study indicated a potential benefit of Se administration in patients with low Se intake (<20.5
pg/day), as breast cancer mortality was highest in this group [127]. In summary, the results of the
studies are heterogeneous and highly dependent on the baseline Se status of the patients. These
observations have given rise to the concept of the U-shape risk-response curve of Se-dependent health
effects (Figure 3). Consistent with this widely accepted concept, people with low Se status may benefit
from Se supplementation and reduce their risk for developing certain diseases, in contrast to people

with adequate or high Se status who may be adversely affected by supplemental Se intake.

pietaryintake ~ Deficient Adequate Excess
Se status Low Optimal High
serum Se <25 pg/L serum Se = 125 pg/lL Serum Se =400 pg/L
A
N N N
Disease risk hlgh: low: h|gh:
Keshan & Kashin Beck Selenosis
Immune function |- Oxidative stress - Skin cancer risk T
Viral virulence T Viral virulence L. prostate cancer risk
Fertility/reproduction |- Fertility/reproduction T T20 risk T
Cognitive decline T+ A | Cognitive decline J 4
prostate cancer risk T T2D risk |

N J N e ~

Figure 3. U-shaped relationship between Se status/intake and disease risk. (Modified from [87]).
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1.2 Copper - Occurrence and physiological relevance
1.2.1 Chemical characteristics

Copper (Cu) is a transition metal with atomic number 29 and a relative mass of 63.55 Da [1]. Together
with silver and gold, it belongs to the 11" group of the periodic table. ®3Cu and %°Cu are the two stable
naturally occurring Cu isotopes with abundances of 69.2% and 30.8%, respectively (Figure 4) [3]. In
addition to the two stable isotopes, there are 27 radioactive isotopes (half-life ranging from 0.16 to
62 h), with some like %Cu and ®’Cu being applied for medical imaging and therapeutical purposes
[128,129]. Pure Cu has a reddish-brown metal color and, with a density of 8.9 g/cm3, belongs to the
heavy metals. As a semi-precious metal, it is characterized by very good thermal and electrical
conductivity and, in terms of physical-technical properties, Cu is a very solid but at the same time
ductile material [130]. It occurs in following oxidation states: 0, +I, +Il and +llIl (rarely +IV), whereby
only +l and +ll are of relevance for biological systems. There, Cu (primarily as +ll) is mainly bound to
amino acids like histidine or to proteins with imidazole residues such as albumin. Under hydrophilic
and oxidizing conditions, Cu(ll) salts are the most stable compounds and appear blue or green in colour

[131]. Characteristics of Cu are summarized in Figure 4.

Isotopic abundance [%]

Atomic mass 29
30,8 Atomic weight [u] 63.546
63Cu  165Cu Density [g/cm3] 8.94

Melting temperature [°C] | 1083

69,2 Boiling temperature [°C] | 2595

Oxidation states 0, +l, +I1, +1I

Figure 4. Percentage abundance of natural Cu isotopes and chemical properties of Cu. According to the Commission on

Isotopic Abundances and Atomic Weights (CIAAW) from the International Union of Pure and Applied Chemistry (IUPAC).

1.2.2 Natural occurrence and industrial uses

As the 25™ most abundant element in the earth's crust, concentrations of Cu range from 25 to
75 mg/kg. High concentrations can be found in igneous rocks (up to 120 mg/kg) and coal (up to
280 mg/kg), while in sedimentary rocks, Cu concentrations are lower (limestone (2 to 10 mg/kg),
sandstone (2 to 30 mg/kg), shales (40 to 60 mg/kg)) [132]. Contents in soils vary widely from country
to country, with values ranging from 14 to 110 mg/kg [132]. The concentrations of Cu depend on a

number of factors, such as the parent material, the physico-chemical properties and exogenous inputs
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from industry and agriculture. Anthropogenic sources of Cu release to the environment include
industrial and mining operations, incineration processes, domestic sewage, and the use of fertilizers
and fungicides [130]. Also contributing to Cu levels in the environment are natural sources such as
windblown dust, volcanic activity, and forest fires [130]. In seawater, Cu levels range from 1 to 5 pg/L,
while rain and river water contain less Cu with 0.02 to 0.3 pg/L and 0.3 to 3.6 pg/L, respectively [132].
However, in dependence of natural soil erosion and anthropogenic sources concentrations can be
higher in rivers and lakes [132]. Atmospheric Cu concentrations range from 5 to 200 ng/cm?3, with
higher concentrations possible in urban or other polluted areas, such as near non-ferrous metal

producing industries [130].

Cu is the 3" most used metal in the world and is mainly used in its elemental form. A large part of it is
utilized in the electrical engineering industry for the production of wires, conductors and generators,
but also for the production of water pipes [131]. In addition to the use of the pure metal, Cu
compounds are used in agriculture as fungicides and fertilizers [26], in antifouling paints and in animal

lifestock as a feed additive [27,130].

1.2.3 Human intake and recommendations

Food and drinking water are the main sources of Cu intake for humans, although the natural Cu content
is subject to wide variations [133,134]. Several factors play a role, including the season, soil quality,
geographical location, water sources and the use of fertilizers [135,136]. Offal, seafood, cocoa
products, some nuts and seeds contain high levels of Cu and are therefore good sources of Cu
[130,134]. In addition to food, drinking water can also contribute to the Cu supply. The Cu content in
drinking water is subject to strong fluctuations depending on the natural mineral content, the pH value
as well as the use of Cu pipes [130]. In Germany, a limit value of 2 mg/L Cu in drinking water has been
set [21]. Depending on the Cu content of the diet, the absorption rate can vary between 12% and 65%
[137-139]. Absorption is determined by several factors, including protein content, dietary fiber, and
presence of divalent cations. In this context, protein-containing foods and the amino acid histidine
appear to have a resorption-promoting effect. In contrast, the presence of dietary fiber and high

concentrations of zinc (Zn) and iron (Fe) reduce absorption [131].

Generally, the worldwide Cu supply is considered to be adequate for healthy adults [133,140]. Average
values for intake vary from 0.9 to 2.1 mg per day in Europe and USA [133,134]. The main contribution
to Cu intake comes from cereals and cereal products, but also meat and meat products account for it.
Other groups such as starchy roots/tubers (potatoes) and their products, coffee, tea, fish and seafood

are also among the important sources of Cu in Europe [133].
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According to the German, Austrian and Swiss Societies for Nutrition (D-A-CH), the estimated values for
adequate intake range from 1.0 to 1.5 mg Cu per day for adults with correspondingly lower values for
children [141]. Calculation was based on the compensation of Cu losses via feces and urine. Other
organizations have established reference values between 0.9 and 3.5 mg per day for adults. Various
markers have been used for the calculation, such as plasma/serum Cu levels, ceruloplasmin (CP) and
erythrocyte superoxide dismutase (SOD) activity [133]. These are the most frequently used biomarkers
for assessing the Cu status. However, application of those indicators is partly limited, as they can be
influenced by various factors such as hormones and inflammatory processes [142]. A new diagnostic
biomarker for individual Cu status is the labile Cu fraction, which is not tightly bound to ceruloplasmin
and is referred to as exchangeable Cu. It is proposed to be a specific marker for Cu overload in WD

[143]. However, further research is needed to establish a robust and sensitive biomarker for Cu status.

1.2.4 Human copper metabolism

Dietary Cu, mostly in the cupric form (Cu?*), is absorbed mainly in the stomach or proximal intestine
after being previously reduced to cuprous Cu (Cu*) by various reductases such as duodenal cytochrome
B (DCYTB) or STEAP2 [144-146]. Cellular uptake occurs via high affinity copper uptake protein 1 (CTR1),
but also CTR2 or divalent metal transporter 1 (DMT1) might contribute to cellular Cu absorption
[144,147]. High Cu concentrations in the intestinal lumen induce internalization of CTR1 to endosomes
in order to reduce uptake of the element [148]. Within the cell, cuprous ions are directly sequestered
by GSH [149] and subsequently bound to metallothioneins (MT) [150,151] or transported to the target
organelle via specific chaperones to prevent the accumulation of free Cu ions in the cytoplasm [152].
The chaperones include, for instance, the Cu chaperone for superoxide dismutase (CCS) [153], the
cytochrome c oxidase copper chaperone 17 (COX17) [154], and the antioxidant 1 copper chaperone
(ATOX1) [155]. In the cytosol, CCS is responsible for the activation of SOD1, while COX17 transports Cu
to the mitochondria, where it is incorporated into complex IV (cytochrome c oxidase) of the respiratory
chain. ATOX1 is responsible for Cu transport to ATP7A or ATP7B, which are located either in the trans-
Golgi network (TGN) or in the plasma membrane [156]. Export of Cu into the portal system is primarily
mediated by ATP7A [157]. In the blood system, Cu is bound to albumin, transcuprein (a2-
macroglobulin) or post-hepatic to ceruloplasmin (CP) [146,158]. The main storage organ for Cu is the
liver and the regulation of Cu homeostasis is accomplished mainly by absorption and excretion
[159,160]. In the liver, biliary excretion and loading of CP with Cu is mediated by ATP7B in dependence
of the Cu concentration [161,162]. At physiological Cu concentrations, Cu* ions are transported to the
TGN, loaded onto CP, and subsequently released into the blood for systemic distribution [163]. In

contrast, high Cu concentrations induce translocation of ATP7B to the apical membrane, resulting in
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excretion of excess Cu via the bile duct [164]. This process is presumably mediated by Cu metabolism
domain containing 1 (COMMD1) because mutation in this gene caused a Wilson’s disease (WD)-typical

Cu accumulation within the liver in dogs [165].

5 <P
- i) 0 gE-e S8 $n) &
(ec ] )02 L ]
)@m a a B
@ T ® HE

@
m . \ﬁ e Sa /l : . bile duct
J I}
,}!f -‘@ma\-/ I ‘R—ﬁ»o - e
CCO

albumin

5 portal vein
intestinal lumen = enterocyte " hepatocyte

Figure 5. Overview of Cu metabolism in human enterocytes and hepatocytes. In the intestinal lumen, cupric ions (Cu?*) are
reduced to Cu* prior to uptake into the enterocyte via copper uptake protein 1 (CTR1). High Cu concentrations in the intestinal
lumen induce an internalization of CTR1 into endosomes to reduce Cu uptake. Other transporters such as CTR2 and the
divalent metal transporter 1 (DMT1) can also contribute to cellular Cu uptake. In the cell, cuprous ions are sequestered by
GSH and subsequently either stored by binding to metallothioneins (MT) or transferred to specific Cu chaperones for
transport to the target organelles. CCS is the Cu chaperone for superoxide dismutase 1 (SOD1), while cytochrome c oxidase
chaperone (COX17) transports Cu to the mitochondria and antioxidant 1 copper chaperone (ATOX1) shuttles Cu to the trans-
Golgi network (TGN) or directly to the exporting ATPase copper transporting alpha (ATP7A in enterocytes or ATP7B in
hepatocytes). In dependence of the Cu status of the cells, the transporters can translocate between the TGN and the plasma
membrane. In the blood, Cu is loaded to different proteins such as albumin and transcuprein or posthepatic to ceruloplasmin

(CP). Figure was modified according to Doguer et al. [148].

1.2.5 Physiological functions and disturbances of copper homeostasis

Cu is an essential trace element whose essentiality was first demonstrated in anemic rats, in which
only combined administration of Fe and Cu resulted in an increase in hemoglobin concentration
[166,167]. Through its redox activity, Cu acts as a cofactor of various enzymes in reactions that involve
single electron transfer between a substrate and molecular oxygen [142]. These enzymes are referred
to as cuproenzymes and play an important role in cellular respiration, antioxidant protection, and Fe

metabolism, among other functions (summarized in Table 2) [142].
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Table 2. Functions of cuproenzymes. For a detailed overview, it is referred to a recent review from Collins et al. [142]

Amine oxidase deamination of mono- and diamines
Lysyl oxidase (LOX) crosslinking of collagen fibers
Ceruloplasmin (CP) ferroxidase, Fe release from storage
Hephaestin (HEPH) ferroxidase, intestinal Fe transport
Cytochrome c oxidase ATP production, electron transfer system
Tyrosinase (TYR) pigmentation, melanin synthesis
Peptidylglycine a-amidating monooxygenase activation of peptide hormones

(PAM)

Superoxide dismutases (SOD) reduction of superoxide

Dopamine B-hydroxylase (DBH) activation of catecholamines

Based on a 12-week double-blind study, a no observed adverse effect level (NOAEL) of 10 mg per day
and, considering an uncertainty factor, a tolerable upper intake level of 5 mg Cu per day for adults
were established [132,164]. While under normal physiological conditions, Cu overload is prevented by
increased excretion as part of Cu homeostasis, imbalances in Cu homeostasis can occur in certain
genetic diseases, such as Menkes (MNKD) or Wilson’s diseases (WD), which are characterized by

mutations in the ATP7A and ATP7B genes, respectively [161,168].

In X-linked recessive-inherited MNKD, the mutation in the ATP7A gene causes a dysfunction of Cu
export [168]. This results in an accumulation of Cu in the intestine and, as a consequence, in a systemic
Cu deficiency. Patients with MNKD die early in life if untreated and show clinical symptoms such as
hypopigmentation of skin and hair, growth retardation, and connective tissue abnormalities [168]. In
addition, neurological symptoms occur because the transport of Cu across the blood-brain barrier
(BBB) is also affected, resulting in neurodegeneration and demyelination [169]. So far, a cure for the
disease does not exist, but progression can be delayed or symptoms alleviated by subcutaneous or
parenteral administration of Cu histidine. However, an early diagnosis and the presence of partially

functional ATP7A are crucial for the success of the therapy [168].

WD is caused by an autosomal recessive mutation in the ATP7B gene [161,170,171] that results in
impaired biliary Cu export as well as trafficking to the TGN for incorporation into CP [172]. This causes
a massive accumulation of Cu, especially in the liver and brain, resulting in liver damage and
neurological defects [173]. Characteristic changes occur in the eyes, the so-called Kayser-Fleischer
corneal ring appears as a golden brown to greenish rim [172]. Treatment of the disease is based on
complexation, which decreases absorption or bioavailability, or decreased absorption of Cu through

Zn supplementation [174-176].
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1.3 Relevance of selenium and copper for brain functions

1.3.1 Fundamentals of the blood brain barrier

The tasks of the central nervous system (CNS), consisting of the brain and spinal cord, involve the
conversion of stimuli received from the sensory organs, control of motor activity, control of
metabolism and maintenance of homeostasis, among others. To ensure the regulation of homeostasis,
the brain has developed two sophisticated barrier systems - the blood-brain (BBB) and blood-liquor
barrier (BCB). In the following only the BBB will be considered in detail (an overview of the BCB is
reviewed elsewhere [177]). To maintain the physiological environment of the brain, the barrier
systems are indispensable, and act as a combination of physical (prevention of paracellular transport
by tight junctions), metabolic (intracellular and extracellular enzymes for the maintenance of
metabolism and an inactivation of neurotoxic substances), and transport barriers (regulated
transcellular transport by specific proteins) [178,179]. Dysfunction of the protective barrier systems
are associated with various NDs including stroke, Alzheimer’s disease (AD), Parkinson's disease (PD),
amyotrophic lateral sclerosis (ALS) and brain tumors [180-182]. Highly specialized capillary endothelial
cells encircling blood capillaries form the BBB and act as an interface between brain tissue and blood
circulation. A number of characteristics account for the unique properties of the brain capillary
endothelial cells, including the absence of fenestration, the presence of tight and adherent junctions,
low rates of endocytosis and transcytosis [183—-185]. Furthermore, in contrast to other endothelial
cells, the large number of mitochondria emphasizes the high requirement for ATP-dependent
transporters [186]. The cells of the BBB grow in a monolayer and account for 95% of the area between
the blood and brain tissue [187]. Endothelial cells together with neurons, non-neuronal cells
(astrocytes, microglia and pericytes) and components of the extracellular matrix form a functional

whole, the neurovascular unit (Figure 6) [188].

Astrocytes occupy a central position in the brain, mediating the interactions between neurons and the
cerebral vasculature [189]. Generally, regulation of CNS homeostasis is one of the most important
functions of astroglia. This includes, among other things, the supply of nutrients and energy substrates
to neurons, maintenance of molecular homeostasis through ion transport, modulation of synaptic
activity through removal and degradation of neurotransmitters, and provision of neurotransmitter
precursors [189]. Moreover, end feet of the astrocytes cover up to 99% of the area of the parenchymal
microvasculature [190] and contributing to regulation and remodeling of BBB properties as well as
neurovascular coupling [191,192]. Embedded between astrocytes and endothelial cells are pericytes,
which play an important role in modulation of BBB integrity and permeability, clearance of toxic
substances and regulation of cerebral blood flow. Moreover, they are thought to have immune cell

properties and stem cell activity [193—196]. Underneath the endothelial cells lies the basal lamina
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which is predominantly composed of extracellular matrix proteins such as collagen type IV, laminin
and fibronectin [197]. Functions include structural support, cell anchorage, and signal transduction
[198]. Neurons are specialized in reception and transmission of nerve impulses and represent the

functional unit of the CNS.

Neuron

Basal membrane
Tight junction
Pericyte
Capillary lumen
Endothelium
Astrocyte

Figure 6. The neurovascular unit. Schematic drawing of the neurovascular unit consisting of endothelial cells, pericytes,

neurons and astrocytes. Figure was modified according to Abbott et al. [185]

The BBB represents a tight barrier between the blood system and brain parenchyma. Cell-cell contacts
are sealed by tight and adherent junctions, resulting in high transendothelial resistance and low
paracellular and transcellular permeability [199]. This is necessary to prevent uncontrolled passage of
blood-born substances into the CNS. Moreover, the BBB offers protection against neurotoxic
substances (e.g. xenobiotics or endogenous metabolites) by so-called ATP-binding cassette (ABC)
transporters [200]. To ensure the supply of required nutrients to the CNS, the BBB has a series of
transporters that can shuttle hexoses, amino acids, nucleosides, and ions [199]. Furthermore,
receptor-mediated transport and adsorptive-mediated transcytosis also contribute to substrate

transfer across the BBB [201].

Even though the BBB provides protection against neurotoxins and harmful substances from outside,
endogenous factors can also damage the brain. In particular, oxidative stress is a major threat to the
brain. To maintain physiological functions, the brain requires about 20% of the body's total oxygen
consumption to cover the high energy demand of neuronal activity [202]. In addition to ATP, by-
products such as superoxide anions and hydroxyl radicals are also produced during oxidative
respiration [203]. Under physiological conditions, reactive oxygen and nitrogen species (RONS) play an
important role in fine-tuning of brain functions via redox-sensitive signaling, while uncontrolled
production has detrimental consequences. Increased occurrence of RONS in combination with

exceeding the antioxidant capacity of the cell causes oxidative stress, which is closely associated with
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neurodegeneration [202,204]. Moreover, the brain is particularly vulnerable to oxidative stress due to
several factors. As mentioned above, the brain has a high energy turnover, which is ensured by a
neuronal accumulation of mitochondria that provide the necessary higher metabolic turnover in the
respiratory chain [205]. Moreover, the brain is enriched in polyunsaturated fatty acids [206], which are
particularly susceptible to lipid peroxidation, representing another source of oxidative stress [207].
This is further enhanced by a moderate antioxidant capacity. The neuronal concentration of cytosolic
GSH is only 50% compared to other organs, which also reduces the activity of GSH-dependent enzymes
like GPXs [203,208]. Especially in the context of trace elements, the abundance of redox-active
elements such as Fe, Mn, and Cu is increased in the brain. As part of the Fenton or Fenton-like reaction,
high concentrations of these transition metals can lead to an increased production of hydroxyl radicals
[209]. In addition to the factors described above, there are a variety of other factors that illustrate the
brain's susceptibility to oxidative stress, such as the synthesis of neurotransmitters and their
autooxidation [202]. These factors can have negative effects on the cells of the brain, especially with
regard to post-mitotic non-self-replenishing neurons. Loss of these neurons can inevitably lead to

functional decline associated with NDs like AD [210].

1.3.2 Physiological relevance of selenium for brain function

The trace element Se is essential for proper brain function. The brain is one of the organs that are
preferentially supplied with it under Se deficiency conditions [43,211]. In Se-deficient fed mice, Se
levels in brain and testis were only mildly diminished in contrast to other organs [211,212]. Yet, the
levels of Se in the human brain (around 110 ng Se/g wet weight) are relatively low compared to other
organs (e.g. liver or kidney with 291 or 771 ng Se/g wet weight, respectively), corresponding to about
2% of the body's total Se content [213,214]. Brain areas of the telencephalon (e.g. the putamen,
caudate nucleus) and the cerebellum (cerebellar vermix) are particularly Se-rich under physiological

conditions [215].

The physiological functions of Se are mostly exerted via the incorporation of the proteinogenic amino
acid SeCys into selenoproteins (for details on selenoprotein synthesis see section 1.1.4 — Human
selenium metabolism and selenoprotein synthesis). In humans, impaired expression of selenoproteins
is known to cause various syndromes, some of which are associated with neurological abnormalities,
pointing to an essential function of these proteins in the brain [216]. In addition, a large proportion of
selenoproteins possess antioxidant properties. The change in expression of these proteins during aging
has implications for their antioxidative function and the development of NDs [217]. Increased oxidative
stress is considered one hallmark of various NDs such as AD [218,219], PD [220,221], ALS [222,223]

and multiple sclerosis [224,225].
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Figure 7. Schematic overview of body Se transport. Dietary Se in the form of various Se species (e.g., Se03%, Se04%, SeMet,
SeCys, MeSeCys) is transported to the liver, where selenoprotein biosynthesis occurs. SELENOP formed there is released into
the blood for systemic distribution of Se. Excess Se is excreted by the liver in the form of excretory Se species, mainly
selenosugars. Systemic SELENOP can be taken up by various receptors (megalin or ApoER2) into the respective organ, where
it is then used for further selenoprotein synthesis. In particular, the brain is dependent on an external SELENOP supply,
although low-molecular-weight Se species [226] and selenosugars [46] can also be transported via the BBB. Figure was
modified from [227]. Abbreviations: ApoER2 - Apolipoprotein E receptor 2, GPX — glutathione peroxidase, TXNRD —

thioredoxin reductase.

SELENOP plays a unique role, as it is the main supplier of Se to the brain (for systemic Se distribution
see Figure 7). In mice with genetic SelenoP knockout or its receptor ApoER2, reduced brain Se levels
were associated with neurological symptoms such as ataxia, seizures and poor motor coordination
[121,228,229]. By adding Se to the diet (8 weeks, torula yeast-based diet, 2 mg Se/kg as sodium
selenite), brain Se concentrations could be raised to Selenop*/* level [121]. Mice with a liver-specific
knockout of the selenoprotein demonstrated decreased plasma Se levels comparable to Selenop™”
mice, but exhibited no neurological symptoms. This indicates that local expression of Selenop is
responsible for maintaining Se levels in the brain under Se-deficient conditions [38]. SELENOP
expression could be detected in human brain [230] and non-neuronal cells like astrocytes are known
to secrete it for further Se distribution in the brain [231,232]. In addition to SELENOP, other Se species
are able to cross the BBB and thus contribute to local Se supply [226]. SELENOP not only functions as
a Se transporter, but also has an affinity for binding transition metals such as Cu, Zn, and Fe, which is

attributed to the presence of two histidine-rich domains [233,234]. On the one hand, the high
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reactivity of transition metals is essential for the organism, as they are mainly involved as cofactors of
enzymes catalyzing redox reactions. On the other hand, altered homeostasis of these can result in
uncontrolled production of reactive species via Fenton or Fenton-like reaction and as a consequence
in oxidative stress and cellular damage. Thus, transition metals are associated with the development
and progression of NDs such as AD and WD [235,236]. In vitro studies have shown that SELENOP
possibly competes with amyloid-beta and tau-protein with divalent ions. In addition, the formation of
tertiary complexes of SELENOP, cations and amyloid-beta or tau-protein reduces their toxicity
[234,237]. Furthermore, an increase in SELENOP mRNA expression was observed in post-mortem brain
tissue from AD patients [238], which was further co-localized with amyloid-beta and neurofibrillary
tangles [239]. Additionally, levels were also higher in the choroid plexus and in the cerebrospinal fluid
(CSF) of AD patients compared to healthy controls [240]. SELENOP expression is increased during aging,
which may indicate an increased need for Se [241]. In conclusion, there seems to be an association
between the pathological changes and SELENOP; however, further studies are needed to establish a

direct relationship because the evidence from post-mortem and in vitro studies is limited.

Another important selenoprotein family for brain function are the GPXs with GPX4 being the most
widely expressed isoform in the brain. This enzyme is anchored in the membrane, which catalyzes the
reduction of complex hydroperoxide lipids [242]. Homozygous knockouts of this selenoprotein were
embryonically lethal in mice, highlighting its importance in cell development and maintenance [243].
The relevance for male fertility has already been described in section 1.1.6 — Imbalances of selenium
homeostasis. GPX4 is implicated to protect neurons from the non-apoptotic pathway driven by Fe-
mediated production of RONS, called ferroptosis [244]. In mice, neuron-specific knockout of Gpx4
caused neurodegeneration of hippocampal, cerebral and motor neurons leading to cognitive
impairment with deficits in learning and memory function as well as paralysis via ferroptotic pathways

[245,246].

The TXNRD family is involved in redox regulation, but also a role in neuroprotection has been described
[247]. Trxnd1 and Trxnd2 are essential for development, and knockout resulted in retardation of
development and growth leading to early embryonic lethality in mice [248,249]. While neural-specific
knockout of Trxnd2 exerts no abnormal brain phenotype, knockout of Trxnd1 displays symptoms of
cerebellar dysfunctions with growth retardation and movement disorders [249,250]. Moreover,
neuronal ablation of Trxnd1 did not cause any abnormalities indicating a role in radial glia development
[250]. In @ murine model of Trxndl overexpression, the selenoprotein provided neuroprotective
effects and decreased damage to neurons after induced brain injury by ischemic conditions [251] or

excitotoxin [252].
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Knockout of Selenot in mice is embryonal lethal, while mice with brain-specific ablation displays severe
motor impairments when treated with PD-inducing agents like 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [253]. Moreover, treatment with MPTP induced Selenot in the
degenerating substantia nigra compacta in wildtype mice, which was consistent with high SELENOT
expression in caudate putamen tissue of PD patients [253]. Additionally, overexpression of SELENOT in
a human dopaminergic cell line (SH-SY5Y) protected the cells from oxidative stress after exposure to
1-methyl-4-phenylpyridinium [253]. These data indicate a neuroprotective role of SELENOT of

dopaminergic neurons.

In addition to the selenoproteins mentioned, other selenoproteins appear to play a role in brain

function; for more information, the reader is referred to recent reviews [254,255].

1.3.3 Importance of copper for brain function

Cu is essential for proper brain function, and both deficiency and excess lead to neurological
dysfunction [146,256]. Brain-specific Cu-dependent enzymes such as peptidyl-a-monooxygenase
(PAM) and dopamine-B-hydroxylase (DBH) are involved in the synthesis of neuropeptides and
neurotransmitters. The Cu content in human serum (993 + 340 pg/L) is significantly higher than in CSF
(21.7 £ 8.5 pg/L), thus the brain barriers restrict the entry of Cu into the brain parenchyma [257]. Main
entry route for Cu into the brain parenchyma is through the BBB, while the choroid epithelial cells of
the BCB are able to take up Cu from the CSF and regulate homeostasis [258] (Figure 8). CTR1 has been
shown to be present on brain capillary endothelial cells and cells of the choroid plexus that form the
BBB and BCB, respectively, and is the major transporter for Cu uptake, similar to other cell types [258].
The Cu transporter ATP7A is responsible for Cu export from cells and mutation of the gene, as seen in
MNKD patients, or knockout of the transporter in mouse models of MNKD resulted in severe Cu
deficiency in the brain [259]. In epithelial cells of the choroid plexus, ATP7B plays an important role in
the regulation of Cu homeostasis. In response to elevated Cu, ATP7B translocates from intracellular
compartments to the basolateral or blood-facing membrane to increase Cu efflux into the blood. In
WD patients, ATP7B function is disturbed and as a consequence, Cu accumulates within the brain

[256,260].

Cu concentrations in the human brains range around 3.1 to 5.1 pg/g wet weight, and generally, gray
matter contains more Cu than white matter [261,262]. Moreover, glial cells seem to contain higher Cu
concentrations than neuronal cells, especially in the subventricular zone where mainly astrocytes are
located [256]. These cells are able to store Cu and regulate the distribution within the brain

parenchyma [263]. Other Cu-rich brain areas include the locus coeruleus (LC) and substantia nigra (SN),
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both of which contain catecholamus neurons. The dentate nucleus, basal ganglia, hippocampus, and

cerebellum may also be rich in Cu [256,264].

NDs like AD and PD are associated with a disturbed Cu homeostasis resulting in a misdistribution of
the trace element [265]. In brains of PD patients, Cu levels were decreased in the SN while it
accumulates in Lewis bodies by forming a complex with a-synuclin [266]. Similar misdistributions have
been observed in brains of AD patients, where Cu accumulates in the senile plaques in association with

amyloid-B and neurofibrillary tangles while other brain areas were depleted of Cu [267].

Physiological Cu concentration High Cu concentration
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Figure 8. Entry routes for Cu into the brain. Cu transport across the endothelial cells of the blood-brain barrier occurs via
CTR1 (high affinity copper uptake protein 1) into the cell and via ATP7A (ATPase copper transporting alpha) out of the cell
into the interstitial fluid (ISF) of the brain. A mutation in the ATP7A gene, as occurs in Menkes disease (MNKD), leads to a
dysfunction of the transporter, resulting in Cu accumulation in the endothelial cells of the BBB. Regulation of Cu homeostasis
occurs mainly through the blood-cerebrospinal fluid barrier (BCB). Copper enters the cerebrospinal fluid (CSF) via diffusion
and is taken up by the endothelial cells of the BCB via the CTR1. At physiological Cu concentrations, it can be transported
either back into the CSF by ATP7B or into the blood via ATP7A. High Cu concentrations cause translocation of the transporters
responsible for export from the trans-Golgi network (TGN). Thus, ATP7B is translocated to the apical and ATP7A to the
basolateral membrane of BCB endothelial cells. In Wilson’s disease (WD), dysfunctional ATP7B and leads to accumulation of

Cu in the brain. Figure was modified according to [262,268].
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1.4 Objective of the thesis

Essential trace elements such as Se and Cu are vital components of enzymes and lead to impaired
health when deficient. Furthermore, both trace elements are involved in the regulation of the redox
homeostasis of the organism. This arises, on the one hand, because they are components of
antioxidant enzyme systems and, on the other hand, because at high intracellular concentrations they

can themselves contribute to the induction of oxidative stress and consequently to cell damage.

The brain represents a particularly sensitive organ to alterations in trace element homeostasis.
Neurological disorders can occur in both deficiency and excess. In addition to the BCB, the BBB
provides, among other things, a stable homeostasis of the internal environment of the brain. The
transfer of trace elements mostly takes place via the BBB. Therefore, the present thesis aimed to
investigate the transfer of Se and Cu across the BBB, alone and in combination (Chapter 2 to 4).
Furthermore, this work addresses the effects of Cu overload in different cells of the brain, as an
accumulation of Cu can be observed in different NDs such as WD and AD [256,267]. Proposed mode of
action of Cu induced toxicity is thought to be via induction of oxidative stress. For this reason, effect
of an overload of Cu was focusing especially on oxidative stress related endpoints (Chapter 5). With
respect to oxidative stress, selenoproteins with antioxidative properties may play an important role in
the defense of Cu induced cellular stress. Therefore, chapter 6 aimed to characterize the influence of
prior Se supplementation on Cu overload in human astrocytes and neurons. Different endpoints
related to cytotoxicity, Cu bioavailability, oxidative stress markers, genomic stability and cellular Se

status were measured.

Se mediated effects are known to be dependent on the chemical form and Table 3 provides an
overview of the Se species used in this thesis, which are either common natural dietary Se sources,

and/or frequently used in food supplements.

Table 3. Se species which are of relevance for the present thesis. *Selenoneine is depicted in its oxidized, dimeric form, which
is reported to be stable at cold to room temperatures [269]. Selenoneine (dimeric form) was isolated and purified by Kuehnelt

and colleagues [270].
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Following research questions and objectives are the subject of this thesis:

e Transfer of SeN and reference Se species across an in vitro BBB model (chapter 2)
e Effects of Cu on an in vitro BBB model and protective effects of chelating agents (chapter 3)
e Influence of Se supplementation on Cu transfer across the in vitro BBB (chapter 4)
e Characterization of the effects of Cu on astrocytes with focus on oxidative stress (chapter 5)

e Effects of Cu on human neuronal cell lines and modulation by Se supplementation (chapter 6)

On the one hand, this thesis provides insights into the transfer of the trace elements Se and Cu across
the BBB in vitro model. On the other hand, Cu overload, which is associated with various NDs, is
characterized in human astrocytes. These cells are known to serve as buffer by efficiently storing Cu
and subsequently protecting other cells of the brain such as neurons. Furthermore, combinational
approaches aimed to shed light into rarely investigated trace element interactions. /In vivo, changes in
trace element homeostasis do not occur in isolation, but in combinations highlighting the relevance of

further investigations of trace element interactions.
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1.5 Structure of the thesis

To achieve the first objectives of this thesis, the well-established porcine in vitro model of the BBB was
used to study the transfer of the trace elements Se and Cu as wells as the combination of both
elements. Besides the transfer of the two trace elements into the brain, the impact of Cu overload and
also in combination with additional Se supplementation was be investigated using human astrocytic

and differentiated neuronal cell lines.

Selenoneine (SeN) (2-selenyl-Na,Na,Na-trimethyl-L-histidine), a recently discovered Se species with
similar properties to its isolog ergothioneine, is present in high amounts in edible fish [271]. A previous
work demonstrated transfer across the intestinal barrier using Caco-2 cells and partial metabolization
of SeN by these cells [272]. Therefore, in Chapter 2! (Capabilities of Selenoneine to Cross the In Vitro
Blood-Brain Barrier Model), the transfer, cytotoxicity as well as metabolization of SeN was investigated
applying the well-established in vitro model of the BBB. Primary porcine brain capillary endothelial
cells (PBCECs) were isolated from freshly slaughtered pigs (for the isolation protocol see Appendix A:
The In vitro blood-brain barrier). PBCECs are representive cells of the BBB and are tightly connected to
each other via tight junction, preventing paracellular transfer of substances. SeN was synthezised from
genetically modified fission yeast Schizosaccharomyces pombe, isolated, purified and kindly provided
by Ao.-Prof. Dr. Doris Kuehnelt in the working group of Univ.-Prof. Dr. Kevin A. Francesconi from the
University of Graz [270]. At first, cytotoxicity of SeN and the reference Se species selenite and MeSeCys
was investigated using the neutral red and CCK8 assay. Subsequently, non-cytotoxic concentrations (1
and 10 uM) of the Se species were used for transfer experiments. Additionally, barrier integrity was
monitored via impedance-based spectroscopy using the CellZscope® during the experiment (Appendix
B: Monitoring by impedance spectroscopy). Se concentrations of the medium and cell lysate samples
were quantified via ICP-MS/MS. Design and implementation of transfer experiments, measurement of
Se contents and cytotoxicity were performed by Dr. Evgenii Drobyshev and myself in equal
proportions. Ao.-Prof. Dr. Doris Kuehnelt from the univisity of Graz performed the speciation analysis
of the cell lysates and medium samples. This study provides information about the transfer across the

BBB and metabolisation by the barrier-forming cells of the newly identified Se specie SeN.

1 Published as
E. Drobyshev*, S. Raschke*, R. A. Glabonjat, J. Bornhorst, F. Ebert, D. Kuehnelt & T. Schwerdtle (*shared first authorship),
Capabilities of selenoneine to cross the in vitro blood—brain barrier model
Metallomics, 2021, DOI: 10.1093/mtomcs/mfaa007
Impact Factor (2021): 4.15
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Chapter 32 (Bis-choline tetrathiomolybdate prevents copper-induced blood—brain barrier damage)
focuses on Cu transfer across the in vitro BBB and Cu-induced toxicity to BBB-forming cells.
Furthermore, the efficacy of a newly developed chelating agent for the treatment of WD was
investigated. Due to a mutation in the ATP7B gene [161,170,171], Cu accumulation occurs in the liver
and later also in the brain, causing neurological symptoms [273-276]. Common therapeutic approach
is the complexation of Cu by using chelating agents. However, neurological symptoms may worsen
with the administration of chelators such as DPA [277-281]. A tetrathiomolybdate, ALXN1840, is
currently under development to minimize these side effects [282-284].

In this collaboration with the Technical University of Munich, the effect of combined administration of
ALXN1840 upon Cu exposure on the BBB was investigated. This work includes the entire manuscript,
but only the experiments | performed using the in vitro model of BBB are discussed. In the first step,
cytotoxic effects of Cu in combination with DPA or ALX1840 were conducted using the CCK8 and
neutral red assay. Subsequently, Cu concentrations of 250 uM were choosen for transfer experiments.
Barrier integrity was continuously monitored throughout the experiment using the CellZscope®.
Subsequently, the Cu contents in medium samples taken during the experiment were quantified by
ICP-MS/MS. The filters containing the PBCECs were used for immunohistochemical visualization of the
tight junctions. Some filters were also sent to the TU Munich to the research group of Prof. Dr. Zischka
for electron microscopy. Dr. Sabine Borchard and | designed the experimental setup. | conducted most
of the transfer experiments, the Cu measurement, cytotoxicity assays in the PBCECs and
immunohistochemistry of the tight junctions. Accordingly, this study provides information on the Cu
transfer into the brain, and the impact of Cu on the cells of the BBB as well as the protective effects of

the novel chelator ALXN1840.

2 Published as
Borchard, S., Raschke, S., Zak, K. M., Eberhagen, C., Einer, C., Weber, E., ... & Zischka H,
Bis-choline tetrathiomolybdate prevents copper-induced blood—brain barrier damage,
Life Science Alliance, 2022, DOI: 10.26508/1sa.202101164

Impact Factor (2021): 5.19



28 CHAPTER 1

Human studies could identify an association between Se and the protection against cognitive decline
[285]. Moreover, Se levels in brains were shown to be lower in AD patients compared to healthy
controls [286]. Thus, these data suggest a possible protective role of an adequate Se supply with
respect to the development of NDs. In contrast, Cu accumulation in specific brain areas is associated
with the development and progression of NDs such as AD [267]. Against the background of an opposite
behavior of the two trace elements, the investigation of a possible interaction is of high relevance.
Therefore, chapter 43 (Se supplementation to an in vitro blood-brain barrier does not affect Cu transfer
into the brain) provides a combined approach between the two trace elements Se and Cu in the in vitro
model of the BBB.

Cultivation protocol of the PBCECs were adapted to ensure adequate Se supplementation of the cells.
This incubation protocol provided sufficient time for the incorporation of Se into selenoproteins and
allow for adjustments of the antioxidant defense system and metabolism. Development of the
protocol was done together with Prof. Dr. Schwerdtle. For transfer experiments, a physiologically
relevant (15 uM) and a supraphysiological (50 uM) Cu concentration were chosen. During the
experiment, the barrier integrity was monitored by impedance spectroscopy using the CellZscope®.
Subsequently, both Se and Cu concentrations were quantified in medium samples and cell lysates by
ICP-MS/MS. Additionally, the basolateral (brain side) medium samples were used to quantify content
of SELENOP by affinity chromatographic separation followed by ICP-MS/MS. The conception, execution
of the experiments and writing the manuscirpt was done by myself under the supervision of Prof. Dr.

Schwerdtle.

3 Submitted and under review (13t January 2023) as
S. Raschke, J. Bornhorst, T. Schwerdtle
Se supplementation to an in vitro blood-brain barrier does not affect Cu transfer into the brain
Journal of Trace Elements in Medicine and Biology, 2023, DOI: 10.1016/j.jtemb.2023.127180
Impact Factor (2021): 3.995
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In the last two chapters brain cell lines were applied to study the impact of excess Cu of the cells within
the brain. Especially dyshomeostasis of Cu is associated with serveral NDs such as AD and WD, causing
Cu accumulation in certain brain areas [265]. High concentrations of redox-active Cu can increase the
formation of RONS via Fenton-like reactions and consequently causing oxidative stress. Therefore,
chapter 5% (Characterizing effects of excess copper levels in a human astrocytic cell line with focus on
oxidative stress markers) includes studies in human astrocytes aiming to shed light into the toxic
mechanism of Cu with special focus on oxidative stress.

Dr. Barbara Witt conducted mechanistic studies and established a microscopic approach to specifically
visualize ROS production in mitochondria. Additionally, Dr. Michael Stiboller performed analysis and
guantification of target elements (Ca, Fe, Mg, Mn, Cu and Zn). | performed cytotoxicity tests and
measurement of mitochondrial membrane potential together with Dr. Barbara Witt. Furthermore, |
carried out essential preparatory work in the cell culture laboratory. In summary, this study provides
data on the toxic mode of action with regard to oxidative stress of Cuin human astrocytes. Additionally,

a first attempt was made to characterize the interaction between multiple elements.

4 Published as
Witt, B., Stiboller, M., Raschke, S., Friese, S., Ebert, F., & Schwerdtle, T
Characterizing effects of excess copper levels in a human astrocytic cell line with focus on oxidative stress markers,
Journal of Trace Elements in Medicine and Biology, 2021, DOI: 10.1016/j.jtemb.2021.126711
Impact Factor (2021): 3.995
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Chapter 6° (Selenium homeostasis in human brain cells: Effects of copper (1) and Se species) follows on
from the studies in the previous chapter. Here, the focus lies on the interaction between the two trace
elements Se and Cu. Furthermore, the protective potential of Se supplementation on various markers
in human astrocytes and neurons was investigated. The cultivation conditions were adjusted for
optimal Se supply to the cells. Subsequently, the cells were enriched with two different Se species
(selenite and SeMet) already during cultivation to enable the incorporation of Se into selenoproteins,
followed by treatment with increasing CuSO4 concentrations for 48 h. At first, a viability study was
conducted to screen different cytotoxicity endpoints for Cu toxicity. Subsequently, cellular
concentrations of Cu and Se were quantified using ICP-MS/MS. To further characterize the Se status of
the cells, GPX activity using a photospectroscopic assay was measured. Additionally, an analytical
method to quantify SELENOP was established by Dr. Johannes Kopp, and | performed the
measurement of medium samples and cell lysates. To investigate the protective potential of Se against
Cu-induced toxicity, alkaline and Fpg-modified comet assay was performed in both cell lines.
Furthermore, a gene screening was conducted in astrocytes to assess the effects of Cu alone and in
combination with Se on genes involved in DNA repair, antioxidative defense and Se status. Selection
of the appropriate genes as well as design of the primers was performed by me under supervision of
Dr. Fransiska Ebert. Additionally, generation of RONS and the GSH/GSSG ratio were determined using
carboxy-DCFH-DA and DTNB-based colorimetric assay, respectively. In neurons, the effects of Cu with
prior Se supplementation on the neurite network were assessed by staining of tubulin followed by
microscopic evaluation. The study design was planned under the direction of Prof. Dr. Tanja
Schwerdtle. | performed the experiments, did the analysis, and wrote the manuscript. The presented
study sheds light on the interaction between Cu and Se, especially in the context of an impact of Cu on

Se homeostasis.

Chapter 7 concludes by discussing the overall outcomes of the studies conducted (chapters 2 - 5) and
places the results in the context of the relevant literature. The appendix contains additional content

related to the applied systems.

5 Resubmitted and under review (19t January 2023) as
S. Raschke, F. Ebert, A. P. Kipp, J. F. Kopp, T. Schwerdtle
Selenium homeostasis in human brain cells: Effects of copper (II) and Se species
Journal of Trace Elements in Medicine and Biology, DOI: 10.1016/j.jtemb.2023.127149
Impact Factor (2021): 3.995
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2.

2.1 Graphical abstract
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An article with equivalent content is published as:

E. Drobyshev, S. Raschke, R.A. Glabonjat, J. Bornhorst, F. Ebert, D. Kuehnelt, T. Schwerdtle, Capabilities of selenoneine to

cross the in vitro blood—brain barrier model, Metallomics. 13 (2021). https://doi.org/10.1093/mtomcs/mfaa007.
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2.2 Abstract

The naturally occurring selenoneine (SeN), the selenium analogue of the sulfur-containing antioxidant
ergothioneine, can be found in high abundance in several marine fish species. However, data on
biological properties of SeN and its relevance for human health is still scarce. This study aims to
investigate the transfer and presystemic metabolism of SeN in a well-established in vitro model of the
blood-brain barrier (BBB). Therefore, the SeN and the reference Se species selenite and Se-
methylselenocysteine (MeSeCys) were applied to primary porcine endothelial cells (PBCECs). Se
content of culture media and cell lysates were measured via ICP-MS-MS. Speciation analysis was
conducted by HPLC-ICP-MS. Barrier integrity was shown to be unaffected during transfer experiments.
SeN demonstrated the lowest transfer rates and permeability coefficient (6.7 x 10-7 cm s-1) in
comparison to selenite and MeSeCys. No side-directed accumulation was observed after both-sided
application of SeN. However, concentration dependent transfer of SeN indicate possible presence of
transporters on the both sides of the barrier. Speciation analysis demonstrated no methylation of SeN
by the PBCECs. Several derivatives of SeN detected in the media of the BBB model were also found in
cell free media containing SeN and hence not considered to be true metabolites of the PBCEC cells.
Concluding, SeN is likely to have a slow transfer rate to the brain and not being metabolized by the
brain endothelial cells. Since this study demonstrates, that SeN may reach the brain tissue, further

studies are needed to investigate possible health-promoting effects of SeN in humans.

2.3 Introduction

Selenium (Se) is an essential trace element, which attracted high attention in the field of nutritional
science due to the fundamental importance for human health [1-3]. Se is necessary for the normal
functioning of almost all living organisms. In humans, Se manifests its functions by incorporation as the
amino acid selenocysteine into selenoproteins. These selenoproteins represent a broad variety of
enzymes in mammals and are necessary for proper function of antioxidant, immune and thyroid
hormone system [4,5]. The importance of Se is particularly evident in the brain, since Se deficiency can
cause irreversible damage to neuronal tissue [6]. Moreover, it was shown in mice that brain Se
homeostasis underlies a strictly regulated hierarchy, which protects the brain from Se depletion at the

expense of other tissues in time of Se deficiency [7,8].

Exposure to Se occurs mainly via diet in form of different Se species in plant and animal-derived food.
In addition to that, Se is commonly used in dietary supplements [1]. Beside its physiological
importance, Se can also induce toxic effects depending on the chemical structure as well as intake level
[9,10]. The highly Se species-dependent impact on human health is characterized by differing
bioavailability, metabolism and toxicity [6,11]. More precisely, some Se species are discussed to have

potential neuroprotective effects [12]. In this light, a comprehensive investigation of Se species, which
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can be found in human diet, is needed to gain insight of the possible health-promoting effects. The
naturally occurring Se species selenoneine (2-selenyl-Na,Na,Na-trimethyl-L-histidine, SeN), was
identified in blood and other tissues of the bluefin tuna (Thunnus thynnus) [13]. Since its discovery in
2010, SeN has attracted considerable attention not only due to its high abundance in edible fish [13—
15] but also as an isologue of the antioxidant ergothioneine (ET) [16]. Therefore, similar properties
have been proposed for SeN, but to date there are limited data concerning the properties of SeN. In
comparison to ET, SeN demonstrated higher radical-scavenging activity against 1,1-diphenyl-2-
picrylhydrazyl [13]. Furthermore, data suggest a potential role in methyl mercury detoxification in
zebrafish embryos [17] and dolphin liver [18]. In addition, SeN demonstrated a protective effect against
iron-mediated auto-oxidation in erythrocytes under hypoxic conditions [19] and against tumor
progression in two types of colorectal cancer models in mice [20]. The limitation of these pilot studies
is the use of SeN-enriched fish extracts due to the limited availability of pure species in sufficient
guantity. However, a recent study with synthetic SeN reported higher stability of SeN under hydrogen
peroxide treatment [21]. Moreover, the intermediate seleninic acid was shown to be rapidly converted
back to SeN by glutathione under physiological conditions, thus promoting the quenching of peroxide
radicals [21]. In contrast to other naturally occurring Se species like selenite or Se-
methylselenocysteine (MeSeCys), there are no data on the usability of SeN as a Se source for the

selenoproteome.

Recently, the specific transport of SeN across the intestinal barrier has been assessed using the Caco-
2 intestinal barrier model system [22]. Moreover, SeN was highly bioavailable to the cells and the
metabolite Se-methylselenoneine (MeSeN) was detected. These findings are consistent with
previously reported data on the detection of SeN in human blood [23] and its metabolite MeSeN in
blood and urine [24,25]. However, to date there are no data on the transport of SeN to the nervous
system. In hindsight to potential neuroprotective effects of SeN, it is of importance to investigate the
transport to the brain. The SeN isologue ET has been detected in the brain raising the question of

possible transfer of SeN across the blood-brain barrier (BBB) [26].

Considering the nutritional relevance of SeN and the still unknown effects on human health, further
characterization of SeN is essential. Therefore, a well-established in vitro BBB model system was
applied by utilizing primary porcine brain endothelial cells (PBCECs). In the current study, it has been
investigated how SeN affected the BBB in comparison to selenite and MeSeCys with special focus on
the integrity of the BBB and transfer across the model system. Furthermore, this work provides data

on cellular bioavailability as well as pre-systemic metabolism of SeN in PBCECs.
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2.4 Materials and Methods

2.4.1 Chemicals and Reagents

Fetal calf serum (FCS), Earle’s media 199, Ham’s F12 media, L-glutamine, and gentamycin were
purchased from Biochrom GmbH (Berlin, Germany). Neutral red powder was supplied by Carl Roth
GmbH + Co. KG (Karlsruhe, Germany) and (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium sodium salt (WST-8) by Dojindo EU GmbH (Munich, Germany). Sodium
selenite pentahydrate (Na2SeO3 - 5H20, > 99%, Lot # BCBJ3980V) was obtained from Sigma Aldrich
Chemie GmbH (Munich, Germany). Se (Methyl)seleno-L-cysteine (MeSeCys, > 98%, Lot # GR159180-9)
was obtained from Abcam (Cambridge, UK). Selenoneine (SeN) with a Se purity of > 98% was isolated
from genetically modified fission yeast Schizosaccharomyces pombe at the University of Graz [27].
Isotopically enriched 77Se (97.20 £ 0.20%) was purchased from Eurisotop SAS (Saarbriicken, Germany).
All other chemicals not stated were purchased from Sigma Aldrich Chemie GmbH (Munich, Germany)

or Roth GmbH + Co. KG (Karlsruhe, Germany).

For Se speciation analysis analytical grade chemicals were used throughout. Ammonium formate (2
95%), formic acid (> 98%, p.a.), tris-(2-carboxyethyl)phosphine hydrochloride (TCEP, > 98%, for
biochemistry) and ammonia solution (2 25%, p.a.) were obtained from Carl Roth GmbH + Co. KG.
Malonic acid (99%) and methanol (HPLC gradient grade) were purchased from Sigma-Aldrich and VWR
International (Fontenay-sous-Bois, France), respectively. Sodium selenite was purchased from Merck,
sodium selenate and D,L-selenomethionine (> 99%) were obtained from Fluka (Buchs, St. Gallen,

Switzerland), and MeSeCys was purchased from Sigma-Aldrich.

2.4.2 Cell Culture

The in vitro model of the BBB has already been described in detail and successfully applied in
characterization of the transfer of arsenic-containing hydrocarbons [28], organic and inorganic
mercury species [29], mangenese [30] as well as different other compounds [31,32]. Brains of freshly

slaughtered pigs were kindly provided by a local slaughterhouse (Gorzke, Brandenburg, Germany).

Primary porcine brain capillary endothelial cells were isolated and cultivated according to published
protocol [33]. For experiments, cryopreserved cells were thawed quickly at 37 °C and seeded (250,000
cells cm-?) on rat tail collagen-coated Transwell® microporous polycarbonate membrane inserts (1.12
cm2, 0.4 um pore size; Corning, Wiesbaden, Germany) or on rat tail collagen-coated 96-well plates
(TPP, Trasadingen, Switzerland) as previously described [28]. Earle’s Media 199 supplemented with
10% FCS, 50 U mL-1 penicillin, 50 pg mL-1 streptomycin, 100 pg mL-1 gentamycin and 0.7 mM L-
glutamine was used for cultivation at cell culture conditions (37 °C, 5% CO2, 100% humidity). After 48

hours of proliferation medium were changed to serum-free Ham’s F12 media supplemented with 50
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U mL-1 penicillin, 50 ug mL-1 streptomycin, 100 ug mL-1 gentamycin, 4.1 mM L-glutamine and 550 nM
hydrocortisone to start cell differentiation [34]. After additional 48 hours, cells were ready for

following experiments.

2.4.3 Dosage Information and Administration

Stock solutions of the Se species (10 — 100 mM) were prepared and diluted in purified water. Aliquots
of SeN were stored at -80 °C, while solutions of sodium selenite and MeSeCys were prepared freshly
before each experiment. For cytotoxicity testing, cells were incubated with concentrations ranging
from 10 — 100 uM of each Se species for 48 hours, respectively. For transfer studies, 1 uM or 10 uM of
Se species were applied in the apical (blood-side) compartment for 72 hours. Basal Se concentration
was 3.38 ug Se L-1 in the serum-containing medium and 0.127 pg Se L-1 in the serum-free medium,

which were used during transfer studies.

2.4.4 Cytotoxicity Testing

To assess the cytotoxic effects of the Se species neutral red uptake and dehydrogenase activity (cell
counting kit-8, CCK8) assays were conducted as viability markers. Following treatment of confluent
PBCECs with the Se species, WST-8 solution was added to the cell culture media. Cellular
dehydrogenases mediate the reduction of tetrazolium salt to an orange formazan dye and the change
in absorbance correlates with the dehydrogenase activity [35]. Absorbance was measured with an

Infinite 200 Pro microplate reader (Tecan Group Ltd., Mannedorf, Switzerland) at 470 nm.

Following CCK8 assay, cell culture media was gently removed and replaced by media treated with
neutral red (200 pg neutral red mL-1). The dye accumulates in intact lysosomes through binding to
anionic residues of the lysosomal membrane [36]. After 3 hours of staining the cells were washed and
fixed with 0.5% formaldehyde (v/v) in phosphate buffered saline (PBS). After extraction of the dye by
acidified ethanolic solution in PBS, the absorbance was measured with an Infinite 200 Pro microplate

reader at a wavelength of 540 nm.

2.4.5 Evaluation of Barrier Integrity

The PBCECs grow as a monolayer on the Transwell® inserts resulting in two compartments, the apical
(blood-facing) and basolateral (brain parenchyma) compartment. Se species were applied to the apical
compartment in 1 or 10 uM concentrations for 72 hours. Transendothelial electrical resistance (TEER)
and capacitance of PBCEC monolayer were continuously monitored during the transfer experiments
using the CellZscope® (nanoAnalytics, Minster, Germany). The TEER values are proportional to the

barrier integrity and capacitance correlates to the plasma membrane surface, providing additional
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information about cell viability. Measurements were conducted every 90 minutes. For the PBCECs
barrier, starting TEER values were in the range from 674 to 741 Q-cm? and capacitance in range from
5.07 x 10-7 to 5.70 x 10-7 uF/cm?. Obtained TEER and capacitance values were normalized to the

starting values of each experiment.

2.4.6 Total Selenium Quantification

Total Se content in media and cell lysates was quantified using triple quadrupole Agilent 8800
inductively-coupled plasma mass spectrometer (ICP-MS/MS) with standard nickel cones, concentric
glass nebulizer and Peltier cooled (2 °C) Scott spray chamber. For the Se quantification an established
isotope dilution method (IDA-ICP-MS) [37] was applied. Media samples were taken after O, 6, 24, 48
and 72 hours of incubation from apical and basolateral compartments. Media samples were diluted
with nitric acid and 77Se isotope to obtain solutions with a final concentration of 3 ug 77Se L-1 and 2%
(v/v) nitric acid. The Transwell® membranes with the PBCECs were cut out and washed with PBS. Cells
were lysed using RIPA buffer (10 mM TRIS, 150 mM NaCl, 1 mM EDTA, 1% v/v Triton X-100, 1% v/v
sodium deoxycholate, 0.1% v/v SDS) for 15 minutes at 4 °C. Cell lysates were centrifuged (10,000 x g,
20 min, 4 °C), diluted with nitric acid and 77Se spike as mentioned above. Before measurements, 3%
(v/v) of isopropanol was mixed to all samples for signal enhancement. Operation parameters were
optimized for Se detection. Following masses were monitored: 8Se* - #Se'®0* and 7’Se* > 7’Sel®0".
Protein content of the cell lysates was quantified via Bradford assay (Bio-Rad, Munich, Germany)

following manufacturer's instructions.

2.4.7 Speciation Analysis

For Se speciation analysis, media and cell lysates from transfer experiments (incubation with 10 uM of
the respective selenium species) were shipped to Graz on dry ice, and stored at -80 °C until analysis.
Before analysis samples were thawed and centrifuged (21,000 x g, 10 min, 4 °C). The centrifuged
samples were either diluted with MilliQ (18.2 MQ*cm) water or directly subjected to HPLC-ICP-MS

analysis.

Quantitative determination of Se species was performed with an Agilent 1100 HPLC system (Agilent,
Waldbronn, Germany) including a degasser (G1379A), a binary pump (G1312A), a thermostated
autosampler (G1329A, G1330A) and a thermostated column compartment (G1316A). Media and cell
lysate samples treated with SeN were analyzed by reversed-phase-HPLC with and without 0.1 mM
TCEP (condition I, Table S1, Supporting Information), whereas samples treated with MeSeCys were
analyzed without TCEP in the mobile phase (condition I, Table S2, Supporting Information). Samples
exposed to selenite were analyzed by anion-exchange chromatography (condition Il, Table S1,

Supporting Information). The HPLC system was connected via PEEK capillary tubing (i.d. 0.125 mm) to
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an Agilent 7900 ICP-MS equipped with a Micro Mist nebulizer and a Scott-type spray chamber. The
ICP-MS was operated in H2-reaction mode (H2 flow rate: 3.5 mL min-1) and selenium signal
enhancement was achieved by using 1% CO2 in Ar as optional gas at a flow rate of 12% of the carrier
gas flow. The signals at m/z 77, 78, 80, and 82 were monitored and m/z 78 was used for quantification
against aqueous standard solutions of selenite (for samples treated with selenite), as well as MeSeCys

and selenomethionine (for samples treated with MeSeCys and SeN).

Unknown Se species in the media incubated with SeN were identified by HPLC-ESI-Orbitrap-MS under
chromatographic condition | without TCEP in the mobile phase (Table S1, Supporting Information)
using a Dionex Ultimate 3000 HPLC system (ThermoFisher Scientific, Waltham, USA) consisting of a
Rapid Separation (RS) pump, an RS autosampler and an RS column compartment coupled to a Q-
Exactive Orbitrap Mass Spectrometer (ThermoFisher Scientific) equipped with a heated electrospray
ionization (HESI-II) source. The following source settings were used to operate the electrospray
ionization source in positive mode: gas temperature 350 °C, gas flow rates 65 (sheath) and 20 (aux)
instrument units, spray voltage 3500 V and capillary temperature 300 °C. The resolution was 70,000
(full width at half maximum, FWHM) for full scan ranges of m/z 150 to 370 and m/z 350 to 1,000. For
the automatic gain control (AGC) target and the maximum injection time (IT) 3 x 106 and 100 ms were
used, respectively. Further structural information on precursor ions was gained by data dependent
MS/MS (ddMS/MS), which was performed with stepped collision energies of 10, 20, and 30 instrument
units. MS/MS settings were the following: resolution 17,500 FWHM, maximum IT 50 ms, AGC target 1

x 105 and isolation window 8 Thomson (mass/charge).

2.4.8 Statistics

Presented results were obtained with at least three independent PBCEC stocks. The transfer studies
were conducted in duplicates. For cytotoxicity tests four replicates were taken for each concentration
point. GraphPad Prism 8.0.1 (GraphPad Software Inc.) was used for statistical analysis. Results are
presented as mean + SD. Data were analyzed using one-way ANOVA followed by Dunnett’s multiple

comparison post hoc tests. Significance levels are: *P < 0.05, ** P <0.01, and *** P < 0.001.
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2.5 Results and Discussion

The naturally occurring Se species selenoneine, which is an isologue of the antioxidant ergothioneine,
was first identified in blood and tissue of bluefin tuna [13]. Due to its high abundance in fish [13-15],
SeN is of nutritional relevance, but comprehensive investigations of the physiological role in the human
metabolism are still lacking. Taking into consideration, that SeN might be transferred to the brain,
there could be a possible protective or antioxidant effect of SeN on the nervous system. In addition to

that, to date it is still unclear if SeN can be utilized as a Se source for the selenoproteome.

In the current study cytotoxicity, transfer and bioavailability of SeN were assessed in comparison to
the reference Se species selenite and MeSeCys using the PBCECs BBB model. Additionally, speciation
studies were conducted using HPLC-ICP-MS and HPLC-ESI-Orbitrap-MS to investigate a possible

metabolization of the Se species by PBCECs.

2.5.1 Impact of Se Species on the Viability of PBCECs

In order to identify the non-cytotoxic concentration range for subsequent transfer studies,
dehydrogenase activity and neutral red uptake were assessed after incubation with the respective Se
species for 48 hours. SeN and MeSeCys exerted no cytotoxic effects on PBCECs in concentrations up to
100 uM (Fig. 1 A). This goes in line with other studies investigating the cytotoxicity of SeN in a human
Caco-2 [22] and a murine melanoma cell line [38]. However, SeN affected the lysosomal integrity
already at a concentration of 10 uM (Fig. 1 B), but not reaching effective concentration reducing the
cell viability by 30% (EC30). To date, there are limited data on cytotoxicity of SeN and no data are
available in primary cells. There are no studies on cytotoxic effects of selenite and MeSeCys in brain
endothelial cells. Most studies regarding toxicity of Se species are conducted in human cancer cell
lines. In these studies selenite was toxic already at low micromolar concentrations while MeSeCys
caused toxic effects only at higher concentrations [37,39-43]. Furthermore, results from rodent
studies reported higher toxicity of selenite compared to organic Se species [44,45]. In agreement with
in vitro and in vivo data, selenite caused substantial cytotoxic effects on PBCECs in both tested viability
endpoints whereby the lysosomal integrity (ECso value: 15 uM) was more sensitive as compared to the
dehydrogenase activity (EC3 value: 30 uM). MeSeCys only had an impact on lysosomal integrity but
could not reduce viability below 70% (Fig. 1 B). Regarding ECso values of selenite, PBCECs were less
sensitive compared to cancer cell lines [37]. Possible reasons for the different sensitivity could be

explained with the differentiation status of cells and the usage of primary cells.
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Figure 1. Cell viability determined by dehydrogenase activity (A) and neutral red uptake (B) after 48 hours incubation with
three Se species in differentiated primary porcine endothelial cells (PBCECs). Shown are mean values of at least two
individual experiments with at least four replicates each + SD. (*/#/5/P < 0.05, **/#* P < 0.01 and *** P < 0.001 vs. untreated

control cells, SeN — A (#), MeSeCys — @ (§), Selenite — @ (*)).

2.5.2 Effect of Se Species on the Integrity of In Vitro BBB Model

To verify the integrity of the PBCEC barrier during incubation with SeN and the reference Se species
selenite and MeSeCys, online monitoring of TEER and capacitance was performed. An intact barrier is
essential for transfer studies and a disruption of the barrier by cytotoxic effects has to be avoided.
Therefore, sub-cytotoxic concentrations of each Se species were used for transfer studies. Neither
TEER nor capacitance decreased during incubation with 1 uM (Fig. 2) and 10 uM (data not shown) Se
species, thus indicating the absence of barrier disruption. Capacitance remained unaffected during
transfer experiments. TEER demonstrated noticeable increase after incubation with MeSeCys, which
could be explained by an altered expression of tight junctions (TJs) [46]. Altogether, no barrier
disruption was observed during 72-hour incubation with 1 uM selenite, MeSeCys or SeN. The same Se
species also did not affect TEER and capacitance of the Caco-2 intestinal barrier model at

concentrations up to 10 uM [22].
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Figure 2. PBCEC barrier integrity (A) and capacitance (B) after application of 1 uM of Se species in the apical compartment
for 72 hours. Barrier integrity was assessed by online monitoring of the TEER and capacitance values. Shown are mean values,
expressed as % of starting value, calculated from at least three independent experiments with two replicates each. Standard

deviation did not exceed 18% for TEER and 3% for capacitance (not shown).

2.5.3 Se Transfer Across the In Vitro BBB Model and Se Uptake

To investigate the bioavailability of the Se species to the nervous system, time-dependent Se transfer
was studied after application of Se species to the apical side of the PBCEC barrier, thus imitating Se
entry from the blood vessel lumen. For the selenite incubation, Se transfer was statistically not
significant (P > 0.05) due to the high standard deviation (Fig. 3). Nevertheless, transfer of 33 + 13% Se
content to the basolateral compartment indicates that a considerable part of selenite passed across
the barrier (permeability coefficient (8.7 + 3.7) x 10-7 cm s-1). In contrast to selenite, MeSeCys
demonstrated the fastest and the most efficient transport among the applied Se species and mostly
reached equilibrium after 72 hours. Permeability coefficient of MeSeCys ((10.4 + 0.2) x 10-7 cm s-1)
was almost identical to the coefficient of sucrose (1.0 x 10-6 cm s-1) reported for the same PBCEC
model [47]. Most probably, this is attributed to the Se-unspecific active transport of amino acids.
MeSeCys can potentially be carried by the alanine, serine, cysteine, and threonine transporter 1
(ASCT1) and 2 (ASCT2), which are responsible for the delivery of cysteine to the brain [48]. The kinetics
of SeN transfer was the slowest among applied Se species. SeN application resulted in a statistically
significant increase of the Se concentration in the basolateral compartment after 48 hours.
Nevertheless, SeN permeability coefficient is the lowest with (6.7 * 2.3) x 10-7 cm s-1 and only 22 +
7% of Se was transferred after incubation with 1 uM SeN, which is very close to those for incubation
with 0.1 uM SeN — 24 + 6% (Fig. S1, Supporting Information), but significantly higher than that for 10
UM SeN — 9 + 2% (Fig. S2, Supporting Information). After the application of SeN on the both sides of
the PBCEC barrier, no side-directed transfer was observed (data not shown). However, the
concentration-dependent differences of the transport of SeN indicated that transporters on both sides

possibly facilitate SeN transport in dependence on SeN gradient rather than a transport by passive
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diffusion. In contrast to the results in the BBB model, the studies using the Caco-2 intestinal barrier
model demonstrated side-directed transport of SeN from the intestinal lumen to the blood side [22].
This may be due to the expression of organic cation/carnitine transporter 1 (OCTN1) in Caco-2 cells,
which was shown to be responsible for SeN transport in HEK293 cells [17]. Nevertheless, it is known
that ET can pass across BBB and accumulate in the brain of rats [49], while OCTN1 is not expressed in
rats BBB [50]. Therefore, we cannot exclude other possible transfer mechanism for SeN in the model

used.

Se concentration in PBCEC cell lysates was measured at the end of the transfer experiment to
determine the Se uptake into the cells. The obtained Se contents in PBCECs demonstrated a slight
increase in intracellular Se content, but did not differ significantly from the control cells (data not

shown), thus indicating no accumulation of the studied Se species within the cells.
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Figure 3. Percentage of Se transferred from the apical to the basolateral compartment after the application of 1 pM Se
species in the apical compartment for 72 hours. Shown are mean values + SD calculated from at least three independent
experiments with two replicates each. Presented mean values were calculated based on the average values from each
experiment. Statistically significant difference was calculated in relation to the starting value (0 hours) for corresponding Se

compound using one-way ANOVA followed by Dunnett’s test, * P < 0.05, *** P < 0.001.

2.5.4 Speciation Studies

To date, the mammalian metabolism of SeN is mostly unknown. Therefore, a HPLC-based speciation
study of SeN was carried out in PBCECs. For the speciation studies 10 uM of SeN or of the reference Se
species MeSeCys or selenite were applied to the apical compartment of the in vitro BBB model for 72
hours and obtained media from both compartments as well as cell lysates were analysed by HPLC-ICP-
MS. Incubation with SeN resulted in the formation of at least eight unknown Se-peaks (U1 — U8) in
addition to SeN in both compartments with U1 being major and in the same concentration range as

the originally applied species in all media investigated (Fig. 4). This unknown peak was also detectable
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in high concentrations in media containing SeN without presence of cells (data not shown). In general,
no significant differences in the concentrations of the selenium species were observed, when TCEP

was added to the mobile phase.

Table 1. Se species concentrations (results from two independent experiments) in the media of apical and basolateral

compartments and cell lysates after 72-hour incubation with 10 uM of SeN, selenite or MeSeCys.

SeN Selenite MeSeCys
Apical Total Se [ug Se L] 1312; 1296 132; 117 151; 153
Incubated species [pg Se L] 394; 559 19; 21 185; 176
% of total Se 30; 43 14; 18 123; 115
Sum of species [ug Se L] 1342; 1364 19; 21 188; 187
Column recovery [%] 102; 105 14; 18 125; 122
Basolateral Total Se [ug Se L] 61;78 104; 94 127; 132
Incubated species [pg Se L] 24;21 35; 30 151; 162
% of total Se 39; 27 34; 32 119; 123
Sum of species [ug Se L] 66; 67 35; 30 154; 164
Column recovery [%] 108; 86 34; 32 121; 124
Cell lysate  Total Se [pg Se L] 3.1;1.7 5.0;4.5 1.4;0.7
Incubated species [ug Se L] 1.8; 0.5 1.6; 1.6 0.5;0.3
% of total Se 57; 29 32; 36 36; 43
Sum of species [ug Se L] 1.8; 0.5 1.6; 1.6 0.5;0.3
Column recovery [%] 57; 29 32; 36 36; 43

To elucidate the nature of the unknowns HPLC-ESI-Orbitrap-MS was performed and all unknowns could
be assigned accurate candidate masses with Am < 2 ppm, corresponding elemental compositions, and
we propose structures based on the recorded fragmentation patterns in comparison to that of SeN
(Figs. S3 — S7 and Table S2, Supporting Information). We propose the major unknown U1 is an adduct
of SeN with pyruvate, which is always present in the DMEM/Ham’s F12 culture media as sodium
pyruvate, and likely reacts spontaneously to SeN-pyruvate ([C12H1805N3Se]+; m/z = 364.0407; Am =
-0.8 ppm). Although only U1 could be clearly detected by HPLC-ICP-MS when pure SeN containing
media without PBCEC cells were analysed, all unknowns except for U2 were detectable by HPLC-ESI-
Orbitrap-MS, albeit with considerably weaker signals than in the media from the transfer experiments
with the cells. We proposed structures for U2 to U8 based on similarities to fragmentation spectra

measured for SeN (Fig. S7, Supporting Information) and U1 (Fig. S3, Supporting Information), and
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suggest that several isomers eluting at different retention times are present in the samples (Fig. S8,
Supporting Information). As U2’s structure is likely similar to that of the other unknowns, it is also not

considered a “true metabolite” of the PBCEC cells.

Although the concentration of SeN itself did not exceed 43% of the total Se (Table 1), the sum of species
(SeN plus U1 to U8) closely matched the total selenium concentration. If U1 to U8 are already formed
without the PBCECs this indicates negligible metabolism of SeN by the PBCEC cells at the blood-brain
barrier themselves. In contrast to the results in the intestinal barrier model [22] no methylation of SeN
to Se-methylselenoneine could be observed by high resolution MS in the BBB model. In the lysate
samples SeN was only detected at trace levels and the detection of the other peaks in lysates seems

to be unachievable in the current setup.

MeSeCys was the major Se species in media and cell lysate samples (Table 1). Additionally, four minor
unknown Se species in low concentrations were detected in media (Fig. S9, Supporting Information).
As their concentrations were low, identification by HPLC-ESI-Orbitrap-MS was not attempted. Column

recovery showed quantitative elution of the Se species in the media.

In samples treated with selenite, selenite was the only form of Se detected with the anion-exchange
separation (Fig. S10, Supporting Information). However, in contrast to SeN and MeSeCys treated
media, the column recovery was low in the case of selenite-treated media (only 14 — 36% of the total
selenium, Table 1). Spiking of one of the media with an aqueous selenite standard solution showed
retention time matching between the species in the media and the pure standard (Fig. S10, Supporting
Information) and yielded quantitative recovery of the added selenite (111%). Hence, the low column
recovery is most likely due to the presence of other selenium metabolites strongly retained on the
column under the used chromatographic conditions. As these suspected species make up for a major

part of the total selenium in the media further investigations into their identification are needed.
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Figure 4. HPLC-ICP-MS chromatogram of the media from apical (A) and basolateral (B) compartments as well as cell lysate
(C) after 72-hour incubation with 10 uM SeN from the apical side of the PBCEC barrier. Chromatographic conditions: column:
Waters Atlantis dC18, 4.6 x 150 mm; mobile phase: 20 mM ammonium formate 3% (v/v) methanol 0.1 mM TCEP pH 3.0; flow
rate: 1 mL min1; column temperature: 30 °C; injection volume: 10 pL. Apical medium (A) was diluted 1 + 9 with water before

analysis.
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2.6 Conclusion

The current study demonstrated capability of SeN, a naturally-occurring Se species, to pass the blood-
brain barrier by applying a well-established BBB model based on primary porcine capillary endothelial
cells. Se transport and biotransformation were studied after application of SeN, selenite and MeSeCys.
Obtained data indicate the absence of toxic manifestations in BBB model during long-term incubation
with supra-physiological concentrations of all Se species. Transfer studies indicate slow but substantial
transport of SeN from the blood-facing to the brain-facing side of the BBB. Additionally, speciation
study revealed negligible metabolism of SeN by PBCECs. Our results are indispensable for advances
towards the assessment of possible health-promoting effects of SeN. Nevertheless, taking into
consideration the complexity of the brain, consisting not only of one cell type, and more complex
transport mechanism of inorganic Se species, the limitations of the model system are indisputable.

Therefore, further studies regarding the human health-related properties of SeN are required.
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2.11 Supporting Information
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Figure S1. Se transfer after application of 0.1 uM SeN in the apical compartment for 72 hours. Shown are mean values + SD

calculated from three independent experiments with two replicates each.
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Figure S2. Se transfer after application of 10 pM SeN in the apical compartment for 72 hours. Shown are mean values + SD

calculated from a single experiment with three replicates each.
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Figure S3: HPLC-ESI-Orbitrap-MS mass spectrum of U1 (A), simulated mass spectrum of the candidate structure (B), and

fragmentation of the molecular ions at m/z 364.0 + 4.0 with 10, 20, 30 NCE (C); Chromatographic conditions: Condition |

without TCEP (Table S1). The R-C3H303 moiety was proposed to be pyruvic acid based on the presence of sodium pyruvate in

the culture medium; we show one possible isomer for this sidechain.
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Figure S4: HPLC-ESI-Orbitrap-MS mass spectrum of U2 (A), simulated mass spectrum of the candidate structure (B), and

fragmentation of the molecular ions at m/z 392.1 + 4.0 with 10, 20, 30 NCE (C); Chromatographic conditions: Condition |

without TCEP (Table S1). We show only one possible isomer of the R-C5H703 moiety based on the structural similarity to

pyruvate, which is contained in the culture medium.
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Figure S5: HPLC-ESI-Orbitrap-MS mass spectrum of U3/U4 (A), simulated mass spectrum of the candidate structure (B), and

fragmentation of the molecular ion at m/z 348.1 * 4.0 with 10, 20, 30 NCE (C); Chromatographic conditions: Condition |

without TCEP (Table S1). We show only one possible isomer of the R-C4H70 moiety; several isomers of this moiety are likely

present (peaks U3-U5 in Fig. S8 E).
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Figure S6: HPLC-ESI-Orbitrap-MS mass spectrum of U7 (A), simulated mass spectrum of the candidate structure (B), and
fragmentation of the molecular ion at m/z 406.1 * 4.0 with 10, 20, 30 NCE (C); Chromatographic conditions: Condition |
without TCEP (Table S1). We show only one possible isomer of the R-C6H903 moiety; several isomers of this moiety are likely

present (peaks U6-U8 in Fig. S8 F).
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Figure S7: HPLC-ESI-Orbitrap-MS mass spectrum of SeN (A), simulated mass spectrum of the structure (B), and
fragmentation of the molecular ion at m/z 278.0 % 4.0 with 10, 20, 30 NCE (C); Chromatographic conditions: Condition |

without TCEP (Table S1).



CAPABILITIES OF SELENONEINE TO CROSS THE IN VITRO BLOOD-BRAIN BARRIER MODEL 55

U1 _
25403 - selenoneine m/z78 A

™~
o
m
T
S
@
"

1.5E+03 -

"

1.0E403

us/ua
5.0E+02 0 u7 us

Intensity [counts]

0.0E+00 u T T et T T 7 d

1.0E+06 -
U1 m/z 364.0407 B
8.0E+05

6.0E+05 -

4.0E+05

Intensity [counts]

2.0E+05

0.0E+00 T T T T T T T 1

5.0E+05
4.0E+05 selenoneine m/z 278.0403 C

3.0E+05

2.0E+05

Intensity [counts]

1.0E+05

0.0E+00
R.0E+04 - uz2

m/z 392.0720 D
6.0E+04 -

4.0E+04 -

2.0E+04 |

Intensity [counts]

0.0E+00 A T T A T T T

1.0E+06 -
usjua m/z 348.0821 E
8.0E+05

6.0E+05 -

4.0E+05

Intensity [counts]

2.0E+05 - us

0.0E+00 T T T T T

1.5E+05 -
m/z406.0876 |

1.2E+05 -

9.0E+04

6.0E+04 -

Intensity [counts]

3.0E+04 -

0.0E+00

0 2 4 6 8 10
Retention Time [min]

Figure S8: HPLC-ICP-MS chromatogram (m/z 78) (A) and HPLC-ESI-Orbitrap-MS chromatograms (m/z of selenoneine and
candidate base peak masses for Ul to U8 extracted from positive full scan with Am + 3 ppm) (B)-(F); Chromatographic

conditions: Condition | without TCEP (Table S1)
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Figure S9. HPLC-ICP-MS chromatogram of the medium from apical (A) and basolateral (B) compartments as well as cell
lysate (C) after 72-hour incubation with 10 uM MeSeCys from the apical side of the PBCEC barrier. Chromatographic
conditions: column: Waters Atlantis dC18, 4.6 x 150 mm; mobile phase: 20 mM ammonium formate 3% (v/v) methanol pH

3.0; flow rate: 1 mL min-1; column temperature: 30 °C; injection volume: 10 pL.
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Figure S10. Anion-exchange-HPLC/ICP-MS chromatogram of medium from the apical compartment (black line) and

medium from the apical compartment spiked with an aqueous selenite standard solution (final spike concentration 20 pg

Se/L) (A), medium from the basolateral compartment (B) as well as cell lysate (C) after 72-hour incubation with 10 uM

selenite from the apical side of the PBCEC barrier. Chromatographic conditions: column: Dionex lonPacTM AS14, 3 x 150

mm; mobile phase: 5 mM malonate pH 9.5; flow rate: 0.5 ml/min; column temperature: 30°C; injection volume: 10 pL
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Table S1. Chromatographic conditions for the quantitative determination of Se species in PBCEC cell lysates and culture

media. For all conditions, the column temperature was 30 °C and the injection volume was 10 pL.

Flow
Condition Column Mobile Phase Rate [mL
min!]
Atlantis® dC18 (5 uM; 4.6 x 20 mM ammonium
reversed-
| phase 150 mm; Waters formate, 3% MeOH pH 1.0
Corporation, Milford, USA) 3.0*
Dionex lonPac™ AS14 (5
anion- uM; 3 x 150 mm;
. exchange ThermoFisher Scientific, > mM malonate pH 9.5** 0-5
Waltham, USA)

* adjusted with formic acid; ** adjusted with 25% aqueous ammonia

Table S2. High resolution mass spectral data for Selenoneine (SeN) and previously unknown Se species (U1 - U8) observed

in cell cultures and media.

Compound Elemental Elemental Calculated | Measured Mass
composition | composition | mass [M]* | mass [M]* | difference
of the side [ppm]
chain

Selenoneine (SeN) CoH1602N3Se H-(SeN) 278.0403 278.0402 -0.1

U1 (SeN-pyruvate*) C12H180s5NsSe | C3Hs0s-(SeN) | 364.0407 364.0404 -0.8

u2 C14H2,05NsSe | CsH;05-(SeN) | 392.0720 392.0723 +0.7

(SeN-oxopentanoate™)

U3/u4/uUs Ci3H2203NsSe | C4H,0-(SeN) 348.0821 348.0821 +0.1

(SeN-butanone*)

ue/U7/U8 CisH2405NsSe | CgHsOs-(SeN) | 406.0876 406.0883 +1.6

(SeN-oxohexanoate*)

* We propose compound names for only one of the possible isomers of U1 - U8.



BIS-CHOLINE TETRATHIOMOLYBDATE PREVENTS COPPER-INDUCED BLOOD-BRAIN BARRIER DAMAGE 59

3 ° BIS-CHOLINE TETRATHIOMOLYBDATE
PREVENTS COPPER-INDUCED BLOOD-BRAIN
BARRIER DAMAGE

3.1 Abstract

In Wilson disease, excessive copper accumulates in patients’ livers and may, upon serum leakage,
severely affect the brain according to current viewpoints. Present remedies aim at avoiding copper
toxicity by chelation, for example, by D-penicillamine (DPA) or bis-choline tetrathiomolybdate
(ALXN1840), the latter with a very high copper affinity. Hence, ALXN1840 may potentially avoid
neurological deterioration that frequently occurs upon DPA treatment. As the etiology of such
worsening is unclear, we reasoned that copper loosely bound to albumin, that is, mimicking a potential
liver copper leakage into blood, may damage cells that constitute the blood-brain barrier, which was
found to be the case in an in vitro model using primary porcine brain capillary endothelial cells. Such
blood-brain barrier damage was avoided by ALXN1840, plausibly due to firm protein embedding of
the chelator bound copper, but not by DPA. Mitochondrial protection was observed, a prerequisite for
blood—brain barrier integrity. Thus, high-affinity copper chelators may minimize such deterioration in

the treatment of neurologic Wilson disease.

An article with equivalent content is published as:

S. Borchard, S. Raschke, K.M. Zak, C. Eberhagen, C. Einer, E. Weber, S.M. Miiller, B. Michalke, J. Lichtmannegger, A. Wieser,
T. Rieder, G.M. Popowicz, J. Adamski, M. Klingenspor, A.H. Coles, R. Viana, M.H. Vendelbo, T.D. Sandahl, T. Schwerdtle, T.
Plitz, H. Zischka, Bis-choline tetrathiomolybdate prevents copper-induced blood-brain barrier damage, Life Sci. Alliance. 5

(2022) e202101164. https://doi.org/10.26508/Isa.202101164.
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3.2 Introduction

In 1912, Samuel Alexander Kinnier Wilson reported a fatal neurological disease characterized by a
progressive degeneration of the lenticular nucleus that additionally was associated with liver cirrhosis
[1]. Today, we know that Wilson disease (WD) is due to an impairment of the mostly liver-residing
copper-transporting ATPase ATP7B [2, 3, 4]. ATP7B defects cause massive liver copper accumulation
and current viewpoints state that this copper may leak into the circulation [5]. In WD, patients’ blood
copper is not tightly incorporated into the copper-bearing plasma protein ceruloplasmin, but
potentially available for its accumulation in peripheral organs, especially the brain [6]. Indeed, a
correlation between a progressively elevated serum concentration of nonceruloplasmin copper (NCC)
and the neurological severity has been described [7]. Moreover, in the WD animal model toxic milk
mouse, there is some experimental evidence for this route. These mice appear with enormous liver
copper accumulations, whereas modest elevations are seen in the spleen, kidney, and brain [8]. Upon
intragastric D-penicillamine (DPA) administration, within days, a significant increase in copper in the
serum and also in the brain was demonstrated in these mice [9], and thus one may conclude that it is
the DPA taken up by the portal vein that liberates liver copper to cause serum and brain copper
elevations.

In WD patients, upon years or even decades of accumulation, brain copper concentrations may reach
up to 450 ug/g dry weight (versus 7 - 60 pug/g dry weight in controls) [10, 11, 12], considered to be the
prime toxic condition that causes brain lesions and neurologic symptoms (e.g., dysarthria and
parkinsonism) [13]. Nevertheless, many aspects of the pathophysiology of neurologic WD are still
rather circumstantial, lack clinical evidence, or are unknown. Among them is the issue how elevated
NCC enters and accumulates in the brain.

In WD patients, blood copper is mainly bound to albumin and amino acids [14, 15, 16]. Being the most
abundant plasma protein (35 - 50 g/L; 500 - 750 uM), albumin has a huge copper binding capacity and
may bind up to five copperions at pH 7.4 (17). A first copper ion is tightly bound to the N terminus (Kd
=0.9x 102 M [18] - 6.7 x 10'Y M [19]), a second one to a multi-metal binding site with intermediate
affinity (Kd = 1.91 x 107 M [17]), and the remaining three copper ions are relatively loosely attached
to presently uncharacterized sites (Kd = 6.25 x 10® M [17]). In this respect, the amino acid histidine
may play a minor role because of its comparatively lower plasma concentration (100 uM [15]) and
intermediate copper affinity (Kd = 10° M [20]). Thus, in plasma, several binding partners for copper
exist with either high capacity and/or high affinity. In WD patients, total blood copper concentrations
of 0.5 - 16.6 uM have been observed [21, 22], among them a relatively low concentration of 1 - 5 uM
copper that may be exchangeable as determined by EDTA (Kd = 1.26 x 10 M [18]) chelation
experiments [23]. This raises the issue of how excess brain copper accumulation may occur. One

mechanism may be a constant competition for and uptake of copper into the brain via the high-affinity
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transporter CTR1 (Kd = 10* M), possibly linked to an impaired copper re-export into the blood due to
ATP7B defects [24]. CTR1 and ATP7B are present at the blood-facing membrane of endothelial cells
that form the blood—brain barrier (BBB) along with astrocytes and pericytes [25]. Such competition at
relatively low NCC blood copper, together with a one-way copper route into the brain due to ATP7B
absence, may explain the observed long clinical silence, sometime lasting decades, of neurologic
complications in WD patients. Another, not mutually exclusive possibility is that periods of copper
induced liver damage may cause intense “blood copper pulses,” thereby causing brain copper
accumulation and damage. In fact, clinically relevant fluctuations in neurologic symptoms, sometimes
multiple times per day, with varying degrees of severity have been reported. These symptoms may be
exacerbated by stress, concurrent illnesses, or medications [26]. Such brain damage of NCC may start
at the BBB that then may facilitate further unregulated copper entry into the brain. In agreement with
this hypothesis, Stuerenburg described disturbances of the BBB in neurologic WD patients, as indicated
by an increased ratio of albumin presence in cerebrospinal fluid versus serum [27]. Moreover, copper
chelation treatments that bind excess liver copper, may secondarily cause such copper pulses. Here,
as has been demonstrated in toxic milk mice, the chelator DPA directed copper to the blood, causing
elevations in brain [9]. Indeed, treatment of neurologic WD patients with DPA can lead to dramatic
symptom worsening as reported in 19 - 52% of the patients [28, 29, 30, 31, 32, 33, 34], especially
shortly upon treatment onset. Such neurological worsening is not typically reported in
tetrathiomolybdate (TTM)-treated patients [35, 36, 37]. As DPA has a lower copper affinity (Kd = 2.4 x
1071 M [38]) than TTM (Kd = 2.3 x 102° M [38]), because of its tight binding, competition for copper in
the blood may be diminished by the latter, possibly leading to lower BBB and/or brain damage.

To shed light into these hypotheses, we have studied the dose dependent copper-induced damage to
the constituting cells of the BBB using increasing copper amounts bound to albumin, that is, from
tightly to more loosely albumin-bound copper, thereby mimicking hypothetical blood copper pulses.
Importantly, we find that such damage can be avoided upon presence of the high-affinity chelator bis-

choline TTM (ALXN1840), but not by DPA.
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3.3 Results

3.3.1 Copper chelators elevate blood copper differentially

Currently, chelation is the main therapeutic approach in WD to avoid copper toxicity upon its
accumulation occurring primarily in the liver. However, if chelators mobilize excess hepatic copper,
this may cause increased blood copper. Although such mobilization is a prerequisite for renal clearance
of chelated copper, it could nevertheless lead to potentially undesirable systemic copper effects, for
example, “neurological worsening” as suggested by DPA treatment studies in toxic milk mice [9].
Indeed, upon intravenous %Cu-injection, within minutes the metal can be largely traced by positron
emission tomography (PET) in brain supporting vessels in wild-type rats (Fig 1A). In contrast, by
intraperitoneal 64Cu-injection, that is, mimicking nutritional uptake, copper is not detected in brain by
PET, even hours later (Figs 1A and S1).

We therefore investigated if or to what extent copper appears in serum in untreated Atp7b*/~ control
and Atp7b™" rats (alternatively termed WD rats), but also in Atp7b™" rats treated with either DPA or
ALXN1840 (Fig 1B). As in WD patients, WD rats lack copper incorporation into ceruloplasmin [39], and
therefore untreated Atp7b~ animals have a very low serum copper level. Treatment of WD rats with
ALXN1840 resulted in a significant increase in serum copper levels (likely due to ALXN1840-Cu—
albumin tripartite complex formation, see below). This did not occur with DPA treatment (Fig 1B). As
this latter absence may be due to fast renal copper clearance, we next investigated the excretion of
copper via urine (Fig 1C), but also feces (Fig 1D). Whereas untreated Atp7b*/~ and Atp7b~" rats had low
copper levels in either urine or feces collected over 24 h, DPA treatment of WD rats led to a significantly
increased copper excretion into urine, in agreement with typical diagnostic findings in WD patients. In
contrast, no profoundly elevated net copper excretion was noted upon ALXN1840 treatment under
the chosen conditions (i.e., an observation period of 96 h [40]). Thus, these chelators elevate blood
copper levels to different extent. Whereas in the case of DPA a rapid renal clearance (blood peak
between 1 and 3 h after application [41]) may have avoided the detection of elevated serum copper

levels here, it was significantly elevated upon ALXN1840 treatment in WD rats.
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Figure 1. ALXN1840 and DPA increase blood copper levels. (A) Positron emission tomography scan of wild-type rats with
64Cu injected either i.v. or i.p. L.v. injection results in a fast and high Cu signal in brain proximate vessels in contrast to i.p.—
injected rats. (B) Significantly increased serum copper levels are detected in Atp7b~- rats treated with ALXN1840 (for 4 d)
upon euthanasia, in contrast to DPA treatment (N = 3). (C) During DPA treatment of Atp7b~- rats, a significantly increased
urinary copper excretion is detected (N = 3). (D) No increased fecal copper excretion is observed during ALXN1840 and DPA
treatments (N = 3). One-way ANOVA with Dunnett’s multiple comparisons test was used for statistical analysis. *P < 0.05, **P

<0.01, ***P <0.001, ****P < 0.0001.

3.3.2 ALXN1840 forms a stable complex with copper and albumin

In WD, blood copper may be loosely bound to albumin [14]. In fact, upon mixing 750 UM copper with
250 uM albumin (i.e., a molar ratio 3:1), a subsequent gel filtration removed about half to two thirds
of the copper from albumin (Fig 2A top panel). Clearly, such easily removable loosely bound copper
may present a potential threat when present in WD patients’ blood. Moreover, when incubated with

DPA (at a molar ratio Cu—albumin-DPA of 3:1:3), a portion of the copper pool stayed with albumin,
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likely due to DPA’s lower copper affinity in comparison to the high-affinity albumin binding site (Kd
(DPA) = 2.4 x 107 M [38] versus Kd (N terminus of albumin) = 6.7 x 1077 M [19]), whereas the residual
copper co-migrated with DPA (Fig 2A lower panel). Therefore, it appears that the capacity of DPA to
de-copper albumin is limited to the loosely bound copper at the applied molar ratios.

Intriguingly, when co-incubated with ALXN1840 (Kd = 2.3 x 1072° M [38]), which has an affinity for
copper that is magnitudes greater than that of DPA or albumin, aloumin was not fully de-coppered but
rather one prominent gel filtration peak appeared (Fig 2A middle panel), comprising the protein and
large parts of copper as well as ALXN1840 (detected as molybdenum). This feature has been described
for ALXN1840 in man [35] or for TTM in LEC rats (TTM is the active molecule in ALXN1840) [42, 43, 44,
45] and is due to the formation of a Cu—albumin—ALXN1840/TTM complex, previously termed the
“tripartite complex” (TPC).

How is copper bound to the TPC? The single TPC gel filtrationbpeak clearly indicated its tight binding
to the protein. Consequently, we used X-ray crystallography of the TPC (Fig 2B) and, upon data
refinement, we could track ALXN1840 with two bound copper ions in the so-called Sudlow Site 1, a
profound cleft in albumin formed by His241, Tyr149, Arg256, Lys237, and Ala290 (Fig 2B). Thus, in the
presence of albumin, copper and ALXN1840 get deeply embedded into the protein. This finding may
explain the lack of urinal copper excretion in ALXN1840-treated WD rats (Fig 1C), as renal albumin
clearance is very limited [46]. In addition, electron paramagnetic resonance (EPR) studies
demonstrated a change in copper redox status in the TPC versus Cu—albumin (Fig 2C). Whereas the
latter revealed the typical cupric Cu(ll) signal [47], in the presence of ALXN1840, the signal intensity of
the EPR-active cupric copper dropped by around 50%, suggesting the reduction of one cupric copper
ion to EPR-silent cuprous Cu(l) (Fig 2C second trace). Indeed, upon addition of sodium dithionite that
fully reduces Cu(ll) to Cu(l), no EPR signal was detected in both, Cu—albumin and TPC (Fig 2C lower
traces).

In summary, using the above molar ratios, only the tightly bound copper stays with albumin, whereas
more loosely bound copper is either set free upon gel filtration, bound to DPA, or relocated to the
Sudlow site of albumin by ALXN1840 forming the TPC. Thus, if excess liver copper appears in blood in
untreated WD, it represents a potential toxic threat to secondarily affected tissues like the brain, but

this situation may change depending on the particularly used chelator.
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Figure 2. ALXN1840 forms a stable complex with albumin and copper. (A) Size-exclusion chromatography demonstrates that

a Cu—albumin mixture of a molar ratio of 3:1 causes the formation of a Cu—albumin complex as well as a second peak

representing unbound copper. In the additional presence of ALXN1840, a single peak is encountered, suggesting the

formation of an albumin—Cu—ALXN1840 complex, in contrast to the addition of DPA (N = 2). (B) Structural analysis of aloumin

(upper panel) and its Sudlow site | (Ssl). The lower panels present close-ups of Ssl with calculated difference map (Fobs—Fcalc,

colored green) before (left) and after (right) refinement. ALXN1840 and copper atoms are covered by calculated 2Fops—Fcalc

map (colored blue), indicating the presence of these molecules inside Ssl. (C) Electron paramagnetic resonance

measurements reveal a partial reduction of CuZ* in the albumin/Cu/ALXN1840 tripartite complex. Complete Cu?* reduction is

achieved by excess sodium dithionite (Na;S;04).
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3.3.3 High-affinity chelation prevents Cu—-albumin—-induced cell toxicity

To demonstrate loosely albumin-bound copper toxicity, we tested hepatic HepG2 cells (human
hepatocellular carcinoma) (Figs 3A and S2A) and surrogate brain cell types, such as EA.hy926 (human
endothelium) (Figs 3B and S2B), U87MG (human astrocytoma) (Figs 3C and S2C) and SHSY5Y (human
neuroblastoma) (Figs 3D and S2D) cells for their vulnerability against Cu—albumin. Albumin was at a
concentration of 250 uM and increasing molar ratios of Cu versus albumin (1:1-10:1) were used to
mimic its progressive copper load. Whereas at a molar ratio of 1:1, copper is rather tightly bound to
albumin, at higher ratios (especially when >3:1) an increasing amount of loosely bound copper is

available (exemplarily shown in Fig 2A top panel for a ratio of 3:1).
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Figure 3. Cu—albumin ratio dependent toxicity. (A, B, C, D) Increasing molar Cu—albumin ratios cause a ratio dependent
decrease in CellTiter-Glo-assessed cell viability in (A) HepG2, (B) EA.hy926, (C) US7MG, and (D) SHSY5Y cells. Such cytotoxicity
is largely avoided by ALXN1840 but to a very minor part by DPA (both 750 uM, N = 3-5, n = 6-10). Two-way ANOVA with

Dunnett’s multiple comparisons test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P <0.001, ****P < 0.0001.

After 24 h of incubation, all tested cell lines demonstrated cellular toxicity against a dose-dependent
increase in loosely albumin-bound Cu, as assessed by the CellTiter-Glo assay (Fig 3A-D, black bars).
Importantly, the high-affinity chelator ALXN1840 at a concentration of 750 uM fully avoided toxicity
up to a Cu—albumin ratio of 4:1 (Fig 3, red bars). In contrast, DPA was much less effective. Only in
HepG2 cells, and only at a high 750 uM dose, a modest rescuing effect was observed upon DPA addition
(Figs 3A and S2A, white bars) that was, however, completely absent, in, for example, endothelial
EA.hy926 cells. Despite this admittedly artificial (with respect to total copper amount and observed

time frame of 24 h for toxicity) testing scenario, these results nevertheless suggest that endothelial
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cells may be particularly vulnerable to Cu—albumin and that DPA cannot block this Cu toxicity.
Importantly, the lack of DPA rescue was not due to toxicity of DPA itself, as in a copper-free setting
even DPA concentrations up to 2 mM were found to be nontoxic (Fig S3A). However, as a note of
caution, at such settings, i.e. without external Cu—albumin addition, rather the high-affinity chelator
ALXN1840 becomes toxic at elevated concentrations (Fig S3A), possibly because of an interference

with copper containing vital enzymes such as the cytochrome c oxidase (Fig S3B).

3.3.4 ALXN1840 may prevent copper toxicity because of its high copper affinity

As can be seen in Fig 4, a profound dose of Cu—albumin (here at a ratio of 3:1) increased the cellular
copper content more than 100-fold in all tested cell types (Fig 4, left panels), paralleled by massive cell
death, with SHSYS5Y cells being the least and EA.hy926 and HepG2 cells being the most affected (Fig 4
right panels). This copper toxicity could not be avoided even by high doses of DPA, that is, equimolar
to copper (Figs 3 and 4, right panels). Moreover, a significant de-coppering was not noted in any of the
cell lines upon DPA co-treatment despite a tendency for lower copper content in EA.hy926 and SHSY5Y
cells (Fig 4, left panels). In remarkable contrast, co-treatment with the high-affinity chelator ALXN1840
significantly decreased the copper content in EA.hy926 and U87MG cells, and cellular viability was
significantly maintained (Fig 4, right panels). These data indicate that the cell viability protection
exerted by the high-affinity chelator, however, is at best only in part due to its capacity to lower the
cellular copper content. In HepG2 cells, for example, highly similar cellular copper contents were found
in cells either co-treated by ALXN1840, DPA, or treated by Cu—albumin alone (Fig 4, upper left panel).
Despite this equal copper burden, ALXN1840 rescued HepG2 cells, whereas DPA did not (Fig 4, upper
right panel). It therefore appears much more plausible that it is the enormous copper affinity of
ALXN1840 (Kd = 10 - 20) that avoided copper toxicity by its tight binding whether out- or inside cells.
Indeed, even the highest known copper affinities of potential cellular binding partners are orders of
magnitude lower (Kd = 10-16 (48)). In contrast, as its dissociation constant is exactly in this latter range,

this may also explain why DPA was unable to ensure or only tendentiously increased cellular viability.
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Figure 4. Massive cellular copper accumulations are partially resolved by ALXN1840. (Left panels) Cu—albumin incubation
at a molar ratio of 3:1 (i.e., 750 uM Cu2+ and 250 uM albumin) leads to massive copper accumulation in all investigated cell
lines. In the co-presence of ALXN1840, U87MG, and EA.hy926 cells, but not HepG2 and SHSY5Y cells, present with significantly
lower copper content, not observed in the copresence of DPA (N = 4-12). One-way ANOVA with Dunnett’'s multiple
comparisons test was used for statistical analysis. (Right panels) Such Cu—albumin incubations lead to massive cell viability
loss of HepG2, EA.hy926, U87MG, and SHSY5Y as assessed by trypan blue staining. Co-presence of ALXN1840, but not of DPA,
significantly protects all tested cell lines (N = 4-12). One-way ANOVA with Sidak’s multiple comparisons test was used for

statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.3.5 ALXN1840 ameliorates Cu—albumin—induced mitochondrial damage

In WD, reports have amply demonstrated that copper severely affects hepatocyte mitochondria [49,
50, 51]. Only very recently have comparative studies shown a high copper sensitivity of brain
mitochondria [52]. Here, we have specifically looked to evaluate whether Cu—albumin could also
impose structural and/or functional damage on mitochondria in cells that constitute the BBB, that is,
endothelial cells and astrocytes. This was foremost because a clinical report had suggested copper-
induced BBB damage to occur in neurologic WD patients [27]. To exclude mitochondrial impairment
as secondary effect of copper-induced cell demise, we adjusted the Cu—albumin concentration (ratio
3:1) such that cell viability was comparable with untreated controls (Fig S4A). Besides, neither cellular
protein content nor cell size were affected by such settings that, however, caused an enormous
increase in cellular copper content with respect to untreated controls (Fig S4A).

Electron micrographs of Cu—albumin versus untreated cells demonstrated prominent mitochondrial
structural alterations in EA.hy926 cells, and present, but more modest, alterations in U87MG cells (Fig
5A). A loss or structural disorientation of the mitochondrial cristae and membranous inclusions were
observed (arrows in Fig 5A). Importantly, ALXN1840 co-treatment partially avoided these structural
abnormalities, demonstrating mitochondria with electron-dense matrices and structured cristae
similar to untreated control cells. In contrast, DPA was of no/minor effect as mitochondria presented
with short and unstructured cristae and membranous inclusions (Fig 5A).

These structural deficits were paralleled by functional mitochondrial impairments (Fig 5B), which were
especially apparent in high-resolution respiratory measurements of treated cells under fully uncoupled
conditions (i.e., forcing mitochondria to maximal respiration, electron transport system [ETS], Fig S4B).
When calculating the respiratory control ratios (the paradigm markers for mitochondrial integrity and
functionality) by dividing either the “routine” (R, i.e., in presence of ADP) or the fully uncoupled state
(ETS, i.e., upon titration with carbonyl cyanide m-chlorophenyl hydrazine (CCCP)) oxygen consumption
rate by the so-called leak state (L, i.e., respiration w/o ADP), especially the E/L ratio demonstrated clear
mitochondrial bioenergetic deficits, that again could, either significantly in the case of EA.hy926 cells
or tendentiously in the case of U87MG cells, be avoided by the presence of ALXN1840, but not by DPA
(Fig 5B).
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Figure 5. Cu—albumin—induced structural and functional mitochondrial alterations. (A) Cu—albumin incubation causes
membranous inclusions and unorganized/shortened cristae in mitochondria of EA.hy926 and U87MG cells. In the co-presence
of ALXN1840, but not of DPA, these alterations are partially resolved (Scale bars 500 nm). (B) Respiratory control ratios (RCR),
defined as routine to leak respiration (R/L) or electron transport system to leak respiration (E/L). Co-presence of ALXN1840,
but not of DPA, significantly/markedly augments the Cu—albumin induced E/L ratio drop in EA.hy926 and U87MG cells,
respectively (N = 4-7). Two-way ANOVA with Dunnett’s multiple comparisons test was used for statistical analysis. *P < 0.05,

**P <0.01, ***P <0.001, ****P < 0.0001.

3.3.6 Disruption of the tight endothelial cell layer of the BBB by Cu—albumin is
prevented by ALXN1840, but not by DPA

Human EA.hy926 endothelial (and U87MG astrocytoma) cells were highly vulnerable to increasing Cu—
albumin challenges (Fig 3B) and demonstrated prominent mitochondrial structural and functional
deficits (Fig 5). We thus reasoned that especially the endothelial cell layer that requires mitochondrial
integrity and functionality for remaining tightly sealed within the BBB [53, 54], may constitute a pivotal
target of Cu—albumin toxicity.

Consequently, we used a well-characterized in vitro model of the endothelial BBB using primary
porcine brain capillary endothelial cells (PBCECs) cultivated on Transwell inserts [55, 56]. As in the BBB,

these primary cells form a mono-cellular tight epithelial barrier, as can be biophysically assessed by
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the continuous measurement of their transepithelial electrical resistance (TEER) and their monolayer
capacitance as measure for cellular integrity [57].

First, we validated that increasing Cu—albumin concentrations (all at a molar ratio of 3:1) progressively
decreased the TEER (Fig S5A). Of note, only the highest used Cu—albumin concentration (300 uM
copper/100 uM albumin) caused a massive capacitance increase, that is, cell death, after 36 h of
incubation (Fig S5A) that was additionally validated via the neutral red assay (Fig S5B). Thus, the
leakiness of the endothelial cell layer of the BBB induced by lower Cu—albumin concentrations is not

due to the mere induction of cell death but is a clear sign of endothelial cell stress.
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Figure 6. Cu—albumin permeabilizes blood—brain barrier constituting endothelial cell monolayers. (A) Cu—albumin (250 uM
copper, 83.3 uM albumin), either alone or in the co presence of DPA, leads to a time-dependent reduction in the
transepithelial electrical resistance (TEER) of primary porcine brain capillary endothelial cell monolayers that is avoided by
the co-presence of 250 uM ALXN1840 (N = 2, n = 4). (B) Such decreased resistance is paralleled by progressive copper
appearance in the basolateral compartment (resembling the brain parenchyma) (N = 2, n = 4). Two-way ANOVA with

Dunnett’s multiple comparisons test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

We subsequently determined the capability of the copper chelators ALXN1840 and DPA to prevent
such Cu—albumin—induced endothelial BBB damage (Fig 6). Thereto, a Cu—albumin concentration
(250 uM Cu/83.3 uM albumin, molar ratio of 3:1) was chosen that readily caused the BBB to become
leaky (i.e., decrease the TEER, Fig 6A), but did not induce cell death within the observed time frame as
evidenced by time-stable capacitance of the PBCEC monolayers (Fig S5C). Importantly, DPA co-
treatment was not able to prevent the copper-induced TEER loss (Fig 6A). In contrast, PBCEC
monolayers treated with Cu—albumin in the presence of ALXN1840 demonstrated stable TEER values
for 48 h, indistinguishable from untreated monolayers (Fig 6A). This was further validated by
determining the copper influx into the basolateral compartment of the Transwell system that is not
directly accessible in tight PBCEC monolayers (control in Fig 6B). In fact, copper influx progressively

occurred upon Cu—albumin treatment that could not be avoided by DPA but was fully avoided by
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ALXN1840 co-treatments (Fig 6B). Thus, elevated Cu—albumin causes leakiness of the endothelial BBB
layer already in the absence of endothelial cell death that is associated

with copper influx into the otherwise shielded compartment, and this can be avoided by the presence
of ALXN1840, but not by DPA.

Finally, Cu—albumin—induced PBCEC monolayer damage can be Vvisualized by either
immunocytochemistry or electron microscopy (Fig 7). First, Claudin-5, an integral membrane protein
of tight junction strands [58], demonstrated a continuous and uninterrupted distribution at the cell
margins in untreated control cells. In contrast, Cu—albumin—treated PBCECs displayed gap formations
between cells as well as serrated and diffuse Claudin-5 presence. Of note, this structural damage
happens already at incubation conditions that do not elicit cell toxicity/death, that is, that do not kill
the cells as their intact nuclei can be seen in the immunofluorescence (Fig 7) and also biophysically
confirmed by a lack of capacitance increase (Fig S5A). In the presence of ALXN1840, Claudin-5
expression was continuous and uninterrupted, whereas the presence of DPA could not prevent copper-
induced gap formation (Fig 7, left panels). Second, Zonula occludens-1 (ZO-1), an intracellular tight
junction-associated protein [59], appeared continuously present and uninterrupted at the cell borders
in untreated control PBCEC monolayers (Fig 7, middle panels). Upon Cu—albumin treatment, a
pronouncedly more diffuse staining of ZO-1 occurred that could be fully protected by ALXN1840 co-
treatment, but not by DPA (Fig 7, middle panels). Such a protein loss at the tight junctions was also
apparent from, third, electron micrographs. In control PBCEC monolayers, because of deposition of
the contrasting agent at protein-richmoieties, these structures appear electron dense. Upon Cu-
albumin treatment, however, these structures were much more electron permissive, not protected for

by DPA, but by ALXN1840 (Fig 7, right panels).
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Immunocytochemistry Electron
microscopy

Claudin-5 Z20-1

Ctrl

Cu-albumin

Cu-albumin
+ ALXN1840

Cu-albumin
+ DPA

Figure 7. Cu—albumin disrupts tight junctions in blood brain barrier constituting endothelial cell monolayers. (Left panels)
Immunocytochemistry staining against the tight junction protein Claudin-5 shows a continuous staining of the cell margins in
control PBCECs, being disrupted upon Cu—albumin treatment (250 uM copper and 83.3 uM albumin). Co-presence of
ALXN1840 (250 uM), but not of DPA, alleviates these morphologic alterations. (Middle panels) The tight junction—associated
protein Zonula occludens-1 (ZO-1) reveals a plasma membrane associated or more diffuse cytosolic localization in either
untreated control or Cu—albumin—treated PBCECs, respectively. Co-presence of ALXN1840, but not of DPA, avoids such diffuse
localization. Scale bars equal 10 um. Electron micrographs of Cu—albumin—treated versus control PBCECs reveal less electron-
dense tight junction structures. Tight junctions appear electron dense upon co-presence of ALXN1840 but not of DPA. Scale

bars equal 250 nm.
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3.4 Discussion

In this study, we have demonstrated that intravenously present copper can easily access the brain
supporting vessels (Fig 1) and that upon increase, copper is progressively loosely bound to serum
albumin (Fig 2). Such Cu—albumin is cell-toxic (Figs 3 and 4) and endothelial cells that constitute the
tight barrier to protect the brain are especially vulnerable. At Cu—albumin concentrations that do not
exert immediate cell death, mitochondria are a vulnerable target (Fig 5) and affected cells of the
endothelial barrier demonstrate leaky tight junctions, resulting in a progressive copper cross-transition
(Figs 6 and 7). Importantly, all these features were largely avoided by co-treatment with the high-
affinity copper chelator ALXN1840, but not with DPA (Figs 2, 3, 4, 5, 6, and 7).

How do these findings relate to in vivo situations in WD patients, where 18—-68% have been reported
to suffer from neurological symptoms, for example, tremor, dysarthria, and dystonia [13], and their
disease severity has been suggested to correlate with increased available serum copper?

First, massively elevated copper brain levels have been observed in WD patients. This may be realized
as counterintuitive because serum albumin has an enormous capacity to tightly bind the metal at a
binding site with very high affinity. Moreover, blood copper concentrations in neurologic WD patients
are considerably lower than albumin’s binding capacity. A possible explanation for how copper could
nevertheless slowly accumulate in the brain may be a constant competition for Cu between serum
albumin and the copper uptake transporter CTR1 at the BBB, which would result (after years/decades)
in brain damage. The other not mutually exclusive possibility is repeated focal hepatocyte death in the
liver to cause repetitive intense copper pulses in the blood that may overwhelm the serum albumin
binding capacity, thus allowing copper uptake into brain. Indeed, in Atp7b™" rat livers, copper is not
evenly distributed but rather present in “copper hotspots” with 3.5 times higher copper concentration
than the surrounding liver tissue [60]. Demise of such hotspots could possibly result in transient copper
pulses. In a collaborative effort, we have very recently determined an extractable serum Cu of 4.0 £
2.3 uM in healthy control rats, 2.1 + 0.6 uM Cu in healthy Atp7b~" rats, and 27 + 16 uM Cu in diseased
Atp7b™" rats, using a Cu-specific column that separates bound Cu from extractable Cu [61]. In
agreement with these data, we did not see elevated urinary copper excretion in untreated but still
healthy Atp7b™" rats similar to controls (Fig 1C), but in contrast to findings in WD patients. Thus, it is
only upon hepatocyte death in the Atp7b™" rats (i.e., when they become diseased) that there are up
to 10-fold higher amounts of “free” copper in serum that may be taken up by the brain. However,
when hepatitis starts animals die shortly after and before developing neuronal symptoms, thereby
precluding the study of neurological deficits in these animals. Furthermore, as ATP7B is present in the
blood-facing membrane of the cerebral endothelium [24], mutations in ATP7B could lead to a
reduced/blocked re-transport of excessive copper into the blood, thereby causing a one-way entry of

the metal into the brain parenchyma. Here, only ATP7A-mediated copper transport via the
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cerebrospinal fluid back into the systemic circulation would allow lowering brain copper [24]. Taken
together, these results would explain the observed correlation in WD patients of neurological severity
and increasing NCC correlating with such insults [7]. Perhaps, the strongest indication for such a
“copper pulse” scenario is the worsening of neurological symptoms observed in up to 50% of
neurologic WD patients seen shortly after starting the treatment with the copper chelator DPA [28, 29,
30, 31, 32, 33, 34]. This unwanted drug effect was attributed to the (abrupt) mobilization of copper
from the liver into the bloodstream, thereby leading to an increased copper accumulation in the brain
[9]. Indeed, in the WD animal model toxic milk mouse, there is some experimental evidence for this
viewpoint. Upon intragastric D-penicillamine (DPA) administration, within days, a significant increase
in copper in serum and also in brain was demonstrated in these mice [9], and thus one may conclude
that it is the DPA taken up by the portal vein that liberates liver copper to cause serum and brain
copper elevations. Consequently in WD patients, current clinical guidelines follow a “start low and go
slow” strategy, that is, a careful upward titration of DPA over weeks and months to avoid a rapid
transitory increase in toxic, non-ceruloplasmin—bound copper in the blood [62, 63].

As Atp7b™~ rats shortly die upon hepatitis onset, we thus switched to cellular studies here to
investigate potential toxicity to such copper pulses, that is, loosely albumin-bound copper. As the by
far major copper binder in Atp7b™~ rat serum is albumin, we thus used an albumin concentration close
to the physiological range. Furthermore, using the reported affinity values for the diverse albumin
copper-binding sites, we came up with the setting of different molar copper/albumin ratios to mimic
situations with tightly versus more loosely bound copper. Clearly, these conditions are artificially high
with respect to the added copper (in absolute amounts) here. It should, however, be mentioned that
we investigated 24-h incubations (in contrast to years/decades of clinical silence in neurological WD).
In fact, when a low ratio (1:1) was used, no cell toxicity in any of the tested cell types was encountered.
This demonstrates the enormous binding capacity of albumin thereby avoiding acute cell toxicity.
However, when the Cu to albumin ratio rose, cell viability went down, with endothelial cells being
especially vulnerable. Importantly, an increased mitochondrial impairment and disruption of the
cellular connectivity of endothelial cell layers resembling the first barrier of the BBB, appeared as early
signs of such Cu—albumin toxicity, that is, without the initiation of cell death. Moreover, such an initial
damage already allowed for progressive trans/para-epithelial copper passage. We therefore suggest
endothelial BBB damage upon elevated loosely plasma protein-bound copper as one potential initial
damage mechanism in neurologic WD that would subsequently allow for facilitated copper entry into
the brain. It will be highly interesting to see in clinical settings whether this conceptual conclusion from
our study can be validated.

Second, neurological worsening has been reported to occur frequently with DPA treatment but much

less frequently upon TTM treatment. This could be due to a differentially altered presence of loosely
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plasma protein-bound copper upon diverse chelator treatment. The high-affinity copper chelator
ALXN1840 caused the removal of loosely bound copper from albumin and its embedding into a deep
cleft of the protein itself (termed tripartite complex TPC). Although it is unclear (due to the obtained
low-resolution crystallography data) whether copper has also been removed from the high-affinity
copper-binding site by ALXN1840, loosely bound copper was removed. Indeed, such TPC formation
upon ALXN1840/TTM administration (either orally or injected) has been demonstrated in vivo in
Atp7b™~ rats and WD patients as well [35, 42, 64, 65]. Consequently, hardly any signs of Cu—albumin
toxicity were encountered in our study upon TPC formation. This may either be due to a lower cellular
TPC uptake versus loosely bound copper resulting in lower cellular copper levels, or a firm continuous
association of copper and ALXN1840 (even within cells in the studied time frames of 1-2 d). In contrast,
DPA routed copper to the urine, demonstrating its passage into the blood and renal clearance. Such
DPA-initiated copper urinal excretion was, however, quantitatively limited as only 10% of the net
copper intake of Atp7b™ rats can be found in the urine upon DPA treatment (i.e., 0.4 umol/24 h of a
total net uptake of ~3.95 umol/24 h, unpublished observation). Nevertheless, renal copper clearance
by DPA occurred fast [41], as 3 d after treatment stop, we did not observe elevated blood copper. As
DPA is administered several times daily to WD patients, rapidly elevated blood copper peaks may arise.
Such DPA-initiated copper peaks would be subjected to redistribution, positively to the urine but
negatively to the brain. In fact, upon co-incubating different cell types with Cu—albumin and DPA, that
is, avoiding an excretion route, these potentially negative effects became amply visible in our study.
As with Cu—albumin alone, hardly any beneficial effect was encountered upon DPA presence. Thus,
only when DPA-bound blood copper is excreted fast such negative effects may be avoided. Of note,
another potential binding partner for DPA-mobilized liver copper may be the high-affinity binding site
of albumin itself, potentially resulting in recirculating copper liver reuptake, thereby plausibly
explaining why WD patient livers, even years after DPA treatment are still heavily burdened with
copper [66].

And finally, neurological damage occurs frequently in WD patients. Given the early studies by Vogel et
al [67, 68], who demonstrated direct copper toxicity in cat brains, but also other species, together with
the strongly elevated copper levels in neurologic WD patients [10, 11, 12], the current consensus holds
that copper is the prime responsible neurotoxin in these patients. Indeed, we found that all tested cell
lines including surrogate neuronal and astrocytic cells, are highly vulnerable to copper that dissociates
from albumin. As we and others have earlier reported that neurons have comparatively very low-
protective metallothioneins [52, 69, 70], these cells appear relatively unprotected against copper
insults. In this respect, copper-induced damage to the protective barrier cells, as demonstrated in our
study, presents an enormous threat as it would cause a comparatively uncontrolled copper entry into

the brain. In agreement, Stuerenburg suggested an involvement of the BBB in four neurologic WD
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patients showing neurological deterioration under DPA treatment paralleled by an increased BBB
damage [27]. As we did not observe a rescue of the endothelial BBB by DPA co-treatment, but DPA
may cause massive copper mobilization into blood, this could have two detrimental consequences.
First, especially neurologic WD patients with pre-damaged BBB would be highly vulnerable to such
chelator-induced copper pulses, and second, elevated presence of such DPA-bound copper in blood
could even worsen pre-existing BBB damage. This suggests that neurologic patients may be tested for
BBB damage (e.g., by determination of S100B levels in blood or of the albumin ratio cerebrospinal
fluid/serum) before DPA treatments are initiated. Importantly, we find that such damage or leakiness
occurs already at non-toxic doses and identified endothelial cell mitochondria as one vulnerable target.
In fact, Doll et al. described mitochondria as “key players in BBB permeability” [53]. In agreement with
our study, manipulation of mitochondrial respiration was paralleled with a rapid increase in BBB
permeability and disruption of the tight junctions.

In summary, we propose the BBB as a highly sensitive structure to abrupt blood copper overload. In
addition, we linked the occurrence of neurological worsening upon DPA co-treatment to its inability to
rescue such damage. In contrast, high-affinity chelators seem to be much more protective in this
respect. Indeed, ALXN1840 was found to effectively bind loosely attached albumin copper (in this case
forming the tripartite complex), and largely avoided BBB copper toxicity. It will be interesting to extend
the concept of this study in the future to further WD treatments, either already existing, that is, to zinc
and trientine, or in development. Although we have admittedly used an in vitro system to demonstrate
acute toxicity on the BBB constituting cells, this study nevertheless suggests such damage to be
checked for in neurological WD patients. Given that earlier findings of such impairments in a few
neurological WD cases hold true in more patients, our study suggests that BBB damage pre-screening

should be envisioned before treatments with low/ intermediate copper affinity chelators are initiated.

3.5 Materials and Methods

3.5.1 MicroPET/magnetic resonance imaging (MRI)

Wild-type rats underwent anatomical MRI 1T and dynamic PET (Mediso Medical Imaging Systems).
Anesthesia with isoflurane was initiated with the rat placed in an acrylic glass chamber and maintained
with respiration in a mask during the scan. A bolus of ®Cu (10 MBg/animal) was injected via a tail
vein catheter or intraperitoneal. PET scanning was performed the first 120 min after injection, followed
by a 25-min T1l-weighted MRI scan. Body temperature and respiration frequency were monitored
during anesthesia. PET images were reconstructed with a three-dimensional ordered subset
expectation algorithm (Tera-Tomo 3D; Mediso Medical Imaging Systems) with four iterations and six
subsets and a voxel size of 0.6 x 0.6 x 0.6mm3. Data were corrected for dead-time, decay, and randoms

using delayed coincidence window without corrections for attenuation and scatter. The 120-min
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dynamic PET scans were reconstructed as 8 frames of 15 min and presented as standardized uptake
value. The animal study was approved by Dyreforsggstilsynet under the Danish Ministry for Veterinary
and Food Administration. The study was carried out in strict accordance with the recommendations in

the Guide for the Care and Use of Laboratory Animals, EEC Council Directive 2010/63/EU.

3.5.2 Animal studies

Animals were maintained under the Guidelines for the Care and Use of Laboratory Animals of the
Helmholtz Center Munich. Animal experiments were approved by the government authorities of the
Regierung von Oberbayern. Control Atp7b*- and WD Atp7b”" rats were fed ad libitum with normal
chow (1314; 13.89 mg Cu/kg; Altromin Spezialfutter GmbH) and tap water. All rats were healthy at
treatment start and presented no signs of acute liver damage (serum aspartate aminotransferase <200
U/I and serum bilirubin <0.5 mg/dl). Atp7b” rats (age: 79-96 d) were treated intraperitoneally for 4
consecutive days with 2.5 mg/kg body weight (bw) ALXN1840 once daily or 100 mg/kg bw DPA once
daily. Untreated Atp7b* and Atp7b” rats served as controls. Urine and feces were collected at 24 h
intervals for which rats were housed individually in metabolic cages for 4 d. After a 2 d resting period
off treatment in normal cages and group housing, rats were euthanized for serum collection. Copper
levels in urine, serum, and feces were analyzed by inductively coupled plasma optical emission

spectrometry (ICP-OES, ARCOS, SPECTRO Analytical Instruments) as previously described [49].

3.5.3 Gel filtration chromatography

10 mg of fatty acid—free bovine serum albumin (subsequently referred to as albumin, Carl Roth) was
resuspended in 10 mM Tris—HCl buffer (pH 7.4) and mixed with 45 pul of 10 mM copper chloride. Where
indicated, 45 pl of 10 mM ALXN1840 or DPA was added to the Cu—albumin complex before loading the
samples onto a Superdex 75 10/300 GL column (GE Healthcare). 1 ml fractions were analyzed for
protein content by the Bradford assay [71], molybdenum and copper levels by ICP-OES [49], and DPA
content using 1,2-naphthoquinone-4-sulfonate (NQS) as previously described [72] with minor
modifications. Briefly, 50 ul of each fraction was mixed with 10 ul 0.2% NQS, 10 pl of 0.2 M sodium
phosphate buffer (pH 12.0), and 30 pl ddH20 in a clear 96-well plate. The samples were incubated for
20 min and absorbance was measured at 452 nm. Absolute levels of DPA were calculated using equally

treated DPA standard solutions (25-250 uM).

3.5.4 X-ray crystallography of the tripartite complex copper—albumin—ALXN1840 (TPC)

100 mg albumin was suspended in buffer containing 50 mM potassium phosphate and 150 mM sodium
chloride (pH 7.5). Copper chloride and ALXN1840 were added in double molar excess and the mixture
was incubated for 30 min at 37°C. The Cu—albumin—ALXN1840 mixture was loaded onto an S200 gel

filtration column equilibrated with PBS (pH 7.4). Fractions corresponding to the Cu—albumin—
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ALXN1840 (TPC) in the monomeric state were pooled and protein was concentrated to 100 mg/ml.
Screening for crystallization conditions was performed using commercially available buffer sets in a
sitting-drop vapor-diffusion setup by mixing 0.2 ul of protein complex solution and 0.2 ul of buffer
solution. Crystals were obtained at room temperature from a solution containing 0.1 M succinic acid,
sodium dihydrogen phosphate, glycine buffer (pH 7.0), and 0.25% PEG 1500. Crystals were cryo-
protected in 30% glycerol in the mother liquor and flash-cooled in liquid nitrogen. The diffraction data
were collected at the ID23-2 beamline at the European Synchrotron Radiation Facility. The data were
indexed and integrated using X-ray detector software [73, 74], scaled and merged using Scala [75]. The
initial phases were obtained by molecular replacement calculated using Phaser [76] and albumin
structure as a search model (protein database 4F5S and reference 77). The initial model was manually
rebuilt because of the resulting electron density maps using Coot [78]. Because of the low resolution
of data, refined structure did not reach Rfree values below 0.40. Nevertheless, we were able to analyze
a final model in terms of presence of ALXN1840 because of the high scattering factor of the

molybdenum complex resulting in a strong detectable signal.

3.5.5 EPR

For EPR measurements, complexes of Cu—albumin (2 mM/1 mM), Cu—albumin—ALXN1840 (TPC,
2 mM/1 mM/1 mM), and albumin— ALXN1840 (1 mM/1 mM) were prepared in 10 mM Tris/HCI (pH
7.4) buffer and reduced with an excess of sodium dithionite (Merck) shortly before measurements
where indicated. EPR spectra were recorded at 77 K using an ECS106 spectrometer (Brucker BioSpin)

operating in X-band at about 9.5 GHz.

3.5.6 Cell culture

SHSY5Y (human neuroblastoma), U87MG (human astrocytoma), EA.hy926 (human endothelium), and
HepG2 (human hepatocellular carcinoma) cells were from ATCC and were cultured in DMEM
supplemented with 10% FCS (Biochrom) and 1% antibiotic-antimycotic (Life Technologies). All cells

were maintained at 37°C in a humidified atmosphere with 5% CO2.

3.5.7 Cell toxicity assays

2 x 10* cells were seeded into each well of a 96-well plate and incubated overnight. On the next day,
cells were treated for 24 h with increasing copper concentrations (0-2,500 uM) and 250 puM albumin
(resulting in Cu—albumin molar ratios of 1:1, 2:1, 3:1, 4:1, and 10:1) in the absence or presence of 750
MM ALXN1840 or DPA in DMEM (2% FCS). Cell toxicity was either determined by CellTiter-Glo assay

(Promega) or Trypan blue exclusion test [79].
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3.5.8 Cellular copper content

2 x 10° cells were incubated for 24 h with 750 pM copper and 250 uM albumin (i.e., at a Cu—albumin
molar ratio of 3:1) in the absence or presence of 750 uM ALXN1840 or DPA, respectively, in DMEM (2%
FCS). Afterwards, cells were trypsinized and counted. Cell viability was determined by Trypan blue
exclusion test. Copper and molybdenum content of cells was analyzed by ICP-OES (Ciros Vision,

SPECTRO Analytical Instruments) as previously described [49].

3.5.9 Electron microscopy

Electron microscopy of cells was performed as previously described (50) on a 1200EX electron
microscope (JEOL) at 60 kv. Pictures were taken with a KeenView Il digital camera (Olympus) and

processed by the iTEM software package (analySIS FIVE, Olympus).

3.5.10 Mitochondrial function

U87MG and EA.hy926 cells were pretreated for 24 h with DMEM (2% FCS) alone or with DMEM (2%
FCS) containing 750 uM copper chloride and 250 uM albumin in the absence or presence of 750 uM
ALXN1840 or DPA. Oxygen consumption was assessed by high resolution respirometry using the
Oxygraph-2k and DatLab 7.0 (Oroboros Instruments GmbH) as described previously [80]. Per chamber,
1.5-2 x 108 living cells were supplied in 2 ml of MiR05 buffer (0.5 mM EGTA, 3 mM MgCl,, 60 mM
lactobionic acid, 20 mM taurine, 10 MM KH,PO,4, 20 mM Hepes, 110 mM sucrose, 1 g/l albumin, pH
7.1) and routine respiration was measured. Addition of 2.5 uM oligomycin (inhibitor of the FOF1-
ATPase) enabled the measurement of leak respiration and stepwise addition of CCCP (1 ul steps from
1 mM stock solution) allowed the determination of the maximum oxygen flux and thereby the capacity
of the ETS. The oxygen flux was baseline-corrected for non-mitochondrial oxygen consuming processes
(ROX) by the addition of 2.5 uM of the complex Ill-inhibitor antimycin A. For complex IV activity
measurements, cells were pretreated for 24 h with DMEM (2% FCS) alone or with DMEM (2% FCS)
containing 750 uM copper chloride and 250 uM albumin in the absence or presence of 750 uM
ALXN1840 or DPA. Complex IV activity was measured as previously described [81]. Briefly, about 2.5 x
10° cells were detached, washed two times with PBS by centrifugation and the cell pellet was
resuspended in 200 pl of 20 MM hypotonic potassium buffer. After three freeze-thaw cycles, complex
IV activity was measured by adding 10 pl of the sample to 90 ul of 50 mM potassium phosphate buffer
(pH 7.0) containing 50 uM reduced cytochrome c with or without 0.3 mM KCN. Absorbance was
measured at 550 nm for 10 min in a plate reader (Synergy 2, BioTek Instruments, Inc.) and complex IV
activities were calculated from the linear slopes of the initial rates corrected for unspecific activity (in

the presence of KCN) and normalized to the protein content determined by the Bradford assay [71].
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3.5.11 Endothelial BBB model

For transepithelial resistance (TEER) experiments [82], cryopreserved primary porcine brain capillary
endothelial cells (PBCECs) were thawed and seeded either on rat tail collagen coated 96-well plates for
cytotoxicity testing using the neutral red assay [83] or Transwell inserts (area: 1.12 cm?, pore size: 0.4
pum; Corning) for barrier integrity studies. Cells were cultured for 48 h in Earle’s Medium 199
supplemented with 10% FCS, 50 U penicillin/ml, 50 pg/ml streptomycin, 100 pg/ml gentamycin, and
0.7 mM I-glutamine and maintained at 37°C in a humidified atmosphere with 5% CO2. Subsequently,
the medium was changed to DMEM/Ham’s F 12 (1:1) containing 50 U penicillin/ml, 50 pg/ml
streptomycin, 100 pg/ ml gentamycin, and 4.1 mM L-glutamine and 550 nM hydrocortisone for
additional 48 h upon which the medium was changed to the treatment solution containing 250 uM
copper (and 83.3 uM albumin, Cu—albumin molar ratio 3:1) in the absence or presence of 250 uM DPA
or ALXN1840, respectively. TEER and capacitance values were continuously monitored over 48 h using
a CellZscope device (nanoAnalytics). Only PBCEC monolayers with initial TEER values >600 Q x cm? and
capacitance values between 0.45 and 0.6 pF/cm? were used for permeability studies [84]. The barrier
integrity was calculated by normalizing the TEER values to the respective start values. At treatment
start, after ~24 and 48 h exposure to the test substances, 20 pl of the apical medium as well as 40 pl
of the basolateral medium were collected for subsequent copper determination. Total copper was
determined by ICP-MS/MS as previously described [85].

For the immunocytochemical staining of tight junction proteins, confluent PBCECs cultivated on
Transwell membrane inserts were processed as previously described [55]. Briefly, PBCECs were fixed
with formaldehyde and permeabilized using Triton X-100. After blocking of unspecific binding sites by
albumin, the cells were incubated with the either anti—Claudin-5 or anti-ZO-1 antibody (Zytomed
Systems GmbH). After a second blocking step, the cells were treated with an Alexa Fluor 488-
conjugated secondary antibody (Invitrogen, Molecular Probes Inc.). Hoechst 33258 (Merck) was used
to stain cell nuclei. Subsequently, membranes were cut out of the inserts and mounted in Aqua
Poly/Mount (Polysciences Inc.). After a solidification period of 24 h, the samples were evaluated using
a DM6 B fluorescence microscope by Leica Microsystems CMS GmbH in combination with the Leica
Application Suite X. Electron microscopy of PBCECs grown on Transwell inserts was performed as
previously described [86] with minor modifications. Briefly, after fixation with 2.5% glutaraldehyde,
cell monolayers were post-fixed with 1% osmium tetroxide for 30 min and dehydrated by ethanol. Cell
monolayers were gradually embedded in epoxy resin in ethanol (1:2, 1:1, 2:1 for 20 min each) and
finally embedded in 100% epoxy resin for 48 h at 60°C without preembedding before cutting and image

acquisition.
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3.5.12 Miscellaneous/statistics

Chemicals were obtained from Sigma-Aldrich if not stated otherwise. DPA was a kind gift from Heyl
Pharma. ALXN1840 was a kind gift from Alexion AstraZeneca Rare Disease. Cellular protein levels were
determined by the BCA assay [87]. Cell size was determined using a LUNA-Il Automated Cell Counter
(Logos biosystems). Throughout this manuscript “N” designates the number of biological replicates
and “n” the number of technical replicates. Data are mean values with SD. Statistical significance was
analyzed with the respective tests indicated in the figure legends using GraphPad Prism 7 (GraphPad

Software Inc.).

3.6 Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/Isa.202101164.

3.7 Acknowledgements

We would especially like to thank the Morbus Wilson e.V. for the generous financial support enabling
the acquisition of a CellZscope device. This work was financially supported in part by Wilson

Therapeutics AB/Alexion AstraZeneca Rare Disease, who also kindly provided ALXN1840.

3.8 Author Contributions

S Borchard: conceptualization, data curation, investigation, and methodology.
S Raschke: investigation and methodology.

KM Zak: investigation.

C Eberhagen: investigation.

C Einer: investigation.

E Weber: investigation.

SM Muller: investigation.

B Michalke: investigation and methodology.

J Lichtmannegger: data curation, investigation, and methodology.

A Wieser: investigation and methodology.

T Rieder: investigation and methodology.

GM Popowicz: data curation, formal analysis, validation, investigation, and methodology.
J Adamski: validation.

M Klingenspor: validation.

AH Coles: validation.

R Viana: formal analysis, funding acquisition, and validation.

MH Vendelbo: investigation.

TD Sandahl: resources and investigation.

T Schwerdtle: investigation and methodology.

T Plitz: conceptualization.

H Zischka: conceptualization, data curation, supervision, funding acquisition, and writing—original
draft.



BIS-CHOLINE TETRATHIOMOLYBDATE PREVENTS COPPER-INDUCED BLOOD-BRAIN BARRIER DAMAGE 83

3.9 Conflict of Interest Statement

AH Coles and R Viana are employees and shareholders of Alexion Astra-Zeneca Rare Disease. T Plitz

was an employee of Wilson Therapeutics.

3.10 References

(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(11]

(12]

(13]

(14]

(15]

[16]

Wilson SAK (1912) Progressive lenticular degeneration: A familial nervous disease associated with
cirrhosis of the liver. Brain 34: 295-507. doi:10.1093/brain/34.4.295

Bull PC, Thomas GR, Rommens JM, Forbes JR, Cox DW (1993) The Wilson disease gene is a putative copper
transporting P-type ATPase similar to the Menkes gene. Nat Genet 5: 327-337. d0i:10.1038/ng1293-327
Petrukhin K, Fischer SG, Pirastu M, Tanzi RE, Chernov |, Devoto M, Brzustowicz LM, Cayanis E, Vitale E,
Russo JJ (1993) Mapping, cloning and genetic characterization of the region containing the Wilson disease
gene. Nat Genet 5: 338-343. do0i:10.1038/ng1293-338

Tanzi RE, Petrukhin K, Chernov I, Pellequer JL, Wasco W, Ross B, Romano DM, Parano E, Pavone L,
Brzustowicz LM (1993) The Wilson disease gene is a copper transporting ATPase with homology to the
Menkes disease gene. Nat Genet 5: 344-350. doi:10.1038/ng1293-344

Bearn AG, Kunkel HG (1954) Abnormalities of copper metabolism in Wilson[R852Q1M7]s disease and their
relationship to the aminoaciduria. J Clin Invest 33: 400-409. doi:10.1172/JCI1102912

Scheinberg IH, Sternlieb | (1984) Major problems in internal medicine Wilson[R852Q1M7]s Disease.
Philadelphia: Saunders: 171. leaves of plates.

Poujois A, Trocello JM, Djebrani-Oussedik N, Poupon J, Collet C, Girardot- Tinant N, Sobesky R, Habés D,
Debray D, Vanlemmens C, et al (2017) Exchangeable copper: A reflection of the neurological severity in
Wilson [R852Q1M7]s disease. Eur J Neurol 24: 154-160. doi:10.1111/ene.13171

Allen KJ, Buck NE, Cheah DM, Gazeas S, Bhathal P, Mercer JF (2006) Chronological changes in tissue
copper, zinc and iron in the toxic milk mouse and effects of copper loading. Biometals 19: 555-564.
doi:10.1007/ s10534-005-5918-5

Chen DB, Feng L, Lin XP, Zhang W, Li FR, Liang XL, Li XH (2012) Penicillamine increases free copper and
enhances oxidative stress in the brain of toxic milk mice. PLoS One 7: e37709.
doi:10.1371/journal.pone.0037709

Cumings JN (1948) The copper and iron content of brain and liver in the normal and in hepato-lenticular
degeneration. Brain 71: 410-415. doi:10.1093/brain/71.4.410

Faa G, Lisci M, Caria MP, Ambu R, Sciot R, Nurchi VM, Silvagni R, Diaz A, Crisponi G (2001) Brain copper,
iron, magnesium, zinc, calcium, sulfur and phosphorus storage in Wilson[R852Q1M7]s disease. J Trace
Elem Med Biol 15: 155-160. doi:10.1016/50946-672X(01)80060-2

Litwin T, Gromadzka G, Szpak GM, Jabtonka-Salach K, Bulska E, Cztonkowska A (2013) Brain metal
accumulation in Wilson[R852Q1M7]s disease. J Neurol Sci 329: 55-58. d0i:10.1016/j.jns.2013.03.021
Lorincz MT (2010) Neurologic Wilson[R852Q1M7]s disease. Ann N Y Acad Sci 1184: 173-187.
do0i:10.1111/j.1749-6632.2009.05109.x

Gubler CJ, Lahey ME, Cartwright GE, Wintrobe MM (1953) Studies on copper metabolism. IX. The
transportation of copper in blood. J Clin Invest 32: 405-414. doi:10.1172/JCI102752

Neumann PZ, Sass-Kortsak A (1967) The state of copper in human serum: Evidence for an amino acid-
bound fraction. J Clin Invest 46: 646—658. doi:10.1172/JC1105566

Liu N, Lo LS, Askary SH, Jones L, Kidane TZ, Trang T, Nguyen M, Goforth J, Chu YH, Vivas E, et al (2007)

Transcuprein is a macroglobulin regulated by copper and iron availability. J Nutr Biochem 18: 597-608.
doi:10.1016/j.jnutbio.2006.11.005



84

CHAPTER 3

(17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

[35]

Zgirski A, Frieden E (1990) Binding of Cu(ll) to non-prosthetic sites in ceruloplasmin and bovine serum
albumin. J Inorg Biochem 39: 137-148. doi:10.1016/0162-0134(90)80022-p

Kirsipuu T, Zadoro“znaja A, Smirnova J, Friedemann M, Plitz T, Téugu V, Palumaa P (2020) Copper(ll)-
binding equilibria in human blood. Sci Rep 10: 5686. doi:10.1038/s41598-020-62560-4

Eom JE, Lee E, Jeon KH, Sim J, Suh M, Jhon GJ, Kwon Y (2014) Development of an albumin copper binding
(ACuB) assay to detect ischemia modified albumin. Anal Sci 30: 985-990. doi:10.2116/analsci.30.985

Jones CE, Abdelraheim SR, Brown DR, Viles JH (2004) Preferential Cu2+ coordination by His96 and His111
induces beta-sheet formation in the unstructured amyloidogenic region of the prion protein. J Biol Chem
279: 32018-32027. d0i:10.1074/jbc.M403467200

Walshe JM (2012) Serum [L8D2Q2MO0]free[R8D2Q2M1] copper in Wilson disease. QJM 105: 419-423.
doi:10.1093/gjmed/hcr229

Guillaud O, Brunet AS, Mallet I, Dumortier J, Pelosse M, Heissat S, Rivet C, Lachaux A, Bost M (2018)
Relative exchangeable copper: A valuable tool for the diagnosis of Wilson disease. Liver Int 38: 350—357.
doi:10.1111/liv.13520

El Balkhi S, Trocello JM, Poupon J, Chappuis P,Massicot F, Girardot-Tinant N, Woimant F (2011) Relative
exchangeable copper: A new highly sensitive and highly specific biomarker for Wilson[R852Q1M7]s
disease diagnosis. Clin Chim Acta 412: 2254-2260. doi:10.1016/j.cca.2011.08.019

Telianidis J, Hung YH, Materia S, Fontaine SL (2013) Role of the P-Type ATPases, ATP7A and ATP7B in brain
copper homeostasis. Front Aging Neurosci 5: 44. doi:10.3389/fnagi.2013.00044

Persidsky Y, Ramirez SH, Haorah J, Kanmogne GD (2006) Blood-brain barrier: Structural components and
function under physiologic and pathologic conditions. J Neuroimmune Pharmacol 1: 223-236.
doi:10.1007/s11481-006-9025-3

Vierling JM, Sussman NL (2019) Wilson disease in adults. In Clinical and Translational Perspectives on
Wilson Disease. Kerkar N, Roberts EA (eds.). pp 165-177. London: Academic Press.

Stuerenburg HJ (2000) CSF copper concentrations, blood-brain barrier function, and coeruloplasmin
synthesis during the treatment of Wilson [R852Q1M7]s disease. J Neural Transm (Vienna) 107: 321-329.
doi:10.1007/s007020050026

Czlonkowska A, Litwin T, Karlin” ski M, Dziezyc K, Chabik G, Czerska M (2014) D-penicillamine versus zinc
sulfate as first-line therapy for Wilson [R852Q1M7]s disease. Eur J Neurol 21: 599-606.
doi:10.1111/ene.12348

Kalita J, Kumar V, Chandra S, Kumar B, Misra UK (2014) Worsening of Wilson disease following
penicillamine therapy. Eur Neurol 71: 126-131. doi:10.1159/000355276

Kalita J, Kumar V, Ranjan A, Misra UK (2015) Role of oxidative stress in the worsening of neurologic Wilson
disease following chelating therapy. Neuromolecular Med 17: 364—372. d0i:10.1007/s12017-015-8364-8

Merle U, Schaefer M, Ferenci P, Stremmel W (2007) Clinical presentation, diagnosis and long-term
outcome of Wilson[R852Q1M7]s disease: A cohort study. Gut 56: 115—-120. doi:10.1136/gut.2005.087262

Walshe JM, Yealland M (1993) Chelation treatment of neurological Wilson’s disease. Q J Med 86: 197—
204.

Litwin T, Dziez' yc K, Karlin” ski M, Chabik G, Czepiel W, Cztonkowska A (2015) Early neurological worsening
in patients with Wilson[R852Q1M7]s disease. J Neurol Sci 355: 162—-167. d0i:10.1016/j.jns.2015.06.010

Brewer GJ, Terry CA, Aisen AM, Hill GM (1987) Worsening of neurologic syndrome in patients with
Wilson[R852Q1M7]s disease with initial penicillamine therapy. Arch Neurol 44: 490-493. doi:10.1001/
archneur.1987.00520170020016

Weiss KH, Askari FK, Czlonkowska A, Ferenci P, Bronstein JM, Bega D, Ala A, Nicholl D, Flint S, Olsson L, et
al (2017) Bis-choline tetrathiomolybdate in patients with Wilson[R852Q1M7]s disease: An open-label,
multicentre, phase 2 study. Lancet Gastroenterol Hepatol 2: 869-876. do0i:10.1016/52468-
1253(17)30293-5



BIS-CHOLINE TETRATHIOMOLYBDATE PREVENTS COPPER-INDUCED BLOOD-BRAIN BARRIER DAMAGE 85

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

Brewer GJ, Askari F, Lorincz MT, Carlson M, Schilsky M, Kluin KJ, Hedera P, Moretti P, Fink JK, Tankanow
R, et al (2006) Treatment of Wilson disease with ammonium tetrathiomolybdate: IV. Comparison of
tetrathiomolybdate and trientine in a double-blind study of treatment of the neurologic presentation of
Wilson disease. Arch Neurol 63: 521-527. doi:10.1001/archneur.63.4.521

Brewer GJ, Hedera P, Kluin KJ, Carlson M, Askari F, Dick RB, Sitterly J, Fink JK (2003) Treatment of Wilson
disease with ammonium tetrathiomolybdate: IlIl. Initial therapy in a total of 55 neurologically affected
patients and follow-up with zinc therapy. Arch Neurol 60: 379-385. doi:10.1001/archneur.60.3.379

Smirnova J, Kabin E, J"arving |, Bragina O, Tougu V, Plitz T, Palumaa P (2018) Copper(l)-binding properties
of de-coppering drugs for the treatment of Wilson disease. a-Lipoic acid as a potential anti-copper agent.
Sci Rep 8: 1463. d0i:10.1038/s41598-018-19873-2

Kojimahara N, Nakabayashi H, Shikata T, Esumi M (1995) Defective copper binding to apo-ceruloplasmin
in a rat model and patients with Wilson[R852Q1M7]s disease. Liver 15: 135-142. doi:10.1111/j.1600-
0676.1995.tb00660.x

Plitz T, Boyling L (2019) Metabolic disposition of WTX101 (bis-choline tetrathiomolybdate) in a rat model
of Wilson disease. Xenobiotica 49: 332—338. doi:10.1080/00498254.2018.1443352

Butler M, Carruthers G, Harth M, Freeman D, Percy J, Rabenstein D (1982) Pharmacokinetics of reduced
D-penicillamine in patients with rheumatoid arthritis. Arthritis Rheum 25: 111-116.
doi:10.1002/art.1780250120

Ogra Y, Suzuki KT (1995) Removal and efflux of copper from Cumetallothionein as Cu/tetrathiomolybdate
complex in LEC rats. Res Commun Mol Pathol Pharmacol 88: 196-204.

Mills CF, El-Gallad TT, Bremner I, Weham G (1981) Copper and molybdenum absorption by rats given
ammonium tetrathiomolybdate. J Inorg Biochem 14: 163-175. doi:10.1016/s0162-0134(00)80037-9

Gooneratne SR, Howell JM, Gawthorne JM (1981) An investigation of the effects of intravenous
administration of thiomolybdate on copper metabolism in chronic Cu-poisoned sheep. Br J Nutr 46: 469—
480. doi:10.1079/bjn19810055

Mills CF, El-Gallad TT, Bremner | (1981) Effects of molybdate, sulfide, and tetrathiomolybdate on copper
metabolism in rats. J Inorg Biochem 14: 189-207. doi:10.1016/s0162-0134(00)80000-8

Peterson PA, Evrin PE, Bergga® rd | (1969) Differentiation of glomerular, tubular, and normal proteinuria:
Determinations of urinary excretion of beta-2-macroglobulin, albumin, and total protein. J Clin Invest 48:
1189-1198. d0i:10.1172/JCI106083

Martins DA, Gouvea LR, Muniz GSV, Louro SRW, Batista DdGJ, Soeiro MdNC, Teixeira LR (2016) Norfloxacin
and N-donor mixed-ligand copper(ll) complexes: Synthesis, albumin interaction, and antitrypanosoma
cruzi activity. Bioinorg Chem Appl 2016: 5027404. doi:10.1155/2016/5027404

Banci L, Bertini I, Ciofi-Baffoni S, Kozyreva T, Zovo K, Palumaa P (2010) Affinity gradients drive copper to
cellular destinations. Nature 465: 645-648. doi:10.1038/nature09018

Zischka H, Lichtmannegger J, Schmitt S, J"agemann N, Schulz S, Wartini D, Jennen L, Rust C, Larochette N,
Galluzzi L, et al (2011) Liver mitochondrial membrane crosslinking and destruction in a rat model of Wilson
disease. J Clin Invest 121: 1508-1518. d0i:10.1172/JCl45401

Einer C, Leitzinger C, Lichtmannegger J, Eberhagen C, Rieder T, Borchard S, Wimmer R, Denk G, Popper B,
Neff F, et al (2018) A high-calorie diet aggravates mitochondrial dysfunction and triggers severe liver
damage in  Wilson disease rats. Cell Mol Gastroenterol Hepatol 7: 571-596.
doi:10.1016/j.jcmgh.2018.12.005

Lichtmannegger J, Leitzinger C, Wimmer R, Schmitt S, Schulz S, Kabiri Y, Eberhagen C, Rieder T, Janik D,
Neff F, et al (2016) Methanobactin reverses acute liver failure in a rat model of Wilson disease. J Clin Invest
126:2721-2735. doi:10.1172/)CI85226



86

CHAPTER 3

(52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

(60]

(61]

(62]

(63]

(64]

[65]

(66]

[67]

[68]

[69]

Borchard S, Bork F, Rieder T, Eberhagen C, Popper B, Lichtmannegger J, Schmitt S, Adamski J, Klingenspor
M, Weiss KH, et al (2018) The exceptional sensitivity of brain mitochondria to copper. Toxicol In Vitro 51:
11-22. d0i:10.1016/j.tiv.2018.04.012

Doll DN, Hu H, Sun J, Lewis SE, Simpkins JW, Ren X (2015) Mitochondrial crisis in cerebrovascular
endothelial cells opens the blood-brain barrier. Stroke 46: 1681-1689.
do0i:10.1161/STROKEAHA.115.009099

Bukeirat M, Sarkar SN, Hu H, Quintana DD, Simpkins JW, Ren X (2016) MiR-34a regulates blood-brain
barrier permeability and mitochondrial function by targeting cytochrome c. J Cereb Blood Flow Metab 36:
387-392. doi:10.1177/0271678X15606147

Miller SM, Ebert F, Raber G, Meyer S, Bornhorst J, Hiiwel S, Galla HJ, Francesconi KA, Schwerdtle T (2018)
Effects of arsenolipids on in vitro blood-brain barriermodel. Arch Toxicol 92: 823-832.
doi:10.1007/s00204-017-2085-8

Hoheisel D, Nitz T, Franke H, Wegener J, Hakvoort A, Tilling T, Galla HJ (1998) Hydrocortisone reinforces
the blood-brain barrier properties in a serum free cell culture system. Biochem Biophys Res Commun 244:
312-316. doi:10.1006/bbrc.1997.8051

Golowasch J, Nadim F (2013) Capacitance, membrane. In Encyclopedia of Computational Neuroscience.
Jaeger D, Jung R (eds.). pp 1-5. New York, NY: Springer New York.

Greene C, Hanley N, Campbell M (2019) Claudin-5: Gatekeeper of neurological function. Fluids Barriers
CNS 16: 3. d0i:10.1186/s12987-019-0123-z

Fanning AS, Jameson BJ, Jesaitis LA, Anderson JM (1998) The tight junction protein ZO-1 establishes a link
between the transmembrane protein occludin and the actin cytoskeleton. J Biol Chem 273: 29745-29753.
doi:10.1074/jbc.273.45.29745

Miller JC, Lichtmannegger J, Zischka H, Sperling M, Karst U (2018) High spatial resolution LA-ICP-MS
demonstrates massive liver copper depletion in Wilson disease rats upon Methanobactin treatment. J
Trace Elem Med Biol 49: 119-127. doi:10.1016/j.jtemb.2018.05.009

Quarles CD Jr., Macke M, Michalke B, Zischka H, Karst U, Sullivan P, Field MP (2020) LC-ICP-MS method
for the determination of [L8BD2Q2MO0] extractable copper[R8D2Q2M1] in serum. Metallomics 12: 1348—
1355. d0i:10.1039/d0mt00132e

European Association for Study of Liver (2012) EASL clinical practice guidelines: Wilson[R852Q1M7]s
disease. ) Hepatol 56: 671-685. doi:10.1016/j.jhep.2011.11.007

Litwin T, Cztonkowska A, Socha P (2019) Oral chelator treatment of Wilson disease. In Clinical and
Translational Perspectives on Wilson disease. Kerkar N, Roberts EA (eds.). pp 357-364. London: Academic
Press.

Sugawara N, Li D, Sugawara C (1994) Removal of copper from the liver of long-evans cinnamon (LEC) rats
by tetrathiomolybdate (TTM) injection: The main excretion route is via blood, not bile. Res Commun Mol
Pathol Pharmacol 85: 217-226.

Ogra Y, Miyayama T, Anan Y (2010) Effect of glutathione depletion on removal of copper from LEC rat
livers by tetrathiomolybdate. J Inorg Biochem 104: 858—862. doi:10.1016/j.jinorghio.2010.04.001
Scheinberg IH, Sternlieb I, Schilsky M, Stockert RJ (1987) Penicillamine may detoxify copper in
Wilson[R852Q1M7]s disease. Lancet 2: 95. d0i:10.1016/s0140-6736(87)92753-x

Vogel FS, Evans JW (1961) Morphologic alterations produced by copper in neural tissues with
consideration of the role of the metal in the pathogenesis of Wilson[R852Q1M7]s disease. J Exp Med 113:
997-1004. doi:10.1084/jem.113.6.997

Vogel FS, Kemper L (1963) Biochemical reactions of copper within neural mitochondria, with consideration
of the role of the metal in the pathogenesis of Wilson’s disease. Lab Invest 12: 171-179.

Aschner M (1996) The functional significance of brain metallothioneins. FASEB J 10: 1129-1136.
doi:10.1096/fasebj.10.10.8751715



BIS-CHOLINE TETRATHIOMOLYBDATE PREVENTS COPPER-INDUCED BLOOD-BRAIN BARRIER DAMAGE 87

[70]

[71]

[72]

(73]

[74]
[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Thirumoorthy N, Sunder AS, Kumar KM, Kumar MS, Ganesh G, Chatterjee M (2011) A review of
metallothionein isoforms and their role in pathophysiology. World J Surg Oncol 9: 54. doi:10.1186/1477-
7819-9-54

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal Biochem 72: 248-254. d0i:10.1006/abio.1976.9999

Elbashir A (2013) A new spectrophotometric method for determination of penicillamine in pharmaceutical
formulation using 1, 2-naphthoquine-4-sulfonate (QS). PharmacoVigilance Rev 1. 1-5.
doi:10.4172/jp.1000105

Krug M, Weiss MS, Heinemann U, Mueller U (2012) Xdsapp: A graphical user interface for the convenient
processing of diffraction data usingXDS. J Appl Cryst 45: 568-572. doi:10.1107/s0021889812011715

Kabsch W (2010) Xds. Acta Crystallogr D Biol Crystallogr 66: 125-132. d0i:10.1107/s0907444909047337

Evans P (2006) Scaling and assessment of data quality. Acta Crystallogr D Biol Crystallogr 62: 72-82.
doi:10.1107/50907444905036693

McCoy AJ (2017) Acknowledging errors: Advanced molecular replacement with phaser. Methods Mol Biol
1607: 421-453. doi:10.1007/ 978-1-4939-7000-1_18

Bujacz A (2012) Structures of bovine, equine and leporine serum albumin. Acta Crystallogr D Biol
Crystallogr 68: 1278-1289. doi:10.1107/5S0907444912027047

Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development of Coot. Acta Crystallogr D
Biol Crystallogr 66: 486-501. doi:10.1107/S0907444910007493

Strober W (2015) Trypan blue exclusion test of cell viability. Curr Protoc Immunol 111: A3.B.1-A3.B.3.
doi:10.1002/0471142735.ima03bs111

Pesta D, Gnaiger E (2012) High-resolution respirometry: OXPHOS protocols for human cells and
permeabilized fibers from small biopsies of human muscle. Methods Mol Biol 810: 25-58.
doi:10.1007/978-1-61779-382-0_3

Spinazzi M, Casarin A, Pertegato V, Salviati L, Angelini C (2012) Assessment of mitochondrial respiratory
chain enzymatic activities on tissues and cultured cells. Nat Protoc 7: 1235-1246.
doi:10.1038/nprot.2012.058

Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hickman JJ (2015) TEER measurement techniques for
in vitro barrier model systems. J Lab Autom 20: 107-126. doi:10.1177/2211068214561025

Repetto G, del Peso A, Zurita JL (2008) Neutral red uptake assay for the estimation of cell
viability/cytotoxicity. Nat Protoc 3: 1125-1131. doi:10.1038/nprot.2008.75

Bornhorst J, Wehe CA, Huwel S, Karst U, Galla HJ, Schwerdtle T (2012) Impact of manganese on and
transfer across blood-brain and bloodcerebrospinal fluid barrier in vitro. J Biol Chem 287: 17140-17151.
do0i:10.1074/jbc.M112.344093

Kopp JF, Miller SM, Pohl G, Lossow K, Kipp AP, Schwerdtle T (2019) A quick and simple method for the
determination of six trace elements in mammalian serum samples using ICP-MS/MS. J Trace Elem Med
Biol 54: 221-225. doi:10.1016/j.jtemb.2019.04.015

Ye D, Dawson KA, Lynch | (2015) A TEM protocol for quality assurance of in vitro cellular barrier models
and its application to the assessment of nanoparticle transport mechanisms across barriers. Analyst 140:
83-97. doi:10.1039/c4an01276¢

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto EK, Goeke NM, Olson
BJ, Klenk DC (1985) Measurement of protein using bicinchoninic acid. Anal Biochem 150: 76-85.
doi:10.1016/ 0003-2697(85)90442-7






SE SUPPLEMENTATION TO AN IN VITRO BLOOD-BRAIN BARRIER DOES NOT AFFECT CU TRANSFER INTO THE BRAIN 89

4. SE SUPPLEMENTATION TO AN IN VITRO
BLOOD-BRAIN BARRIER DOES NOT AFFECT CU
TRANSFER INTO THE BRAIN

4.1 Graphical abstract

Se-deficient Se-supplemented

O,

S

15 puM Cu

Permeability

w
=
=
&

P~
(=}
—

=
)
<t
i
-l
=

An article with equivalent content is submitted and under review (13t January 2023) as:

S. Raschke, J. Bornhorst, T. Schwerdtle, Se supplementation to an in vitro blood-brain barrier does not affect Cu transfer into

the brain, J. Trace Elem. Med. Biol. 78 (2023) 127180. https://doi.org/10.1016/j.jtemb.2023.127180.



90 CHAPTER 4

4.2 Abstract

Dyshomeostasis of copper (Cu) accompanied by Cu accumulation in certain brain areas has been
associated with neurodegenerative diseases. One proposed toxic mode of action following Cu overload
is oxidative stress associated with neuronal damage, whereas Selenium (Se) is assumed to play here a
protective role. This study investigates the relationship between adequate Se supplementation and
the respective consequences for Cu transfer into the brain applying an in vitro model of the blood-
brain barrier (BBB). Primary porcine brain capillary endothelial cells (PBCECs) seeded on Transwell®
inserts were supplemented with selenite starting at cultivation in both compartments. After apical
application of 15 or 50 uM CuS04, transfer of Cu to the basolateral compartment, the brain facing side,
was assessed by ICP-MS/MS. Neither selenite supplementation nor Cu incubation negatively affected
barrier properties. Transfer of Cu was not affected by selenite supplementation. Under Se-deficient
conditions, Cu permeability coefficients decreased with increasing Cu concentrations. The results of
this study do not indicate that under suboptimal Se supplementation more Cu transfers across the BBB

to the brain.

4.3 Introduction

Maintaining the homeostasis of the essential trace elements selenium (Se) and copper (Cu) is of high
relevance for normal brain function. Both deficiency and excess of these two trace elements can lead
to neurological impairments [1-4]. Particularly, Cu dyshomeostasis seems to be associated with
several neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s (PD) and Wilson’s disease
(WD) being accompanied with Cu accumulation in some brain regions [5—7]. Several in vivo and in vitro
studies have indicated a link between increased Cu levels in the brain and increased oxidative stress
subsequently damaging macromolecules being associated with neuronal damage [8]. In vitro studies
in primary neurons have previously demonstrated the protective potential of Se supplementation in
the induction of oxidative stress [9,10]. Adequate expression of selenoproteins is important to
counteract oxidative stress. Most selenoproteins have been described to be involved in redox
regulation such as glutathione peroxidases or thioredoxin reductases, and reduced expression is
exacerbating oxidative stress in the brain [4]. A number of studies have pointed out that chemical-
induced brain damage appears to be dependent on Se supplementation of the animals [8]. Animals on
a Se-deficient diet showed increased levels of brain damage and supplementation with Se could reduce
levels of oxidative DNA damage [8]. Based on these studies it has been hypothesized that an adequate
Se supplementation may have a protective role against Cu-induced damage. In recent studies changing
homeostasis of the two trace elements during aging could be identified. The identified increasing
serum Cu concentrations may contribute to the elevated Cu levels in the brain. In contrast, decreased

Se serum concentrations were found in the elderly, which might contribute to decreased antioxidant
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defense in the brain [11]. The observed changes in Se and Cu homeostasis during aging, namely
decreased Se and increased Cu serum concentrations and Cu accumulation in the brain, opens among
others the question whether a suboptimal Se supplementation of the endothelial cells of the blood-
brain barrier (BBB) allows a higher transfer of Cu into the brain. This short communication assesses
whether a Se supplementation to a well-established in vitro blood-brain barrier may affect the transfer

of Cu into the brain.

4.4 Methods

Primary porcine brain capillary endothelial cells (PBCECs) were seeded on rat tail collagen-coated
Transwell® membrane cell culture inserts and cultivated as described elsewhere [12]. To overcome
suboptimal Se supplementation, PBCECs were supplemented with 100 or 200 nM selenite starting at
cultivation (DIV 0) in both compartments. On DIV 4, PBCEC monolayers with TEER values of at least
600 Q - cm? as well as a capacitance of 0.45-0.6 uF/cm? were used for transfer experiments [13]. For
transfer studies, 15 or 50 UM CuSO,4 were incubated for 48 h to the apical compartment (Figure S1).
Throughout the incubation period, barrier integrity was continuously monitored, using the
transendothelial electrical resistance (TEER) as a measure of barrier tightness on the one hand and
capacitance as an indicator of cell viability on the other. Total Cu and Se concentrations in medium
samples were quantified by ICP-MS/MS as described before [14,15]. Selenoprotein P (SELENOP)
determination was based on affinity chromatographic separation followed by ICP-MS/MS according to

previously published protocol [16].

4.5 Results and discussion

45.1 Barrier integrity was not affected by Se supplementation or by co-incubation with

Cu

Neither TEER values as a measure for barrier tightness (Figure 1A) nor capacities (Figure 1B) were
affected by Se supplementation or by the co-incubation with Cu. Previously, cytotoxicity of selenite
was observed at a 75-fold higher concentration in these cells, without showing negative effects on
barrier integrity [17]. Likewise for Cu it has been demonstrated before that Cu concentrations up to
250 uM do not cause toxic effects to this BBB model [18]. Although such high concentrations seem to
be less relevant, high serum Cu concentrations could be measured in diseased Atp7b”" rats as a model
for WD. Demise of liver cells in these animals presumably leads to a massive Cu release into the blood,
where levels of 27 + 16 uM Cu could be measured [19], highlighting the relevance of the investigated
Cu concentrations in our study. In WD patients, a similar scenario was observed after treatment with

the Cu chelator D-penicillamine [20,21].
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Figure 1. Neither selenite supplementation nor combined Cu(ll) treatment showed negative effects on barrier integrity.
PBCECs were supplemented with 100 or 200 nM selenite to ensure adequate Se supplementation (DIV 0). To determine the
integrity of the barrier, TEER and capacitance were measured for 48 hours after apical application of 15 or 50 uM CuSO4 on
DIV 4. Shown are mean of TEER (A) and capacitance values (B) from one representative experiment, expressed as % from

starting value (two replicates per condition).

4.5.2 Selenite supply improves the Se status of PBCECs

Selenite supplementation to both compartments from the beginning of cultivation on resulted in
concentration-dependent higher Se concentrations in both compartments (Figure 2), which did not
change over 48 h indicating for no active side-directed Se transport as shown before [17]. No
alterations in Se concentrations in the apical and basolateral compartments could be observed after
co-treatment with Cu. Additionally, cellular Se concentrations were increased upon selenite
supplementation (0 nM Selenite: 1.1 £ 0.1 ng Se/mg protein; 100 nM Selenite: 3.5 + 0.1 ng Se/mg
protein; 200 nM Selenite: 4.9 + 1.2 ng Se/mg protein), but were not influenced by Cu (data not shown),
indicating no interference of Cu with the Se homeostasis in this cell model. To further investigate Se
homeostasis, SELENOP levels were measured in medium samples but were below the quantifiable
range. Even after Se supplementation, the levels were higher than under deficient conditions, but still
not quantifiable. Most of the Se was in the fraction containing Se-associated proteins or non-heparin-
binding selenoproteins. This fraction was also significantly increased after Se administration (Figure
S2). Overall, the improved TEER values in cells supplied with 200 nM selenite (Figure 1) and the
increased cellular Se and SELENOP levels, indicate an improved Se status of the selenite supplied cells.
This is consistent with previously published data showing that Se has protective effects on cell viability
and barrier integrity in a co-culture system of murine brain microvascular endothelial (bEnd.3) and
astrocyte (MA-h) cell lines [22]. Cells were cultured with 100 nM selenite 24 h prior to oxygen-glucose-

deprivation challenge under hyperglycemic conditions. Expression of tight junctions (ZO-1, claudin-5
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and occludin) were higher, and permeability of the barrier measured by fluorescein leakage was

improved in the Se-supplemented system compared to cells without additional Se [22].
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Figure 2. Se distribution between apical and basolateral compartments is altered under Se deficient conditions. Medium
Se concentrations in apical and basolateral compartment after start of incubation (0.01 h) and after 48 h were measured
using ICP-MS/MS. Shown are mean values of at three independent experiments, each with two replicates. Statistical analysis
based on two-way ANOVA with Tukey’s post-test *p<0.05, **p<0.01, ***p<0.005 apical vs. basolateral compartment.
#p<0.05, #p<0.01, ##p<0.005 control vs. Cu(ll) treatment.

Under Se-suboptimal (non-supplied) conditions, the distribution of Se between the two compartments
is different, with significantly higher Se concentrations in the apical as compared to the basolateral
compartment (apical: 0.3 £ 0.1 pug Se/L; basolateral: 0.1 + 0.04 ug Se/L). This remained unchanged after
the end of the 48-hour period (apical: 0.3 £ 0.1 pg Se/L; basolateral: 0.1 + 0.01 pg Se/L). Combined
application of Cu to the not-selenite supplied system resulted in a decrease in apical Se concentrations
but no Se increase in the basolateral compartments (Figure 2). Cellular Se concentration were not
significantly changed upon Cu exposure (0 uM Cu: 1.1 + 0.1 ng Se/mg protein; 15 uM Cu: 1.2 + 0.4 ng
Se/mg protein; 50 uM Cu: 1.2 * 0.4 ng Se/mg protein). However whether these minor cellular
concentration changes can be reliable measured in the low number of cells applied on the barrier
system is questionable. This is also shown by the relatively large standard deviations in the cellular

concentrations.
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4.5.3 Cu transfer via the BBB is not influenced by Se

To investigate whether selenite supplementation might influence Cu transfer into the brain facing
compartment, Cu concentrations were measured by ICP-MS/MS in the both compartments at the
beginning of the transfer experiment and after 48 h (Figure 3). At DIV 4, Cu concentrations in the
basolateral compartments were similar in all Transwells and were not affected by prior selenite
supplementation. After 48-hour incubation, Cu concentrations significantly increased in the
basolateral compartment in a concentration-dependent manner, but were not affected by prior
selenite supplementation (Figure 3). Incubation with physiological Cu concentration of 15 uM resulted
in Cu permeability coefficients ranging from 4.1 to 4.5- 107 cm/s (Table 1). Under Se deficiency,
exposure to 50 uM Cu showed significantly lower Cu permeability coefficients compared to 15 uM Cu,
while under Se adequate conditions the coefficients were only slightly lower. Transport of Cu into the
brain is mostly facilitated via the copper uptake transporter 1 (CTR1) [23]. Lower permeability
coefficients indicate saturation of the respective transporter resulting in lower transfer rates as shown
for 50 uM Cu (single exposure). Surprisingly, permeability coefficients under selenite supplied
conditions were not significantly different between 15 and 50 uM Cu, but there was a trend for a

decrease with higher Cu concentrations.

Table 1. Cu permeability is negatively associated with higher Cu(ll) incubation. Permeability coefficient was determined
according to [24]. Shown are mean values of three independent experiments, each with two replicates per condition.

Statistical analysis based on unpaired t-test 8p<0.05 15 vs. 50 uM Cu(ll).

Selenite [nM] CuS0, [uM] Permeability coefficient
P x 107 [cm/s]
0 15 44%13
50 26105%
100 15 45113
50 3710
200 15 41 +£1.7

50 CIGERIN
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Figure 3. Selenite supplementation did not affected Cu transfer across the BBB. Medium Cu concentrations in apical and
basolateral compartment after start of transfer experiment (0.01 h) and after 48 h were measured using ICP-MS/MS. Shown
are mean values of three independent experiments, each with two replicates. Statistical analysis based on two-way ANOVA

with Tukey’s post-test *p<0.05, **p<0.01, ***p<0.005 0.1 vs. 48 h basolateral compartment.

4.6 Conclusion

The results of this study do not indicate that under suboptimal Se supplementation more Cu transfers
across the BBB to the brain. Selenite supplementation improved the Se status of the cells, improved

barrier integrity of the in vitro BBB but did not affect the Cu permeability coefficients.
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Figure S1. Incubation protocol of Cu transfer study with additional Se supplementation. PBCECs were supplemented with
selenite (100 or 200 nM) or without addition of Se directly after seeding (DIV 0) in both compartments. After 48 h of
proliferation, medium was changed to serum-free medium and added with selenite (100 or 200 nM) or without addition of
Se to start differentiation phase. For transfer experiment (DIV 4), 15 or 50 uM CuSO, were incubated to the apical

compartment for additional 48 h.

Se(other Se compounds)
[me/L]

5—
1 ng.
N ' \
0 T T T
Salanite [nM] [} | 100 | 200
:cuso. [uM] 0 15 50 I [] 15 50 | ] 15 50

Figure S2. Se concentration in the fraction of Se-associated proteins and non-heparin-binding selenoproteins. PBCECs were
supplemented with 100 or 200 nM selenite to ensure adequate Se supplementation during cultivation (DIV 0). For transfer
experiment (DIV 4), 15 or 50 uM CuSO,4 were incubated to the apical compartment for additional 48 h. At the end of transfer,
Se concentration of separated fraction of other Se compounds (Se-associated and non-heparin binding selenoproteins) were
quantified by affinity chromatography coupled with ICP-MS/MS in basolateral medium samples. Abbreviations: n.q. — not

quantifiable
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astrocytic cell line with focus on oxidative stress markers, J. Trace Elem. Med. Biol. 65 (2021) 126711.
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5.2 Abstract

Background: Being an essential trace element, copper is involved in diverse physiological processes.
However, excess levels might lead to adverse effects. Disrupted copper homeostasis, particularly in
the brain, has been associated with human diseases including the neurodegenerative disorders Wilson
and Alzheimer’s disease. In this context, astrocytes play an important role in the regulation of the
copper homeostasis in the brain and likely in the prevention against neuronal toxicity, consequently
pointing them out as a potential target for the neurotoxicity of copper. Major toxic mechanisms are
discussed to be directed against mitochondria probably via oxidative stress. However, the toxic
potential and mode of action of copper in astrocytes is poorly understood, so far. Methods: In this
study, excess copper levels affecting human astrocytic cell model and their involvement in the
neurotoxic mode of action of copper, as well as, effects on the homeostasis of other trace elements
(Mn, Fe, Ca and Mg) were investigated. Results: Copper induced substantial cytotoxic effects in the
human astrocytic cell line following 48 h incubation (EC30: 250 uM) and affected mitochondrial
function, as observed via reduction of mitochondrial membrane potential and increased ROS
production, likely originating from mitochondria. Moreover, cellular GSH metabolism was altered as
well. Interestingly, not only cellular copper levels were affected, but also the homeostasis of other
elements (Ca, Fe and Mn) were disrupted. Conclusion: One potential toxic mode of action of copper
seems to be effects on the mitochondria along with induction of oxidative stress in the human
astrocytic cell model. Moreover, excess copper levels seem to interact with the homeostasis of other
essential elements such as Ca, Fe and Mn. Disrupted element homeostasis might also contribute to
the induction of oxidative stress, likely involved in the onset and progression of neurodegenerative
disorders. These insights in the toxic mechanisms will help to develop ideas and approaches for

therapeutic strategies against copper-mediated diseases.

5.3 Introduction

As an essential trace element, Copper (Cu) is involved in diverse physiological processes. Particularly
in the brain, it plays an important role to maintain the brain functions. Human exposure predominantly
derives from diet (e.g. nuts, offal), industrial use and agricultural application (e.g. pesticides) [1,2]. In
general, the Cu homeostasis is strictly regulated and well balanced, since both, overload and deficiency
may lead to adverse effects. Homeostatic dysregulation is discussed to be associated with certain
neurological disorders including Alzheimer’s and Wilson disease [3-5]. In this context, glial cells, such
as astrocytes, are supposed to play a key role in the regulation of the Cu homeostasis in the brain.
Astrocytes efficiently take up Cu via the Cu transporters Ctrl and DMT1. ATP7A has been discussed as
most likely predominant Cu exporter in the astrocytes. Cellular distribution and trafficking is mediated

by various Cu-binding proteins, which is described elsewhere [3,6—8]. However, it should be pointed
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out here, that glial cells are discussed to tolerate distinct Cu accumulation, since they provide
enhanced ability to store Cu by upregulating Cu transport and binding proteins such as glutathione
(GSH) and metallothionein (MT). This emphasizes their pivotal role in maintaining the brain Cu
homeostasis. Moreover, by providing enhanced storage capacity, astrocytes are discussed to protect
other brain cells including neurons from Cu overload and consequently toxicity [9—11]. In vitro studies
with cultured astrocytes showed that excess Cu levels reduce the cell viability. Toxic mode of action is
supposed to be the induction of oxidative stress via ROS production and mitochondrial dysfunction
[12,13]. However, the exact mode of action is not completely understood and still focus of
investigation. The aim of this study was to elucidate the cellular mechanisms of Cu toxicity at excess,
non-physiologic levels, likely occurring at disrupted copper homeostasis (e.g. due to Cu-related
neurological diseases). The human astrocytic cell line CCF-STTG1 was applied as in vitro brain cell
model. Particular focus is set on mitochondria as central target organelles and oxidative stress markers.
Moreover, since there are hints, that Cu homeostasis is linked to other essential elements like Mg, Ca,
Fe, Mn, interactions on cellular levels with these elements were investigated [14-17]. These
experiments help to shed light on the role of astrocytes under excess Cu and how these brain cells are

involved in the Cu homeostasis and in the protection against Cu-mediated neurotoxicity [18].

5.4 Materials and methods

5.4.1 Materials

CCF-STTG1 were obtained from the American Type Culture Collection (Bethesda, MD, USA). RPMI 1640
medium and glutamine were purchased from Biochrom (Berlin, Germany), Fetal calf serum (FCS) was
from Merck KGaA (Darmstadt, Germany), penicillin-streptomycin solutions and trypsin were supplied
by Sigma-Aldrich (Steinheim, Germany). Copper(ll)sulphate (anhydrous, >99% purity) was purchased
from Carl Roth (Karlsruhe, Germany). Resazurin dye, standards for GSH and GSSG, DTNB, DHE,
antimycin A, sodium azide and tert-butylhydroperoxide were provided by Sigma- Aldrich (Steinheim,
Germany), nitric acid (65%, suprapur) and Hoechst 33258 from Merck (Darmstadt, Germany), Carboxy-
DCFH-DA and MitoTracker® Orange CMT-MRos from Life Technologies GmbH (Darmstadt, Germany)
and MitoSOX™ Red from ThermoFisher Scientific (Dreieich, Germany). Alcian Blue was supplied by
Fluka Biochemika (Munich, Germany) and DAPI from Vector Laboratories (Burlingame, USA). Single
element standards for ICP-MS/MS measurements were purchased from Carl Roth (Karlsruhe,
Germany) and Spetec (Erding, Germany). All other chemicals were obtained from Merck (Darmstadt,

Germany), Carl Roth (Karlsruhe, Germany) or Sigma-Aldrich (Steinheim, Germany).
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5.4.2 Cultivation and incubation of cells

Human astrocytic cell line (CCF-STTG1) was cultured as monolayer in RPMI 1640 supplemented with
10% FCS, 100 U/mL penicillin, 100 mg/mL streptomycin and 1.4 mM glutamine under standard
conditions for human cell culture (37 °C, 5% CO, and 100% humidity). Cells were subcultured once a
week and change of fresh media was performed every 2—3 days. 48 h after seeding in the respective
experimental cell culture plates, the cells were treated with copper(ll)sulphate (CuSO4) solution and
the respective experiments were performed another 48 h later following incubation. Stock solution of
CuSO4 (100 mM) was diluted in sterile distilled water and kept at 4 °C for up to two weeks. Further
dilutions were prepared shortly before each experiment. Cu concentration of stock solutions was

regularly checked by ICP-MS/MS (data not shown).

5.4.3 Cytotoxicity

Cytotoxic effects of Cu were studied in the human astrocytic cell model following 48 h incubation by
investigating effects on cell number (indirectly via Hoechst) and cell viability (Resazurin). General
cytotoxicity assays were performed in 96 well plates (30,000 cells/cm?). Cell number (Hoechst) Cell
number was indirectly determined using the bisbenzimidazole Hoechst 33258. This fluorescent dye
binds to cellular DNA [19]. Consequently, applying this assay, the cell nuclei are detected and thus, cell
number can be assessed. The method was performed as described before [20]. In brief, following a
washing step with phosphate-buffered saline (PBS) and fixation with 3.7% formaldehyde/PBS for 10
min, the cells were permeabilized with 2.2% Triton™ X-100/PBS for 10 min and treated with 6 pM
Hoechst/PBS for 30 min at 37 °C. The fluorescence was measured with a Tecan plate reader (Ex: 355
nm, Em: 460 nm; Tecan infinite 200 Pro, Tecan Austria GmbH, Gr~odig, Austria). Cell viability (Resazurin
reduction assay) Cell viability was monitored applying the Resazurin reduction assay. This endpoint is
based on the reduction of Resazurin (Alamar Blue) to the fluorescent Resorufin by cellular
dehydrogenases. In that way, the cellular metabolic activity can be assessed [21]. The assay was carried
out as described before [22]. Briefly, Resazurin (5 pg/mL in culture media) was applied for 3 h at 37 °C.
Thereafter, the fluorescence of Resorufin was detected with a Tecan plate reader (Ex: 540 nm, Em: 590

nm).

5.4.4 Mechanistic studies (with focus on mitochondria, oxidative stress)

To characterize the toxic mode of action, several more specific endpoints were studied with focus on
mitochondria, as potential major target organelles, and oxidative stress. These experiments were
performed either in 96 well plates (MitoTracker® Orange, Carboxy-DCFH-DA), 6 well plates (GSH/GSSG)
or 12 well plates with cover slips (DHE, MitoSOX™) at a defined cell density (30,000 cells/cm?).
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Mitochondrial membrane potential (MitoTracker® Orange)

Effects on mitochondria were assessed via the mitochondrial membrane potential by applying
MitoTracker® Orange CMT-MRos. This lipophilic cationic dye accumulates in the mitochondria
depending on the mitochondrial membrane potential [23,24]. The assay was performed as described
before [25]. Briefly, following treatment with the test compound, cells were incubated with 300 nM
MitoTracker® Orange for 30 min at 37 °C. Thereafter, cells were fixed with 3.7% formaldehyde/PBS for
10 min at 37 °C. The fluorescence was measured with a Tecan plate reader (Ex: 544 nm, Em: 590 nm).
To assess the mitochondrial activity, taking into account general cytotoxic effects, the mitochondrial
membrane potential was related to the cell number, that was determined in parallel via Hoechst as

described before. Sodium azide (NaNs) was used as positive control (30 min incubation).

Cellular glutathione (GSH) and glutathione disulfide (GSSG) levels

Total glutathione levels (both reduced GSH and oxidized GSSG) were used as indicator for cellular redox
status and measured by applying an enzymatic recycling assay [26]. This method is based on the
conversion of DTNB to the yellow chromophore TNB and in parallel oxidation of GSH to GSSG, which is
restored by glutathione reductase under the presence of NADPH. The amount of TNB is proportional
to the total GSH and GSSG level. For the determination of GSSG only, the samples were treated with
2-vinylpyridine, leading to complexation of GSH. The method was performed as previously described
[27,28]. Briefly, cell pellets (control and Cu-incubated) were prepared and cell number as TTCs, Roche
Innovatis AG). Total GSH/GSSG and GSH was quantified in the supernatants of the lysed cell pellets
using external calibration. Therefore, a kinetic measurement (5 readings) was performed at 412 nm

with a Tecan plate reader.

Carboxy-DCFH-DA

Effects on the reactive oxygen and nitrogen species (RONS) were investigated applying a carboxy-
DCFH-DA-based method. This endpoint relies on intracellular transformation of the carboxy-DCFH-DA
to the fluorescent carboxy-DCFH due to RONS [29,30]. This assay was performed as described before
[31]. In brief, cells were loaded with 15 puM carboxy-DCFH-DA for 20 min at 37 °C. Following two
washing steps with media, cells were incubated with the test compound and RONS generation was
periodically monitored via carboxy-DCFH formation up to 48 h with a Tecan plate reader (Ex: 485 nm,

535 nm). Tertbutylhydroperoxide (TBH) was used as positive control.

Dihydroethidium (DHE) and MitoSOX™Red

Dihydroethidium (DHE) dye was applied to detect specific reactive oxygen and nitrogen species
(RONS). This assay is based on the conversion of DHE to a fluorescent product due to superoxide anions

[32]. This assay was performed as described before [30,33]. In brief, cells were seeded on cover slips,
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that had been coated before with Alcian Blue to enhance cell adhesion and incubated with the test
compound. Thereafter, 10 pM of DHE dye/medium was incubated for 30 min at 37 °C. Subsequently
the cells were washed twice with PBS and microscopic images were taken with a Leica DM 6 (Wetzlar,
Germany)(Ex: 540-580 nm, Em: 592-668 nm). Antimycin A was used as positive control (60 min
incubation). To specifically detect mitochondrial superoxides, a method was developed, applying
MitoSOX™ Red as superoxide indicator for live-cell imaging. In brief, cells were seeded on cover slips,
that had been coated before with Alcian Blue and incubated with the test compound. Following
incubation with the test compound, 5 pM MitoSOX™/media solution was applied for 10 min at 37 °C
in the dark. Thereafter, the cells were washed thrice with PBS, the cover slips were mounted on DAPI
on slides and subsequently, microscopic images were taken with a Leica DM 6 (Ex: 510 nm, Em: 580
nm (MitoSOX™); Ex: 350 nm, Em: 470 nm (DAPI)). Antimycin A was used as positive control (60 min

incubation).

5.4.5 Cellular Bioavailability and interaction with other trace elements

To assess cellular bioavailability of CuSQ,, total Cu levels were determined in the human astrocytic cell
line as described before [22]; and additionally, selected elements (Mg, Ca, Fe and Mn) were monitored
in parallel. For assessing the cellular bioavailability, cells were seeded in 24 well plates (30,000
cells/cm?) and incubated with CuSOs in a concentration range from 50 to 500 uM for 48 h. Before lysis
of cells with RIPA buffer, the cells were washed twice with PBS. Protein levels of the cell lysates were
measured via Bradford assay. For the determination of total element concentrations in cell lysates, 50
uL of cell lysate were placed in a 15 mL polypropylene tube, then 250 pL of an internal standard (ISTD)
solution containing 100 pg Ge/L in 1% (v/v) and 500 uL of nitric acid, were added and the mixture was
left to digest for 24 h at room temperature. Afterwards, the sample was diluted to a final volume of
2.5 mL with water. Total cellular levels of Cu and aforementioned elements, respectively, were
measured by ICP-MS/MS (Agilent 8800 ICP-QQQ-MS, Agilent Technologies, Waldbronn, Germany). The
ICP-MS/MS was operated in MS/MS mode using helium as collision cell gas at a flow rate of 4.3 mL/min.
Additionally, 1% CO2 in Ar was introduced as optional gas (flow rate, 0.12 L/min) to maintain a constant
carbon load of the plasma to compensate for any residual carbon in the digested samples. The
monitored mass transitions (integration time of 0.5 s/point) for Mg, Ca, Mn, Fe, Cu and Ge (ISTD) were
m/z24 > m/z24, m/z 44 > m/z 44, m/z 55 > m/z 55, m/z 56 > m/z 56, m/z2 63 > m/z 63 and m/z 72
- m/z 72, respectively. Quantification was performed by external calibration based on the ISTD Ge.
Mixed calibration standards were prepared in 20% (v/v) HNOs containing 10 pug Ge/L as ISTD for matrix
matching. Calibration ranges were 0.1-500 pg/L and 10-500 pg/L for Mg, Mn, Fe, and Cu and Ca,
respectively. Limit of detection (LOD) calculated from the mean value of chemical blanks plus 3 times

the standard deviation (n = 4) divided by the calibration slope, ranged from 0.5-280 pg/L in the cell
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lysates. All measured element concentrations in cell lysates were > LOD. Cell lysates were analyzed in
triplicates and RSD were <15 %. The certified reference material NIST Trace Elements in Natural Water
1640A, purchased from LGC Standards GmbH (Wesel, Germany) was used for quality control and was
treated in the same manner as cell lysates. This material has certified values of 85.75 + 0.51 pg/L, 36.8
+ 1.8 ug/L, 40.39 + 0.36 pg/L for Cu, Fe and Mn, respectively; values of 1059 + 4 ug/L for Mg and 5615
+ 21 pg/L Ca are provided as reference values. We obtained 84.9 + 1.4 u/L, 37.2+ 0.9 pg/L,39.2+1.1
pg/L for Cu, Fe and Mn, respectively; 1040 + 31 pg/L for Mg and 6040 + 430 pg/L for Ca throughout
the study (n = 4). Cellular element concentrations were related to the respective protein levels.
Furthermore, to assess the cellular molar concentrations, another approach was applied as described
before [22]. In this study, the total cellular amount of the selected elements was related to the total
cell volume (311,860,300 fL) derived from measurements by an automatic cell counter (Casy TTCs,

Roche Innovatis AG).

5.4.6 Statistics

All experiments were independently carried out at least three times. Mean and standard deviations
(SD) were calculated from raw data. Statistical analysis was done using ANOVA one-way test followed

by Dunnett’s test. Significance levels are p < 0.05, p <0.01, p < 0.001.

5.5 Results and discussion

5.5.1 Cytotoxicity

Cell number and cell viability

To first assess the toxic potential of CuSO, in the human astrocytic cell model, endpoints with focus on
general cytotoxicity were applied. Regarding both endpoints, CuSO, showed substantial toxic effects
in the micromolar concentration range. Effects on cell viability, measured via cellular metabolic
activity, turned out to be more sensitive as compared to effects on cell number, indicating that
mitochondria might be potential target organelles of Cu toxicity. EC3 values (effective concentration
with 30% impact) were found to be 250 uM (Resazurin) and 600 uM (Hoechst), respectively (see Fig.
1). So far, studies are limited with regard to cytotoxic effects of Cu in human glial cells. Studies with
primary rat astrocytes revealed high cellular toxicity of Cu. 100 uM CuCl; reduced the cell viability to
60% following 24 h incubation, while 10 pM CuCl; did not affect the viability up to 48 h [34]. In another
study with human astrocytes, significant toxic effects of CuCl, could be observed starting from 250 uM
after 24 h incubation, where the cell viability was reduced to 60% [35]. It might be that there are
species-specific differences in toxicity of Cu probably due to different metabolism or uptake

mechanisms. Human astrocytes seem to be far less sensitive compared to primary rat astrocytes. To
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better assess the cytotoxic potential of Cu, the toxic mode of action and cellular accessibility needs to

be characterized and compared.
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Fig. 1. General cytotoxicity — cell viability (Resazurin ) and cell number (Hoechst - - -) were assessed in the human

astrocytic cell line (CCF-STTG1) following 48 h incubation with CuSO,4. Shown are mean values of at least three independent
experiments + SD related to untreated control. ECsq: effective concentration with 30% impact. ###/*** p<0.001 (compared

to untreated control) based on ANOVA-one way test followed by Dunnett’s test.

5.5.2  Mechanistic studies

Mitochondria (Mitochondrial membrane potential)

To elucidate the toxic mode of action, selected endpoints with focus on oxidative stress and on
mitochondria, as potential target organelles, have been conducted. Effects on mitochondria were
investigated via mitochondrial membrane potential, which is supposed to be an early and quite
sensitive marker [36,37]. CuSO;, significantly reduced the mitochondrial membrane potential in the
human astrocytic cell line. This decrease could be already observed following incubation with 100 uM
Cu. Effects were significant, however, only at beginning cytotoxic concentrations. EC30 was around
300 uM, being slightly less sensitive compared to cell viability (see Fig. 2). The positive control NaNs;
effectively reduced the mitochondrial membrane potential to 54.7% via disruption of the
mitochondrial electron transport. NaNs inhibits complex IV (cytochrome c oxidase) of the respiratory
chain, leading to depolarization of mitochondria [38, 39]. Loss of mitochondrial membrane potential
with increasing Cu levels has been reported in isolated rat brain mitochondria, before. Thereby,
mitochondria of brain were found to be particularly sensitive towards Cu toxicity compared to liver or
kidney [36]. Moreover, Cu depolarized the mitochondria and reduced the membrane potential in rat
astrocytes [40]. This decrease of mitochondrial membrane potential is discussed to be mediated via
induction of mitochondrial permeability but it could be also caused by disruption of the
metalloenzymes of the respiratory chain [40]. Particularly complexes |, lll and IV might be affected and

could lead to massive ROS release [36]. Since effects on the mitochondrial membrane potential can be
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associated with mitochondrial dysfunction and consequently impaired energy production, future
studies should focus on energy state-related endpoints such as ATP levels [41]. In vitro and in vivo
studies with rats have already indicated adverse effects on the energy levels as measured by reduction
of ATP levels [42—44]. If the reduced mitochondrial membrane potential in human astrocytes is also
associated with impaired energy production and lowered ATP levels, needs to be investigated in
further studies. Moreover, disruption of mitochondrial membrane potential is linked to impaired
mitochondrial function and might lead to uncontrolled, excessive ROS release [45,46]. Therefore, ROS-

related endpoints were investigated in the next step.
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Fig. 2. Mitochondria — mitochondrial membrane potential (MMP) was assessed in the human astrocytic cell line (CCF-
STTG1) following 48 h incubation with CuSO,4 and the positive control NaNs, respectively (100 mM, 30 min). Mitotracker®
Orange was related to cell number, to exclude cytotoxic effects. Shown are mean values of at least three independent

experiments +SD. *** p<0.001 (compared to untreated control) based on ANOVA-one way test followed by Dunnett’s test.

Oxidative stress and ROS (GSH/GSSG, DHE, MitoSOX™ Red, Carboxy- DCFH-DA)

As oxidative stress marker, effects on cellular levels of glutathione (GSH) and glutathione disulfide
(GSSG) were investigated. Levels of GSH / GSSG in untreated control cells were about 90% / 10% and
decreased only slightly up to 250 uM CuSO, to 84% / 26% (see Fig. 3 A). Massive effects were only
observed at higher, cytotoxic concentrations of 500 uM (56% / 44%). Interestingly, total GSH levels
increased with increasing concentrations of CuSQO, (see Fig. 3 B). This effect could be already observed
at subcytotoxic effects. In control cells, the total GSH level accounted for 5.7 mM, while following 250
UM Cu incubation, the GSH level was found to be 6.9 mM. Thereby, levels of GSH decreased, whereas
levels of GSSG increased following treatment with CuSO,4. Excess Cu was reported to alter GSH
metabolism, exerting effects on the overall cellular GSH levels. In primary rat astrocytes, total GSH
levels were shown to increase concentration-dependently. Following incubation with 30 uM CuCl,,
total GSH levels increased by 60% [47]. Likely underlying mechanisms are discussed to be enhanced
uptake of GSH precursor amino acids or the upregulated enzyme for GSH synthesis [47]. The increase
in total GSH levels probably helps to counteract toxic effects. This might be mediated by providing

enhanced binding capacity of Cu rather than via its thiol activity (redox regulation) [48]. The GSH/GSSG
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ratio, reflecting the cellular redox state, is discussed to be affected at excess Cu levels. GSH oxidation
was induced by Cu in rat hepatocytes [49]. Moreover, reduced GSH/GSSG levels have been found in
livers of Wilson disease patients compared to asymptomatic patients [50]. It seems, that imbalances
in GSH/GSSG ratio are detected only in late stage diseased patients. This corresponds to the outcome
of this study, where oxidation to GSSG and thus shifted levels of GSH/GSSG could be only observed at
high, cytotoxic Cu concentrations. The tripeptide GSH exerts pivotal functions with regard to Cu
metabolism in astrocytes. On the one hand GSH possesses antioxidative properties. Free radicals can
be scavenged via its thiol group. Thus, a balanced GSH/GSSG homeostasis provides an essential
defense system against oxidative stress. Moreover, GSH is involved in the cellular Cu transport [47].
Consequently, GSH is discussed as key player in the Cu homeostasis in human astrocytes. Since glial
cells are supposed to supply other brain cells with GSH, these characteristics are discussed to carry out
protective roles as well for neurons in the brain and might prevent the neurons from Cu toxicity [47].
Brain cells (besides glia also neurons) have been shown before, to be able to adapt to excess Cu
conditions. Besides high levels of GSH, astrocytes also produce metallothionein, a Cu-binding protein,
that is reported to enhance neuronal survival [8,18,51]. Following 24 h incubation with 100 uM CucCl,,
brain cells increased levels of this Cu-binding protein [35]. Supporting the assumption, that one
defense strategy is to increase the cellular Cu-binding capacity. Interestingly, species-specific
differences seem to occur here as well. Studies revealed that human astrocytes are able to maintain
GSH levels better compared to primary rat astrocytes and thus seem to be less susceptible towards Cu
toxicity [52]. When comparing the literature data of toxicity studies in primary rat cells with the here

applied human astrocytes, this assumption can be confirmed.
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Fig. 3. Oxidative stress — levels of glutathione (GSH) und glutathione disulfide (GSSG) were investigated in the human
astrocytic cell line (CCF-STTG1) following 48 h incubation with CuSO,4. Shown are mean values of at least three independent
experiments * SD. Effects on the ratio of GSH/GSSG [% related to total GSH] following treatment with CuSO, are depicted in
(A). Cellular levels [mM] of total GSH, GSH and GSSG, respectively, are presented in (B). * p < 0.05, ** p < 0.01, *** p < 0.001

(compared to untreated control) based on ANOVA-one way test followed by Dunnett’s test.
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Oxidative stress is caused by imbalances between generation of ROS and antioxidative defense
systems. Since there were hints, that Cu shows effects on oxidative stress markers, further studies
focused on reactive oxygen species (ROS) to characterize the oxidative damage in the cells. First, ROS
production was periodically monitored over time (for 48 h) via carboxy-DCFH-DA assay. Induction of
ROS, assessed via increase in fluorescence, seems to occur concentration-dependently (see Fig. 4). At
the lowest incubation concentration of 5 uM Cu, increase in fluorescence was already observed
following one hour of incubation. At the highest incubation concentration of 600 uM, ROS was time-
dependently induced up to 7 h, with maximum induction of 160% compared to control and finally
decreased again. The positive control TBH massively increased ROS production, with maximum peak
after 90 min (350 % compared to control). TBH can directly generate ROS such as peroxides via
decomposition, leading to increased oxidative stress [53]. ROS induction in human astrocytes has been
observed before via DCF-based assay. Following incubation with 10 uM Cu for 17 h, the ROS levels
significantly increased 12-fold compared to control [54]. DCF-based assays specifically detect ROS
including peroxyl, alkoxyl and NO2*, while not being sensitive for H202 and superoxides (02*-),
pointing out the importance, to include other ROS-related endpoints in order to check for a broad
spectrum of reactive species [29]. To specifically characterize the cellular mechanisms, other types of

ROS should be included in the studies as well.
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Fig. 4. Reactive oxygen species — Induction of ROS was investigated via carboxy-DCFH-DA assay in the human astrocytic
cell line (CCF-STTG1) over 48 h following incubation with CuSO, and the positive control tert-butylhydroperoxide (TBH; 100
uM), respectively. Shown are mean values of at least three independent experiments + SD. * p < 0.05, ** p < 0.01, *** p <

0.001 (compared to untreated control) based on ANOVA-one way test followed by Dunnett’s test.
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In the next step, focus was set on the detection of superoxides via dihydroethidium (DHE). No increase
in fluorescence intensity could be observed in the Cu-treated cells compared to controls (see Fig. 5).
In contrast, the positive control antimycin A massively induced superoxide-production as observed by
increased fluorescence intensity. Antimycin A inhibits the electron transport chain of the mitochondria,
thereby disrupting the mitochondrial function and leading to increased ROS release [55]. These results
correspond to studies in rat astrocytes, where Cu did not induce ROS as measured by the same
endpoint [56]. Since DHE is used to specifically detect superoxides, it seems, that Cu does not generate
this type of ROS. However, it cannot be excluded that other reactive species are formed [29]. Studies
in human astrocytes showed increased levels of hydroperoxides at excess Cu levels. Moreover, pre-
treatment with antioxidants could prevent cellular death of Cu-exposed astrocytes [40,54]. It seems,
that oxidative stress caused by ROS plays a critical role in the mode of action of Cu. In the next step, to
check for other ROS and to characterize their origin, a mitochondria-targeted DHE conjugate
(MitoSOX™ Red) approach was applied to investigate mitochondrial ROS. Another issue, that needs to
be considered is, that ROS are highly reactive and non-stable products. It might be, that ROS cannot
be detected following 48 h incubation, because they are already reduced within the cells. Therefore,

kinetic measurements might be considered to monitor the production and cellular fate of ROS over a

certain time periode [29,45].

Control B 50 uM Cu 100 uM Cu

250 uM Cu 500 uM Cu 100 uM Antimycin A (1 h)

Fig. 5. Reactive oxygen species — Induction of superoxides was assessed via DHE assay in the human astrocytic cell line
(CCF-STTG1) following 48 h incubation with CuSO, and the positive control antimycin A (100 uM, 1 h), respectively. Shown

are exemplary microscopic images (60x magnification).
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Application of MitoSOX™ Red enables the selective superoxide detection originating from the
mitochondria [57,58]. Performing this approach, a distinct increase in mitochondria-specific
superoxides could be detected (see Fig. 6). Following incubation of Cu, a slight increase in fluorescence
was already observed at subcytotoxic concentrations of 50 uM. This increase was even more
pronounced following incubation of concentrations up to 250 uM. Whereas the fluorescence
decreased again at 500 uM Cu, probably since this is already in a cytotoxic concentration range. The
positive control antimycin A induced high fluorescence. Antimycin A blocks complex Ill of respiratory
chain. By disrupting electron transport, electrons can be transferred to oxygen and in that way
superoxides are formed [56,59]. It has been reported before, that one toxic mode of action of Cu

represents the formation of ROS particularly in the target organelles mitochondria [43,49].

Control - 50 uM Cu 100 uM Cu

250 uM Cu 500 uM Cu 100 uM Antimycin A (1 h)

Fig. 6. Reactive oxygen species — Induction of mitochondria-derived superoxides was assessed via MitoSOX™ Red assay in
the human astrocytic cell line (CCF-STTG1) following 48 h incubation with CuSO4 and the positive control antimycin A (100
UM, 1 h), respectively. Shown are exemplary microscopic images (60x magnification). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article).

In vitro studies showed that Cu induced disruption of the mitochondrial membrane potential in
connection with induction of mitochondrial ROS leading to mitochondrial dysfunction [49, 54]. Since
this approach of MitoSOX™ Red is based on live-cell imaging, it would be interesting to develop a high-
throughput assay based on tracking ROS induction in a 96 well approach. In that way, live-cell
monitoring via kinetic measurements would provide more detailed information on the underlying

mechanism and fate of mitochondrial ROS induced by Cu. ROS have been discussed to be induced only
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at late stages in the course of Cu toxicity, when mitochondria are already severely damaged [36,60].
ROS seem to be rather a consequence of mitochondrial dysfunction than its cause. However, in this
study, mitochondrial ROS could be already detected at low, subcytotoxic Cu levels. If these ROS are
responsible and the major cause for Cu toxicity, or if the cells are able to fight against the induced ROS
is not clear. Further studies should focus on defense mechanisms particularly with regard to oxidative
stress/ROS. The course and fate of mitochondrial ROS caused by Cu needs to be characterized more
detailed (e.g. kinetic measurement). In addition, potential consequences of oxidative stress, such as

oxidation of biomolecules should be investigated [35].

5.5.3  Cellular bioavailability and other trace elements

To estimate accessibility of Cu in the human astrocytic cell model, cellular bioavailability was
investigated. A concentration-dependent Cu accumulation could be observed in the cells (see Fig. 7).
Following incubation with 50 UM Cu, cellular Cu concentrations were found to be around 350 uM. The
highest incubation concentration of 500 uM lead to cellular Cu concentrations of around 5000 uM Cu.
Accumulation factors laid between 7- and 11-fold. Basal levels in human astrocytes were around
0.007 pg Cu/ mg protein. Following incubation with 50 uM Cu, cellular Cu was 0.060 pg Cu/ mg protein.
The highest incubation concentration of 500 uM Cu showed the highest cellular Cu levels of 1.061 g
Cu/ mg protein. Cu accumulation factors derived out of this study are comparable to results from
cellular bioavailability studies in primary astrocyte-rich cultures from rat brains. There, up to 7-fold
accumulation of Cu was observed. Basal Cu levels were 1.1 nmol Cu/mg protein in the untreated
astrocyte-rich cultures (corresponds to 0.070 pg Cu/ mg protein) [8]. This slightly elevated Cu level in
the untreated controls might be due to species and cell type differences. A threshold level of 10 nmol
Cu/ mg protein (corresponds to 0.64 pug/ mg protein) has been discussed as toxicity level for cultured
astrocytes [47,61]. This threshold level could be also confirmed by this study, where substantial toxicity

was observed starting from 250 uM (ECso concentration, intracellular Cu level: 0.502 ug/ mg protein).

Essential elements, including Mg, Ca, Fe, Mn and Cu play a pivotal role in the brain for fundamental
physiological functions and consequently, need to be present at adequate levels [62—64]. Their
homeostasis in the brain is tightly regulated via distinct barrier systems including the blood-brain
barrier and blood-cerebrospinal fluid barrier [65,66]. Altered element homeostasis might contribute
to increased oxidative stress associated with neurodegenerative disorders such as Alzheimer’s or
Wilson disease, supporting the idea, that certain elements, besides Cu, might be involved in the
development and progress of such neurological diseases [62,67]. However, studies on homeostasis of
elements in the brain and their interaction are scarce. Since the homeostasis of Cu is discussed to be
linked to the homeostasis of other essential elements, effects on the levels of Mg, Ca, Fe and Mn,

besides Cu, were investigated (see Table 1). While Mg homeostasis was not affected with increasing
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Cu concentrations, Ca and Mn levels seem to be slightly elevated. Particularly following incubation
with the highest Cu concentration, the homeostasis of Ca and Mn were significantly altered. Contrarily,
Fe levels tend to decrease with increasing Cu incubation. Brains of Alzheimer’s disease patients have
been shown to be lower in Mg [14]. The exact cause and mechanisms are still unknown. This study,
however, did not reveal any link between homeostasis of Cu and Mg. An increase in Fe has been
reported in brains of Wilson and Parkinson’s disease patients, before. While the levels of Fe increased
in the brain, being deposited with Cu in the plaques, the remaining brain cells are rather deficient in
Cu [3,15,68]. Discussed links between Fe and Cu might be the transporter DMT1 (uptake mechanisms
for both elements) and the Cu-binding protein ceruloplasmin (iron metabolism and export) [4,14]. In
this study, Fe levels tended to decrease with increasing Cu levels. Probably, both elements are
competing for the same uptake mechanisms (DMT1), leading to lower cellular Fe levels, compared to
Cu.
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Fig. 7. Cellular bioavailability — cellular Cu levels were assessed in cell lysates via ICP-MS/MS in the human astrocytic cell
line (CCF-STTG1) following 48 h incubation with CuSO4. Shown are mean values of at least three independent experiments

+SD. * p<0.05, *** p <0.001 (compared to untreated control) based on ANOVA-one way test followed by Dunnett’s test.

Other elements are supposed to be involved in the formation of plaques in the brain as hallmark of
specific brain diseases. Elevated Ca levels are discussed to increase the risk for plaque formation in the
brain, associated with Alzheimer’s disease [14]. Characterization of the senile plaques indicated, that
homeostasis of Fe and Ca are disrupted in these patients, since elevated levels of Fe and Ca are
detected [69]. Besides, increased Ca levels can be a sign for induction of apoptosis. Ca acts as a second
messenger to trigger cell death via intracellular signaling pathways [70]. Interestingly, a slight increase
in cellular Ca has been reported in Cu-treated neurons, before. Increase in Ca level could be linked to
Cu-induced apoptosis, since the use of a calcium blocker mitigated toxic effects of Cu [34]. Besides, Mn
seems to be also connected to the Cu homeostasis. Both elements are discussed to interact with

ATP7A, leading to efflux of Cu [16,71]. Consequently, in context of a disrupted Cu homeostasis, other



114 CHAPTER 5

essential elements need to be taken into account as well, since they might contribute to Cu-mediated

toxicity.

5.6 Conclusion

This study aimed to characterize the toxic mode of action of Cu in a human astrocytic cell model, with
particular focus on mitochondria and oxidative stress markers. Following 48 h incubation, Cu exerted
a substantial cytotoxic potential (ECs: 250 uM) and impaired mitochondrial function already at
subcytotoxic concentrations as observed via effects on mitochondrial membrane potential and
formation of ROS, indicating studies should focus on fate and course of ROS in the cells following
incubation with Cu. Moreover, Cu showed effects on the GSH metabolism as observed by increased
total cellular GSH levels and altered cellular ratios of GSH/GSSG. Besides providing an important
antioxidant system, GSH is also involved in the Cu homeostasis. Consequently, it will be of great
interest to also consider further copper-related proteins such as metallothioneins. It seems that excess
levels of Cu not only affect cellular Cu levels, but also interfere with the homeostasis of other elements
such as Ca, Fe and Mn. Altered element homeostasis might contribute to the induction of oxidative
stress likely being involved in the course of neurodegenerative diseases. The underlying mechanisms
and interplays are poorly understood and need to be elucidated. In this context, it would be interesting
to include other relevant elements such as Zn and Se, that might be also involved in the course of Cu-
related disorders. These studies provide a basis to get deeper insights in the interrelation of altered
homeostasis and development and progression of these diseases. Based on these results, potential
biomarkers might be developed and used for early detection of Cu-related disorders before first

symptoms appear.

Table 1. Cellular element homeostasis — effects on cellular levels of selected elements (Mg, Ca, Fe, Mn, Cu) were
investigated in cell lysates via ICP-MS/MS in the human astrocytic cell line (CCF-STTG1) following 48 h incubation with
CuSO,4. Shown are mean values of at least three independent experiments +/- SD. ** p < 0.01, *** p < 0.001 (compared to

untreated control) based on ANOVA-one way test followed by Dunnett’s test.

Element [ug/mg Protein] 0 uM Cu 50 uM Cu 100 pM Cu 250 pM Cu 500 pM Cu

Mg 0.975 0.978 1.082 1.090 0.949
+0.190 +0.155 +0.199 +0.139 +0.105

Ca 2.689 2.757 3.266 3.003 3.500
+0.477 +0.739 +0.696 +0.662 +0.652**

Fe 0.084 0.091 0.102 0.076 0.066
+0.030 +0.039 +0.046 +0.033 +0.029

Mn 0.019 0.020 0.022 0.021 0.025
+0.003 +0.003 +0.003 +0.003 +0.002%**

Cu 0.007 0.060 0.143 0.502 1.061

+0.003 +0.013 +0.037 +0.094 +0.159
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6. SELENIUM HOMEOSTASIS IN HUMAN BRAIN
CELLS: EFFECTS OF COPPER (Il) AND SE
SPECIES

6.1 Graphical abstract

Standard conditions Selenite supplementation SeMet supplementation

[SELENOP] [SELENOP] . [SELENOP] .

An article with equivalent content is resubmitted and under review (19t January 2023) as:

S. Raschke, F. Ebert, A.P. Kipp, J.F. Kopp, T. Schwerdtle, Selenium homeostasis in human brain cells: Effects of copper (Il) and
Se species, J. Trace Elem. Med. Biol. 78 (2023) 127149. https://doi.org/10.1016/j.jtemb.2023.127149.
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6.2 Abstract

Both essential trace elements selenium (Se) and copper (Cu) play an important role in maintaining
brain function. Homeostasis of Cu, which is tightly regulated under physiological conditions, seems to
be disturbed in Alzheimer’s (AD) and Parkinson’s disease (PD) patients. Excess Cu promotes the
formation oxidative stress, which is thought to be a major cause for development and progression of
neurological diseases (NDs). Most selenoproteins exhibit antioxidative properties and may counteract
oxidative stress. However, expression of selenoproteins is altered under conditions of Se deficiency.
Serum Se levels are decreased in AD and PD patients suggesting Se as an important factor in the
development and progression of NDs. The aim of this study was to elucidate the interactions between
Cu and Se in human brain cells particularly with respect to Se homeostasis. Firstly, modulation of Se
status by selenite or SeMet were assessed in human astrocytes and human differentiated neurons.
Therefore, cellular total Se content, intra- and extracellular selenoprotein P (SELENOP) content, and
glutathione peroxidase (GPX) activity were quantified. Secondly, to investigate the impact of Cu on
these markers, cells were exposed to copper(ll)sulphate (CuSO4) for 48 h. In addition, putative
protective effects of Se on Cu-induced toxicity, as measured by cell viability, DNA damage, and
neurodegeneration were investigated. Modulation of cellular Se status was strongly dependent on Se
species. In detail, SeMet increased total cellular Se and SELENOP content, whereas selenite led to
increased GPX activity and SELENOP excretion. Cu treatment resulted in 133-fold higher cellular Cu
concentration with a concomitant decrease in Se content. Additionally, SELENOP excretion was
suppressed in both cell lines, while GPX activity was diminished only in astrocytes. These effects of Cu
could be partially prevented by the addition of Se depending on the cell line and Se species used. While
Cu-induced oxidative DNA damage could not be prevented by addition of Se regardless of chemical
species, SeMet protected against neurite network degeneration triggered by Cu. Cu appears to
negatively affect Se status in astrocytes and neurons. Especially with regard to an altered homeostasis
of those trace elements during aging, this interaction is of high physiological relevance. Increasing Cu
concentrations associated with decreased selenoprotein expression or functionality might be a

promoting factor for the development of NDs.
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6.3 Introduction

Selenium (Se) is of high relevance in maintaining brain functions. In Se-deficiency, the brain retains Se
at the expense of other tissues [1], resulting in particular protection from deficiency. Selenoprotein P
(SELENOP) is the main Se-supplier for the brain and responsible for Se distribution in the brain [2].
Deficiency has severe consequences on physiological functions, as demonstrated in different knockout
mouse models [3—6]. SELENOP is synthesized not only by liver cells but also by astrocytes, which
contributes to Se distribution in the brain. The brain is highly susceptible to oxidative stress [7,8], which
is considered as a molecular mechanism for the development of neurodegenerative diseases (NDs).
Most selenoproteins possess antioxidant properties, which might counteract development of NDs [9].
In elderly, correlation between decreased plasma Se and cognitive decline could be observed [10].
Additionally, decreased plasma Se and SELENOP levels were found in Alzheimer’s (AD) and Parkinson’s
disease (PD) patients [11,12].

Besides Se, copper (Cu) is also essential for brain function, with deficiency leading to neurological
dysfunction [13]. Cu deficiency occurs rarely, whereas oversupply develop more frequently. However,
it is toxic at high concentration by generating free radicals via Fenton-like reaction and consequently
damaging macromolecules [13], emphasizing the need for strict homeostatic regulation. Cu transport
into the cell is mainly facilitated by CTR1 as Cu(l), where it is sequestered by GSH and transported to
specific chaperones or stored in metallothionein (MT) [14]. Recycling of oxidized GSH occurs via the
thioredoxin reductase/thioredoxin (TXNRD/TRX) system, which establishes a connection between Se
and Cu [15]. Moreover, NDs are associated with disturbed Cu homeostasis resulting in misdistribution
of Cu [16,17]. In brains of PD and AD patients, Cu levels were decreased in brain areas such as the
substantia nigra while Cu accumulation occurs in Lewis bodies or senile plaques [18,19]. In mouse
neuronal cells, Cu stimulated the aggregation of tau protein and amyloid-B, both associated with AD
progression, resulting in higher cytotoxicity which could be ameliorated by addition of SELENOP
[20,21]. Recently, it was published that enzymatic activities of glutathione peroxidase (GPX) and
thioredoxin reductase (TXNRD) were decreased upon Cu exposure in HepG2 cells, demonstrating
interference of Cu with Se metabolism [22].

In view of changes in trace element homeostasis during aging, the investigation of interactions is of
relevance [23]. Especially, shifts in the Cu-to-Se ratios are associated with worse outcome of various
diseases [24,25]. Therefore, the aim of this study was to characterize the modulation of the Se status
of brain-derived cell lines by different Se species and subsequently the influence of Cu on Se

homeostasis.
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6.4 Material and methods

6.4.1 Materials

RPMI 1640 medium and L-glutamine were obtained from Biochrom (Berlin, Germany), fetal calf serum
(FCS, Se low, LOT 118K3395), penicillin/streptomycin and trypsin were purchased from Sigma Aldrich
(Steinheim, Germany). Culture dishes were from TPP (Trasadingen, Switzerland). Sodium selenite
(Na;SeOs3 -5 H,0, 299%), seleno-DL-methionine (299%), resazurin dye, ammonium acetate, L-
glutathione (reduced, 298%), glutathione reductase from baker's yeast (S. cerevisiae, LOT SLBX2014),
hydrogen peroxide solution (for ultratrace analysis) were obtained from Sigma Aldrich. Standard
reference material (SRM) 1950 was obtained from the National Institute of Standards and Technology
(NIST, Gaithersburg, MD). Copper(ll)sulphate (CuSOs, anhydrous, >99%), ICP-MS elemental standards,
NADPH-Tetranatriumsalz (295 %) were from Roth (Karlsruhe, Germany). MitoTracker® Orange CMT-
MRos were from Life Technologies GmbH (Darmstadt, Germany). Hoechst 33258 and nitric acid (65%,
suprapur) were obtained from Merck KGaA (Darmstadt, Germany). Bradford solution were from Bio-
Rad (Munich, Germany). Protease inhibitor cocktail set Il were obtained from Merck Millipore
(Burlington, USA). All other chemicals not stated were purchased from Sigma Aldrich or Roth and were
of p.a. grade.

Dilutions were prepared freshly before each experiment. Concentration of stock solutions were

regularly checked by ICP-MS/MS measurement (data not shown).

6.4.2 Cell culture and incubation protocol

Human astrocytes (CCF-STTG1)

Human astrocytoma cell line was kindly provided by Prof. Dr. Hans-Joachim Galla (Institute of
Biochemistry, University of Munster). Cells were cultured in RPMI 1640 medium supplemented with
10% FCS, 100 U/mL penicillin, 100 mg/mL streptomycin and 1.4 mM L-glutamine at standard conditions
(37°C, 5% CO, and 100% humidity). Every week, cells were subcultured and medium was exchanged
every 2-3 days. Se concentration was below limit of detection (LOD) in RPMI media including all
additives. For Cu/Se combination, cells were supplemented with 100 nM of respective Se species

directly after seeding. After 48 h, cells were treated with CuSO, for additional 48 h (Figure S1A).

Human differentiated neurons (LUHMES)

Neuronal cell line was kindly provided by Prof. Dr. Marcel Leist and Dr. Stefan Schildknecht from the
University of Konstanz. General cultivation and differentiation processes were performed according to
protocols published before [26]. Cell culture flasks and plates were precoated with 50 pg/mL poly-L-
ornithine (poly-L-ornithine hydrobromide, Sigma—Aldrich) and 1 pg/mL fibronectin (from bovine

plasma, Sigma-Aldrich). For cultivation and differentiation, Advanced Dulbecco’s modified Eagle’s
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medium/F12 (Life Technologies GmbH) supplemented with 1 x N2 supplement (Life Technologies
GmbH), 2 mM L-glutamine (Sigma—Aldrich) was used as basic medium. According to the manufacturer,
the basic medium contains sodium selenite, which results in a Se content of approximately 50 nM. For
proliferation, LUHMES cells were cultivated in proliferation medium (basic medium added with 40
ng/mL recombinant human basic fibroblast growth factor (FGF, R&D Systems, Wiesbaden-
Nordenstadt, Germany) at standard conditions (37°C, 5% CO2 and 100% humidity). For differentiation,
cells were seeded at a density of 4.5 - 105 cells per cm? and 24 h later the differentiation process was
started by replacing the proliferation media by differentiation media (basal medium added with 1
pg/mL tetracycline (Sigma-Aldrich), 1 mM dibutyryl cyclic adenosine monophosphate sodium salt
(cAMP, Sigma-Aldrich) and 2 ng/mL recombinant human glial cell-derived neurotrophic factor (GDNF,
R&D Systems). After 48 h, cells were trypsinized and seeded on pre-coated dishes (1.5 - 105 cells per
cm?) and supplemented with 50 nM selenite or SeMet. Another 48 h later, differentiation media was
exchanged and cells were again supplemented with 50 nM selenite or SeMet. Differentiation process

was complete on day 6 and cells were exposed to CuSO4 for 48 h (Figure S1B).

6.4.3 Viability studies

To characterize the impact of an adequate Se supply on the cytotoxic effects of CuSO4 in human
astrocytes and differentiated neurons, the following cell viability marker were assessed.
Dehydrogenase activity (Cell counting Kit-8): Cytosolic and mitochondrial dehydrogenases are
responsible for the reduction of the yellow tetrazolium salt and the amount of the end-product
formazan is proportional to the number of cells with sufficient dehydrogenase activity. The assay was
performed as described before [27]. Shift in absorbance was measured at 450 nm wavelength using
the Tecan infinite 200 Pro plate reader (Tecan Austria GmbH, Grodig, Austria).

Hoechst staining: The bisbenzimidazole dye, Hoechst 33258, intercalate to double stranded DNA
resulting in a linear correlation between DNA content and fluorescence [28,29]. Procedure of the assay
was done as previously described [30]. The fluorescence was measured using a Tecan infinite 200 Pro
plate reader at Ex. 355 nm and Em. 460 nm.

Neutral red uptake: Viable cells are able to take up the neutral red, which has a net charge of zero at
physiological pH into lysosomes. Once inside the intact lysosomes the dye gets charged and binds to
the lysosomal matrix [31]. The assay was performed as described before [27]. Absorbance at 540 nm
was measured using a Tecan infinite 200 Pro plate reader.

Resazurin Assay: The reduction of resazurin to the fluorescent resorufin by cellular dehydrogenases is
considered as a marker for cell viability [32]. Detailed procedure has been previously published [26].
Fluorescence of the end-product was measured using a Tecan infinite 200 Pro plate reader at excitation

wavelength 540 nM and emission wavelength 590 nM.
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6.4.4 Mitochondrial membrane potential

Dependend on the mitochondrial membrane potential (MMP), cells are able to take up the positively
charged dye, MitoTracker® Orange CMTMRos [33,34]. The assay was carried out as described
elsewhere [35]. For calculation of the mitochondrial activity, the mitochondrial membrane potential

was related to the cell number.

6.4.5 Selenium-related markers

To determine the Se status of the cells, GPX activity, SELENOP, and total Se content were measured in
cell lysates and medium samples.

GPX activity: Determination of GPX activity based on the consumption of NADPH coupled with
glutathione reductase according to Florian et al. adapted to cell lysates [36]. To obtain cell lysates,
pellets were lysed in homogenisation buffer (100 mM Tris, 300 mM KCl, 0,1% Triton X-100 added with
1:1000 protease inhibitor cocktail set Ill) and after sonication, cellular debris were removed by
centrifugation (15.000 x g, for 10 min, at 4 °C). Subsequently, assay buffer (100 mM TRIS, 5 mM EDTA,
1 mM NaN3, pH 7.6) containing 10% Triton X-100, 0.2 mM NADPH, 3.4 mM GSH and 2.3 U GR was
added to the cell lysates. To start the reaction, hydrogen peroxide at a final concentration of 75 nM
was added. Consumption of NADPH was measured using the Synergy 2 (BioTek Instruments, Bad
Friedrichshall, Germany) plate reader at 340 nM. After automatic pathlength correction GPX activity
was calculated according to Lambert-Beer’s law and was expressed as mU/mg protein (one unit
corresponds to the consumption of 1 umol NADPH per minute). Total protein content was determined
according to Bradford [37].

Total Cu and Se content: For determination of total concentrations of Cu and Se, cell lysates or medium
were prepared by acidic microwave-assisted digestion. To obtain lysates, cell pellets were lysed in RIPA
buffer (100 mM TRIS, 10 mM EDTA, 1 M NaCl, 10% Triton-X100, 10% DOC, 10% SDS). After sonication,
cellular debris was removed by centrifugation (15.000 x g, for 10 min, at 4 °C). As internal standard Ge
(10 pg/L), Rh (1 pg/L) and Se77 (3 pug/L) were added to the samples. Determination of element contents
were carried out by ICP-MS/MS (Agilent 8800 ICP-QQQ-MS, Agilent Technologies, Waldbronn,
Germany). The ICP-MS/MS was operated in MS/MS mode using helium (Cu) or oxygen (Se) as collision
cell gas at a flow rate of 4.3 mL/min and 3.0 mL/min, respectively. Following mass transitions were
measured: Se m/z 78 - 94, Se m/z 80 - 96, Cu m/z 65 - 65. External calibration was performed for
Cu quantification by using mixed calibration standards in 20% nitric acid (v/v). For quantification of Se,
isotope dilution method was applied as described before [38]. Limits of detection were calculated by
mean value of at least three chemical blanks plus three times standard deviation divided by calibration
slope. All measured samples were above LOD. For quality control, certified reference material NIST

Trace Elements in Natural Water 1640A (LGC Standards GmbH, Wesel, Germany) was used and treated
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in the same way like samples. This material has certified values of 85.75 + 0.51 pg/L for Cu and 20.13
+ 0.17 pg/L for Se with recovery rates of 94.4 + 1.7% and 90.9 + 2.1%, respectively. Cellular element
concentrations were related to total protein content determined according to Bradford [37].

Selenoprotein P content: Determination of SELENOP content based on affinity chromatography
coupled to ICP-MS according to Heitland & Koster [39] adapted to cell lysates and cell culture medium.
For preparation of cell lysates, pellets were lysed in homogenisation buffer (100 mM Tris, 300 mM KClI,
0.1% Triton X-100 added with 1:1000 protease inhibitor cocktail set Ill) and after sonication, cellular
debris was removed by centrifugation (15.000 x g, for 10 min, at 4 °C). For SELENOP separation, an
Agilent 1200 Infinity (Agilent Technologies, Waldbronn, Germany) HPLC and a HiTrap® Heparin HP
column prepacked with Heparin Sepharose® (GE Healthcare, Freiburg, Germany) was employed.
Mobile phase A contained 0.17 M and mobile phase B 1.3 M ammonium acetate in 2% ethanol (v/v) at
pH 7.0. The gradient program was 0-1:00 min 100% A, 1:01 to 4:50 min 100% B and 4:51-to 5:50 100%
A at a constant flow rate of 1 mL/min. The injection volume was 75 pL of 1:4 (v/v) diluted cell lysates
and 100 pL of undiluted media. The ICP-MS was operated in MS/MS mode using oxygen as collision
cell gas at a flow rate of 3.0 mL/min and 12% CO2 as option gas. The monitored mass transitions
(integration time of 0.1 sec/point) were m/z 78 - 94 and m/z 80 > 96 for Se. External calibration was
performed for Se quantification by using Se calibration standards in distilled water (v/v). For quality
control, certified reference material NIST® SRM® 1950 (Sigma Aldrich) was used and treated in the
same way like samples. This material has certified value of 50.2 *+ 4.3 pug/kg and obtained recovery rate
was 101.4 * 3.6%. Limit of detection (LOD) were calculated by mean value of four chemical blanks plus
three times standard deviation divided by calibration slope. All measured samples were above LOD.

Cellular Se content was related to total protein content determined according to Bradford [37].

6.4.6 Detection of DNA damage via alkaline and Fpg-modified Comet Assay

To assess the effects of an adequate Se supply on the Cu-induced induction of oxidative DNA damage,
we performed the alkaline and Fpg-modified comet assay (CA). Briefly, cells were seeded on 12-well
plates and treated as described before. After the end of incubation, cells were trypsinized and cell
number was measured using an automatic cell counter (Casy TTCs, Omni Life Science). An aliquot of
20 uL of the cell suspension (density of 4 x 106 cells per mL) was added to 180 pL of 0.5% LMP-agarose.
45 pL of the mixture were subjected to slides coated with 1.5% NMP-agarose. Cell suspension was
covered with a cover glass and was kept at 4°C to solidify. After removal of the cover glass, slides were
placed in cold lysis buffer (10 mM Tris, 2.5 M NaCl, 100 mM EDTA, pH 10, 10% DMSO and 1% Triton-
X100) for 1 h at 4°C. Then, slides were washed 3 times in cold Fpg buffer (40 mM Hepes, 100 mM KClI,
0.5 mM EDTA, 0.2 mg/mL BSA, pH 8) and were incubated with the Fpg enzyme (LOT 110240L, New
England Biolabs) diluted 1:10,000 for 30 min at 37°C. For DNA unwinding, slides were placed in
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electrophoresis buffer (300 mM NaOH, 1 mM EDTA) for 20 min at 4°C, followed by electrophoresis for
20 min at 25 V and 300 mA. Afterwards, slides were neutralized in 400 mM Tris (pH 7.5) for 5 min at
4°C and fixed in methanol for 5 min at 4°C. Finally, slides were stained using GelRed Nucleidacid
(Biotum) and blinded prior to analysis. To evaluate inter-assay variation and electrophoretic
performance, untreated and MMS-treated HepG2 cells were used as negative and positive controls for
the alkaline CA. RO198022 and visible light-irradiated astrocytes were used as positive controls for the
Fpg-modified alkaline CA. Fluorescence microscopic evaluation (Leica DM 2000 LED, Leica
Microsystems GmbH, Wetzlar, Germany) was done semi-automatically with image analysis software
(Comet IV, Perceptive Instruments, Stone, UK). The median percentage of DNA in tail of 100 randomly
selected comets was taken as the value for DNA damage for each condition. Net Fpg-sensitive sites
were calculated by subtracting the % of DNA in tail obtained after reaction buffer incubation from that

obtained after the Fpg incubation with the respective concentrations.

6.4.7 Neuronal network via Blll-tubulin staining

To test whether an adequate Se supply might protect the neuronal network against Cu-induced
damage, the cytoskeletal protein Blll-tubulin was assessed via immunostaining. The method was
performed as described before [30]. At least 20 images of each sample were taken using a fluorescence
microscope (Leica DMB 6, Wetzlar, Germany) and analysed with an image analysis software (LAS X

Core 2D, Leica, Wetzlar, Germany).

6.4.8 Statistical analysis

All experiments were performed independently at least three times. Data are shown as mean + SD.
Statistical analysis was done by GraphPad Prism version 8 (San Diego, USA) as indicated in the figure

legends. Significance levels are */*p < 0.05, **/#p < 0.01, ***/##p < 0.001.

6.5 Results

6.5.1 Modulating the Se status of human astrocytes and differentiated neurons by

Se species

In initial studies, the cultivation conditions were optimized with regard to the supply of Se to the cells.
In astrocytes, selenite supplementation was able to elevate GPX activity in a concentration-dependent
manner reaching a plateau with a 63% increase at 100 nM, whereas SeMet did not show this effect
(Fig. S2A). Astrocytes are capable of excreting SELENOP into the medium, and incubation with selenite
resulted in a dose-dependent increase in these levels by up to 5.3-fold (Fig. S2D). In contrast, cellular
Se content (up to 30.6-fold) and cellular SELENOP levels (up to 17.8-fold) were increased in a dose-

dependent manner only after SeMet was added (Fig. S2B and C). On this basis, the cell culture medium
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was supplemented with the respective Se species for further studies to achieve a Se concentration of
100 nM. The Se concentrations used are in a physiologically relevant range and do not induce cytotoxic
effects in astrocytes [47] and differentiated neurons (Fig. S3).

When the two cell lines were cultured under standard conditions, there were no differences in total
Se content and cellular and extracellular SELENOP concentrations (Fig. 1A-C, plain bars). However,
basal GPX activity in astrocytes was already 2.3-fold higher than in neurons (Fig. 1D, plain bars). Supply
with selenite did not affected cellular Se and SELENOP concentration (Fig. 1A and B, vertical striped
bars), but significantly increased SELENOP excretion and GPX activity in astrocytes by a factor of 2.6
and 1.6, respectively (Fig. 1C and D, vertical striped bars). Incubation with SeMet resulted mainly in
higher cellular Se and SELENOP concentrations in both cell lines (Fig. 1A and B, oblique striped bars),
while SELENOP excretion and GPX activity remained unchanged (Fig. 1C and D, oblique striped bars).
The effects of Se supplementation on total Se content, cellular and extracellular SELENOP content
appear to be similar in both cell lines. However, both cell lines differ with respect to GPX activity, which

could only be modulated in astrocytes by selenite supply.
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Figure 1. Effect of Se supply on Se-related endpoints in human astrocytes and neurons. Cells were supplemented with either
selenite, SeMet (total Se content: 100 nM) or without addition of Se directly after seeding and incubated with CuSO, for
additional 48 h. (A) Cellular Se concentrations were measured utilizing ICP-MS/MS and normalized to protein content of cells.
(B) Cellular and (C) extracellular SELENOP concentrations were determined using HPLC-ICP-MS/MS, and cellular
concentrations were related to protein content of cells. (D) GPX activities were measured photometrically and normalized to
protein content. Data are shown as mean + SD (n > 3). Statistical analysis based on two-way ANOVA with Dunnett’s post-test.

*p < 0.05; **p < 0.01; ***p < 0.001 vs. non-supplemented cells.

6.5.2  Se supply had no impact on cell viability, mitochondrial integrity and Cu

accumulation after Cu exposure

In the following, Cu response of Se-supplied cells was compared with that of cells cultivated under
standard conditions. Cu incubation significantly reduced cell viability measured by dehydrogenase
activity in both cell lines, while addition of Se did not affect the cytotoxic effects of Cu (Fig. 2A). For
astrocytes, dehydrogenase activity measured by CCK8 was the most sensitive endpoint followed by

lysosomal integrity with EC30 values of 40 uM and 140 uM CuSO4, respectively (Table S1). In
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differentiated neurons, lysosomal integrity was slightly more sensitive (EC30: 50 uM CuS04) than CCK8
(EC30: 60 uM CuS04) (Table S1). A number of studies have identified mitochondria as particularly Cu-
sensitive organelles [40]. Therefore, the MMP was examined as a more specific endpoint for Cu
toxicity. In the cell lines investigated, the Cu-induced effect on MMP was minor and additional Se
exerted no impact on Cu-induced decrease in MMP in astrocytes and differentiated neurons (Fig. 2B).
Both cell lines were able to accumulate Cu in a dose-dependent manner, which was independent of
the Se status of the cells (Fig. 2C). Incubating the cells with 100 uM Cu, cellular concentrations of this
element were comparable between the two cell lines. However, exposure to 250 uM CuS0O4 resulted
in cellular Cu concentrations in astrocytes that were almost twice as high as in neurons. This was

accompanied by an about 50-fold increase in MT2a gene expression (Fig. S4E).

6.5.3 Cu negatively affects Se homeostasis in human brain-derived cell lines

To evaluate the impact of Cu on the Se homeostasis of human astrocytes and neurons, Se-related
endpoints were measured after 48-hours Cu exposure. Under standard cultivation conditions, cellular
Se concentrations were decreased by up to 43% upon Cu treatment in both cell lines (Fig. 3A, plain
bars). Similar effect could be observed for cellular SELENOP levels in astrocytes and tendentially also
in neurons (Fig. 3B, plain bars). Additionally, excretion of SELENOP into the cell culture medium was
strongly inhibited by up to 63% upon Cu incubation in both cell lines (Fig. 3C, plain bars). In astrocytes,
Cu resulted in a 36% decline in the enzymatic activity of GPX (Fig. 3D, plain bars, left graph).

To test whether additional supply with Se might counteract the impact of Cu on Se-related markers,
cells were supplemented with either selenite or SeMet and then treated with Cu. After 48 hours of Cu
incubation, cellular Se concentrations were increased by up to 40% in astrocytes after selenite
supplementation, showing an opposite effect compared with non-supplemented cells (Fig. 3A, vertical
striped bars, left graph). In contrast, Cu treatment exhibited no effect on cellular Se levels in astrocytes
supplemented with SeMet (Fig. 3A, oblique striped bars, left graph). However, these effects could only
be observed in astrocytes, as in neurons there was a decline in total Se content of up to 44% despite
Se administration (Fig. 3A, right graph). For astrocytes, a similar picture as for the cellular Se
concentration could be observed for the cellular SELENOP levels with increasing values after selenite
(1.2-fold) and unchanged concentrations after SeMet supply upon 48-hours Cu exposure (Fig. 3B, left
graph). In neurons, Cu had no effect on cellular SELENOP concentrations (Fig. 3B, right graph).
Supplementation with Se was ineffective in influencing the Cu-induced inhibition of SELENOP excretion
in both cell lines (Fig. 3C). In astrocytes, decrease in GPX activity could be prevented by selenite but
not by SeMet supply (Fig. 3D, left graph). In contrast, no change in GPX activity could be observed in

neurons despite Se supplementation (Fig. 3D, right graph). Taken together, the data suggest that Cu
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negatively affects Se homeostasis in both cell lines studied, which could only be partially prevented by

an additional supply of Se.
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Figure 2. Se supply did not affect Cu cytotoxicity and Cu accumulation in human brain-associated cell lines. Cells were

supplemented with either selenite, SeMet (total Se content: 100 nM) or without addition of Se directly after seeding and

incubated with CuSO, for additional 48 h. (A) Dehydrogenase activity measured by using the CCK8 and data were normalized

to respective control cells. (B) Mitochondrial membrane potential (MMP) was determined by utilizing MitoTracker Orange

and data were normalized to respective control cells. (C) Cellular Cu concentrations were assessed by ICP-MS/MS and related

to protein content of cells. Data are shown as mean = SD (n = 3). *p < 0.05; **p < 0.01; ***p <0.001 vs. 0 uM CuSO, calculated

based on two-way ANOVA with Dunnett’s post-test.
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Figure 3. Cu affected Se homeostasis of human astrocytes and neurons. Cells were supplemented with either selenite, SeMet

(total Se content: 100 nM) or without addition of Se directly after seeding and incubated with CuSO4 for additional 48 h. (A)

Cellular Se concentrations were measured utilizing ICP-MS/MS and normalized to protein content of cells. (B) Cellular and (C)

extracellular SELENOP concentrations were determined using HPLC-ICP-MS/MS, and cellular concentrations were related to

protein content of cells. (D) GPX activities were measured photometrically and normalized to protein content. Data are shown

as mean + SD (n > 3). Statistical analysis based on two-way ANOVA with Dunnett’s post-test: *p < 0.05; **p < 0.01; ***p <

0.001 vs. 0 uM CuSO4. Group analysis based on two-way ANOVA with Tukey’s post-test: #p < 0.05; ##p < 0.01; ###p < 0.001

vs. non-supplemented cells. Abbreviations: n.q. — not quantifiable.
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6.5.4 Cuinduced oxidative DNA damage in astrocytes and neurite degeneration in

differentiated neurons

Cu-induced effects are thought to be mainly due to the induction of oxidative stress, which
consequently could damage macromolecules such as the DNA. To elucidate whether Se supply could
modulate the induction of DNA damage by Cu, the alkaline and Fpg-modified comet assays were
employed. As shown in Fig. 4A, in astrocytes, Cu treatment induced oxidative DNA damage up to 2.2-
fold in a concentration-dependent manner, while DNA strand breaks and alkali-labile sites remained
unchanged. However, no Se-mediated protection could be observed. Additionally, evaluation of gene
expression via gPCR screening revealed no impact of Cu as well as Se on different genes related to base
excision repair (BER) such as OGG1, APEX1, NEIL2, PARP1, etc. (Fig. S5). However, damage repair via
BER is usually very rapid and it is possible that after 48 h of Cu incubation, this process is already
completed and thus no effects are detectable at mRNA as well as DNA damage level. Additionally, a
Cu-concentration- and time-dependent increase of ROS formation (Fig. S6A) and a shift of the
GSH/GSSG ratio regarding more GSSG (Fig. S6B) could be observed indicating that Cu concentration of
250 uM result in oxidative stress. One defense mechanism against oxidative insults operates via
activation of nuclear factor erythroid 2-related factor 2 (NRF2) in order to increase expression of
oxidative stress-responsive genes [41]. The NRF2 target genes NQO1, SOD1 and HO-1 were
upregulated upon Cu exposure in here used astrocytes (Fig. S4G-I). Additionally, some selenoproteins
are also responsive to NRF2 activation like TXNRD1 (Fig. S4D) which was increased in our experiment.
These data indicate that Cu is able to modulate the cellular redox homeostasis in astrocytes. In
differentiated neurons, basal DNA damage level were already high and no additional damage triggered
by Cu administration could be detected. Yet, supplementation with SeMet resulted in a significant
reduction in basal oxidative DNA damage in this cell line (Fig. S7).

In addition to the impact on DNA damage, we investigated the impact on the neurite network of
differentiated neurons. Although neurite degeneration does not appear to be particularly sensitive to
Cu exposure, we detected a decrease in neurite mass (Figure 4B). Cu-induced decrease in neurite mass
was observed already at 100 uM Cu in non-supplemented cells. Pre-treatment with SeMet protected
the neuronal network against loss of up to 250 uM CuSO,. At this concentration, microscopic images
(Figure S8) show accumulation of tubulin signal, suggesting initial neurite degeneration. A loss of

neurite network is visible after incubation with 500 UM Cu and could not be prevented by Se.
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Figure 4. Cu exposure induced oxidative DNA damage and neurodegeneration. (A) DNA damage was quantified by alkaline
and Fpg-modified comet assay in human astrocytes. (B) Neurodegeneration was assessed via fluorescence microscopy in
human differentiated neurons. Data are shown as mean + SD (n = 3). w/o Se (¥*), selenite (§), SeMet (~). *p <0.05; **p < 0.01;
***p < 0.001 vs. 0 uM CuSO4 based on two-way ANOVA with Dunnett’s post-test. #p < 0.05; ##p < 0.01; ##p < 0.01 vs. w/o Se

calculated based on two-way ANOVA with Tukey’s post-test. Abbreviations: ALS - alkali-labile sites; SB’s - DNA strand breaks.

6.6 Discussion

Aiming to better characterize the rarely studied interaction between trace elements, this study
revealed an interaction between Cu and Se metabolism of human astrocytes and neurons. First, the
modulation of Se homeostasis by different Se species was investigated using different Se-related
markers. The addition of Se successfully modulated the Se status of both cell lines, although the effects
were highly dependent on the Se species used. While inorganic selenite resulted in higher SELENOP
excretion into the medium and increased GPX activity, the addition of organic SeMet resulted in higher
cellular Se and SELENOP concentrations (Fig. 1). Se in the form of selenite did not increased total
cellular Se concentration in astrocytes and neurons compared to SeMet (Fig. 1A), as demonstrated in
several cell lines [42]. However, cells were able to utilize selenite for selenoprotein synthesis as
demonstrated in higher extracellular SELENOP and increased GPX activity (Fig. 1C and D). Moreover,
the organic Se compound SeMet is known to be non-specifically incorporated into proteins instead of
methionine [43], which could explain the higher cellular Se concentrations (Fig 1A). Furthermore,
cellular SELENOP levels were increased by SeMet supplementation (Fig 1B) without affecting mRNA
levels (Fig. S4A). However, regulation of selenoprotein expression is primarily at the translational level
[44]. This may hint at a non-specific incorporation of SeMet instead of methionine into the amino acid
sequence of SELENOP and may explain why it is not excreted, as in the case of selenite
supplementation (Fig. 1C). Additionally, unlike selenite, SeMet did not affect the GPX activity of the
cells (Fig. 1D), suggesting that this Se source may not be used for selenoprotein synthesis in these cells.
These results are consistent with the observations of Zeng et al. in Caco-2 cells, where the increase in

GPX activities was strongly dependent on the added Se form [45]. After supplementation with 31 nM
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of different Se species for 72 h GPX activities were measured in medium samples with selenite being
more efficient in increasing enzymatic activity compared to SeMet [45].

To investigate the Se status of the cells, Se-related endpoints (cellular Se content, cellular SELENOP,
SELENOP excretion and GPX activity) were measured. In cells without additional Se supply, the
measured markers of Se status were decreased after Cu loading (Fig. 3), demonstrating disruption of
Se homeostasis by Cu. Addition of Se resulted in heterogeneous effects depending on cell line and Se
species used. In astrocytes, the addition of selenite as a source of Se led to an increase in total Se and
cellular SELENOP levels after Cu exposure. A similar effect was observed in selenite-supplied HepG2
cells, where cellular Se levels were also increased after Cu incubation [22]. However, in the neuronal
cell line, selenite had no effect on the Cu-induced decrease in cellular Se concentrations. The organic
Se compound SeMet is known to be non-specifically incorporated into proteins instead of methionine,
which may explain the higher Se concentration in cells (Fig 3A). The excretion of SELENOP into the cell
culture medium was strongly inhibited upon Cu exposure regardless of Se supply in both cell lines
tested (Fig. 3C). Together with the decreased mRNA expression in astrocytes (Fig. S4A), SELENOP
production appears to be diminished, consistent with the decreased excretion and cellular SELENOP
content. Since astrocytes are mainly responsible for Se distribution in the brain [46], Cu-induced
inhibition of SELENOP excretion could negatively affect other brain cells such as neurons. These cells
are dependent on Se supply, and Se deficiency has serious consequences on the function of these cells.
Cu has been shown to have a high binding affinity to SELENOP, which may also play a role in the
inhibition mechanism of SELENOP excretion [20]. However, further studies are needed to characterize
the mechanism of Cu-induced inhibition of SELENOP excretion. In post-mortem brains of AD patients,
the co-localization of SELENOP with AB-plaques and neurofibrillary tangles suggests its involvement in
the development of AD [47]. Moreover, these areas are enriched in Cu in these patients [19]. In mouse
neuroblastoma cells (N2A), the histidine-rich domain of SELENOP protected the cells from the toxicity
of Cu-tau and Cu-Ap complexes [20,21], presumably by forming a ternary complex that could be less
toxic [48]. However, complexed SELENOP might not be available for the synthesis of other
selenoproteins such as GPX or TXNRD, which are important for the antioxidant defense mechanism.
Enzymatic activity of GPX was measured as another functional marker of Se status. In astrocytes, GPX
activity was decreased after Cu exposure, whereas it was unchanged in neurons (Fig. 3D). In addition,
MRNA of GPX1 was decreased at the level of gene expression, whereas mRNA of GPX4 remained stable
in astrocytes (Fig. S4B and C), suggesting that the decrease in activity may be due to decreased GPX
synthesis. Similar to our results, GPX activity was decreased after Cu treatment in chicken [49] and rat
[50,51] brain tissues. In HepG2 cells, Schwarz et al. also showed a Cu-induced decrease in the

enzymatic activities of GPX and TXNRD [22].
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In a next step, the cytotoxicity of Cu was examined depending on the Se status of the cells. Our data
demonstrated that Cu induced substantial cytotoxic effects in astrocytes and neurons (Fig. 2A and
Table S1), which was shown in several studies using cell lines or primary cells [52-56]. Shown data in
astrocytes could confirm results of a previous study in the same cell line [55]. In primary rat astrocytes,
CuCl2 concentration above 60 UM for 24 h significantly reduced lysosomal integrity measured via
neutral red uptake [53]. Chen et al. observed comparable cytotoxic effects by using the MTT assay and
received IC50 values for CuCl2 of 180 uM [54]. In the human astrocytoma U87 cell line only CuClI2
concentrations of 250 uM resulted in a significant decrease in MTT reduction capacity [52]. In a study
with rat DRG neurons, Cu incubation for 24 h cells resulted in IC50 values of 793 uM CuCl2 measured
via MTT assay [56], which is quite comparable with our data from the dehydrogenase activity measured
via resazurin assay. In addition, the protective potential of Se against Cu-induced toxicity has been
investigated. In a recent study, Nakano et al. demonstrated a protective effect of Se on neuronal cell
death after incubation of cells with Cu and Zn. Mouse hypothalamic neurons (GT1-7 cells) were
incubated with SeMet (5 - 80 uM) and then treated with a combination of ZnCl2 (30 uM) and CuClI2
(10 uM) for 24 hours [57]. However, it should be noted that supraphysiological concentrations of Se
were used. Our data show no Se-dependent effect on Cu-induced cytotoxicity in the cell lines studied.
Comparable results were obtained in HepG2 cells supplied with 50 nM selenite and treated with CuSO4
for 72 hours [22].

Mitochondria are discussed as the main target for Cu toxicity, so mitochondrial integrity was assessed
after Cu exposure as a function of Se supply. Reddy et al. examined the effects of CuSO4 (20 uM for 24
h) on mitochondria in primary rat astrocytes and neurons [58]. While MMP decreased significantly in
astrocytes, Cu did not cause any change in neuronal mitochondrial function but resulted in early cell
death due to energy depletion [58]. The authors hypothesized that mitochondrial heterogeneity
between cells might account for the differences in Cu-induced mitochondrial dysfunction. However,
our data showed no differences between human astrocytes and differentiated neurons (Fig. 2B).
Whether this might be an effect of the origin of the cells (human vs. rat) or the use of cell lines, remains
unclear. Simultaneous treatment of primary rat cortical neurons with sodium selenite (1 uM for up to
3 h) protected the cells from valporic acid-induced loss of MMP [59]. In another study, mouse
hippocampal cells (HT22) were pretreated with sodium selenite (25 - 200 nM, 3 h) followed by 24 h
treatment with 2 ppm Ag nanoparticles, which had protective effects on cell viability and mitochondrial
function [60]. We could not confirm these protective properties of Se on mitochondrial function (Fig.
2B) and cell viability (Fig. 2A and Table S1). However, it must be emphasized that the incubation period
of Se was short in the aforementioned studies, suggesting a direct effect of Se species rather than an

effect through selenoprotein metabolism. In our study, the cultivation protocol allowed the cells to
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metabolize the Se species for selenoprotein synthesis, and this may be a reason for the differences in
the results.

As shown in Fig. 2C, both cell lines accumulated Cu independently of Se supply, consistent with data in
HepG2 cells [22]. The results in astrocytes are in line with previously published data in the same
astrocyte cell line [55]. The ability of cells to efficiently accumulate Cu has been demonstrated in
primary rat astrocytes [53,54] and rat DRG neurons [56]. Consequently, the induction of RONS (Fig.
S6A) and the shift in GSH/GSSG ratio (Fig. S6B) indicate oxidative stress after Cu accumulation in cells.
One defense mechanism against oxidative stress functions by activating nuclear factor erythroid 2-
related factor 2 (NRF2) to increase the expression of oxidative stress-responsive genes [41]. The NRF2
target genes NQO1, SOD1, and HO-1 were upregulated after Cu exposure in the astrocytes used here
(Fig. S4G-I). In addition, some selenoproteins also respond to NRF2 activation, such as TXNRD1 (Fig.
S4D) which was increased in our experiment. These data indicate that Cu is able to modulate cellular
redox homeostasis in astrocytes.

With a more mechanistic focus, the induction of DNA damage after Cu treatment and the impact of Se
supply were investigated. Our results demonstrated that oxidative DNA damage increased after Cu
treatment (Fig. 4A), consistent with data from other studies [61,62]. However, in astrocytes, Se supply
did not appear to affect the prevention of oxidative DNA damage by Cu (Fig. 4A). In neurons, SeMet
supply caused some protection against oxidative DNA damage (Fig. S7), but because DNA damage was
already high in control cells, this end point is not applicable in this cell line and experimental setting.
Therefore, the effects of Cu on the neuronal network were examined. Treatment with Cu resulted in a
loss of neurite mass that could be prevented by the addition of SeMet (Fig. 4B). Observations in primary
cortical neurons from mice treated with a Cu-tau complex for 12 hours also demonstrated the
protective effect of Se administered as the His-rich domain of SELENOP [21]. Consistent with these
results, the cellular SELENOP content was significantly higher in neurons supplemented with SeMet
(Fig. 3B), which may account for the protective effect. The association between lower serum Se levels
and cognitive loss has already been demonstrated in several studies in elderly and AD patients
suggesting a protective role of Se and selenoproteins [12,63-65].

In conclusion, elevated Cu levels associated with an increase in oxidative stress and a concomitant
decrease in selenoprotein functionality could promote the development of neurodegenerative
diseases. As observed in this study, the functionality of selenoproteins was diminished, due to
decreased synthesis of selenoproteins after Cu exposure. At the same time, decline in total cellular Se
levels indicate involvement of the GSH system, as it plays a role in the complexation of Cu as well as in
the metabolization of Se. Therefore, it is of great importance to gain a more comprehensive

understanding of the interplay between trace elements and their transporters in order to identify and
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achieve health-promoting concentrations of essential trace elements, especially in an aging

population.
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6.10 Supplementary material
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Figure S1. Cultivation and incubation protocol of Cu/Se combination in human astrocytes (CCF-STTG1) (A) and
differentiated neurons (LUHMES) (B). Cells were supplemented with either selenite, SeMet (total Se content:
100 nM) or without addition of Se directly after seeding and incubated with CuSOs for additional 48 h.
Abbreviations: cAMP - cyclic adenosine monophosphate, FGF - fibroblast growth factor, GDNF - glial cell-derived

neurotrophic factor, PM = proliferation media, DM = differentiation media.

Table S1. Effective concentrations (EC3o) of CuSO4 in human astrocytes (CCF-STTG1) and differentiated neurons
(LUHMES). Cells were supplemented with either selenite, SeMet (total Se content: 100 nM) or without addition

of Se directly after seeding and incubated with CuSO4 for additional 48 h.

EC30 [uM] Dehydrogenase Lysosomal integrity Dehydrogenase Cell number (hoechst)
activity (CCK8) (neutral red) activity (resazurin)

CCF-STTG1 / LUHMES CCF-STTG1 / LUHMES CCF-STTG1 / LUHMES CCF-STTG1 / LUHMES
w/o Se 40/ 60 140 /50 240/ >500 270/ >500

Selenite 40/ 60 130/ 60 240 / >500 290/ >500
SeMet 40/ 60 130/50 250 / >500 300/ >500
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Figure S2. Se species-dependent modulation of Se status in human astrocytes. (A) GPX activity, (B) total Se

content, (C) cellular and (D) excreted SELENOP content in human astrocytes supplemented with selenite or

SeMet directly after seeding. Data are shown as mean + SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 vs. 0 nM

Se species based on two-way ANOVA with Dunnett’s post-test. fp < 0.05; #p < 0.01; ##p < 0.01 vs. SeMet

calculated based on two-way ANOVA with Dunnett’s post-test.
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Figure S3. Cytotoxicity of selenite (A) and SeMet (B) in human differentiated neurons. After 48 h incubation

with respective Se species dehydrogenase activity (*) via Resazurin assay and cell number (*) via Hoechst staining

were assessed. Data are shown as mean * SD (n > 3). */# p < 0.05; **/# p < 0.01; ***/##* 5 < 0.001 vs. 0 nM Se

species based on two-way ANOVA with Dunnett’s post-test.
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Figure S4. Gene expression of selenoproteins in human astrocytes. Cells were supplemented with either

selenite, SeMet (total Se content: 100 nM) or without addition of Se directly after seeding and incubated with

CuSO4 for additional 48 h. Gene expression was determined via gPCR and normalized to the reference gene

RPL13A. Blue bars represent cells cultivated under standard conditions (w/o Se), while orange and green bars

show cells supplemented with selenite or SeMet, respectively. Data are shown as mean + SD (n = 3). *p < 0.05;

**p < 0.01; ***p <0.001 vs. 0 uM CuSO4 based on two-way ANOVA with Dunnett’s post-test. *p < 0.05; #p < 0.01;

i < 0.01 vs. w/o Se calculated based on two-way ANOVA with Dunnett’s post-test.
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Figure S5. Gene expression of BER-related genes in human astrocytes. Cells were supplemented with either
selenite, SeMet (total Se content: 100 nM) or without addition of Se directly after seeding and incubated with
CuSO4 for additional 48 h. Gene expression was determined via gPCR and normalized to the reference gene

RPL13A. Data are shown as mean (n = 2).
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Figure S6. Oxidative stress related marker in human astrocytes. Cells were supplemented with either selenite,
SeMet (total Se content: 100 nM) or without addition of Se directly after seeding and incubated with CuSO4 for
additional 48 h. (A) Induction of ROS were measured using the carboxy-DCFH-DA assay. Shown are mean (related
to control) values of at least three independent experiments. (B) GSH/GSSG ratio was assessed by photometric
measurement of DTNB conversion to TNB. Blue bars represent cells cultivated under standard conditions (w/o
Se), while orange and green bars show cells supplemented with selenite or SeMet, respectively. Shown are mean
values + SD (n 2 2). Statistical analysis based on two-way ANOVA with Dunnett’s post-test. *p<0.05; **p<0.01 vs.
0 uM CuSOs.
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Figure S7. Cu exposure induced oxidative DNA damage in human differentiated neurons (LUHMES). Cells were
supplemented with either selenite, SeMet (total Se content: 100 nM) or without addition of Se directly after
seeding and incubated with CuSO4 for additional 48 h. DNA damage was quantified by alkaline and FPG-modified
comet assay in human astrocytes. ALS - alkali-labile sites; SB’s - DNA strand breaks. Data are shown as mean +
SD (h = 3). *p < 0.05 vs. 0 uM CuSOa4 based on two-way ANOVA with Dunnett’s post-test. #p < 0.05 vs. w/o Se

calculated based on two-way ANOVA with Tukey’s post-test.

500 M CuSO,

Figure S8. Cu-induced neurodegeneration in human differentiated neurons. Cells were supplemented with
selenite or SeMet and then treated with CuSOas for 48 h. Neurite network was stained by Blll-tubulin antibody
and nuclei were stained by DAPI. Arrows show accumulation of tubulin signal indicating loss of neurite network.

Shown are exemplary microscopic pictures (20x magnification).
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7 ° GENERAL DISCUSSION

The essentiality of the trace elements Se and Cu has been described for decades and investigation on
the individual trace elements is well researched. However, apart from the individual characterization,
the consideration of trace element combinations are also crucial. Both, Se and Cu are associated with
the development and progression of neurodegenerative diseases (NDs). Decreased Se levels in the
brain appear to be linked to Alzheimer’s disease (AD), with hippocampus and temporal lobe particular
affected areas which play a role in memory function [286]. A RCT study in AD patients has shown
positive effects of Se supplementation on various clinical and biochemical markers [287]. The beneficial
effects of Se are mainly attributed to the antioxidant properties of selenoproteins. Furthermore, high
Cu concentrations cause increased formation of reactive species and thus oxidative stress, one
hallmark of the development of NDs [288]. Accumulation of Cu, resulting from a disturbance of
homeostasis is associated with AD and PD progression [266,267]. In affected areas such as cortex and
hippocampus, high concentrations of Cu are co-localized with senile-plaques [267]. Accordingly, at the
level of a Cu-mediated induction of oxidative stress and the antioxidative selenoproteins, both trace
elements seem to be connected. In the present work, the effects of Se and Cu, both as a single
substance and in combination, on cells of the neurovascular unit (Figure 6) were studied. Using a
versatile in vitro model of the blood-brain barrier (BBB), transfer of Se and Cu were quantified as single
substances and in combination (chapter 2, 3 and 4). Another part focused on mechanistic relationships
of Cu toxicity at the cellular level (chapter 5). Subsequently, in vitro experiments were designed to
mechanistically elucidate the interactions of both elements in astrocytes and neurons. Particular
interest was placed on the effects of Cu on cellular Se homeostasis and the protective potential of Se

supplementation (chapter 6).

7.1 Transfer studies using the in vitro BBB model

The BBB represents both a chemical and physical barrier between the brain and the bloodstream [178].
Thus, in parallel with the blood-liquor barrier (BCB), the barriers ensure protection of the brain from
external factors. Moreover, the internal environment of the brain is regulated to maintain physiological
functions [289]. Primary porcine brain capillary endothelial cells (PBCECs) were used as a well-
established in vitro BBB model (chapter 2, 3 and 4). This model has already been applied to study the

transfer of arsenic compounds, manganese and mercury [290-292].
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7.1.1 Transfer of the novel selenium compound selenoneine

The brain depends on external Se supply to maintain physiological functions. Besides SELENOP, which
is considered the most important systemic Se transporter, other Se species may contribute to Se supply
by passing through the BBB [45]. For this reason, it is of particular importance to study the transfer of
different Se species. Recently, the novel Se compound selenoneine (SeN) was identified in blood and
tissue of blue fin tuna (Thunnus thynnus) [271]. This species is highly relevant from two points of view.
First, SeN is the Se-containing isologue of the antioxidant ergothioneine (ET), which is found mainly in
fungi [293]. Accordingly, similar antioxidative properties are attributed to SeN [271]. And second, SeN
is present in high concentrations in edible fish [271,294,295]. This raises the question of whether high
fish consumption could contribute to improved Se supply and may have a positive effect on the brain.
Consequently, studying the SeN transfer into the brain utilizing a well-established in vitro BBB model
was the critical first step in answering these questions (cf. chapter 2: Capabilities of selenoneine to

cross the in vitro blood—brain barrier model).

Initially, cytotoxic potential of SeN was investigated in PBCECs. In the cytotoxicity assays performed,
SeN was unable to induce cytotoxic effects up to a concentration of 100 UM over a 72 h period.
Similarly, no cytotoxic effects were observed in Caco-2 cells [272]. Not many studies have been done
on this Se species yet, but no cytotoxic effects were expected [271]. In comparison, selenite and
MeSeCys have been studied as reference compounds. Similar to SeN, MeSeCys excerted no significant
cytotoxic effects on PBCECs up to a concentration of 100 uM. Substantial cytotoxicity were observed
after incubation with selenite with an ECso value of 15 uM for the most sensitive endpoint, lysosomal
activity, which was also observed in other cell lines [272,296,297]. Subsequently, non-toxic
concentrations were chosen for transfer experiments, and barrier integrity was monitored
continuously during the 72-hour incubation period. Incubation of 1 uM of the respective Se compound
into the apical compartment showed no impairment of the barrier integrity. Apical and basolateral
medium samples were collected at different time points, and Se content was quantified by ICP-MS/MS.
This allowed characterizing the time-dependent transfer of the respective Se species. Compared to the
reference compounds, SeN showed the lowest transfer rate in this BBB model. Presumably, the
transfer is facilitated via transport proteins resulting in a small but significant accumulation in the
basolateral compartment. A possible candidate for this would be OCTN1, since it has been described
as a transporter for the sulfur analog ET [298]. The presence of this transporter could be demonstrated
in the Caco-2 model, which could also explain the side-directed transport observed in this model [272].
However, when applying SeN to both compartments, no side-directed accumulation could be
measured on one side in the BBB model. Additionally, expression of Octn1 could not be detected in rat
BBB [299] although ET was found to accumulate in the brain [300]. This suggests an alternative route

for SeN via the BBB. In contrast to data in Caco-2 cells [272], speciation analyses could not show
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significant metabolization of SeN in PBCECs. In summary, this study shows that SeN enters the brain
via the BBB, but only to a small extent. However, the detailed transfer pathways have not yet been
elucidated. Moreover, it was shown that the compound is transferred mostly non-metabolized.
Compared to its isolog ET antioxidant properties are several times higher [271]. Furthermore, SeN
seems to facilitate detoxification of methylmercury, as shown in zebrafish embryos and dolphin liver
[298,301]. Additionally, protective effects against the progression of colorectal cancer in mice [302]
and iron-mediated autoxidation in erythrocytes under hypoxic conditions [271] were also observed. A
summary of the results from chapter 2 is shown in Figure 9. These data show that SeN has promising

physiological properties and therefore further investigations are necessary to characterize them.

Figure 9. Schematic summary of results obtained from Se transfer study. PBCEC’s incubated with SeN, selenite or MeSeCys

for 72 h, regarding their respective transfer behavior, cytotoxicity, metabolism and cellular bioavailability.

7.1.2  Transfer of copper

The homeostatically tightly regulated trace element Cu is essential for the brain. However, a disruption
of homeostasis is associated with a number of NDs [265], including genetic heritable WD. These
patients have a genetic defect in the Cu transporter ATP7B gene [161,170,171], leading to Cu
accumulation first in the liver and in later stages also in the brain [273—-275]. Excess Cu is deleterious
to neuronal tissue and leads to neurological impairment, causing these patients to suffer from
symptoms like dysarthria and parkinsonism [276]. One therapeutic approach to prevent Cu
accumulation is by treatment with Cu chelators such as DPA. However, 19 to 52% of DPA-treated
patients experience a dramatic worsening of symptoms shortly after treatment [277-281]. In contrast,
patients treated with a new chelator, tetrathiomolybdate, with a higher Cu affinity, showed no
neurological deterioration compared to DPA treatment [282—284]. One of the objectives of chapter 3
(Bis-choline tetrathiomolybdate prevents copper-induced blood—brain barrier damage) was to

characterize Cu transfer in combination with two chelators, DPA and ALXN1840, via the in vitro BBB

model.

|

Selenoneine Selenite MeSeCys
Selenoneine | MeSeCys Selenite
CytOtOXICIt\/ B B e Hlucnd lumen
Transfer + ++ ++
efficiencv Brain capillary
el rulnlh( lium
Cellular - - -
bloaVa||ab|||ty Brain parenchyma
Metabolism - + - lL
four unknown Selenoneine Selenite MeSeCys
Species detected) 3
+ 4 unknown Species



152 CHAPTER 7

Therefore, loosely bound to albumin Cu was used here to mimic the in vivo situation of a Cu pulse
during liver cell death, which may occur in WD patients at advanced stages. First, cytotoxicity and
effects on barrier integrity of different Cu concentrations were investigated in PBCECs. It was shown
that with increasing Cu concentrations, TEER values were decreasing. Whereby only a concentration
of 300 uM Cu triggered a cytotoxic effect, measured as an increase in cell capacity, which was also
confirmed using the neutral red assay. This indicates that the cells of the BBB are sensitive to Cu
exposure and this leads to increased leakiness even without cytotoxic effects. Accordingly, a Cu
concentration of 250 uM was chosen for the following transfer experiments in combination with
equimolar concentrations of the chelators DPA or ALXN1840. At this concentration without the
addition of a chelator, the BBB became leaky over the period of incubation but no cell death occurred.
Even the addition of DPA did not prevent the loss of barrier tightness. In contrast, the use of ALXN1840
was able to protect the loss of barrier integrity, resulting in TEER values comparable to untreated
controls. To investigate the Cu transfer to the basolateral (brain-facing) compartment, medium
samples were collected at different time points, and Cu concentrations were quantified by ICP-MS/MS.
The influx of Cu across the BBB into the basolateral compartment was clearly visible in samples treated
with Cu alone. Even the combination with DPA did not prevented the Cu transfer. In contrast, co-
treatment with ALXN1840 prevented transfer of Cu into the basolateral compartment, resulting in Cu
levels similar to untreated controls. In addition, the tight junction proteins claudin-5 and ZO-1 were
stained immunhistochemically and examined microscopically. Here, exposure to Cu resulted in the
formation of gaps in the distribution of tight junctions that were otherwise uniformly distributed in
untreated samples. The formation of gaps could be prevented by addition of ALXN1840, but not by co-
treatment with DPA. Similar results were made on electron microscopic images [303]. These results
imply a negative effect of Cu on the barrier properties of the BBB, allowing more Cu to enter the brain
(Figure 10A). In WD, the export of Cu from the brain is additionally disturbed, since at high Cu
concentrations ATP7B is mainly responsible for the export of Cu across the BCB, and mutation of this
transporter leads to impaired transport into the blood circulation [262,268]. The development of the
high-affinity chelating agent ALXN1840 seems promising in this regard, as the negative effects of Cu

on the cells constituting the BBB could be protected.

In addition to WD, AD and PD are also associated with Cu accumulation in some brain areas due to
dyshomeostasis of the trace element [266,267]. Studies of trace element concentrations in serum of
aging subjects measured increased Cu levels [304], which could be linked to increased levels in the
brain. Conversely, the level of Se in the serum of these individuals concurrently declined [304]. The
physiological significance of most selenoproteins derives from their ability to participate in redox
regulation. Which might imply that a reduced Se supply in the elderly population decreases antioxidant

capacity. Especially the brain is vulnerable to oxidative stress [215], whereby decreased expression of
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selenoproteins may have adverse effects. Combining this with an increase in redox-active Cu in some
brain regions, this suggest a synergistic effect in the development of NDs. The altered homeostasis of
trace elements opens the question whether insufficient Se supply to BBB-forming endothelial cells
enables higher Cu transfer to the brain. This is addressed in chapter 4 (Se supplementation to an in
vitro blood-brain barrier does not affect Cu transfer into the brain) by applying the well-established in

vitro model of the BBB.

Se in the form of selenite (100 or 200 nM) was added during cultivation and differentiation of the
PBCECs to both compartments. For transfer studies, 15 or 50 uM CuSO4 was applied apically. The lower
Cu concentration was chosen to be in the physiological range of the serum Cu concentration.
Additionally, a higher Cu concentration was tested to mimic a Cu pulse presumably occurring during
the death of liver cells in the advanced stages of WD. Such an event could be detected in a rat WD
model, resulting in elevated serum Cu levels (27 + 16 uM Cu) [305]. Applied Cu and selenite
concentrations were not cytotoxic to the PBCECs, as previously shown [303,306], and did not
negatively affect barrier integrity, as confirmed by continuous measurement of TEER values and
capacities of the barrier. To quantify total Cu and Se concentrations, medium samples were collected
at baseline and after 48 hours of incubation and measured by ICP-MS/MS. As expected, the Se content
increased in a concentration-dependent manner after addition of selenite. Moreover, no side-directed
Se transfer of the applied Se species was observed, which was described previously [306]. To
characterize Se homeostasis more precisely, an attempt was made to quantify SELENOP in the medium
by affinity chromatography-coupled ICP-MS/MS. Here, chromatographic separation utilizes the
heparin-binding properties of SELENOP to separate it from the other selenoproteins and Se-associated
proteins [307]. However, SELENOP levels were too low to allow quantification. Even under Se-
supplemented conditions, which increased SELENOP values, but these were still below the limit of
guantification. The second fraction, consisting of non-heparin-binding selenoproteins or Se-associated
proteins, was significantly elevated after Se supplementation, but this could also be the incubation
substance selenite. At this point, further speciation of this fraction would be of interest, since other
selenoproteins may be present in this fraction, in order to be able to draw more detailed picture of the
Se status. Together with an increased cellular Se content in PBCECs, this may indicate an improved Se
status of the cells, which was also not affected by Cu administration. A Se-mediated protection of
barrier integrity during oxygen-glucose deprivation under hyperglycemic conditions was previously
demonstrated in a co-culture system consisting of murine brain microvascular endothelial (bEnd.3)
and astrocytic (MA-h) cell lines [308]. Cu transferred across the BBB in a concentration-dependent
manner, while the addition of Se showed no effect on the basolateral Cu concentrations. Interestingly,
the permeability coefficients were higher for 15 uM Cu than for the higher incubation concentration.

This effect indicates saturation of the Cu transporters, which is mainly mediated by CTR1. In summary,
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this study was unable to provide evidence for increased Cu transfer under Se-suboptimal conditions.
However, selenite administration was able to improve the Se status of the cells but showed no effect

on the permeability coefficients of Cu (Figure 10B).
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Figure 10. Schematic overview of the results of Cu transfer studies. (A) Investigation of Cu transfer in combination with Cu
chelator treatment, regarding the transfer of Cu across the barrier and effects on tight junctions. (B) Study on Cu transfer

under Se-suboptimal and Se-supplied conditions, regarding Cu transfer and Cu permeability coefficients as well as Se status.

7.2 Cellular consequences of copper excess and interactions with selenium

Following the discussion of trace element transfer into the brain, this section will now take a closer
look on the consequences of Cu overload in the brain. Therefore, chapter 5 (Characterizing effects of
excess copper levels in a human astrocytic cell line with focus on oxidative stress markers) addresses
the impact of Cu overload on a human astrocytic cell line with focusing on oxidative stress.
Subsequently, chapter 6 (Selenium homeostasis in human brain cells: Effects of copper (ll) and Se
species) includes Se in the studies to achieve adequate Se supply of the cells. This more closely mimics
the in vivo situation, where trace elements never act in isolation but in interaction with others. In
detail, the protective potential of Se on Cu toxicity will be investigated. Moreover, the impact of Cu on

Se homeostasis was addressed to further characterize an interplay of the two trace elements.

7.2.1 Effects of high-dose copper exposure in human astrocytes

Copper(ll) sulfate was used as the chemical species for the Cu overload studies. Cupric ions are most
abundant in digested food and represent the systemic transport form bound to various proteins in the
body (cf. chapter 1.2.4 - Human copper metabolism) [144]. For cellular uptake, the divalent ions are
reduced before being transported into the cells mainly via CTR1 [147]. As described in the previous
sections, Cu can enter the brain via the BBB. Under physiological conditions, Cu homeostasis is under

tight control and disturbances in homeostasis are associated with NDs leading to accumulation of Cu
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in certain brain regions [265]. Localized between the endothelial cells of the BBB and the neurons,
astrocytes occupy a special position in the brain. Substances that enter the brain usually first encounter
astrocytes. These cells play a crucial role in Cu homeostasis, as they not only serve to synthesize
cuproenzymes, but also store Cu, thus ensuring the protection of other brain cell types from the redox-
active properties of Cu. Therefore, the human astrocytic cell line CCF-STTG1 were applied to
investigate impact of excess Cu. To observe the cytotoxic potential of Cu, different cytotoxicity assays
were used (chapter 5 and 6). All endpoints demonstrated a substantial cytotoxic effect on cells with
dehydrogenase activity measured by CCK8 as the most sensitive endpoint. The EC3 values ranged from
40 to 270 uM CuSO4 during an incubation period of 48 h. The differences between viability markers
are also reflected in the literature [309—-311]. In addition, the cell model used also seems to play a role.
Data in human glial cells are limited with regard to cytotoxicity of Cu. However, primary cells isolated

from rodents seem to be much more sensitive to Cu than cell lines [310,311].

Mitochondria in particular are discussed as a target organelle of Cu toxicity. In a recent publication,
high Cu sensitivity of brain mitochondria was shown in comparison to other organs [312]. Therefore,
mitochondrial integrity was measured upon Cu exposure in the CCF-STTG1 cells. A concentration-
dependent loss of mitochondrial membrane potential was observed, but only at concentrations above
100 uM Cu, which is already in the cytotoxic range. A similar effect has already been observed in
primary rat astrocytes [313]. Moreover, structural as well as functional mitochondrial alterations could
be shown in another human astrocytic cell line (U87MG) upon Cu exposure [303]. The structural
changes provide an explanation for the loss of membrane potential. Consequently, mitochondrial
dysfunction lead to elevated formation of reactive species and thus oxidative stress. This was observed
in CCF-STTG1 cells after Cu incubation utilizing the MitoSOX™ Red dye, which is used to visualize
superoxides from mitochondria [314]. Detection of superoxides via DHE assay failed to show increased
induction, indicating that this effect appears to be mitochondria-specific. However, the formation of
other reactive species could be detected in these cells by the carboxy-DCFH-DA assay, which was also
shown in other studies [315,316]. With the help of this dye, reactive species such as peroxyl, alkoxyl,
OH® and NO;" can be detected [208]. In addition to the formation of reactive species, cellular GSH
levels were quantified as further marker of oxidative stress. A shift of the GSH/GSSG ratio in favor of
an increased formation of the oxidized form occurs only at cytotoxic concentrations. However, results
from our study are in accordance with published data [317], describing a concentration-dependent
increase in total GSH concentrations upon Cu exposure, which suggest an interaction of Cu with the
GSH metabolism. This seems plausible, because GSH plays an important role in the intracellular
transport of Cu to the specific Cu chaperones. In this context, the increased formation of GSH acts as
a compensatory mechanism against the negative effects of redox-active Cu. In this context, increased

expression of MT2a has been observed in astrocytes upon Cu exposure, which was also seen in HepG2
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cells treated with CuSO,4 (100 uM for 24 h) [318]. The ability to efficiently take up and store Cu has
been demonstrated in primary rat astrocytes [310,311]. Consistent with the results presented in this
thesis, Cu accumulation factors of up to 11-fold were observed in CCF-STTG1 cells. These data suggest
that the increased binding capacity represents a compensatory mechanism for the massive cellular Cu
accumulation upon exposure to this element. Beside the cellular consequences of Cu overload, the
interactions with other elements were analysed by quantifying cellular concentrations of Ca, Mg, Mn
and Fe. The presented results demonstrated an interaction between investigated elements (except
Mg), namely with a Ca and Mn accumulation and a decline in Fe concentration. One possible
mechanism of interaction is thought to be via shared transporters. DMT1 transports both Cu and Fe
and thus a competitive situation of both trace elements arises [262]. The two trace elements are also
connected via the Cu-containing ceruloplasmin, which functions as a ferroxidase [262]. Similarly, the
Cu exporter ATP7A can be affected by Mn, altering Cu homeostasis [260]. Apart from Cu accumulation,
levels of Fe and Ca are also elevated in the senile plaques of AD patients and thus associated with

disease progression [267,319].

7.2.2 Copper interference with selenium homeostasis

The interactions between Cu and Se, unlike the interactions between Cu and other trace elements,
have been poorly studied. Previous in vivo studies on the interactions of Se and Cu showed conflicting
results ranging from no influence [320,321] to increased hepatic Cu concentrations [322] and elevated
circulating Cu [323]. Studies in the brain are rare, showing in vivo decreased GPX activity in chickens
[324] and rats [325,326] after Cu treatment. These data indicate a possible influence of Cu on Se

homeostasis.

To gain a more detailed insight into the interaction between the two trace elements, a combination
study was conducted in two human brain cell lines. Of particular interest was how and whether the Se
status of the cells was affected by treatment with Cu. Therefore, human astrocytes (CCF-STTG1) and
differentiated neurons (LUHMES) were supplemented with Se, either in the form of selenite or SeMet,
immediately after seeding. On the one hand, this ensured that the cells had sufficient time to
metabolize the Se species. On the other hand, a direct influence of the Se species itself can be excluded.
As previously shown from in vitro [296] and in vivo [327,328] studies, markers used to assess the Se
status of the cells were differentially affected by the Se species. Functional markers such as GPX activity
and SELENOP excretion were increased only by selenite supplementation but not by SeMet, which
elevated only cellular Se and SELENOP levels. This suggests that in the cells applied, SeMet may not be
used as a Se source for selenoprotein synthesis. Presumably, SeMet is non-specifically incorporated
into proteins instead, resulting in the observed increase in cellular Se levels. Exposure of cells to Cu

negatively affected measured Se status markers. Cellular Se uptake was decreased by Cu exposure by
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25% in astrocytes and by 43% in neurons. So far, there are no comparable studies in tissue or cells of
the brain. However, in HepG2 cells, opposite effects were shown, resulting in a significant increase in
cellular Se content after Cu incubation [318]. A similar increase in Se content after Cu exposure was
achieved only in astrocytes after supplementation with selenite. However, no hepatic increase in Se
content was observed in mice nutritively shifted from Cu-deficient to adequate [318], suggesting that
Cu affects Se uptake, but only at supraphysiological Cu concentrations. Decreased Se uptake may also
affect the incorporation of SeCys into selenoproteins, leading to more incorporation of Cys instead of
SeCys, which has been shown for TXNRD1 [329,330] and SELENOP [331]. Incorporation of amino acids
other than SeCys resulted in comparable selenoprotein levels, but these exhibited significantly reduced
enzyme activity [332,333]. After Cu exposure decreased GPX activity could also be measured in
astrocytes. However, this was accompanied by a decreased GPX1 mRNA level, suggesting an influence
of Cu on GPX synthesis. Studies in brains of rats [325,326] and chicken [324] treated with Cu also
showed a decrease in GPX activity as well as decreased protein expression of GPX, supporting the
results of this work. In addition to the decline in enzyme activity, cellular SELENOP concentrations were
lower in both cell lines upon Cu exposure. This was accompanied with a decrease in SELENOP mRNA
level, indicating diminished synthesis of SELENOP. Furthermore, Cu strongly inhibited excretion of
SELENOP. This strong effect may not be explained by reduced synthesis alone, suggesting that Cu might
interfere with the mechanism of SELENOP excretion. Moreover, Cu was shown to have a high binding
affinity for SELENOP [237]. In post-mortem brains of AD patients, co-localization of SELENOP and AP
plaques and neurofibrillary tangles were observed [239]. These areas play a crucial role in the

progression of AD and are associated with a higher Cu content [267].

7.2.3  Protective potential of selenium against copper

The protective actions of Se are mainly linked to its antioxidant properties, as it is an essential
component of several antioxidant enzymes. The relation between Se and different diseases is
summarized in section 1.1.6 — Imbalances of selenium homeostasis. In vivo, Se has been shown to
exhibit positive effects on maintenance of locomotor activity and memory function in rat models of PD
[334] and AD [335]. Both neurodegenerative diseases are associated with impaired Cu homeostasis,
which may lead to Cu accumulation in certain brain areas [266,267]. Apart from that, Se was found to
protect from toxicity of different metals and metalloids such as As, Cd, Hg and Pb (reviewed in [336]).

However, the protective effect appears to be strongly dose and Se species dependent [337].

Therefore, another focus of the presented Se/Cu combination study was to investigate the protective
potential of Se supplementation to counteract Cu-induced toxicity in human astrocytes (CCF-STTG1)
and differentiated neurons (LUHMES) (chapter 6: Selenium homeostasis in human brain cells: Effects

of copper (ll) and Se species). Firstly, general cytotoxicity was investigated with dehydrogenase activity
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and lysosomal integrity as the most sensitive markers for Cu toxicity. However, Se supplementation
did not demonstrate protection in the investigated endpoints. Similar results, in which viability after
Cu exposure remained unaffected by Se supplementation (50 nM selenite or 200 nM SeMet), were
obtained in HepG2 cells [318]. In contrast, administration of a supraphysiological SeMet concentration
(5-80 uM) exhibited a protective effect on neuronal cell viability in murine GT1-7 cells [338]. This
illustrates that the used dose of the species has a decisive role in the protective effect. However, it is
guestionable whether such high concentrations are achievable. As previously discussed (cf. section
7.1.2 - Transfer of copper), Cu induces alterations of mitochondrial structure and function.
Consequently, the decline in mitochondrial membrane potential (MMP) causes elevated RONS
production during oxidative respiration. Therefore, it is reasonable to assume that Se supplementation
might have a protective effect on the loss of mitochondrial integrity. However, the data shown did not
indicate a preventive effect on Cu-induced loss of MMP. Se-mediated protection of MMP after NaF
exposure was observed in a rat renal cell line [339]. In contrast to the study shown in this work, the
incubation of selenite and NaF was performed simultaneously in this study, which did not exclude a
direct impact of the Se species itself. However, the incubation protocol of the study presented here
ensures that the cells have sufficient time to metabolize the Se species, which might explain the
discrepancies between the outcomes regarding the protective potential of Se. Exposure to 250 uM Cu
resulted in cellular Cu accumulation in astrocytes and neurons by a factor of 133 and 63, respectively.
Astrocytes have already been described for their ability to take up and store high amounts of Cu
[310,311]. While Se supplementation had no effect on cellular Cu accumulation, the concomitant
increase in mRNA levels of MT2A was Se-dependent, with lower levels in Se-supplemented cells than
in Se-deficient cells. A similar effect on MT expression was observed in liver of Cd-exposed rats
supplemented with Se. Both Se and Zn were able to decrease the mRNA levels of MT1 and MT2
compared with Cd exposure alone [340]. This was attributed to the antioxidant effect of Se, as MT
expression is controlled by cellular redox balance [341]. Another cellular compensatory mechanism to
Cu accumulation is an increase in GSH concentration. Only at cytotoxic Cu concentrations the GSSG
contents increase at the same time, which reduces the GSH/GSSG ratio. An association between GSH
and Se was observed in a study in Se-deficient fed chickens where GSH production was diminished in
intestinal tissue [342]. However, no effect of Se supplementation on GSH and GSSG was shown in the
study presented in this work. Moreover, the generation of RONS can be attenuated by Se, as
demonstrated in patulin-treated mice supplemented with Se [343]. Since Cu is known to produce
reactive species mainly through the Fenton-like reaction, the effect of Se supply on RONS formation in
our astrocytes was measured. However, the addition of SeMet showed only a slight reduction in RONS

level. SeMet supplementation also failed to significantly reduce oxidative DNA damage induced by Cu
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exposure, although a protective effect was observed in other cells [344]. A schematic overview of the

results from chapter 6 is summarized in Figure 11.

In conclusion, the studies presented provide insight into the mechanism of Cu toxicity in cells forming
the neurovascular unit. Moreover, the interactions between Cu and Se homeostasis in these cells were
demonstrated. And it is emphasized that the protective effects of Se are not only dependent on the

dose and Se species, but also timing of supplementation may be of crucial importance.
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Figure 11. Cellular consequences of Cu exposure and effects of Se supplementation on different general markers as well as

endpoints of the Se status in astrocytes.
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7.3 Conclusion and outlook

The aim of this work was to investigate the effect of the two trace elements Se and Cu, individually
and in combination, on cells of the neurovascular unit. In chapters 2, 3 and 4, using a well-established
in vitro model of BBB, the transfer of trace elements was studied individually and in combination.
Chapter 2 demonstrated that the transfer of the recently discovered species selenoneine via the BBB
occurs only in small amounts staying in their non-metabolized form. Previous studies on the properties
of this substance demonstrated a strong antioxidant effect, but the physiological effects are still largely
unexplored. One would be whether this species can be used for the synthesis of selenoproteins.
Additionally, selenoneine is found in large amounts in marine fish, which would be nutritionally

relevant if consumed in high amounts.

In chapter 3, transfer of Cu across the BBB was examined in the context of genetic WD, in which Cu
accumulates in the brain and causes neurological symptoms. It was shown that the barrier function of
the endothelial cells forming the BBB is disturbed by Cu, presumably allowing more Cu to transfer. One
therapeutic option for WD is the administration of chelating agents. The development of novel
chelators, in which side effects are reduced, is of high relevance. The chelator used in this study
exhibited promising effects in preventing Cu transfer into the brain, but also in protecting the barrier
function. Currently, this chelator is in phase Ill of development as an alternative therapy for the clinical

treatment of WD.

Chapter 4 examines the relationship between adequate Se supplementation and the corresponding
consequences for Cu transfer to the brain. The results of this short communication did not show any
effect of Se supplementation on Cu transfer in the applied BBB model. However, the administration of
Se had a positive effect on the Se status of the endothelial cells. Not only the cellular Se content
increased but also the content of SELENOP, although not quantifiable, and presumably other
selenoproteins in the basolateral (brain side) compartment. At this point, further investigation of
selenoproteins would be interesting, although determination of the low SELENOP concentrations

might be methodologically challenging.

The last two chapters the focus has shifted to the assumption that Cu overload is already present in
the brain. Accordingly, chapter 5 provided a focused insight into the mechanisms of Cu overload in
astrocytes. Mitochondria were shown to be particularly sensitive to Cu, as evidenced by a loss of MMP
as well as mitochondria-specific formation of ROS. In addition, Cu affected the GSH balance and

homeostasis of other elements such as Fe and Ca.

In chapter 6, the study was extended to investigate the interactions between Se and Cu in astrocytes
and neurons. The results demonstrated an interaction of Cu with the Se homeostasis. This negative

influence was partially prevented by Se supplementation. The investigation of the protective effects
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of Se supplementation on Cu toxicity did not reveal any clear effects. Only in neurons, a protection of
the neurite network against Cu exposure was shown by SeMet. In the literature, studies on Se-
mediated protection are very heterogeneous. This highlights that, in addition to the dose and the Se
substance, the way in which the experiments are performed is also of crucial importance. Simultaneous
incubation of Se and stressor cannot exclude an effect of the Se compound itself. In this work, Se was
applied prior to incubation with Cu, ensuring sufficient time for Se metabolization, which represented
a physiological relevant approach. Concluding, the previous consideration of possible interactions

between Se and Cu provided promising approaches for further studies.

Research in recent decades suggest that there are alterations in trace element homeostasis during ND
development. However, whether these changes are due to the disease or are a prerequisite for its
development remains unclear. Mechanistic studies on the involvement of trace elements in
development and progression could provide helpful insights in this regard and identify potential early

therapeutic targets.
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APPENDIX

A) THE IN VITRO BLOOD-BRAIN BARRIER

The in vitro BBB model plays a central role in this thesis and is applied in chapter 2 — 4. The porcine
brain capillary endothelial cells (PBCECs) that constitute the BBB were isolated from freshly
slaughtered pigs according to published protocols [345,346]. Additionally, already cryopreserved cells
kindly provided by the working group of Prof. Dr. H.-J. Galla from the University of Miinster were used
for transfer experiments. The isolation and cultivation protocol for the PBCECs is shown in Figure 12.
For selective cultivation of PBCECs and elimination of unwanted but unintentionally co-isolated cells,
cultivation is performed with the addition of puromycin, an effective inhibitor of the protein
biosynthesis, at DIV 1 [347]. Here, it is taken advantage of the fact that the capillary endothelial cells,
unlike most other cells, express the transporter P-gylcoprotein for the export of puromycin. On DIV 3,

cells were cryopreserved until further experiments.

4 )

« Isolation from whole brains: mash brains, remove meninx

* Enzymatic digestion | (dispase): 2 h, 37 °C, 5% CO,, 100% humidity

« Centrifugation (dextran density): 10 min, 4°C, 6810xg

« Enzymatic digestion 11 (collagenase/dispase): 1 h, 37 °C, 5% CO,, 100% humidity

* Centrifugation: 10 min, room temperature, 150x g

DIV1

* Centrifugation (percoll density): 10 min, 4 °C, 1300xg

* Centrifugation: 10 min, room temperature, 150x g

\ « Cultivation with puromycinin collagen G-coated flasks

*  Washing with PBS (added with Ca®*/Mg?*)
*  Trypsindigestion (< 10s)
Centrifugation: 10 min, room temperature, 150x g
* Cryopreservation in FCS with 10% DMSO
«  Thawing
* Centrifugation: 10 min, room temperature, 110x g
Cultivation on rat-tail collagen-coated Transwells® or 96 well plates
* Proliferation phase

« Differentiation phase

DIV 2

DIV 3

DIV3-4

* Medium exchange to serum-free medium containing hydrocortisone

* Ready for experiment (DIV7)

DIV4-7

Figure 12. Isolation and cultivation protocol of PBCECs based on [345,346]. DIV: days in vitro, PBS: phosphate-buffered

saline, DMSO: dimethyl sulfoxide.

For transfer experiments, cryopreserved PBCECs were thawed and seeded on rat-tail collagen-coated

Transwell® polycarbonate membranes inserts (1.12 cm?, 0.4 um pore size). As depicted in Figure 13,
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the resulting two compartments represent the capillary lumen with blood (upper part) and the brain
parenchyma with its interstitial fluid (lower part). PBCECs undergo proliferation phase for two days
(DIV 3 —4). On DIV 4, serum-containing medium is exchanged to serum-free medium added with
hydrocortisone to start differentiation for further two days. Once the PBCECs are differentiated (DIV
7), the Transwells® inserts are transferred to the CellZscope®. After verification of the barrier
properties (TEER of at least 600 Q-cm? and capacitance ranging from 0.45 — 0.6 uF/cm?), the test

substance can be applied to the apical compartment for investigation of the transfer.

A) in vivo B) in vitro
Neuron

/ Pericyte
-,

Capillary lumen /
-~ Donor compartment

Endothelial cell /
PBCEC monolayer

Basal membrane — |

Brain parenchyma/ ~ _°
Acceptor compartment

T Astrocyte

Figure 13. Shematic structure of the blood-brain barrier under (A) in vivo conditions and (B) in the applied in vitro model.

PBCECs: porcine brain capillary endothelial cells
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B) Impedance spectroscopy for cell monitoring

Impedance spectroscopy with the CellZscope® instrument was applied to monitor barrier- and cell-
specific  properties  during transfer  experiments.  Particularly relevant are the
transendothelial/transepithelial electrical resistance (TEER) and the capacity of the cells. Here, the
TEER value is an indicator of barrier integrity, whereas capacitance provides an information about the
plasma membrane area of the cell monolayer. The electrical equivalent circuit used to calculate the
two values is shown in Figure 14. After applying an alternating current (AC) voltage to the electrodes,
both the amplitude and the phase of the AC current are measured. The current can flow either across
the gap between the cells (paracellular) or through the cells (transcellular), whereby both paths are
accompanied by resistances. Each cell is considered a capacitor due to its lipid bilayer and thus
contributes to the resistance of the transcellular pathway. The contribution to the transcellular path

or TEER is made by the tight junctions [348].

Electrode 1

Cell layer

<’” Viac

Porous membrane

—

Electrode 2 - CPE,

Figure 14. |lllustration of an electrical equivalent circuit according to [348]. Abbreviations: TEER:
transendothelial/transepithelial electrical resistance, Cq: capacitance of the cell layer, CPE: constant phase element, Rmed:

resistance of the culture medium
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C) The In vitro neuronal model system

LUHMES (Lund human mesencephalic cells) cells were originally isolated from the ventral
mesencephalic tissue of an 8-week-old human embryo. Subsequently, the cells were immortalized
using a LINX v-myc retroviral vector whose transcription is regulated by tetracycline [349].
Differentiation is initiated by addition of tetracycline to shut down the myc transgene. After replating
of cells into the required cell culture format on day 2, the mature neurons develop with characteristics
similar to dopaminergic neurons (e.g. Blll-tubulin immunoreactivity, neuritic processes, dopamine
release) [350]. The LUHMES cells provide a useful model to study neurodevelopmental effects as well

as neurotoxic effects.

media exchange replate media exchange
| | | | | | | | | |
| I [ | I I I | [ |
day -1 0 2 4 6 8
precursor cells differentiated cells

Figure 15. Schematic illustration of the differentiation process of human neurons (LUHMES cells). Abbreviations: cAMP:
cyclic adenosine monophosphate, DM: differentiation medium, FGF: fibroblast growth factor, GDNF: glial-derived

neurotrophic factor, PM: proliferation medium.
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