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Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative disorder and the leading cause of
dementia. AD is characterized by extracellular amyloid plaques consisting of amyloid-B (AB)
peptides, and intracellular neurofibrillary tangles, composed of hyperphosphorylated tau protein.
There are approximately 55 million people in the world affected by this disease.

The etiology of AD is yet unknown, although many hypotheses have been proposed. The most well-
known is the amyloid cascade hypothesis, which suggests that the accumulation of AP peptides into
plagues is the causative factor of AD, after which follows the formation of intracellular
neurofibrillary tangles and, eventually, neurodegeneration. Among the other hypotheses are the
tau and metal hypotheses.

Due to the higher metabolic rate of the brain, the concentrations of biometals are elevated.
However, it has been shown that in the case of AD, the homeostasis of biometals is altered. During
the aggregation of AP peptides, interactions with mainly Cu(ll) but also Fe(lll) and Zn(Il) ions occur.
Importantly, it has been shown that the concentration of copper ions is high in amyloid plaques,
leaving the cells in deficiency.

Based on the copper dyshomeostasis hypothesis, we propose the use of a-lipoic acid (LA) as a
copper redistributing agent. Our group has shown that LA binds Cu(l) ions with high affinity and
translocates copper ions from the extracellular into the intracellular environment. Our recently
published article showed that LA improves the locomotor activity of the transgenic AD fly model.
However, the mechanism of LA action on copper metabolism has not been investigated.

In the current study, ICP-MS and UHPLC were used to investigate the kinetics of copper transport
by LA and the cellular accumulation of LA in differentiated SH-SY5Y neuroblastoma cell line. The
effect of LA on copper-induced neurodegeneration was also investigated in the APP/Bacel AD
Drosophila melanogaster model.

This study showed that LA has a relatively slow action on copper metabolism, however, the
accumulation of LA in the cells occurs faster. LA also has an in vivo protective effect on copper-
induced neurodegeneration in the AD Drosophila model with eye-specific human APP and Bacel
overexpression.



1 Review of literature

1.1 Alzheimer's disease

Alzheimer's disease (AD) is a progressive neurodegenerative disease and the leading cause of
dementia, which was first described by Alois Alzheimer in 1906 [1]. According to the World Health
Organization, dementia is currently the seventh leading cause of death. There are over 55 million
people in the world affected by dementia, with the number increasing yearly by 10 million [2].

AD is a multifactorial disease that results in extensive loss of neurons leading to cognitive decline.
AD's pathology is characterized by extracellular amyloid plaques composed of amyloid-B (AB)
peptides, and intracellular neurofibrillary tangles, consisting of hyperphosphorylated tau protein.
These pathological hallmarks are primarily found in brain areas associated with cognition, e.g., the
hippocampus and neocortex [3]. With the disease progressing, these hallmarks can also be found
in other brain areas [4].

Amyloid plaques are formed through the oligomerization and aggregation of AP peptides, which
are cleavage products of amyloid precursor protein (APP). APP is a transmembrane protein that is
highly expressed in the brain and is mainly concentrated in nerve terminals [5]. Its functions are not
entirely understood, however, it is known that APP likely participates in synaptic formation and
neurite outgrowth [6]. Normally, APP is cleaved by a- and y-secretase in the non-amyloidogenic
pathway, in which pathogenic AP peptides are not produced. In the diseased state, APP is mainly
processed in the amyloidogenic pathway sequentially by the B-secretase (B-site APP cleaving
enzyme 1, BACE1) and y-secretase, which results in the formation of AP peptides [7]. The length of
these peptides may vary from 38 to 43 as there are various cleavage sites for y-secretase [8]. In the
amyloid plaques, AB is mainly found in the forms of AB40 and AB42, with the latter being more
hydrophobic and, thus, more prone to aggregation [9].

While over 90% of AD cases are sporadic, mutations in amyloid precursor protein (APP), presenilin
1 (PSEN1), and presenilin 2 (PSEN2) genes are related to a rare familial form of the disease [10].
Approximately 80% of the mutations associated with AD have been found in the PSEN1 gene [11],
coding presenilin 1, which is a subunit of the APP cleaving y-secretase complex [12]. The mutations
in APP are located in or near the AP sequence, while mutations in the PSEN1 and PSEN2 are
distributed throughout the protein-coding regions [13]. These mutations are mainly associated with
modification of enzymatic function and lead to AD by altered APP processing and elevated AB42/40
ratio [14].

The most significant risk factor for AD is age, with the disease affecting primarily people over the
age of 65. However, familial AD has early-onset pathogenesis, in which the disease can impact
patients already in their thirties or forties [15]. Moreover, women are more subjected to developing
AD compared to men. It has also been found that the ApoE €4 allele is related to a higher risk for



sporadic AD compared to other alleles of this gene [16]. Other risk factors include type 2 diabetes,
obesity, cerebrovascular diseases, hypertension, and dyslipidemia [17].

Despite decades of research, the etiology of AD remains still unknown. However, there are
numerous hypotheses, of which the most extensively researched is the amyloid cascade hypothesis
[18]. It proposes that the accumulation of AP peptides into plaques is the causative factor of AD
pathology, after which follows the formation of neurofibrillary tangles. These processes lead to
activated immune reactions and neurodegeneration. Other hypotheses include the tau, oxidative
stress, and metal hypothesis [19].

1.2 The role of metal ions in neurodegenerative diseases

Higher levels of biometal ions are essential in the brain for synaptic transmission and other
neurological functions [20]. Compared to other organs, the brain has higher oxygen consumption
and lower antioxidant levels and is, therefore, more susceptible to oxidative stress [21]. Hence, the
homeostasis and transport of metal ions must be strictly regulated.

Iron is the most abundant trace metal in humans, participating in cell division, oxygen transport,
and mitochondrial function. In the brain, iron participates in myelination and neurotransmitter
synthesis and signaling [22]. As a redox-active metal, it also plays an important role in oxidative
stress. It participates in Fenton and Haber-Weiss reactions, in which reactive oxygen species (ROS)
are produced. Hydroxyl radicals are the most reactive ROS, which can target most biomolecules by
disrupting their functions, leading to oxidative stress and causing cell death [23]. During aging, iron
accumulates in the brain, which may contribute to neurodegenerative diseases [24-27].

Zinc is the second most abundant trace metal, necessary for numerous processes, e.g., DNA
replication and protein synthesis [28]. More than 300 enzymes require zinc for their functioning
[29]. In the brain, 80% of zinc is bound to metalloproteins, and the remaining unbound zinc is
concentrated in the presynaptic vesicles of glutamatergic neurons [30]. Zn has been implicated in
playing a pivotal role in various neurodegenerative disorders, such as AD, Parkinson’s disease, and
multiple sclerosis [31].

In the case of AD, the aggregation of Af} involves interactions with extracellular Cu, Zn, and Fe ions,
therefore, depriving cells of necessary metals required for normal cellular functioning [32]. It has
been shown that Cu, Fe, and Zn ions are found in amyloid plaques in two- to five-fold higher
concentrations than normal [33]. AP catalyzes the reduction of redox-active Cu(ll) and Fe(lll) ions,
which leads to the generation of ROS and may contribute to oxidative stress [34].



1.2.1 The role of copper in Alzheimer's disease

Copper is the third most abundant trace metal in humans [35], which is vital for numerous biological
processes as a cofactor and a structural component of proteins. It participates in energy
metabolism, antioxidative defense, neurotransmitter, and neuropeptide synthesis [36].

The primary copper transporters are Ctrl, ATP7A, and ATP7B [37], whereas the uptake is mediated
by Ctrl and the efflux by ATP7A or ATP7B. Copper is transported to the brain from the periphery
through the blood-brain barrier (BBB) and is released into the brain parenchyma, where it is
utilized. Excess copper is then released into the cerebrospinal fluid (CSF), where it can be taken up
for storage or is released into the blood [36].

The content and distribution of copper have been reported to change with aging and in the case of
neurodegenerative diseases [27, 38, 39]. Copper levels are shown to be lower in the AD brain tissue,
especially in the hippocampus and amygdala regions. In contrast, the content of labile copper is
higher in the extracellular environment [40, 41].

The altered metabolism of copper in the AD brain has been linked to the dysfunction of several
necessary enzymes, such as Cu/Zn-superoxide dismutase (SOD1) and cytochrome c oxidase (COX),
which are crucial for maintaining metabolic homeostasis [42]. The normalization of copper
metabolism may restore the normal functioning of these enzymes [43].

Cu(ll) ions bind to AB with picomolar affinity and induce the oligomerization of AP peptides [44,
45]. When copper is bound to AB, it cycles between the reduced and oxidized states. Through the
reduction of Cu(ll) to Cu(l), hydrogen peroxide can be produced, which may subsequently lead to
the production of highly reactive hydroxyl radicals through the Fenton-type reactions [46].

In vitro experiments have shown that the removal of Cu(ll) ions from AP inhibits its aggregation
process and decreases the production of H,0,[47].

1.3 Therapies

In 2021, there were 126 agents in clinical trials for AD, with most of the agents targeted for amyloid
reduction. There was a modest increase of agents in the clinical trials compared to 2020, likely due
to the increasing diversity of targets and therapeutic approaches [48].

The Food and Drug Agency (FDA) recently approved amyloid targeting monoclonal antibody
Aducanumab, being currently the only disease-modifying drug available for AD. However, the data
regarding its efficacy is contradictory as there is no clear relationship between the reduction of
amyloid plagues and cognitive improvement [49].
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Also, four symptomatic drugs for AD are available, which include three cholinesterase inhibitors
(donepezil, galantamine, and rivastigmine) and one N-methyl D-aspartate (NMDA) receptor
antagonist (memantine) [50].

Metal chelation therapy has been proposed as a possible treatment for AD. However, as metal ions
are crucial for the brain's normal functioning, finding a selective and specific chelating agent is a
challenge. Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline, CQ) has been investigated as a metal
chelator to redistribute metal ions from metal-Ap complexes to avoid cellular metal deficiency. It
was shown to remove Cu(ll) and Zn(ll) ions from precipitated AB peptides in post-mortem AD brain
[51] and inhibited the formation of amyloid aggregates in transgenic APP2576 mice [52]. However,
the trials with CQ were terminated as it was found to be neurotoxic [53]. A derivative of CQ, 5,7-
dichloro-2-((dimethylamino)methyl)quinolin-8-ol (PBT-2), was also investigated as a possible
candidate as it showed greater efficacy in reducing AB deposition in transgenic mice [54]. However,
it did not exhibit significant effects in clinical trials [53].

1.3.1 o-lipoic acid as a therapeutic agent in AD

a-lipoic acid (LA), also known as thioctic acid, is a naturally occurring cofactor of different
multienzyme complexes in prokaryotic and eukaryotic cells [55], such as pyruvate dehydrogenase,
a-ketoglutarate dehydrogenase, branch-chained o-ketoacid dehydrogenase and 2-oxoadipate
dehydrogenase [56]. LA is produced in small amounts in the mitochondrion from octanoic acid but
is mainly consumed through exogenous sources as it is found in various vegetables and meat [57].

LA has two enantiomeric forms: R- and S-LA. Whereas LA is found in nature as an R enantiomer,
supplements available in pharmacies are composed of a racemic mixture of R and S enantiomers
[58].

o)
(\V\A)LOH
S—S Lipoic acid (LA)
(OX)W l(Red)
0
T OH

SH SH
Dihydrolipoic acid
(DHLA)

Figure 1. Chemical structure of a-lipoic acid and its reduced form dihydrolipoic acid [55].

In the cell, LA is reduced to dihydrolipoic acid (DHLA) (Figure 1) [59], which has more substantial
antioxidant properties compared to LA. However, both are efficient scavengers of ROS, such as
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hydroxyl radicals [60] and can cross the BBB [61]. DHLA has been shown to increase the synthesis
of acetylcholine esterase and glutathione [62] and chelate redox-active transition metals [63].

LA has been suggested in the treatment of diabetic peripheral neuropathy and has been proposed
in the treatment of AD and other dementias for its neuroprotective and metal-binding properties
[64].

A recently published article demonstrated that LA improved memory impairment in rat models of
AD-type dementia [65]. The supplementation of LA has also been evaluated on aged Tg2576 mice
overexpressing APP, where LA was shown to improve learning and memory, however, no effect on
amyloid plaque deposition was observed [66].

It has been shown earlier by our group that DHLA binds Cu(l)-ions intracellularly with an affinity of
K4=8.05 x 10'Y” M [67] and improves the locomotor activity of Drosophila AD models [68]. We
have also shown that LA affects copper metabolism by translocating it from the extracellular
environment into the intracellular, however, the exact mechanism of LA action has not yet been
investigated.
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2 Aims of the study

The current study was directed towards elucidating the mechanism of a.-lipoic acid action on copper
metabolism. In particular:

1) tostudy the kinetics of LA-promoted copper transport in differentiated SH-SY5Y cell culture
by using ICP-MS;

2) to study the kinetics of LA cellular accumulation in differentiated SH-SY5Y cell culture by
using UHPLC;

3) to investigate the effect of LA on copper-induced neurodegeneration in APP/Bacel AD
Drosophila models.
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3 Materials and methods

3.1 Theoretical description

3.1.1 SH-SY5Y cell line

The SH-SYS5Y cell line is a third subclone of the SK-N-SH line originating from human neuroblastoma.
SH-SY5Y cultures are heterogenous, comprising neuroblast- and epithelial-like cells [69].
Undifferentiated SH-SY5Y cells form clumps where cells grow on top of one another as they
continuously proliferate [70].

The SH-SY5Y cell line is widely used for its ability to differentiate into homogenous neuron-like
phenotype. Differentiation of SH-SY5Y cells reduces proliferation and induces the expression of
many typical neuronal markers. Several agents are used for differentiation, however, retinoic acid
(RA) and brain-derived neurotrophic factor (BDNF) in a serum-free medium are mainly used.
Treatment with RA induces the formation of neurites and makes the cells receptive to BDNF [71,
72].

3.1.2 Drosophila melanogaster as a model organism

Fruit flies are one of the most widely used model organisms to research human disorders, including
neurodegenerative diseases. They are also one of the first organisms with a fully sequenced
genome with approximately 14 000 protein-coding genes [73]. Fruit flies have four chromosomes
(X/Y, 11, 11, and IV), with most of the genes located on chromosomes X, II, and Il [74].

One of the essential advantages of using fruit flies is that approximately 75% of the genes involved
in human diseases have orthologs in Drosophila [74]. Another important advantage of fruit fly
model organisms is that they have balancer chromosomes, which allow the maintenance of
mutations or transgenes [75].

Fruit flies have a short generation time (~10 days) and lifespan (~60-80 days), which make them
even more ideal in the studies of age-related diseases [76].

The life cycle of Drosophila is 9-11 days at 25 °C. It takes approximately 24 h for an egg to undergo
embryogenesis and hatch as a first instar larva. After another 24 h, the first instar larva molts larger
into a second instar larva. Then, the larva undergoes a molt into a third instar larva, which digs into
the food. After approximately 2 days, the larva crawls out of the food, climbs upwards onto the
vial's walls, and develops into a pupa. During the next 4-6 days, the pupa transforms into an adult
fly when it undergoes the eclosion from the pupal case (Figure 2) [77].
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Figure 2. Fruit flies have four stages in their development: egg, larva, pupa, and adult. The life cycle
of Drosophila melanogaster is approximately 10 days at 25 °C [78].

Female adults should be collected right after eclosion as they can mate about 12 h after emerging
from the pupal case. A single female fly can lay hundreds of eggs after mating [77].

UAS-Gal4 expression system

The UAS-Gal4 expression system was first introduced by Brand and Perrimon in 1993 and is widely
used for expressing transgenes in fruit flies [79]. The system comprises two components used in
separate fly lines. The driver line contains yeast transcription factor Gal4, which is used to control
the expression of a target gene. Gal4 is inserted downstream of a promoter element, which drives
the expression of a gene in a tissue- or cell-specific manner. The responder line contains Gal4-
binding upstream-activating sequence (UAS) placed upstream of a target gene. When driver and
responder lines are crossed, Gal4 binds to the UAS element, and the transgene expression is
activated in their progenies (Figure 3) [80].

In the current study, UAS-APP695-N-myc, UAS-BACE1/TM6B (Vitruvian; Bloomington Drosophila
Stock Center (BDSC) #33797) overexpressing human APP and BACE1, and ninaE®"R-Gal4 (BDSC,
#1104) were used for Drosophila experiments.
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Figure 3. The UAS-Gal4 expression system is widely used in Drosophila for targeted gene
expression. For this system, a yeast transcriptional factor Gal4 is paired with a tissue-specific
enhancer in one fly line, and the transgene is paired with the UAS element in the other fly line.
When crossing these two fly lines, Gal4 binds to the UAS element and activates the gene expression
[81].

3.1.3 Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical method for measuring the
concentrations of metals in liquid samples. ICP-MS consists of six compartments: sample
introduction, inductively coupled plasma, interface, ion optics, mass analyzer, and detector.

Sample preparation for this method is rather simple as biological samples are processed mainly
using hydrochloric acid or nitric acid and diluted with deionized water. ICP-MS is used to analyze
liquids; therefore, thermal digestion using strong acids or alkali might be required for some sample
types, e.g., tissues.

When liquid samples are introduced to the instrument, they are first aerosolized by a nebulizer,
which turns the liquid into aerosols. After nebulizing, the sample enters the spray chamber, which
filters out aerosol droplets before entering the plasma, as the plasma is inefficient at dissociating
large aerosol droplets. ICP uses an argon or helium plasma, which completely atomizes most
molecules in the sample, reaching temperatures of 9000 °C.

The aerosol droplets exiting the spray chamber are reaching into the plasma along with the stream
of argon gas. After reaching the plasma, the sample is desolvated, vaporized, atomized, and ionized.
The ions formed in the plasma are transported through the interface and ion optics into a
guadrupole mass analyser, where ions are separated based on their mass-charge ratio, and the
detector measures the ions obtained from the samples.
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The most significant advantages of this technique are low detection limits and the ability to detect
multiple elements simultaneously in a single analysis [82, 83].

3.1.4 Ultra-High-Performance Liquid Chromatography

Ultra-high-performance liquid chromatography (UHPLC) is one of the most powerful and widely
used chromatographic separation techniques to analyze and separate components from complex
mixtures. UHPLC operates at a higher pressure and offers increased resolution and reduced analysis
times compared to a regular HPLC. Also, the columns of UHPLC consist of smaller particles
compared to HPLC [84].

Various column types are used in the HPLC with different adsorbent particle sizes and pore
diameters, phase types, and column lengths. The adsorbents are mostly porous particles, which in
reversed-phase HPLC are hydrophobic. The size of these particles affects the narrowness of the
obtained peaks. Particles with smaller diameters typically produce sharp peaks with better
resolution [85]. The most commonly used columns in reversed-phase HPLC are the alkyl-bonded
Cis columns [86], which are usually applied for the separation of smaller molecules (<5000 Da) [85].

As a mobile phase solvent, acetonitrile (ACN) is most commonly used with water as it is volatile and
has a low viscosity. Acetonitrile (ACN) is usually supplemented with trifluoroacetic acid (TFA) as an
acidic modifier for ion-pairing, which enhances the separation [84].

3.2 Experimental procedures

3.2.1 Neuroblastoma SH-SY5Y cell cultivation and differentiation protocol

Human neuroblastoma SH-SY5Y cells were grown in Dulbecco's Modified Eagle Medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin and
streptomycin (PEST) (Gibco) at 37 °C in a humidified incubator containing 5% carbon dioxide.

SH-SY5Y cells were differentiated using the following differentiation protocol: cells were plated on
6-well plates and were pre-differentiated on the next day with 10 uM RA in full media for 4 days.
On the sixth day, 50 ng/ml of BDNF (Alomone Labs) in serum-free media was added for cell
differentiation.

For ICP-MS and UHPLC experiments, cells were plated on 6-well plates 2 ml per well. Cells were
plated with at least 2 x 10° cells/ml density. The Countess Automated Cell Counter instrument
(Invitrogen) was used along with trypan blue stain for cell counting. 10 pl of cell suspension was
mixed with 10 pl of trypan blue stain and pipetted into a chamber slide, which was inserted into
the cell counter instrument.
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For ICP-MS analysis, differentiated SH-SY5Y cells were supplemented with 5 uM CuCl, and 20 uM
LA and incubated for 1, 2, 5, and 24 h.

For UHPLC analysis, differentiated SH-SY5Y cells were supplemented with 20 uM or 100 uM LA and
incubated for 2, 5, and 24 h.

3.2.2 ICP-MS method

Sample preparation

Cells were washed with the media from the 6-well plates into nitric acid-washed 2 ml Eppendorf
tubes and centrifuged for 1 min at 10 000 rpm to separate the media from the cells. 100 pl of
supernatant was then pipetted into separate nitric acid-washed Eppendorf tubes as media samples
for the ICP-MS analysis. The remaining media was then removed with vacuum aspiration. Cells were
washed twice in 500 pl of phosphate-buffered saline (PBS), mixed using a vortex mixer, and
centrifuged for 3 min at 10 000 rpm (this step was performed twice). After the second wash, cell
counting was performed using 10 pl of cell suspension, as described in 3.2.1. PBS was removed with
vacuum aspiration, and samples were stored at -20 °C until the ICP-MS analysis.

One day before the ICP-MS analysis, 100 pl of 68% HNOs was added to the cell and media samples.
Samples with nitric acid were then incubated at room temperature for 24 h, after which they were
centrifuged and diluted to 3,4% HNO; with ultrapure water.

Instrumentation

ICP-MS analyses were performed using Agilent Technologies (Santa Clara, USA) Agilent 7800 series
ICP-MS instrument (Agilent, USA) in peak-hopping mode, 6 points per peak, 100 scans per replicate,
and 5 replicates per sample. Agilent SPS-4 autosampler (Agilent Technologies, USA) was used for
sample introduction. ICP-MS MassHunter 4.4 software Version C.01.04 from Agilent was used for
instrument control and data acquisition. ICP-MS was operated under general matrix working mode
under the following conditions: RF power 1550 W, nebulizer gas flow 1.05 I/min, plasma gas flow
15 I/min, nebulizer type: MicroMist. Elements monitored: Sc-45, Ge-72 (internal standard), Mn-55,
Fe-56, Cu-63 and Zn-66.

Ultrapure water with a resistivity of 18.2 MQ/cm, produced by a Merck Direct-Q & Direct—Q UV
water purification system (Merck KGaA, Darmstadt, Germany), was used for all sample
preparations. The ICP-MS apparatus was calibrated using 2% HNOs; multielement calibration
standard 2A (Agilent Technologies, USA) containing Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga,
K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn at levels 0.5, 1, 5, 10 and 50 ppb with Sc-45 and Ge-
72 (ICP-MS internal standard mix 1 ug/mL in 2% HNO3, Agilent Technologies) as the internal
standard for Mn-55, Fe-56, Cu-63, and Zn-66 isotopes.
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3.2.3 UHPLC method

Sample preparation

Cells were washed with the media from the 6-well plates into 2 ml Eppendorf tubes and centrifuged
for 1 min at 10 000 rpm to separate the media from the cells. 60 pl of supernatant was then
pipetted into separate Eppendorf tubes as media samples for the UHPLC analysis. The remaining
media was removed with vacuum aspiration. Cells were washed twice with 500 pl of PBS, mixed
using a vortex mixer, and centrifuged for 3 min at 10 000 rpm.

The protocol for sample preparation is an adapted version from the article [87]. In short, 60 pl of
0,1 M sodium tetraborate containing 2 mM EDTA (pH=9.4) (STB) (Acros Organics) was added to
Eppendorf tubes with cells, mixed using a vortex mixer, and the cell suspension was then
transferred into 0.1 mL PCR tubes. Cell and media samples were stored at -20°C until the UHPLC
analysis.

Before the analysis, cells were sonicated with BioRuptor Pico (Diagenode) (30 s on/off, 15 cycles).
Cell and media samples were acidified with 3 ul of TFA (Riedel-de Haén) and incubated for 5 min,
after which 60 pl of acetone ethyl acetate 1:1 mixture (Acetone EtOAc) was added. Samples were
centrifuged for 5 min at 15 000 rpm, and the upper layers of the supernatant were collected and
transferred to separate Eppendorf tubes. This step was repeated 3 times, after which the samples
were placed in a vacuum desiccator for 1,5 h to 2 h. When the samples were dry, 60 pl of STB was
added and labeled with 10 pl 160 mM of tris(2-carboxyethyl)phosphine (TCEP) (Acros Organics),
which reduces disulfide bonds in proteins, and 10 pl of 40 mM 4-(aminosulfonyl)-7-fluoro-2,1,3-
benzoxadiazole (ABD-F) (Tokyo Chemical Industry), which is used for the labeling of thiol groups.
The samples were incubated for 10 min at room temperature and centrifuged for 10 min at 15 000
rpm. 60 pl of the eluate was injected into HPLC cone vials (Macherey-Nagel) and inserted into the
instrument.

Instrumentation

A Shimadzu UHPLC system consisting of two LC-30AD pumps, a CBM-20A system controller, an
autosampler (SIL-30AC), and a degasser (DGU-20Asg) was used. The analytical column for reversed-
phase chromatography was Kinetex 2.6u C18 100A (150 mm x 4,6 mm i.d.; Phenomenex). The
column was maintained at 40 °C by a CTO-20AC column oven (Shimadzu). The effluent was
monitored by SPD-20A UV/vis and RF-20Ays fluorescence detectors. The fluorescence detector was
set at 380 nm (excitation) and 510 nm (emission). A linear gradient elution from H,0-CHsCN (95:5)
containing 0,1% TFA to H,O-CHsCN (5:95) containing 0,1% TFA over 30 min was adapted. The flow
rate of the mobile phase was 0.5 ml/min. The peak areas obtained from both detectors were
calculated using LabSolutions software version 5.42 (Shimadzu).
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3.2.4 Drosophila melanogaster cultivation, crossing and used strains

Fruit flies were cultured in plastic vials covered with foam plugs and filled to approximately % with
semolina-based food. Food consisted of 6,5 g agar, 38 g semolina, 70,5 g malt flour, 17,5 g dry yeast,
5,9 ml nipagin (Tegosept 30%; 30g/100ml 94% EtOH; Dutcher Scientific), and 6,8 ml propionic acid
(Sigma) per 1000 ml water. Water, agar, semolina, and malt flour were mixed and boiled for 10 min,
after which the yeast was added. The food was then cooled down to 70 °C, and nipagin and
propionic acid were added to avoid mold and bacterial growth.

CuCl, was dissolved in 0,5% HCl at 1 M concentration and added to the food with a final
concentration of 500 uM (Cu-food). Control food contained the same amount of 0,5% HCl used to
produce the food supplemented with CuCl; (food). LA was dissolved in EtOH at 200 mM
concentration and added to food with a final concentration of 2 mM in the presence of 500 uM
CuCl, (Cu/LA food). Food supplemented with EtOH has already been used in experiments by our
group, and it did not have any effect on the locomotor activity or longevity of fruit flies.

Flies were maintained in incubators with 12 h light and dark cycle with 60% humidity. Flies were
kept at 18 °C for stocks, 25 °C, and 29 °C for experiments.

As a responder line to generate transgenic models for AD, UAS-APP695-N-myc, UAS-BACE1/TM6B
(Vitruvian; Bloomington Drosophila Stock Center (BDSC) #33797) overexpressing human APP and
BACE1 was used. As a driver line, eye-specific ninaE®MR-Gal4 (BDSC, #1104) was used to activate the
transgene.

For crossings, 10-15 virgin females of the responder line were crossed with 5-7 males of the driver
line. Vials were kept at a 29 °C incubator for a higher Gal4 effect. After 4-5 days, parents were
removed from vials, and after 9-11 days, transgenic flies were collected for the experiment.

For the eye phenotype experiment, flies were kept on Cu-food and food from the egg stage. Within
24 h after eclosion, half of the adult flies kept on Cu-food were transferred to Cu/LA-food. Scanning
electron microscopy (SEM) was used for imaging fly eyes on days 5, 10, and 20 after hatching.

3.2.5 Statistical analysis

Statistical analyses for data obtained from ICP-MS were performed using GraphPad Prism version
9.3.1. One-way ANOVA was followed by the post hoc Dunnett’s multiple comparisons test. The
figures display the mean + SEM. Statistical significance of p< 0,05 is represented as *, p< 0,01 as **,
p< 0,001 as ***, and p< 0,0001 as ****,

20



4 Results

4.1 The kinetics of LA-induced copper transport studied by ICP-MS

To investigate the kinetics of LA-induced copper transport, timepoint experiments using ICP-MS
were performed. Differentiated SH-SY5Y cells were collected 1 h, 2 h, 5 h, and 24 h after treatment
with 5 uM CuCl; and 20 uM LA. The results of these experiments are presented in Figure 4. No
significant changes in copper levels were detected until the 5 h timepoint (Figure 4C), in which a
modest increase occurred. Copper levels increased significantly in the presence of LA after 24 h
incubation (Figure 4D).
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Figure 4. ICP-MS analysis of Cu?*ions distribution between media and cells at timepoints 1h, 2h,
5h and 24h. The figure depicts Cu-63 content in untreated cells vs. cells treated with 5 uM CuCl,
and 20 uM LA at (A) 1 h, (B) 2 h, (C) 5 h, and (D) 24 h timepoints. The figure displays the mean *
SEM; n = 9-17. One-way ANOVA followed by Dunnett’s multiple comparisons test at the 0,05 level

was used for statistical analysis.
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4.2 Cellular LA accumulation studied by UHPLC

To investigate the kinetics of cellular LA accumulation, timepoint experiments using UHPLC were
performed. Differentiated SH-SY5Y cells and media samples were collected 2 h, 5 h, and 24 h after
treatment with 20 UM or 100 uM LA. The results of these experiments are presented in Figures 5,
6, and 7.

Media samples supplemented with 20 uM and 100 pM LA showed a gradual decrease in LA
concentration in 2 to 5 h after treatment. However, the concentration increased again at 24 h after
treatment (Figure 5B, Figure 5C).
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Figure 5. UHPLC analysis of LA-treated cell media samples. Media samples were collected 2 h
(black), 5 h (red), and 24 h (blue) after supplementation with 20 uM or 100 uM LA. (A) Full-sized
chromatogram showing all obtained peaks from the LA-treated medium. The retention time for LA
was between 29 and 30 min. Maghnification of the LA peak in medium treated with 20 uM LA (B)
and 100 uM LA (C).
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Cellular LA accumulation was only detected in cells collected 5 h after supplementation and showed
a higher concentration when supplemented with 100 uM LA than 20 uM LA (Figure 6B, E). In some
experiments, LA was also detected in cells 24 h after supplementation.
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Figure 6. UHPLC analysis of LA-treated cell samples. Cell samples were collected 2 h (A, D), 5 h (B,
E), and 24 h (C, F) after supplementation with 20 uM (A-C) and 100 uM LA (D-F).
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Calibration was performed during every experiment and one calibration curve is presented in Figure

8. The corresponding peaks of the calibration curve are presented in Figure 7.
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Figure 7. LA peaks of calibration solutions. Calibration was performed using LA concentrations of
5 uM (black), 10 uM (red), 20 uM (blue), 50 uM (pink), 75 uM (green), and 100 uM (grey).

Area

650000
600000%
ssooooé
500000%
450000%
4000005
350000
300000%
250000
200000%
150000
100000%

500004

C'U....... L I R

o0 20 3 40 50 80

R S A

'Conc.

Figure 8. Calibration curve of LA. The retention time for LA was 26,451; R2=0,995;
y=5772,9*x+23358,8. The calibration curve was constructed using LabSolutions software version

5.42 (Shimadzu).
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4.3 LA effect on copper-induced neurodegeneration in APP/Bacel AD

Drosophila model

To investigate the effect of LA on copper-induced neurodegeneration, SEM examinations were
performed on fruit flies with eye-specific human APP and Bacel overexpression. Fruit flies were
kept on food and Cu-food from the egg-laying stage, and half of the flies kept on Cu-food were
transferred to Cu/LA-food within 24 h from hatching. SEM examinations were performed on days
5, 10, and 20 after hatching. The results of these experiments are presented in Figure 9. APP/Bacel
flies developed irregular compound eyes with a smooth phenotype (Figure 9D-L) compared to the
normal bristled ommatidia compound eyes of control flies (Figure 9A-C). APP/Bacel flies kept on
Cu-food developed dark deposits mainly in the corners of the eye, which were exacerbated in time
(Figure 9E, H, K). The addition of LA into the food prevented the exacerbation of dark deposits
(Figure 9F, 1, L).
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Figure 9. The effect of LA on copper-induced neurodegeneration in eye-specific APP/Bacel
overexpression in Drosophila melanogaster AD models. The figure represents SEM images of eye
morphology of ninaE®™R-Gal4/+;TM6B flies as control (A-C), and APP/Bacel AD flies (D-L) on days 5
(D-F), 10 (G-1), and 20 (J-L). Flies were kept on food, Cu-food, and Cu/LA-food. Dark deposits are
marked on the figure with asterisks (E, H, K).
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5 Discussion

Copper metabolism is altered in the case of AD. Copper concentrations are high in amyloid plaques,
as Cu(ll) ions bind to AP peptides and induce their aggregation process. At the same time, cells are
in copper deficiency, particularly in brain regions most affected by the disease, e.g., the
hippocampus and amygdala. Thus, there is a need for a copper-regulating ligand, which could
induce the relocation of copper ions from the extracellular into the intracellular environment and
restore normal cellular functioning. Recently, we proposed using LA, a natural ligand with a
relatively strong affinity for Cu(l) ions. Other metal chelators tested, such as CQ and PBT-2, are
synthetic Cu(ll)-binding compounds that did not exhibit significant effects in clinical trials [88].
Synthetic chelators may also excrete copper ions from the body, harming AD patients as the brain
tissue is already in copper deficiency.

Our group has shown that LA can redistribute copper ions from the extracellular into the
intracellular environment. However, the mechanism of LA action on copper metabolism has not yet
been investigated. Intracellularly, DHLA may directly bind Cu(l) ions and affect copper balance by
promoting copper influx into the cell. Importantly, DHLA has a relatively strong affinity for Cu(l)
ions, however, it does not demetallate essential copper-binding proteins. It is known that LA
increases glutathione synthesis and acts as an antioxidant [89], which may also positively affect
copper metabolism. Alternatively, LA may indirectly affect the regulation of copper metabolism by
enhancing or suppressing the synthesis of some proteins.

Importantly, LA has been evaluated in an open and non-randomized study for AD patients with mild
to moderate cognitive impairment [90]. The results showed, that LA was able to slow the
progression of cognitive impairment, however, as the mechanism of action is not elucidated, the
trials have not been taken further on. This may be due to the fact, that the positive effects were
attributed to LA as an antioxidant. It is utterly important to understand how the therapeutic agent
works. In this study, it was shown that LA may have an effect as a copper redistributing agent. By
restoring normal copper metabolism, cellular energy production improves, and copper availability
enhances the synthesis of SOD1, which ameliorates oxidative stress that also occurs in the AD brain.

Hereby, one of the aims of this work was to study the kinetics of LA action on copper redistribution.
This was realized by measuring copper content in copper and LA supplemented differentiated SH-
SY5Y cells at different timepoints by using ICP-MS. A slight increase in copper levels was detected
5 h after treatment with 20 pM LA in the presence of 5 uM CuCl, and a significant increase was
detected 24 h after treatment. Hence, LA has a relatively slow action on copper redistribution.

In parallel with copper measurements, we also investigated the kinetics of cellular LA accumulation
in supplemented SH-SY5Y cells by using UHPLC according to the protocol presented in 3.4. LA
accumulation was detected in cells collected 5 h and 24 h after supplementation, but we did not
see those peaks in every experiment performed. It could be caused by a lower cell count or some
parameter of UHPLC. Nevertheless, these results show that LA accumulation is faster than copper
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redistribution. Such a result suggests that LA may indirectly affect the regulation of copper
metabolism by enhancing or suppressing the synthesis of some proteins. Further proteomics
studies are needed to elucidate the changes in the proteome of cells after LA treatment. An initial
decrease and later increase in LA concentration in the medium was detected, which is difficult to
explain and requires additional experimentation. The method used in this study [87] needs further
improvement as the results obtained were, in many cases, contradictory.

We have previously shown that LA positively affects the locomotor activity of transgenic AD model
flies. To study the effect of LA on copper-induced neurodegeneration, transgenic AD model flies
with eye-specific human APP and Bacel overexpression were used. SEM images showed that the
addition of Cu(ll) ions into food caused the formation of dark deposits in the case of AD flies, which
were exacerbated in time. The supplementation with 20 uM LA in the presence of Cu(ll) ions
inhibited the exacerbation of dark deposits, which demonstrates a protective role of LA on copper-
induced neurodegeneration. Initial results of this experiment were also published in our recent
paper [68].

Taken together, the results of this study have shown that LA likely affects copper metabolism by
regulating protein synthesis, which should be further confirmed by proteomics studies. LA also has
an in vivo protective effect on copper-induced neurodegeneration in AD model flies with eye-
specific human APP and Bacel overexpression.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder that results in cognitive decline. The
pathological hallmarks of AD are extracellular amyloid plaques and intracellular neurofibrillary
tangles. Many hypotheses have been proposed for AD, yet the exact cause of the disease remains
unknown. The most researched theory is the amyloid cascade, which postulates that the amyloid-
B (AB) peptide, which is the principal constituent of amyloid plaques, is the causative factor of AD.
According to the amyloid cascade, A peptides accumulate and form plaques, followed by the
formation of intracellular neurofibrillary tangles, consisting of hyperphosphorylated tau protein,
leading to neuronal death.

In the AD brain, copper ions bind to AB peptides and induce their aggregation. Therefore, copper
concentrations are high in amyloid plaques, leaving the cells deficient and resulting in copper
dyshomeostasis. There is a need to restore the normal copper metabolism by finding a copper-
regulating ligand that could relocate copper ions into copper-deficient cells. Previously, synthetic
chelators have been tested in clinical trials, however, some have been found toxic or without any
clinical benefit. We propose a natural ligand, a-lipoic acid (LA), which has a relatively strong affinity
for Cu(l) ions and has been shown to redistribute copper ions from the extracellular into the
intracellular environment. We have also demonstrated that LA improves the locomotor activity of
transgenic AD Drosophila models, however, the mechanism of LA action on copper metabolism has
not been investigated.

This study investigated the kinetics of LA-promoted copper transport in differentiated SH-SY5Y cell
culture using ICP-MS. A slight increase of copper content was detected in LA-supplemented cells in
the presence of Cu(ll) ions 5 h after supplementation, and a significant increase occurred 24 h after
supplementation. The results showed that the action of LA on copper redistribution is rather slow.

To further understand if LA directly participates in copper redistribution, cellular accumulation of
LA was studied in differentiated SH-SY5Y cells using UHPLC. Results show that LA could be detected
in cells 5 h and 24 h after supplementation. LA concentration in the medium first decreased and
then increased, which remains questionable and needs further investigation.

The effect of LA was also investigated on copper-induced neurodegeneration when human APP and
Bacel were overexpressed eye-specifically in AD fruit fly model. Dark deposits were observed on
compound eyes when flies were incubated on Cu(ll)-supplemented food, which exacerbated in
time. The supplementation with LA in the presence of Cu(ll) ions inhibited the exacerbation of dark
deposits, which indicates that LA has a protective role in copper-induced neurodegeneration.

These results show that LA likely affects copper metabolism by regulating protein synthesis. Further
investigation into proteomics of LA-treated cells should be performed. LA also has an in vivo effect
on copper-induced neurodegeneration in AD fruit fly model.
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Annotatsioon

Alzheimeri t6bi (AT) on progressiivne neurodegeneratiivne haigus ja peamine dementsuse
pohjustaja. Haigust kirjeldati esmakordselt 1906. aastal Alois Alzheimeri poolt, kelle jargi sai haigus
ka nime. AT peamisteks tunnusteks on ekstratsellulaarsete amiloidsete naastude ja
intratsellulaarsete neurofibrillaarsete kimpude esinemine ajus. Amiloidsed naastud koosnevad
agregeerunud amdiiloid-B (AB) peptiididest ning neurofibrillaarsete kdmpude koostiseks on
hiperfosforileeritud tau valk. Hetkel on maailmas ligi 55 miljonit dementsusest mdjutatud inimest
ning Maailma Terviseorganisatsiooni andmetel on dementsus seitsmes juhtiv surmapdhjus.

Ule 90% AT juhtudest on sporaadilised, kuid esineb ka AT périlikku vormi, mille puhul on
mutatsioonid geenides, mis kodeerivad amiiloidi eellasvalku (APP), presenilliin-1 (PSEN1) voi
presenilliin-2 (PSEN2) valke. AT sporaadilise vormi riski tostab APOE geeni neljanda alleeli
esinemine.

Kuigi AT on palju uuritud haigus, ei ole siiani tuvastatud haiguse tekkepdhjust. On valja pakutud
mitmeid hipoteese, millest tuntuim on amiloidse kaskaadi hipotees. Amiiloidse kaskaadi
hipotees viitab AP peptiidide agregeerumisele kui haiguse initseerijale, millele jdrgneb
neurofibrillaarsete kimpude teke ning neurodegeneratsioon. Muude hiipoteeside hulka kuuluvad
tau hiipotees, metallide hiipotees jne.

Ajul on kdrge energiavajadus, mistdttu on aju hapniku tarbimine oluliselt suurem vorreldes teiste
organitega. Sellel pShjusel on ajus ka rohkem biometalle, mis on kofaktoriks vdi struktuurseks
komponendiks erinevatele valkudele. AT puhul aga esinevad biometallide homeostaasi hdired, mis
on téendoliselt tingitud AP peptiidi agregaatide interaktsioonidest biometallide, aga peamiselt vase
ioonidega. On naidatud, et amiiloidsetes naastudes on vase ioonide kontsentratsioon korge, jattes
rakud defitsiiti.

Haiguse raviks on vilja pakutud palju ravimkandidaate, millest enim on suunatud amiloidile, kuid
mis ei ole naidanud kliinilist efektiivsust. 2021. aastal kiideti heaks Aducanumab, amiiloididele
suunatud monoklonaalne antikeha, mille kliiniliste katsete tulemused on vastuolulised ning puudub
selge suhe amiiloidsete naastude vahenemise ja kognitiivsete voimete paranemise vahel. Seetottu
on Ulioluline leida toimiv ravi, mis suudaks haigust dra hoida vdi selle kulgu peatada.

Tuginedes vase homoostaasi haire hiipoteesile, pakkusime valja naturaalse ligandi a-lipoehappe
(LA), mis vdiks normaliseerida vase metabolismi AT ajus. Meie grupp on varasemalt ndidanud, et
redutseeritud LA (DHLA) omab optimaalset afiinsust Cu(l) ioonidele ning paigutab vase ioone
ekstratsellulaarsest keskkonnast intratsellulaarsesse. Meie hiljuti avaldatud artiklis on ndidatud, et
LA avaldab positiivset mdju transgeensete AT dadikakdrbeste lokomotoorsele aktiivsusele.
Varasemalt on samuti LA-d selle neuroprotektiivsete omaduste t6ttu AT raviks valja pakutud, kuid
LA toimimise mehhanismi pole siiani uuritud.
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Antud t66s uuriti LA mdju vase transpordi kineetikale erinevatel ajapunktidel (1 h, 2 h, 5 hja 24 h)
parast Cu(ll) ioonide ja LA lisamist diferentseeritud SH-SY5Y rakkudele kasutades ICP-MS
tehnoloogiat. Vase tasemetes oli naha vahest tdusu 5 h moéddudes, kuid statistiliselt oluline tdus
esines 24 h méoddudes. Antud tulemusest ndhtub, et LA mdju vase transpordile on {isna aeglane.

Lisaks uuriti UHPLC tehnoloogia abil LA akumulatsiooni diferentseeritud SH-SY5Y rakkudes
ajapunktidel 2 h, 5 h, ja 24 h péarast LA lisamist. LA piike 6nnestus ndha rakkudes 5 h ja 24 h
moodumisel LA lisamisest, kuid mitte iga kord. Toendoliselt soltub see rakkude hulgast véi ménest
UHPLC parameetrist. Lisaks oli ndha s66tmes algselt LA kontsentratsiooni langust vorreldes 2 hja 5
h ajapunkte, ning seejarel kontsentratsiooni tdusu 24 h juures, mida on keeruline selgitada. Antud
t606s kasutatud meetod vajab kindlasti parendamist ja projekt edasist eksperimenteerimist. Sellest
olenemata nahtub, et LA akumulatsioon on rakkudes kiirem kui selle mdju vase transpordile, millest
vOib jareldada, et LA vbiks mdjutada vase metabolismi reguleerides valkude siinteesi.

Antud t60s uuriti ka LA mdju vask-indutseeritud neurodegeneratsioonile transgeensetes inimese
APP ja Bacel fotoretseptor-spetsiifiliselt ekspresseerivas AT &dadikakarbse mudelis kasutades
skanneerivat elektronmikroskoopiat. Addikakarbseid hoiti vasega rikastatud toidul (Cu-toit) ning
toidul alates embriio staadiumist. Taiskasvanuks saades jaotati Cu-toidul inkubeeritud
sadikakirbsed Cu-toidu ning vase ja LA-ga rikastatud toidu (Cu/LA-toit) vahel. Addikakirbeste silmi
pildistati 5., 10., ja 20. paeval peale nukust koorumist. APP/Bacel Cu-toidul inkubeeritud
dadikakarbestel tekkisid silmadele tumedad laigud, mis ajaga progresseerusid. LA lisamine toidule
aitas dra hoida nende laikude progresseerumise, mis naitab, et LA omab kaitsvat rolli vask-
indutseeritud neurodegeneratsioonile. Antud katse eeltulemused on avaldatud ka meie poolt
publitseeritud artiklis [68].

Antud t60 tulemustest voib jareldada, et LA m&ju vase imberjaotamisele rakuvilise ja —sisese
keskkonna vahel on lisna aeglane protsess, kuid LA akumulatsioon rakkudesse on kiirem. Kindlasti
tuleks teostada proteoomika anallilis, mis annaks kinnitust, kas LA vdiks toimida vase metabolismile
valkude siinteesi reguleerimise kaudu.
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