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Introduction 
Alzheimer’s disease (AD), the most common type of dementia, is the 7th leading cause of 
mortality in the USA and one of the costliest diseases for society. AD is a global public 
health concern and unfortunately, there is no treatment to cure it, making its research 
particularly important. In vitro experiments, especially those employing neuronal cell 
lines, play an essential role in advancing our understanding of neurodegenerative 
diseases, including AD. Human neuroblastoma SH-SY5Y cells are one of the most used 
cellular models of neurodegenerative diseases. Although widely used, they are 
commonly used in the undifferentiated state, which is not representative of mature 
neurons. The major advantages of using SH-SY5Y cells are their human origin and ability 
to differentiate into various types of neuron-like cells resembling the neurons in the 
human brain. Moving beyond cell culture studies, Drosophila melanogaster is a widely 
used, cost-effective, simple model organism for studying human diseases, including AD, 
at the organismal level. Accumulation of amyloid beta (Aβ) peptides and metal ion 
imbalance, especially copper, are characteristic features of AD. However, the role of Aβ 
and the exact mechanism of toxicity are largely unknown. Restoration of copper 
homeostasis has also not been successful so far. The current thesis included the 
development of cell culture models with different neuronal phenotypes suitable for 
studying the effects of Aβ peptides and potential drug candidates. Cell viability 
measurements with WST-1 and membrane permeability tests with propidium iodide 
demonstrated that cholinergic and noradrenergic cells were susceptible to Aβ toxicity, 
whereas dopaminergic cells were nearly resistant. In addition to the investigation of Aβ 
on neuron-like cells, one of the obtained differentiated cultures was successfully used to 
show that a natural compound, α-lipoic acid was able to redistribute copper from the 
extracellular to the intracellular environment. Moreover, it rescued AD model flies from 
developing an AD phenotype. The differentiated cell culture models obtained can be 
used to study more precise mechanisms of Aβ toxicity and to screen potential drug 
candidates at the cellular level. The results also point to α-lipoic acid as a compound that 
may help improve some of the underlying copper-related pathological mechanisms of 
this devastating disease. 
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AD Alzheimer’s disease 
AICD Amyloid precursor protein intracellular domain 
α-LA Alpha lipoic acid 
BACE1 β-site APP cleaving enzyme 1 
BBB Blood brain barrier 
BDNF Brain-derived neurotrophic factor 
ChAT Choline acetyltransferase 
CSF Cerebrospinal fluid 
CTR1 Copper transporter 1 
DA Dopamine 
dbcAMP Dibutyryl cyclic adenosine monophosphate 
DHLA Dihydrolipoic acid 
DMT1 Divalent metal transporter 1 
EOAD Early-onset AD 
FAD Familial AD 
GWAS Genome-wide association study 
LC Locus coeruleus 
LOAD Late-onset AD 
MD Menkes disease 
NFT Neurofibrillary tangle 
NA Noradrenaline 
PD Parkinson’s disease 
PSEN1 Presenilin 1 
PSEN2 Presenilin 2 
RA Retinoic acid 
ROS Reactive oxygen species 
SMVT Sodium-dependent multivitamin transporter 
SNP Single nucleotide polymorphism 
SOD1 Superoxide dismutase 1 
TH Tyrosine hydroxylase 
TPA 12-O-tetradecanoylphorbol-13-acetate
VAChT Vesicular acetylcholine transporter 
VTA Ventral tegmental area 
WD Wilson disease 
WHO World Health Organization 



10 

1 Review of the Literature 

1.1 Alzheimer’s Disease 
AD is a progressive, multifactorial neurodegenerative disease that slowly destroys 
memory, thinking, behaviour, and eventually the ability to carry out simple tasks (Selkoe, 
2001). According to the World Health Organization (WHO), over 55 million people 
worldwide live with dementia, and AD contributes to 60–70% of these cases (World 
Health Organization, 2023). Moreover, 22% of all persons aged 50 and above have some 
form of AD, ranging from preclinical to late stages (Gustavsson et al., 2023). 

AD is pathologically defined by extensive neuronal loss and the combined presence of 
extracellular metal-enriched amyloid plaques composed of Aβ peptides and intracellular 
neurofibrillary tangles (NFT) composed of hyperphosphorylated tau proteins (Alzheimer 
et al., 1995). Other abnormalities linked to AD include altered levels of neurotransmitters, 
metal ions, and overproduction of reactive oxygen species (ROS) (Yang et al., 2023; Babic 
Leko et al., 2023; Manoharan et al., 2016). 

AD can be divided into different types based on genetic predisposition and the age of 
onset. Based on the age of onset AD can be divided into early-onset (EOAD) and late-
onset (LOAD) forms. EOAD is estimated to account for only 5–10% of all disease cases 
(Ayodele et al., 2016). Some cases of EOAD are caused by gene mutations that can be 
passed from parent to child, also known as familial AD (FAD). FAD is caused by mutations 
in amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin 2 (PSEN2). 
Although very rare, these mutations have extremely significant implications. In total, 
∼330 pathogenic or likely pathogenic mutations have been reported in these three genes 
(Xiao et al., 2021). Several APP mutations have been identified within the Aβ sequence, 
e.g., Flemish (A692G), Dutch (E693Q), Arctic (E693G), and Iowa (D694N) (Grabowski  
et al., 2001; Cras et al., 1998). Most people have the late-onset sporadic form, in which 
symptoms become apparent after the age of 65. There is no specific gene that  
directly causes LOAD, however, the apolipoprotein E ε4 allele (ApoE4) is the strongest 
known genetic risk factor that increases the risk of developing AD up to 15-fold (Corder 
et al., 1993; Troutwine et al., 2022). In addition, many AD-related single-nucleotide 
polymorphisms (SNPs) have been discovered by genome-wide association studies 
(GWASs) (Escott-Price, Hardy 2022; Andrews et al., 2023). Although SNPs have a smaller 
impact, they may be helpful in early disease prediction.  

As AD exerts a huge economic burden on society and a psychological burden on 
patients and caregivers, there is an urgent need to find cost-effective strategies for both 
the prevention and treatment of this multifactorial disease. 

1.2 Amyloid Beta Peptides 
Amyloid plaques, one of the two lesions required for the neuropathological diagnosis of 
AD, are mainly composed of Aβ peptides but also contain high concentrations of metal 
ions (Rajendran et al., 2009). Aβ peptides are generated from APP by enzymes that cleave 
it into smaller fragments. APP is a single-pass transmembrane protein that is especially 
abundant in neurons. APP can be cleaved by amyloidogenic or non-amyloidogenic 
pathways (Figure 1, top), both are present also in healthy individuals (O’Brien &  
Wong, 2011). In the non-amyloidogenic pathway, APP is cleaved by α-secretase within 
the Aβ sequence, producing the neuroprotective sAPPα and preventing Aβ formation. 
Subsequent 𝛾𝛾-secretase cleavage generates the p3 peptide. In contrast, the amyloidogenic 



11 

pathway is the major source of Aβ peptides. In the amyloidogenic pathway, the first 
cleavage of APP is usually performed by an enzyme called β-site APP cleaving enzyme 1 
(BACE1, also known as β-secretase), which cuts the protein into two fragments: a large 
extracellular portion, sAPPβ, and a smaller piece C99 that remains in the cell membrane. 
The remaining fragment is subsequently cleaved by an enzyme called 𝛾𝛾-secretase, a 
multi-subunit complex consisting of four different proteins (PSEN1 or PSEN2, nicastrin, 
APH-1, PEN-2), that releases Aβ peptide from the membrane (Zhang et al., 2014). 
Depending on the cleavage sites, the length of the peptides can vary from 37 to 43 amino 
acids. Of these peptides, the two most abundant Aβ species found in amyloid plaques 
are composed of 40 and 42 amino acid residues – Aβ40 and Aβ42, respectively. Although 
less abundant, Aβ42 is more amyloidogenic and toxic due to two additional hydrophobic 
amino acids in the C-terminus (Mrdenovic et al. 2022) (Figure 1, bottom).  
 

 

 
Figure 1. Top: Schematic representation of APP processing pathways. APP undergoes proteolytic 
cleavage by α-, β-, and γ-secretases (abbreviated as  α, β, and γ), resulting in either the non-
amyloidogenic or amyloidogenic processing. Cleavage products include soluble APP fragments 
(sAPPα, sAPPβ), C-terminal fragments (C83, C99), Aβ or p3, and the APP intracellular domain 
(AICD). The figure was created with BioRender. Bottom: Amino acid sequence of Aβ showing the 
main α-, β-, and γ- secretase cleavage sites and amino acid residues participating in binding of Cu(II) 
ions (light pink). Two extra C-terminal amino acid residues making Aβ42 more prone to 
aggregation, are marked in red. The figure was created with BioRender. 
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In addition to the well-known α-, β-, and γ-secretases, some other secretases have 
been identified that also contribute to the processing of APP. These include η-secretase, 
which generates longer APP fragments with potential neurotoxic effects, δ-secretase, 
which enhances amyloidogenic processing by facilitating β-secretase cleavage, and 
meprin-β, a metalloprotease capable of cleaving APP at an alternative β-like site (Willem 
et al., 2015; Zhang et al., 2015; Bien et al., 2012). While their exact roles are still being 
elucidated, these additional secretases may also impact APP metabolism and AD 
progression. 

The exact role of Aβ is unclear, but in physiological conditions, it may be important for 
normal development, neuronal growth and survival, synaptic function, and, in low 
concentrations, may even exhibit neuroprotective properties against oxidative stress, 
toxins, and pathogens (Bishop & Robinson, 2004; Bernabeu-Zornoza et al., 2019). 
In pathological conditions, overproduction, misfolding, and impaired clearance of Aβ 
occur, the ratio of Aβ42/Aβ40 changes, and the levels of toxic Aβ42 increase (Mrdenovic 
et al. 2022). An increased Aβ42/Aβ40 ratio is associated with enhanced neurotoxicity in 
cultured mouse hippocampal neurons and affects behaviour and learning in mice in vivo 
(Kuperstein et al., 2010). In humans, Aβ42/Aβ40 ratio is widely used as a biomarker in 
cerebrospinal fluid (CSF) and plasma for the diagnosis of AD. A decreased ratio is usually 
observed in AD patients reflecting the deposition of Aβ42 in plaques and the relative 
abundance of Aβ40 in circulation (Pérez-Grijalba et al., 2019; Doecke et al., 2020). 

Aβ can exist in multiple assembly states – monomers, oligomers, protofibrils, fibrils. 
Soluble monomers can aggregate into oligomers, protofibrils and fibrils. Fibrils are large 
and insoluble and can assemble into plaques (Hardy & Selkoe, 2002). Monomeric Aβ 
binds metal ions, e.g. Cu(II), Zn(II), Fe(II), and Pb(IV), in the N-terminal region 
(Wärmländer et al., 2019). Amino acid residues involved in Cu(II) coordination are Asp1, 
His6, His13, and His14 (Faller & Hureau, 2009) (Figure 1, bottom). The most toxic form 
of Aβ is still a subject of debate. While monomers and fibrils are generally considered 
non-toxic, oligomers and protofibrils are widely regarded as the most neurotoxic species 
(Chen et al., 2023; Tolar et al., 2021). In addition, toxic effects have been attributed to 
Aβ-copper complexes (Smith et al., 2006). Aβ accumulation does not always correlate 
with neuronal loss and cognitive decline (Aizenstein et al., 2008), and later studies have 
shown that even the extent of brain damage has a weak correlation with cognitive 
symptoms, likely due to large individual differences in baseline cognitive reserve 
(Morbelli & Nobili, 2014). Moreover, Aβ deposition has even been suggested to play a 
protective role (Rischel et al., 2023). 

Aβ is one of the potential biomarkers to indicate early stages of the disease and can 
be detected using imaging technologies, blood plasma, or CSF test (Schindler et al., 2019; 
Hansson et al., 2018). Studies have shown that Aβ42 is lower in AD CSF compared to 
healthy controls, and the decline is evident even 25 years before the appearance of the 
symptoms (Motter et al., 1995; Bateman et al., 2012). On the other hand, high CSF Aβ42 
levels predict normal cognition in amyloid-positive individuals with APP, PSEN1, or PSEN2 
genetic mutations (Sturchio et al., 2022). 

Numerous studies have focused on understanding the toxicity of Aβ and its role in AD 
progression, but the precise mechanism by which Aβ neurotoxicity is mediated is unclear. 
However, it is known that Aβ interacts with plasma membrane and cellular organelle 
membranes and may change their properties (Sasahara et al., 2013). In addition, Aβ may 
form pores in the membrane that allow a dysregulated influx of Ca2+ ions into the cells 
that may ultimately lead to cell death (Di Scala et al., 2016; Dhaouadi et al., 2023). 
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Accumulation of Aβ in the mitochondria has also been observed to precede extracellular 
Aβ deposition. Intramitochondrial Aβ can interact with mitochondrial proteins and cause 
their dysfunction (Caspersen et al., 2005). By targeting mitochondria, Aβ42 has been 
shown to induce apoptotic cell death by activating the caspase signalling pathway (Han 
et al, 2017; Keil et al., 2004). 

The events preceding Aβ accumulation play an important role in AD pathogenesis, 
however, their exact contributions and the mechanisms underlying Aβ toxicity are unclear 
and need thorough investigations. 

1.3 Hypotheses of AD 
Since the description of AD in 1906, several hypotheses have been proposed to describe 
the cause of the disease, and these hypotheses have also been the basis for drug 
development. Some of the most popular hypotheses are shown in Figure 2 and important 
hypotheses in the context of this thesis are described in more detail in the following 
chapters.  

Figure 2. Some of the hypotheses of AD. The figure was created with Canva. 
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1.3.1 Amyloid Cascade Hypothesis 
Amyloid cascade hypothesis (ACH), described by Hardy and Higgins in 1992, posits that 
the deposition of Aβ is the central event in AD pathology, and that hyperphosphorylation 
of tau, the formation of NFT, cell damage and dementia follow as a direct result of this 
deposition (Hardy & Higgins, 1992). The hypothesis has been modified throughout the 
years. In 2002, Hardy and Selkoe proposed that soluble Aβ oligomers, but not monomers 
or insoluble fibrils, are the toxic entities responsible for synaptic dysfunction in AD (Hardy 
& Selkoe, 2002). 

Recently, another reformulation of ACH was proposed called amyloid cascade 
hypothesis 2.0 (ACH2.0) (Volloch & Rits-Volloch, 2023). Compared to the original ACH, 
ACH2.0 suggests that toxicity is driven by intracellular rather than extracellular Aβ. 
Although APP-derived Aβ is normally secreted from the cell membrane after proteolytic 
cleavage, there are two ways it can end up in the cell. First, the cellular uptake of secreted 
Aβ constitutes its conversion to intracellular Aβ. A prerequisite to the uptake of Aβ 
appears to be the formation of Aβ aggregates from “stickier” Aβ42, which are taken up 
twice as efficiently as other Aβ species. The cellular uptake of Aβ is mediated by multiple 
receptors and depends on ApoE isoforms, with ApoE4 being significantly more efficient 
than the other variants. Another source of APP-derived intracellular Aβ is its retention 
within neurons. Although the vast majority of APP-derived Aβ results from the 𝛾𝛾-cleavage 
of APP on the plasma membrane and is secreted, a small fraction undergoes 𝛾𝛾-cleavage 
on the internal membranes, and the derived Aβ is retained as intracellular Aβ (Volloch & 
Rits-Volloch, 2023). Intraneuronally-accumulated, APP-derived intracellular Aβ triggers a 
relatively benign cascade that activates the APP-independent intracellular Aβ-generating 
pathway, which, in turn, initiates the second devastating cascade that includes tau 
pathology and leads to neuronal loss (Volloch & Rits-Volloch, 2022). The important role 
of intracellular Aβ is also indicated by the fact that in AD patients, intraneuronal Aβ 
precedes both extracellular Aβ deposition and intracellular NFT formation (Gouras et al., 
2000).  

ACH has been considered the central and most influential hypothesis in AD research 
for the past three decades. Therefore, Aβ has been the most extensively investigated and 
commonly targeted molecule for the development of AD therapy. 

1.3.2 Neurotransmitter Hypotheses 
Beyond the well-established amyloid and tau hypotheses, alterations in neurotransmitter 
systems have been implicated in AD. Brain changes may start more than 20 years before 
the AD symptoms appear, and brain atrophy may start 13 years before the expected 
onset of symptoms (Gordon et al., 2018). The brain contains various types of neurons 
that are often defined by the identity of the neurotransmitters they release. Studies  
have shown that multiple neurotransmitter systems, e.g. cholinergic, dopaminergic, 
glutamatergic, serotonergic, noradrenergic, and GABAergic, are involved in the 
development and progression of AD (Chakraborty et al., 2019; Carello-Collar et al, 2023; 
Gannon et al., 2015; Conway, 2020; Pan et al., 2019; Ferreira-Vieria et al., 2016), further 
reflecting the heterogeneity of the disease. Alterations to the neurotransmitter systems 
and corresponding hypotheses relevant to the context of this thesis will be described in 
more detail. 
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1.3.2.1 The Cholinergic Hypothesis 
The cholinergic system plays an important role in memory and learning (Hasselmo, 
2006). Cholinergic neurons are mainly located in the striatum and basal forebrain, 
including the nucleus basalis of Meynert (Ahmed et al., 2019). 

The cholinergic hypothesis is the earliest theory explaining the pathogenesis of AD 
(Francis et al., 1999). The theory arose when decreased cholinergic activity in AD 
patients’ brains was discovered. Degeneration and reduction of cholinergic neurons and 
severe deficiency of acetylcholine (ACh), a neurotransmitter that plays a vital role in 
memory, attention, learning, and neuroplasticity, are characteristic of AD pathogenesis 
(Chen et al., 2022). Additionally, AD patients exhibit reduced activity of choline 
acetyltransferase (ChAT), an enzyme responsible for ACh synthesis in the hippocampus, 
temporal, and frontal cortex (Rinne et al., 1988). A large body of evidence collected over 
the decades suggests that cerebral loss of cholinergic innervation in AD patients’ cerebral 
cortex is correlated with cognitive impairment (Hampel et al., 2019). 

Three of the currently used symptom-relieving drugs, donepezil, galantamine, and 
rivastigmine, were developed based on this hypothesis. These are acetylcholinesterase 
inhibitors that slow down the hydrolysis of ACh, thus increasing the availability of ACh in 
synapses. Unfortunately, their effect appears to be temporary, and efficacy in improving 
cognition is low (Moreta et al., 2021). 

1.3.2.2 The Noradrenergic Hypothesis 
It was described already in the early 1980s that locus coeruleus (LC), the major 
noradrenergic nucleus of the brain, degenerates early in AD before the appearance of 
pathological features (Mann et al., 1980). LC is a small nucleus in the pons of the 
brainstem where most of the central nervous system (CNS) noradrenaline (NA) is 
produced, and it is crucial for regulating attention, arousal, and cognitive functions. It has 
also been demonstrated that the overall neuronal loss is the greatest in LC and exceeds 
the cholinergic neuronal loss in the nucleus basalis of Meynert (Zarow et al., 2003). This 
is noteworthy as neuronal loss in the nucleus basalis is generally considered a hallmark 
sign of AD. 

It has been hypothesized that early loss of noradrenergic neurons and reduction of NA 
in the brain lead to cognitive dysfunction and neurodegeneration. The involvement of 
NA in AD was first suggested when a marked loss of noradrenergic neurons in the LC of 
patients with AD was identified (Bondareff et al., 1982). Atrophy of LC has been detected 
in mild cognitive impairment as well as in the case of AD. In addition, volumetric 
reduction of LC was seen in cognitively normal people who later progressed to a 
diagnosis of AD dementia (Dutt et al., 2020). Moreover, postmortem analysis has shown 
that LC is among the first brain regions where Aβ is deposited and NFT start to 
accumulate (Thal et al., 2002; Braak et al., 2011).  

1.3.2.3 The Dopaminergic Hypothesis 
Another catecholamine neurotransmitter, dopamine (DA), is also linked to the pathology 
of dementia. Dopaminergic neurons are mainly located in the substantia nigra and 
ventral tegmental areas (VTA), but can be found in raphe nuclei, hypothalamus and 
olfactory bulb (Fu et al., 2016; Pignatelli & Belluzzi, 2017; Fontaine et al., 2015; Lin et al., 
2020).  

More than 50% of AD patients have concomitant parkinsonism with DA system 
disorders, e.g. rigidity, resting tremor, and reduced DA transporter availability (Sasaki, 
2018). Evidence from both an early-stage AD genetic mouse model (Tg2576) and AD 
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patients suggests that DA neurons in the VTA undergo degeneration (Nobili et al., 2017; 
De Marco & Venneri, 2018), which reduces hippocampal dopaminergic innervation 
(Spoleti et al., 2024). It has been hypothesized that diminished dopaminergic VTA activity 
may be pivotal for the earliest pathological features of AD (De Marco & Venneri, 2018). 
Behavioural and psychological symptoms of dementia are present since the earliest AD 
stages, and dopaminergic dysfunction likely plays a role in their manifestation (Serra 
et al., 2010). Dopaminergic system has a seizure-modulating effect (Bozzi & Borrelli, 
2013), and it has been demonstrated that seizures can occur early in AD, even before 
memory problems become apparent (Vossel et al., 2013). 

Additionally, reduced levels of DA and its receptors have been reported in the brains 
of AD patients and meta-analyses indicate that DA depletion is associated with faster 
cognitive decline (Storga et al., 1996; Karrer et al. 2017; Pan et al., 2019). Interestingly, a 
protective effect of DA and its derivatives on Aβ aggregation and toxicity has been 
demonstrated (Nam et al., 2018). 

1.3.3 Metal Ion Hypothesis 
The dyshomeostasis of metal ions has been implicated in a wide range of diseases, such 
as AD, Parkinson disease (PD), Wilson disease (WD), Menkes disease (MD), cardiovascular 
disease, and metabolic syndrome (Bush, 2003; Pyatha et al., 2022; Bandmann et al., 
2015; Kaler, 2011; Ding et al., 2022). In the CNS, copper, iron, and zinc ions are essential 
enzyme cofactors, and are required for mitochondrial and neuronal function. In healthy 
brains, levels of free metal ions are strictly regulated, and their concentrations are very 
low. The metal ion hypothesis proposes that disruptions in the homeostasis and 
distribution of metal ions, especially copper, iron and zinc, contribute to AD by promoting 
Aβ deposition, tau hyperphosphorylation, neuronal death and neuroinflammation (Bush 
& Tanzi, 2008; Chen et al., 2023).  

Recently, a new copper imbalance hypothesis has been proposed by Squitti et al. 
(Squitti et al., 2021). Although the dysregulation of Cu has been known to participate in 
AD for a long time, the authors theorize that the imbalance of copper due to a gradual 
shift from strongly protein-bound intracellular pools to extracellular pools of loosely 
bound toxic metal ions is among the contributing early drivers of AD. Supporting 
evidence includes findings of reduced total copper in AD brain tissue, elevated levels of 
non-ceruloplasmin-bound copper in serum and CSF, and correlations between increased 
labile copper and cognitive decline (James e al., 2012; Squitti et al., 2021). 

1.4 The Role of Metals in the Brain and AD 
Although various metals play essential roles in the human body, the dysregulated 
homeostasis of essential metals and exposure to non-essential metals may contribute to 
AD pathologies. Increased metal concentrations in the brain may lead to oxidative stress, 
neuroinflammation, Aβ aggregation, and tau hyperphosphorylation (Wallin et al., 2017; 
Ashok et al., 2015; Pathak & Sriram, 2023). Non-essential heavy metals such as lead, 
cadmium, mercury, and an essential heavy metal, manganese, affect cognitive function 
and may contribute to cognitive decline (Lee et al., 2022; Li et al., 2018; Xu et al., 2018; 
Menezes-Filho et al., 2011). 

Studies have shown that the homeostasis of essential metals, especially iron, zinc, and 
copper, is altered in AD, and high concentrations of these metal ions have been found in 
amyloid plaques of AD patients’ brains (Miller et al., 2006). Many regions of Aβ and 
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domains of APP bind metal ions, especially zinc and copper ions, with high affinity (Faller 
& Hureau, 2009; Bush et al., 1993; Hesse et al., 1994). In addition, calcium and 
magnesium ions have also been implicated in AD pathogenesis (Cascella & Cecchi, 2021; 
Du et al., 2022). 

Redox active metal ions, iron and copper, can catalyse the production of ROS, and 
especially of hydroxyl radical (HO·), via Fenton or Haber-Weiss reactions. The Fenton 
reaction describes the formation of the most toxic and reactive HO· by a reaction 
between Fe2+ and H2O2. In the Haber-Weiss reaction, iron catalyses the generation of HO· 
and OH− from the reaction of H2O2 and O2

.−. Although these reactions were initially 
discovered with the participation of iron, they also proceed with other metals, including 
copper, but may sometimes be named slightly differently, such as Fenton-like 
(Meyerstein, 2021). In general, the brain is more vulnerable to oxidative stress than other 
organs due to its high lipid content, low levels of antioxidants, and extremely high energy 
requirements (Lee et al., 2020). Even though the brain represents about 2% of total body 
weight, it accounts for about 20% of the body’s oxygen consumption (Koeppen, 1999). 

Iron is the most abundant trace element in the human body. In the brain, iron is 
involved in oxygen transport, mitochondrial respiration, DNA synthesis, myelin synthesis, 
and both the synthesis and metabolism of neurotransmitters (Ward et al., 2014).  
The concentration of iron in the brain is approximately 0.72 mM. Brain iron levels 
increase with aging and abnormal iron accumulation has been observed in different 
regions of the AD brain (Acosta-Cabronero et al., 2016). In amyloid plaques, the 
concentration of iron is approximately 0.94 mM (Lovell et al., 1998). Iron dyshomeostasis 
may cause oxidative stress in the brain, leading to cellular damage. Studies have found 
intracellular iron accumulation before the formation of amyloid plaques (Smith et al., 
1997). In 2012, a novel iron-dependent cell death termed ferroptosis was discovered by 
Dixon et al. (Dixon et al., 2012), and it has been hypothesized to have a role in AD 
progression (Bao et al., 2021).  

Zinc is the second most abundant trace element in the body. In the brain, zinc is a 
structural or functional component of many essential proteins and an important 
regulator of synaptic activity and neuronal plasticity (Li et al., 2022). The brain contains 
approximately 1.5% of the total body’s zinc. The concentration of Zn in serum is 
approximately 15 µM, while in the brain it is 10 times higher, reaching 150 µM (Takeda, 
2000). In amyloid plaques the concentration of zinc can be as high as 1 mM (Lovell et al., 
1998). Zinc protects cells from oxidative stress by increasing the synthesis of a powerful 
antioxidant glutathione (Cortese et al., 2008). On the other hand, increased intracellular 
zinc levels may induce neuronal death by inhibiting mitochondrial energy production 
(Sheline et al., 2000; Brown et al., 2000). More than 2-fold increase in zinc levels has been 
detected in AD brains compared with normal control subjects (Religa et al., 2006). 

 Copper is the third most abundant trace element in the body, and the brain contains 
approximately 9% of the total body’s copper (Zatta et al., 2008). In the brain, it is crucial 
for both general and more brain-specific metabolic processes, acting as a cofactor for 
enzymes involved in energy metabolism (cytochrome c oxidase), neurotransmitter 
biosynthesis (dopamine β-hydroxylase), iron metabolism (ceruloplasmin), antioxidant 
defence (SOD1), etc (Arredondo & Núñez, 2005). The concentration of copper ions in 
amyloid plaques is approximately 0.4 mM (Lovell et al., 1998).  
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1.4.1 The Role of Copper in AD 
Copper is an essential trace element that is vital for the proper functioning of all 
organisms. Copper is mainly present in two redox states, Cu(I) and Cu(II). It is closely 
associated with the oxidative stress hypothesis of AD, which proposes that the imbalance 
between ROS production and antioxidant defence is a key driver of neurodegeneration 
(Butterfield & Halliwell, 2019; Roy et al., 2023). As a redox-active metal, copper can 
catalyse Fenton-like reactions that convert H2O2 into highly reactive HO·, thereby 
exacerbating oxidative damage and promoting Aβ aggregation, tau hyper-phosphorylation, 
and mitochondrial dysfunction (Barnham et al., 2004; Bagheri et al., 2018). Copper 
metabolism must be tightly regulated to provide a sufficient supply for the metalation of 
cuproenzymes and, on the other hand, to prevent copper-induced oxidative stress. 
Generally, optimal copper levels are necessary for normal brain functioning, and imbalance 
may lead to disease. Two of the best-studied disorders related to impaired copper 
metabolism are MD and WD, of which MD is caused by ATP7A mutations leading to 
copper deficiency and WD is caused by ATB7B mutations leading to copper overload (Bull 
et al., 1993). AD is somewhere in between, as AD patients show decreased levels of 
copper in the brain tissues and increased levels of copper in blood serum and CSF (Squitti 
et al., 2021; Grotto & Glaser, 2024; Hozumi et al., 2011).  

In humans, copper is unevenly distributed in the brain, and its levels generally decline 
with age (Bonilla et al., 1984). Highest copper levels are found in the LC, substantia nigra, 
and hippocampus (Warren et al., 1960). In AD patients, reduced copper levels have been 
observed in the hippocampus and amygdala, which are associated with learning and 
memory and usually show severe histopathological alterations (Deibel et al., 1996). Some 
studies even suggest that higher brain copper levels may protect from cognitive decline 
(Agarwal et al., 2022). 

Copper enters the brain through the blood-brain barrier (BBB) and blood-cerebrospinal 
fluid barrier (BCB). BBB cells express copper transporters CTR1, ATP7A, and ATP7B. CTR1 
is responsible for copper uptake. The efflux of copper from brain cells is mainly mediated 
by ATP7A and ATP7B, which are regulated by copper levels. The role of ATP7B is less 
clear; it may also be involved in copper buffering (Roy & Lutsenko, 2024). Copper uptake 
can be alternatively mediated by non-specific divalent metal transporter 1 (DMT1). 
Because free copper ions can generate ROS, excess cellular copper in the brain is safely 
stored through binding to copper chaperones and metallothioneins (Tapia et al., 2004). 
In the extracellular space, copper can be taken up by neighbouring cells or cleared into 
the CSF (Ohrvik & Thiele, 2014; Monnot et al., 2012). Under physiological conditions, the 
concentration of free copper ions is very low – less than one per cell (Rae et al., 1999). 

Historically, the prevailing view was that copper bound to Aβ in amyloid plaques 
contributed to AD pathogenesis mainly through redox cycling between Cu(I) and Cu(II), 
generating ROS and promoting oxidative stress (Opazo et al., 2002, Cheignon et al., 
2018). However, more recent studies have refined this understanding. It has been shown 
that in plaques, copper preferentially binds to N-terminally truncated Aβ species such as 
Aβ4-40 or Aβ4-42, which contain a high-affinity ATCUN binding site. These truncated 
peptides exhibit sub-picomolar affinity for Cu(II) and form redox-inactive complexes that 
significantly suppress ROS generation compared to full-length Aβ (Stefaniak & Bal, 2019). 
This suggests that the plaque-bound pool of copper is largely redox-silent, and that the 
redox-active, potentially toxic copper species in AD are more likely to reside in soluble or 
loosely bound pools rather than in the fibrillar plaque core.  
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Copper is implicated in multiple disease processes and pathological mechanisms.  
In AD brains, increased levels of loosely bound labile copper have been reported  
(James et al., 2012). As evidence points to Aβ oligomers as key neurotoxic species,  
Cu(II) may stabilize these oligomeric states and modulate their generation (Sharma et al., 
2013). Copper is also involved in tau pathology as it can bind tau and potentially  
initiate tau hyperphosphorylation and fibril formation, leading to synaptic failure and 
neuronal death (Bacchella et al., 2020). Additionally, decreased levels or activity of 
several copper-binding proteins, including superoxide dismutase 1 (SOD1), cytochrome  
c oxidase, and metallothionein-3 have been reported in AD (Murakami et al., 2011; 
Morais et al., 2021; Yu et al., 2001).  Presenilins, which mediate the proteolytic  
cleavage of APP, can promote cellular uptake of copper (Southon et al., 2013; Greenough 
et al., 2011). Furthermore, excessive dietary copper intake from drinking water and 
supplements has been proposed as a contributing factor to AD development (Brewer, 
2019).  

1.5 Risk Factors and Prevention of AD 
While some risk factors like age and genetics cannot be changed, other factors can be 
managed to help reduce the risk of getting AD. As with many other diseases, a healthy 
lifestyle helps decrease the risk of developing AD. A 2024 report published in The Lancet, 
found that nearly half of global dementia cases could be delayed or prevented by 
eliminating, treating, or reducing 14 risk factors (Livingston et al., 2024). These risk 
factors are a lower level of education, hearing loss, hypertension, physical inactivity, 
diabetes, social isolation, excessive alcohol consumption, air pollution, smoking, obesity, 
traumatic brain injury, depression, high LDL cholesterol, and untreated vision loss. 

In addition, various nutritional interventions may improve cognitive functions and 
slow the progression of AD. Healthy eating, especially Mediterranean diet, appears to 
reduce the risk of cognitive decline (Carcía-Casares et al., 2021). Gut microbiota is also 
associated with cognitive functioning through the gut-brain axis (González Cordero et al., 
2022). Studies show that AD patients appear to have lower plasma levels of carotenoids, 
vitamins A, C, and E (Qu et al., 2021; Mullan et al., 2018; Hamid et al., 2022). Vitamin B 
supplementation is associated with slowing cognitive decline (Wang et al., 2022) and 
vitamin D supplementation may also reduce dementia and AD risk (Zhang et al., 2024). 
Moreover, levels of some micronutrients are significantly lower even in the brains of AD 
patients, further indicating the importance of a healthy diet and proper supplementation 
(Dorey et al., 2023). 

 Genetic testing and personalized medicine are also emerging and may prove to be 
useful early preventive measures. Recent findings indicate that approximately 95% of 
APOE4 homozygotes exhibit preclinical signs of AD that were evident nearly 20 years 
before clinical AD diagnosis (Fortea et al., 2024). 

1.6 Treatment of AD 
To date, there is no effective treatment to prevent or halt the progression of AD. Thus, 
drugs that can prevent AD or cease its progression are urgently needed. As of January 1, 
2024, there were 164 clinical trials assessing 127 drugs (Cummings et al., 2024). 

Currently used drugs are divided into two groups, symptom-relieving drugs and drugs 
that change the progression of the disease (Table 1). Three of the five symptom-relieving 
drugs are cholinesterase inhibitors: donepezil, rivastigmine, and galantamine. The fourth,  
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memantine, is an NMDA receptor antagonist that regulates glutamate activity, and the 
fifth, Namzaric, is a combination of cholinesterase inhibitor donepezil and glutamate 
regulator memantine (2024 Alzheimer’s disease facts and figures, 2024). 

Table 1. Currently approved and used AD drugs and their mechanisms of action.  

*Although aducanumab is no longer in clinical use since 2024, it played a pivotal role as the first
disease-modifying therapy to receive FDA approval for AD.

The use of drugs that change disease progression started in June 2021, when an 
accelerated approval was given to a new drug, aducanumab, which helps to reduce 
amyloid deposits in the brain and may therefore help to slow the progression of AD. This 
was the first treatment to affect the underlying cause of the disease, although it has not 
been shown to affect clinical outcomes, e.g., cognitive decline (Dhillon, 2021). 

Drug Target Description References 

Symptom-relieving drugs 

Donepezil Acetylcholinesterase 
Increases ACh levels by 

inhibiting its breakdown in the 
synaptic cleft 

Rogers & 
Friedhoff, 

1996 

Rivastigmine Acetylcholinesterase, 
butyrylcholinesterase 

Increases ACh levels by 
inhibiting both 

acetylcholinesterase and 
butyrylcholinesterase 

Nordberg et 
al., 2013 

Galantamine Acetylcholinesterase, 
nicotinic receptors 

Increases ACh levels and 
enhances nicotinic receptor 

activity 

Coyle & 
Kershaw, 

2001 

Memantine NMDA receptor 
Antagonizes NMDA receptors 
to regulate glutamate activity, 

reducing excitotoxicity 

Tampi et al., 
2007 

Namzaric Acetylcholinesterase, 
NMDA receptor 

Combination drug of Donepezil 
& Memantine targeting 

cholinergic dysfunction and 
glutamate activity 

Deardorff & 
Grossberg, 

2016 

Anti-amyloid therapies 

Aducanumab* Aggregated forms of Aβ 
Monoclonal antibody (mAB) 

binding to aggregated soluble 
and insoluble forms of Aβ 

Dhillon, 
2021 

Lecanemab Soluble Aβ protofibrils 
mAB targeting soluble Aβ 

protofibrils to reduce 
neurotoxic aggregation 

Van Dyck et 
al., 2023 

Donanemab Aβ plaques 
mAB targeting a specific Aβ 
epitope (N3pG) to promote 

plaque clearance 

Shukla & 
Misra, 2023 
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Lecanemab is the second amyloid-targeting drug approved by the FDA in 2023 that is 
used to treat early AD or mild dementia due to AD with elevated brain Aβ (van Dyck et al., 
2023; U.S. Food and Drug Administration, 2023). In 2024, the third anti-amyloid drug 
donanemab received approval from the FDA. Poor clinical improvement of anti-amyloid 
therapies and unknown long-term side effects suggest that amyloid may not be the 
optimal target (Piller, 2022; Dantas et al., 2024). 

In addition to pharmacological treatments, non-drug interventions such as physical 
activity, memory exercise, music and art-based therapies, and dancing have been shown 
to support cognitive function and improve daily living in individuals with AD (2024 
Alzheimer’s disease facts and figures, 2024; De la Rosa et al., 2020). 

1.6.1 Metalloregulatory Clinical Trials 
The restoration of metal homeostasis may be one way to treat AD and various 
metalloregulatory approaches have already been tested. One approach is taking metal 
supplements. Although several studies have proposed a positive effect of Cu and Zn 
supplementation on cognitive performance, the improvement of cognitive function has 
not been confirmed (Bagheri et al., 2018). A pilot phase 2 clinical trial did not show any 
effect of oral copper supplementation on cognition in mild AD patients (Kessler et al., 
2008). In a six-month randomized, double-blind trial of a novel zinc formulation, 
participants aged 70 years or older showed slower cognitive decline and reduced serum 
free copper compared with placebo group (Brewer & Kaur, 2013; National Library of 
Medicine, 2011). A phase II trial registered in the EU Clinical Trials Register evaluated zinc 
sulphate in individuals with prodromal AD but was ended prematurely without published 
results (European Medicines Agency, 2019). 

Another approach is the chelation of excess Zn, Cu, or Fe ions. Although high-affinity 
chelators may be very effective, they may also remove metals from essential 
metalloproteins and pathways. Because metals are critical to many vital cellular processes, 
the chelator must be carefully selected, and metal ionophores are preferred. Several 
copper ionophores have been tested, but unfortunately, they are not effective enough 
without severe side effects. Clioquinol, a moderate chelator of Cu, Zn, and Fe, has been 
tested in phase 2 clinical trials (Ritchie et al., 2003). Although it decreased Aβ aggregation 
and improved the cognitive behaviour of mice, it was banned due to neurotoxicity. PBT2, 
a derivative of clioquinol, showed improvement in the learning and memory capacity of 
APP transgenic mice and was proposed as a candidate disease-modifying drug. 
Unfortunately, it did not show significant results in phase 2 trials either (Adlard et al., 
2008; Villemagne et al., 2017).  

Recently, a phase 2 clinical trial studied the effect of iron chelator deferiprone on 
cognitive decline in AD (U.S. National Library of Medicine, 2017). Results presented at 
Alzheimer’s Association International Conference in August 2024 revealed that 
deferiprone treatment caused significant acceleration of cognitive decline. It could be 
discussed whether the dose was inappropriate, or iron is important for cognition in AD 
(Alzheimer’s Association, 2024). 

Considering the inefficacy of synthetic chelators and the occurrence of adverse 
effects, it is necessary to identify better alternatives for the restoration of metal 
homeostasis in AD. 



22 

1.6.2 Alpha-Lipoic Acid 
Alpha-lipoic acid (α-LA), is a naturally occurring antioxidant that is endogenously 
synthesized, found in several foods, and available as a dietary supplement. It has been 
considered a promising substance for the prevention and treatment of neurodegenerative 
disorders, including AD. The antioxidant properties of α-LA include ROS scavenging, 
regeneration of endogenous antioxidants, repair of oxidative damage, and metal 
chelating capacity (Biewenga et al., 1997). α-LA shows antioxidant, anti-inflammatory, 
antiapoptotic, glioprotective, and metal chelating properties in both in vivo and in vitro 
studies (Kaur et al., 2021). Furthermore, α-LA has been shown to reverse age-associated 
loss of neurotransmitters, e.g. DA, NA, serotonin, and their receptors (Arivazhagan & 
Panneerselvam, 2002). 

α-LA functions as a cofactor in several mitochondrial multienzyme complexes, including 
the glycine decarboxylase complex, pyruvate dehydrogenase complex, α-ketoglutarate 
dehydrogenase complex, branched-chain α-ketoacid dehydrogenase complex 
(Solmonson & DeBerardinis, 2018). This role depends on lipoylation, a process in which 
α-LA is covalently attached to specific lysine residues of these enzymes (Rowland et al., 
2018). Structurally, α-LA contains two sulfhydryl groups, which can be oxidized to form  
a disulfide bond (Figure 3). Its reduced form, dihydrolipoic acid (DHLA), predominates  
in the intracellular reducing environment and exhibits stronger antioxidant and  
metal-chelating activity compared to α-LA. While both α-LA and DHLA can scavenge ROS, 
only DHLA can repair oxidative damage and regenerate endogenous antioxidants such as 
vitamins C, E, and glutathione (Biewenga et al., 1997).  

 
Figure 3. The oxidized and reduced forms of lipoic acid. The figure was created with BioRender. 

α-LA exists as two optical isomers: the R- and S- enantiomers. Only the R-enantiomer 
is endogenously synthesized and can be covalently bound to proteins via lipoylation. 
Most commercial supplements contain a racemic mixture of R- and S-lipoic acid (Shay  
et al., 2009). α-LA is absorbed from the diet and can easily cross the BBB (Biewenga  
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et al., 1997). Although the exact mechanisms of its cellular uptake remain unclear, α-LA 
is believed to be transported via several pathways, including the proton-linked 
monocarboxylic acid transporter and the sodium-dependent multivitamin transporter 
(SMVT) (Takaishi et al., 2007; Zehnpfennig et al., 2015). 

Beyond its antioxidant properties, α-LA role in mitochondrial metabolism also links it 
to copper homeostasis. Recent study by Tsvetkov et al. demonstrated that copper binds 
with very high affinity to the lipoyl groups of TCA cycle enzymes, causing their 
aggregation, disruption of iron-sulfur cluster proteins, and mitochondrial dysfunction, 
leading to a distinct form of cell death termed cuproptosis. This mechanism highlights 
the central role of lipoylation in copper biology and mitochondrial integrity, both of 
which are altered in AD (Tsvetkov et al., 2022). 

α-LA has been studied for its potential therapeutic applications across a range of 
health conditions. It was first proposed as an effective antioxidant due to its ability to 
prevent the deficiency symptoms of vitamins C and E (Rosenberg & Culik, 1959). It is 
currently used in the treatment of diabetic polyneuropathy (Ziegler et al., 2004) and has 
also been used in managing hepatic diseases (Berkson, 1999). A 2018 meta-analysis found 
that α-LA supplementation significantly reduced fasting glucose, insulin, hemoglobin A1c, 
triglycerides, total- and low-density lipoprotein-cholesterol levels in individuals with 
metabolic disorders (Akbari et al., 2018). Another clinical trial demonstrated beneficial 
effects of α-LA supplementation on blood pressure (Vajdi et al., 2023). In a 16-month 
trial in patients with mild to moderate AD, 600 mg/day α-LA was associated with slower 
cognitive decline, with the greatest improvements seen in patients with insulin 
resistance (Fava et al., 2013). In a small, randomized, placebo-controlled pilot trial, a 
combination of omega-3 fatty acids and α-LA was shown to slow cognitive and functional 
decline in patients with AD (Shinto et al., 2014). In animal models, dietary supplementation 
with α-LA improved memory and learning and reduced hippocampal-dependent memory 
deficits of aged Tg2576 mice, without affecting Aβ levels (Quinn et al., 2007). 

Despite these findings, the exact mechanism by which α-LA may influence copper 
metabolism and neurodegenerative processes remain unclear. 

1.7 Models to Study AD 

1.7.1 Cellular Models of AD 
A variety of in vitro cellular models are widely used to investigate the pathology and 
progression of AD, as well as for drug screening. Among them are primary neuronal 
cultures, induced pluripotent stem cells (iPSCs), 3D-cell models, and cancer cell lines, 
including rat PC12 cells, mouse Neuro-2A cells, and human neuroblastoma SH-SY5Y cells 
(Choi et al., 2016).   

The SH-SY5Y cell line is a thrice-cloned subline of SK-N-SH cell line originally derived 
from a metastatic bone marrow biopsy of a female neuroblastoma patient. It serves as a 
good model for the study of neurodegenerative disorders since the cells can be 
differentiated into various neuronal phenotypes in response to specific chemical 
compounds. Neuroblastoma cell lines are generally comprised of three different cell 
types: neuroblastic N-type, non-neuronal epithelial- or glial-like S-type, and intermediate 
I-type cells (Ross et al., 1995; Campos Cogo et al., 2020). The SH-SY5Y line is primarily
derived from N-type cells, but there are also several other cells present, making it a
heterogeneous culture (Bell et al., 2013).
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Undifferentiated SH-SY5Y cells exhibit low expression of ChAT and tyrosine hydroxylase 
(TH), markers of cholinergic and dopaminergic neurons, respectively (Kovalevich & 
Langford, 2013). However, various studies have managed to differentiate SH-SY5Y cells 
toward cholinergic, noradrenergic, dopaminergic, and more recently, glutamatergic 
phenotypes (Martin et al., 2022). Cell treatment with retinoic acid (RA) followed by BDNF 
increases the expression of ChAT and VAChT, and activity of acetylcholinesterase  
(AChE), indicative of cholinergic differentiation (Figure 4) (Goldie et al., 2014). Sequential 
treatment with RA followed by phorbol esters (TPA, MPA) induces a dopaminergic 
phenotype, as evidenced by increased TH and dopamine transporter (DAT) expression, 
and elevated dopamine D2 and D3 receptor levels (Avola et al., 2018; Presgraves et al., 
2004). Dibutyryl cyclic adenosine monophosphate (dbcAMP) treatment promotes 
noradrenergic differentiation, indicated by increased TH expression and NA content 
(Kume et al., 2008).  
 

 
Figure 4. Comparison of undifferentiated and differentiated SH-SY5Y cells. The figure was created 
with Canva. 

Although SH-SY5Y cells differentiated into different neuronal phenotypes using 
previously mentioned agents have been used in various experiments (Pifferi et al., 2024; 
Presgraves et al., 2004; Arun et al., 2006), their susceptibility to Aβ has not been thoroughly 
studied or compared. 
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1.7.2 Drosophila Melanogaster as a Model Organism  
The fruit fly Drosophila melanogaster has been used as a model organism for genetic 
studies longer than any other. There are many advantages of using Drosophila as a model 
organism. It has a short lifespan, requires only 9 days to progress from a fertilized egg to 
an adult, and the maintenance and breeding are cheap and easy. More than 76% of the 
genes that cause human diseases have a homolog in fruit flies, and mutants can now be 
obtained for essentially any gene (Reiter et al., 2001). Neurodegenerative diseases, 
including AD, can be easily modeled using Drosophila, and several different transgenic 
lines have been generated that can be bought from stock centers, e.g., Bloomington 
Drosophila Stock Center. The most widely used AD models are flies expressing human Aβ, 
which are generated using UAS-GAL4 system (Nitta & Suggie, 2022). This two-component 
system is based on crossing a driver line that provides cell- or tissue-specific GAL4 
expression with a responder line carrying human Aβ under the control of Upstream 
Activation Sequence (UAS) that binds GAL4. When these two lines are crossed, GAL4 
binds to UAS and Aβ is expressed in the desired cells or tissues in the progeny (Brand & 
Perrimon, 1993).  

Different phenotypes and markers can be measured in AD fly models. Longevity 
measurement is a great indicator of a fly’s overall viability and neurological health. 
Behavioral assays, e.g. negative geotaxis assay (Figure 5), and aversive phototaxis 
suppression assay, represent a good method to measure locomotor activity, learning, 
and memory functions in Drosophila (Ali et al., 2011).  
 

 
Figure 5. Negative geotaxis experiment setup. Fruit flies have a natural upward climbing behaviour 
after being tapped to the bottom of a test tube. Healthy flies climb up quickly, but diseased flies 
remain at the bottom of the test tube. The figure was created with Canva. 

Drosophila eye is also an excellent model system. While the normal compound eye of 
a fruit fly consists of regularly arranged ommatidia, mutations and toxic compounds can 
disrupt it and lead to different eye phenotypes, e.g. rough or smooth (Finelli et al., 2004). 
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AD model flies have been used in various types of experiments. It has been shown 
that the expression of Aβ42 in the brain reduces the lifespan of flies and induces a rough 
eye phenotype that worsens with age (Finelli et al., 2004). Drosophila AD models have 
been used to study the influence of metal ions on Aβ-induced neurodegeneration (Ott 
et al., 2015; Hua et al., 2011; Singh et al., 2013; Rival et al., 2009). Singh et al showed that 
feeding flies expressing human Aβ42 with copper-supplemented food caused severe eye 
degeneration with dark patches and a novel copper chelator, which they called 
compound L, rescued this severe phenotype (Singh et al, 2013). Rival et al. showed that 
flies expressing Aβ42 were more sensitive to oxidative stress and had also higher levels 
of oxidative damage compared to control flies and flies expressing Aβ40 (Rival et al., 
2009). They also showed that iron-binding protein ferritin suppressed the toxicity of 
Aβ42 and restored the survival and locomotion function to normal. In their experiments, 
clioquinol increased the lifespan of Aβ42-expressing flies and reduced iron levels in the 
brain. Hua et al showed that dietary supplementation with zinc and iron exacerbated eye 
damage caused by eye-specific Aβ42 expression, but the administration of metal 
chelators DP-109 or bathocuproine sulphonate (BCS) were able to ameliorate it (Hua 
et al., 2011).  
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Aims of the Study 
1. To develop a differentiated neuron-like SH-SY5Y cell culture suitable for the studies 

of Aβ toxicity and screening of potential therapeutic compounds. 
2. To compare the susceptibility of three different neuron-like cell types, cholinergic, 

noradrenergic, and dopaminergic, to Aβ toxicity. 
3. To investigate the effect of α-lipoic acid on copper translocation in neuron-like  

SH-SY5Y cell culture. 
4. To study the effect of α-lipoic acid in Drosophila melanogaster AD model. 
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Materials and Methods 
The following methods, described in more detail in the respective articles, were used in 
the study: 

 
• Cultivation and differentiation of SH-SY5Y cell line (Publications I, II, III) 
• WST-1 assay for cell viability assessment (Publications I, II) 
• Propidium iodide (PI) staining for the detection of dead/permeabilized cells 

(Publication I, II, III) 
• Measurement of caspase activity (Publication I) 
• Preparation of Aβ peptides for experiments (Publications I, II) 
• Immunocytochemistry (Publications I, II) 
• Microscopy (Publications I, II, III) 
• Assessment of neurite abnormalities through image analysis (Publication I) 
• ICP-MS analysis (Publication III) 
• Breeding and crossing of Drosophila melanogaster (Publication III) 
• Feeding and maintenance of Drosophila melanogaster (Publication III) 
• Negative geotaxis experiments with Drosophila melanogaster (Publication III) 
• Scanning Electron Microscopy (SEM) for evaluation of eye phenotype in Drosophila 

melanogaster 
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Results 
Publication I 
• The toxicity of Aβ40 and Aβ42 was compared in undifferentiated and RA/BDNF-

differentiated SH-SY5Y cells after 48 and 72 hours of incubation. The results are as 
follows: 
– 20 µM Aβ40 had no toxic effect on undifferentiated cells at either 48 or 72 hours, 

as assessed by the WST-1 cell viability assay and PI staining. In fact, after 48 hours, 
cell viability increased by 11%. 

– 20 µM Aβ42 reduced viability of undifferentiated cells by 16% after 48 hours, but 
did not affect cell permeability. However, after 72 hours, 20 µM Aβ42 did not 
alter cell viability but increased cell permeability by 30%. 

– 20 µM Aβ40 had no statistically significant effect on RA/BDNF-differentiated cells 
at either 48 or 72 hours. 

– 20 µM Aβ42 did not significantly affect RA/BDNF-differentiated cells after  
48 hours. However, the highest toxicity was observed after 72 hours, where Aβ42 
caused a 42.7% reduction in cell viability and a 50% increase in cell permeability. 

• Overall, RA/BDNF differentiation of SH-SY5Y cells increased susceptibility to Aβ 
peptide toxicity compared to undifferentiated cells. 

• Aβ42 induced apoptosis of differentiated SH-SY5Y cells, whereas Aβ40 did not, as 
determined with caspase-3/7 activity measurement. 

• Both Aβ40 and Aβ42 induced neurite beading and fragmentation in differentiated 
cell culture, but Aβ42 had a much more pronounced effect. 

• Aβ42 aggregates covered both cell bodies and neurites, whereas the less 
amyloidogenic Aβ40 partially covered only the cell bodies, as determined by 
immunocytochemistry. 

• Fibrillar aggregates were present in the cell culture exposed to Aβ42 after 48 hours 
but not in the cell culture exposed to Aβ40. 

• The addition of preformed Aβ42 fibrils to differentiated cells did not result in 
toxicity. 

 
Publication II 
• Differentiation of SH-SY5Y cells using three different protocols (RA/BDNF, RA/TPA, 

dbcAMP) induced β-III tubulin positive neurite outgrowth and network formation. 
• The RA/BDNF-differentiated culture was the most homogenous, whereas dbcAMP 

and RA/TPA-differentiated cultures contained small populations of undifferentiated 
cells. 

• The toxicity of 10 µM and 20 µM Aβ42 after 48 hours of incubation was compared 
in undifferentiated and differentiated SH-SY5Y cells. The results are as follows: 
– 10 µM Aβ42 did not affect cell viability or membrane permeability in 

undifferentiated SH-SY5Y cells, as determined by the WST-1 cell viability assay 
and PI staining, respectively. However, 20 µM Aβ42 decreased cell viability by 
43% and increased dead cell count by 1.8-fold. 

– Noradrenergic dbcAMP-differentiated cells were most sensitive to Aβ42 toxicity 
in a concentration-dependent manner. At 10 µM Aβ42, viability decreased by 
49%, and cell permeability increased by 1.37-fold. At 20 µM Aβ42, viability 
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decreased by 63%, and dead cell count increased by 1.94-fold compared to 
control. 

– Cholinergic RA/BDNF-differentiated cells were also sensitive to Aβ42 toxicity
after 48 hours, although the effect was independent of concentration. At 10 µM
Aβ42, viability decreased by 41%, and cell permeability increased by 1.84-fold.
At 20 µM Aβ42, viability decreased by 23%, and dead cell count increased by
1.61-fold.

– Dopaminergic RA/TPA-differentiated cells were resistant to Aβ42 toxicity after
48 hours, with no statistically significant effect observed at either 10 µM or 20 µM
concentrations.

• Although sensitivities of the differentiated cultures to Aβ42 varied, the peptide
uniformly covered cell bodies and neurites in all cell cultures.

Publication III 
• α-lipoic acid facilitated the distribution of copper from the extracellular to the

intracellular space in SH-SY5Y cell cultures in a concentration-dependent manner.
• Two copper chelators used in the treatment of WD were also studied, but did not

exhibit similar results with α-lipoic acid:
– D-penicillamine did not affect intracellular copper concentration
– Trientine decreased intracellular copper concentration

• The ability of α-lipoic acid to redistribute copper was more pronounced in RA/BDNF-
differentiated, neuron-like SH-SY5Y cells compared to undifferentiated cells.

• α-lipoic acid and trientine did not exhibit toxicity alone or in the presence of copper
ions as determined with PI staining. However, D-penicillamine was toxic in the
presence of copper ions.

• Supplementation with α-lipoic acid protected a Drosophila melanogaster AD model
expressing Aβ with the Iowa mutation from developing the AD phenotype, but it did
not reverse an already established phenotype.

• α-lipoic acid slightly alleviated copper-induced smooth eye defects in Drosophila
melanogaster AD model.



31 

Discussion 
In the current study, SH-SY5Y cells were used to explore various aspects related to AD at 
the cellular level. The cells were induced to become more neuron-like by treatment with 
agents that have previously been shown to promote different neuronal phenotypes. 

SH-SY5Y cells are commonly used in neurodegenerative disease research, however, 
they are typically utilized in their undifferentiated state, which does not accurately 
replicate the characteristics of real neurons. First, in Publication I, the effects of Aβ40 
and Aβ42 were studied in both undifferentiated and differentiated SH-SY5Y cells. 
Differentiation was achieved using RA and BDNF, which are known to induce a  
cholinergic neuronal phenotype (de Medeiros et al., 2019). The differentiation resulted 
in a neuron-like culture with long beta-III tubulin-positive neurites and inhibited 
proliferation. RA/BDNF-differentiated SH-SY5Y cells were more sensitive to Aβ toxicity 
compared to undifferentiated cells, as evidenced by cell viability measurement with 
WST-1 and PI staining. The fact that undifferentiated cells continue to proliferate may 
also affect viability measurements. Aβ42 was found to exhibit higher toxicity than Aβ40, 
inducing apoptotic cell death as measured by caspase 3/7 activity. Similar results have 
been observed in primary cultured mouse cerebral cortical neurons by Han et al. who 
demonstrated that Aβ42 induces apoptosis via the caspase pathway (Han et al., 2017). 
However, in primary cultured rat cortical neurons, Boland et al. showed that Aβ40 also 
induces apoptotic cell death, but through a Ca2+-dependent protease, calpain, suggesting 
that Aβ40 may activate a different apoptotic pathway (Boland et al., 2003). Although 
both peptides, Aβ40 and Aβ42, induced neuronal abnormalities, such as beading and 
fragmentation, the effect was more pronounced with Aβ42. 

The question of which form of Aβ is the most toxic has been the subject of long debate. 
In the 1990s, when the amyloid cascade hypothesis was proposed, neurotoxicity was 
primarily attributed to large, insoluble Aβ fibrils (Hardy & Higgins, 1992). Later, Aβ 
oligomers were thought to be the main culprits of neuronal damage (Lambert et al., 
1998), and until now, toxicity is primarily attributed to Aβ oligomers and protofibrils. 
Some studies suggest even a protective role for amyloid accumulation and deposits 
(Rischel et al., 2023; Huang et al., 2021). In our experiments, mature fibrils did not show 
acute toxicity toward cultured cells, whereas toxicity emerged during fibril formation 
(Publication I). Nevertheless, these results do not exclude the possibility that mature 
fibrils could have other, potentially harmful effects in vivo. 

Since Aβ peptides tend to self-assemble, the method used to prepare these peptides 
for toxicity experiments has a significant impact on the results. In Publication II, a slightly 
modified peptide preparation protocol was implemented, which resulted in increased 
toxicity. In contrast to the initial protocol used in Publication I, where HFIP-pretreated 
peptides were dissolved at neutral pH, the protocol in Publication II involved incubating 
the HFIP-treated aliquots in 10 mM NaOH on ice. Such alkali conditions were applied to 
reduce pre-aggregates in the solution and achieve a more uniform monomeric peptide 
composition. Previous studies have shown that NaOH pretreatment increases the 
proportion of low molecular weight Aβ species, such as monomers and dimers (Fezoui  
et al., 2000), which may explain the increased toxicity. 

Considering the complexity of AD and knowing that various types of neurons are 
destroyed in the disease, in Publication II we aimed to model different neuronal 
phenotypes to investigate the effect of Aβ on these distinct cell types. Our experiments 
focused on Aβ42, as it exhibited higher toxicity in our initial cell culture model used in 
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Publication I. Several agents can be used to differentiate SH-SY5Y cells into more mature 
neuronal cells. In addition to the RA/BDNF differentiation method used in Publication I, 
we employed two additional differentiation protocols to study the effects of Aβ42. 
DbcAMP was used to induce a noradrenergic neuronal phenotype, while RA followed by 
TPA was used to induce a dopaminergic neuronal phenotype in SH-SY5Y cells. We found 
that cholinergic and noradrenergic cultures were more vulnerable to Aβ toxicity, which 
aligns with the observation that noradrenergic and cholinergic neurons are among the 
first to degenerate in AD (Mann et al., 1980; Zarow et al., 2003; Ferreira-Vieira et al., 
2016). Interestingly, 10 µM Aβ42 exhibited greater toxicity than 20 µM Aβ42 in RA/BDNF-
differentiated cholinergic cells, whereas in other differentiation routes, toxicity followed 
a concentration-dependent pattern. This effect may be attributed to differences in Aβ42 
aggregation dynamics, cellular receptor expression, and membrane interactions specific 
to RA/BDNF differentiation. Differentiation agents may affect the cell’s gene expression 
and function in distinct ways, which can influence their susceptibility to Aβ toxicity. 
DbcAMP has been shown to enhance Aβ-induced nitric oxide release, a known mediator 
of neurodegeneration (Pyo et al., 1999). In addition, it has been shown that dbcAMP 
increases the expression of APP, which could potentially lead to an increase in Aβ 
production (Sagy-Bross et al., 2015). However, other studies have suggested that 
dbcAMP can protect neurons from degeneration by promoting the production of BDNF 
(Abd-El-Basset & Rao, 2018). BDNF may enhance NMDA receptor function, and Aβ 
oligomers are known to interact with NMDA receptors, potentially mediating the toxic 
effects (Caldeira et al., 2007; Afonso et al., 2019; Ortiz-Sanz et al., 2022; Taniguchi et al., 
2022). Looyenga et al. showed that RA/TPA differentiation of SH-SY5Y cells enhances 
resistance to the neurotoxic compound 6-OHDA toxicity compared to undifferentiated 
cells, which may help explain the results observed with Aβ (Looyenga et al., 2013). 
Some studies have shown that dopaminergic cells are generally more resistant to 
oxidative stress, which may account for their increased resistance to Aβ toxicity (Kweon 
et al., 2004; Nakamura et al., 2001). Better tolerance to oxidative stressors may mean 
that a longer incubation time is required to achieve a toxic effect with Aβ. A deeper 
understanding of how Aβ affects different neuronal cell types may provide insights into 
the mechanisms of neurodegeneration and lead to improved treatments for AD. Since 
different patients experience different symptoms based on the specific neurotransmitter 
system that is most affected, a one-size-fits-all approach may not be effective, and a 
more personalized or multi-targeted treatment strategy could improve the treatment 
outcomes. 

Aβ has been the primary target for recent drug developments. One of the anti-amyloid 
drugs, lecanemab, targets preferentially soluble Aβ protofibrils. Other anti-amyloid drugs 
have been developed to target mainly amyloid plaques. However, the effectiveness of 
anti-amyloid therapies remains uncertain, as the link between amyloid removal and 
cognitive improvement has not been fully established. These therapies also have side 
effects, such as brain swelling and microhemorrhages, and their long-term efficacy is still 
under investigation (Salloway et al., 2022; Honig et al., 2024). Therefore, it is crucial to 
identify and study the upstream events preceding amyloid accumulation. 

Given the increasing evidence implicating the role of copper in the pathogenesis of 
AD, we next investigated the effect of copper in cell culture. Our group has previously 
shown that a natural compound, reduced dihydro-lipoic acid, has a substantial 
Cu(I)-binding affinity (Smirnova et al., 2018). Since copper is misdistributed in AD, with 
deficiencies in the brain tissue and excess in plasma and serum (Squitti et al., 2021), 
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we aimed to explore whether α-LA could restore the normal copper balance and 
facilitate the transport of copper from the extracellular to the intracellular environment 
(Publication III). For that purpose, we used undifferentiated and cholinergic RA/BDNF-
differentiated SH-SY5Y cell cultures. First, to exclude a potential toxicity of α-LA in the 
presence of copper ions, PI-staining was performed on differentiated cells. The study  
also included two copper chelators, DPA and TETA, commonly used in the treatment of 
WD. Individually, all tested agents and copper ions were non-toxic. Furthermore, α-LA 
and TETA remained non-toxic in the presence of copper ions. However, DPA exhibited 
toxicity at higher concentrations in the presence of copper. Interestingly, DPA treatment 
has been associated with neurological worsening in WD patients (Brewer et al., 1987; 
Kumar et al., 2022; Antos et al., 2023). Next, we studied the effect of α-LA and other 
chelators on the distribution of copper ions in cell culture and found that α-LA  
promoted the relocation of copper from the extracellular to the intracellular space in a 
concentration-dependent manner. The effect was more pronounced in neuron-like 
RA/BDNF-differentiated cells compared to undifferentiated cells. Unlike α-LA, other 
chelators did not exhibit similar effect. DPA had no impact on intracellular copper 
content, while TETA reduced intracellular copper levels. 

Although technological advancements are progressing rapidly, the demand for 
accurate cell culture models remains high. Differentiated SH-SY5Y cells have become an 
essential model for studying AD due to their ability to mimic various neuronal 
phenotypes, including cholinergic, noradrenergic, and dopaminergic cells. Such models 
allow to explore the disease’s complex molecular and cellular mechanisms and continue 
to play an important role in basic mechanistic research and early-stage drug screening, 
complementing more advanced models.  

We also aimed to investigate the effect of α-LA in vivo using a Drosophila AD model. 
We conducted negative geotaxis locomotor activity experiments and found that α-LA 
supplementation helped to rescue Drosophila melanogaster AD models with the 
overexpression of human Aβ carrying the Iowa mutation from developing AD-like 
phenotype. However, α-LA had no effect on the phenotype once it had already 
developed, indicating only a preventive effect. Additionally, α-LA slightly alleviated the 
copper-induced smooth eye phenotype in a Drosophila AD model where APP and BACE1 
were overexpressed in the eye photoreceptor cells. It is known that high doses of Cu 
negatively impact Drosophila development, viability, and locomotor behavior (Ding & 
Wang, 2006). Furthermore, Cu exposure has been shown to reduce memory retention in 
Drosophila (Zamberlan et al., 2020). Previous studies with α-LA in Drosophila have 
demonstrated its positive effects, including improved lifespan and resistance to oxidative 
stress in wild-type Drosophila (Chattopadhyay et al., 2024). Moreover, α-LA has been 
shown to improve motor activity and lifespan in a mutant hSOD1 Drosophila model of 
amyotrophic lateral sclerosis (Wang et al., 2018). 

It is crucial to identify easily measurable biomarkers that can help detect AD in its early 
stages, as once the brain has already undergone significant degeneration, it becomes 
irreversible. Genetic testing and personalized medicine may also enable easier 
identification of individuals at risk. Studies have shown that a subset of AD patients with 
elevated copper levels carry a specific ATP7B haplotype, which may predispose them to 
copper imbalance (Squitti et al., 2021). Recently, the FDA approved a blood test for AD 
that offers a less invasive and more accessible diagnostic option. By measuring the key 
biomarkers, phosphorylated tau (pTau217) and Aβ42, the test enables accurate detection 
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of AD pathology in individuals aged 55 and older with cognitive symptoms, supporting 
earlier diagnosis and timely intervention. 

As the Danish philosopher Desiderius Erasmus wisely stated in the 1500s, “Prevention 
is better than cure” (Erasmus, circa 1500). This timeless insight emphasizes the 
importance of proactive measures in alleviating the onset and progression of AD. 
Considering the growing prevalence of AD and its multifactorial aetiology, it is crucial to 
prioritize strategies aimed at preventing or delaying its onset. A comprehensive approach 
to prevention, encompassing not only healthy lifestyle modifications but also appropriate 
nutritional and supplement interventions, plays a pivotal role in alleviating both the 
economic and societal burdens associated with this devastating disease. Given that α-LA 
is safe and already used as a dietary supplement, it could be suitable for AD prevention 
and could potentially benefit individuals with a genetic predisposition to copper 
imbalance or those in the early stages of AD. α-LA is a well-researched compound with 
a favorable safety profile and low toxicity, even at relatively high doses (Fogacci  
et al., 2020; Derosa et al., 2020). It has been widely used in the treatment of various 
conditions, such as diabetic peripheral neuropathy, where its antioxidant and 
neuroprotective properties are well documented (Han et al., 2012; Pingali et al., 2024). 
Given its established clinical use, α-LA is a promising repurposing drug candidate for the 
treatment of AD. Although several clinical studies have investigated the effect of α-LA on 
AD, the current evidence remains limited and inconclusive (Hager et al., 2007; Shinto  
et al., 2014; Galasko et al., 2012). Most trials have been small-scale, open-label or lacked 
accurate controls, making it difficult to make clearly defined conclusions about the 
efficacy of α-LA. To better evaluate the therapeutic effect of α-LA in AD, larger,  
well-designed, placebo-controlled clinical trials are needed. 
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Conclusions 
• Human neuroblastoma SH-SY5Y cells can be differentiated into various types of 

neuron-like cells that resemble mature neurons both in appearance and chemical 
properties. 

• Differentiation route of SH-SY5Y cells affects susceptibility to Aβ42 toxicity: 
RA/BDNF-differentiated cholinergic cells and dbcAMP-differentiated noradrenergic 
cells are highly susceptible to Aβ toxicity, whereas RA/TPA-differentiated 
dopaminergic cells are resistant to Aβ. 

• Experiments in cell culture and Drosophila melanogaster revealed that a natural 
compound α-lipoic acid has the potential to normalize dysregulated copper 
metabolism characteristic of AD: 
1) α-lipoic acid can translocate copper from extracellular environment to the cells 

in a concentration-dependent manner both in undifferentiated and RA/BDNF-
differentiated cholinergic SH-SY5Y cells, however, the effect was greater in 
differentiated cells. 

2) α-lipoic acid protected AD model flies from developing AD-like phenotype. 
3) α-lipoic acid slightly weakened copper-induced eye defects in AD model flies. 

• Differentiated SH-SY5Y cells and Drosophila melanogaster provide good models to 
study different aspects of AD and to screen new potential therapeutic agents at the 
cellular and organismal level. 
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Abstract 
Toxicity of amyloid beta peptides and the effect of α-lipoic 
acid in Cellular and Fruit Fly Models of Alzheimer’s Disease 
Alzheimer’s disease is the most common form of dementia, with devastating 
economic and social impacts. The neuropathological features of the disease – 
amyloid plaques and neurofibrillary tangles – have long been considered central to 
its aetiology. Although amyloid plaques, composed of amyloid beta peptides and 
neurofibrillary tangles, formed by hyperphosphorylated tau protein, are frequently 
observed in the brains of AD patients, the precise role these features play in the 
initiation and progression of the disease remains unclear. Recently, there has been 
an increased focus on the processes preceding amyloid accumulation, and it has been 
found that dysregulation of metal ions plays a role in the development of the disease. 
The association of metal ions with AD has also led to the investigation of various 
metal-binding compounds as potential therapeutic agents. 

Cellular models, including immortalized cell lines, have become essential tools for 
investigating the molecular and cellular mechanisms underlying AD in a cost-effective 
and reproducible manner. One of the most widely used immortalized cell lines in AD 
research is the human neuroblastoma SH-SY5Y cell line. Most research has used these 
cells in their undifferentiated form, but they have the ability to differentiate into 
multiple neuronal phenotypes, including cholinergic, dopaminergic, and noradrenergic 
cells, which resemble neurons found in the human brain. It is known that various 
neurotransmitter systems are implicated in AD and a better understanding of these 
systems helps personalize treatment approaches, which is crucial for managing the 
complex nature of AD. In this thesis, human neuroblastoma SH-SY5Y cells were 
differentiated into cholinergic, noradrenergic, and dopaminergic phenotypes, and 
their sensitivities to Aβ42 were compared. Cell viability measurements and cell 
membrane permeability assays showed that noradrenergic and cholinergic cells were 
susceptible to Aβ42 toxicity, whereas dopaminergic cells were resistant. Using 
cholinergic SH-SY5Y cells, Aβ42 was shown to induce apoptotic cell death. Aβ can exist 
in multiple assembly states, and the most toxic form has long been debated. Our 
results showed that cellular toxicity was raised during the fibrillization process, as 
mature fibrils were not toxic to the cells. 

Since it is known that copper is misdistributed in the brains of AD patients, and that 
the natural compound α-lipoic acid (α-LA) has previously been found to have copper-
binding properties, it was investigated whether α-LA could help to restore copper 
homeostasis. Using undifferentiated and cholinergic SH-SY5Y cells, ICP-MS 
measurements showed that α-LA was able to promote translocation of copper from the 
extracellular space into the cells. The effect of α-LA was also studied in vivo, and negative 
geotaxis locomotor experiments with Drosophila melanogaster demonstrated that it 
protected AD model flies from developing AD-like phenotype. SEM experiments further 
showed that α-LA alleviated copper-induced eye defects in AD model flies. 

In conclusion, differentiated SH-SY5Y cells represent a valuable model for investigating 
various aspects of AD and for supporting the development of novel therapeutic 
strategies. Furthermore, the natural compound α-LA shows promise in modulating 
copper metabolism and may be beneficial in the prevention or early stages of AD. 
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Lühikokkuvõte 
Amüloid beeta peptiidide toksilisus ning α-lipoehappe mõju 
Alzheimeri tõve rakulistes ja äädikakärbse mudelites 
Alzheimeri tõbi (AT) on neurodegeneratiivne haigus, mida iseloomustavad ajurakkude 
degeneratsioon ning kognitiivsete funktsioonide järk-järguline halvenemine. Haiguse 
täpseid molekulaarseid mehhanisme ei ole siiani täielikult mõistetud. AT 
neuropatoloogilised tunnused – amüloidsed naastud ja neurofibrillaarsed kämbud – on 
pikka aega olnud haiguse etioloogia keskseks osaks. Kuigi amüloidsed naastud, mis 
koosnevad amüloid-beeta (Aβ) peptiididest ja neurofibrillaarsed kämbud, mis 
moodustuvad hüperfosforüleeritud tau valgust, esinevad sageli AT patsientide ajus, on 
nende täpne roll haiguse tekkes ja arengus endiselt ebaselge. Seetõttu on hakatud 
viimastel aastatel rohkem tähelepanu pöörama amüloidide kogunemisele eelnevatele 
protsessidele ning on leitud, et metalliioonide regulatsiooni häired mängivad haiguse 
arengus olulist rolli. Metalliioonide seos AT-ga on viinud ka erinevate metalle-siduvate 
ühendite uurimiseni, mida oleks võimalik kasutada potentsiaalsete terapeutiliste 
agentidena.

AT molekulaarsete ja rakuliste mehhanismide uurimisel on erinevad rakumudelid 
muutunud olulisteks tööriistadeks. Üks enim kasutatavaid rakuliine AT uurimisel on 
inimese neuroblastoomi SH-SY5Y rakuliin. Enamik teadusuuringutest on kasutanud neid 
rakke nende diferentseerimata vormis, kuid neil on ka võime diferentseeruda erinevateks 
neuronisarnasteks fenotüüpideks, sealhulgas koliinergilisteks, dopamiinergilisteks ja 
noradrenergilisteks, mis meenutavad neuroneid. Käesolevas doktoritöös diferentseeriti 
inimese neuroblastoomi SH-SY5Y rakud koliinergilisteks, noradrenergilisteks ja 
dopamiinergilisteks fenotüüpideks ning võrreldi nende tundlikkust Aβ42 suhtes. Rakkude 
elulemuse mõõtmised WST-1 testiga ning rakumembraani läbilaskvuse katsed 
propiidiumiodiidiga näitasid, et noradrenergilised ja koliinergilised rakud olid Aβ42 
toksilisuse suhtes tundlikud, samas kui dopamiinergilised rakud olid resistentsed. See on 
kooskõlas varasema leiuga, et AT ajus on just koliinergilised ning noradrenergilised 
neuronid need, mis esimestena hukuvad. Koliinergiliste SH-SY5Y rakkudega näidati, et 
Aβ42 põhjustas apoptootilist rakusurma, Aβ40 aga rakkudele toksiline ei olnud. Aβ võib 
esineda erinevates molekulaarsetes vormides ning kõige toksilisema vormi üle on pikka 
aega arutletud. Antud töö tulemused näitasid, et toksilisus tekkis Aβ fibrillisatsiooni 
protsessi käigus ning küpsed Aβ fibrillid rakkudele toksilised ei olnud. 

On leitud, et vask on AT-ga patsientide ajus valesti jaotunud  – rakust väljaspool on 
seda liiga palju ning raku sees liiga vähe, jättes olulised vaskensüümid vase puudusesse. 
Kuna varasematest uuringutest on teada, et looduslik ühend α-lipoehape (α-LH) on 
vaske-siduvate omadustega, uuriti, kas α-LH võiks aidata normaliseerida vase 
homöostaasi. Nii diferentseerimata kui ka koliinergiliste SH-SY5Y rakkudega tehtud ICP-MS 
mõõtmised näitasid, et α-LH suudab viia vase ekstratsellulaarsest ruumist rakkudesse 
kontsentratsioonist-sõltuval viisil, samas kui kaks Wilsoni tõves kasutatavat ravimit 
trientiin ja D-penitsillamiin sellist efekti ei omanud. Kõrgematel kontsentratsioonidel 
muutus D-penitsillamiin vase juuresolekul hoopis toksiliseks. α-LH mõju uuriti edasi ka  
in vivo tingimustes kasutades selleks äädikakärbseid. Äädikakärbestega tehtud negatiivse 
geotaksise katsetes näidati, et α-LH manustamine omas ennetavat mõju, kaitses AT 
mudelkärbseid AT-sarnase fenotüübi tekkimise eest. SEM-katsed näitasid, et α-LH 
leevendas ka vase põhjustatud silmakahjustusi AT mudelkärbestel. 
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Kokkuvõttes võib öelda, et diferentseeritud kujul pakuvad SH-SY5Y rakud sobilikku 
mudelit erinevate AT-ga seotud aspektide uurimiseks ning on abiks uute ravimeetodite 
väljatöötamiseks. Lisaks omab looduslik ühend α-LH potentsiaali vase metabolismi 
reguleerimiseks ning sellest võiks eelkõige kasu olla AT ennetusel või varajases 
staadiumis. 
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Appendix 1 

Publication I 

Krishtal, J., Bragina, O., Metsla, K., Palumaa, P., & Tõugu, V. (2017). In situ fibrillizing 
amyloid-beta 1-42 induces neurite degeneration and apoptosis of differentiated SH-SY5Y 
cells. PloS one, 12(10), e0186636. https://doi.org/10.1371/journal.pone.0186636 

https://doi.org/10.1371/journal.pone.0186636




�������������	�
��
���
��
��
�
�������
����������
��� ������
�����������
������!�!���
����
�������
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Appendix 2 

Publication II 

Krishtal, J., Metsla, K., Bragina, O., Tõugu, V., & Palumaa, P. (2019). Toxicity of Amyloid-
β Peptides Varies Depending on Differentiation Route of SH-SY5Y Cells. Journal of 
Alzheimer’s disease: JAD, 71(3), 879–887. https://doi.org/10.3233/JAD-190705 
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B,49,<--45=791==4661*15;4<;4)5;)B<*=()*1517*)58-4A1+,15);/+19,<*<9;1*4j1=>/=15315178*4;151;B)*A?Q,197-;7*13B1*1;13;1=<.<453;;)2494;/)6JXfV+1+;4=1>/7345.=4661*15;G4<>4-4;/;13;3<3B1--<3(49*)39)+/<5=4((75)9/;)9,1(43;*/?J6;1*f�,12+)37*1;)JXfV0<--=4661*15;4<;1=91--3<5=517*4;13B1*19)G1*1=B4;,JX-</1*<5=517*4;16*<.8(15;<;4)5B<3)>31*G1=?D)B1G1*091--312,4>4;1==4661*15;31534;4G4;/;)B<*=JXfV+1+;4=145G4<>4-4;/;13;3\=>9J]R;*1<;(15;<5=IJiLMNO;*1<;(15;459*1<31=;,131534;4G4;/B,1*1<3IJiQRJ8=4661*15;48<;1=91--3B1*1;,1()3;*1343;<5;;)B<*=JX;)2494;/?klmnoplqrlstknmuvtrw����&��&��CD8CEFE,7(<5517*)>-<3;)(<91--3HJQbb0U7*)+1KB1*197-;7*1=45M7->199)x3])=4:1=U<.-1x3]1=47(HM]U]0P4>9)K37++-1(15;1=B4;,S�y61;<->)G45131*7(HOLC0P4>9)K<5=F�zi(-+15494--450F�{.i(-3;*1+;)(/9453)-7;4)5HP4>9)K45<54597><;)*<;WT|b<5=Fyb[V?Q,1(1=47(B<39,<5.1=1G1*/V8W=</3<5=91--3B1*13+-4;7345.Q*/+3458UMQJ3)-7;4)5HP4>9)K?b1--3B1*1311=1=45+)-/8c8-/3451HRccKHC4.(<K9)<;1=H=>9J]RK)*759)<;1=HIJiQRJ<5=IJiLMNOKB,4;19-1<*>);;)( Ỳ8B1--+-<;13HP*1451*L4)8[51K6)*;)2494;/12+1*4(15;3)*Vf8B1--+-<;13HP*1451*L4)8[51K6)*(49*)39)+/12+1*4(15;3?R*4)*;);,1<++-49<;4)5)6=4661*15;4<;45.<.15;3091--3B1*1<--)B1=;)<=,1*16)*Vf,?[>;<451=91--3B1*1;*1<;1=<99)*=45.;);,16)--)B45.=4661*15;4<;4)5+*);)9)-3\91--3B1*1+*18=4661*15;4<;1=B4;,IJHS�{]}C4.(<J-=*49,K4567--(1=4<6)*f=</3<5=;,15;*1<;1=B4;,LMNOHF�5.i(c}J-)()51c<>3K4531*7(6*11(1=4<6)*V=</3)*B4;,��5]QRJHC4.(<J-=*49,K4531*7(6*11(1=4<6)*W=</3}=>9J]RHC4.(<J-=*49,K;*1<;(15;B<39)5=79;1=B4;,V(]=>9J]R4567--(1=4<6)*V=</3<5=37>31d715;-/4531*7(86*11(1=4<9)5;<4545.V(]=>9J]R6)*<5<==4;4)5<-=</?b1--3B1*1G437<-4j1=B4;,~1433J24)G1*;V��]0J24)9<(]I9FB4;,V�2J8R-<5B4;,R,V<5=V�2R-<5N1)O-7))>�19;4G13?w������������ ���&��!�������Q,116619;3)6JXfV)5;,1G4<>4-4;/)691--3B1*1=1;1*(451=7345.;,191--G4<>4-4;/<33</hCQ8SHI)9,1K?hCQ8S<--)B39)-)*4(1;*49(1<37*1(15;)6



��
������������������������������ �!�����"#�$��"��%����� &&'()**+,-.,*,/012)/34)12(/,3536/)/4-73*,289-*/9/3:-/)4;93*2.*)6348-7-5.0+,-.*)()**9<=>)-8325/366348)16348-7-510)(344)*-/)9:,/>/>)528.)436+,-.*)()**9<=>)8)-924)8)5/9:)4)(38?*)/)1@&>-6/)4()**9/4)-/8)5/:,/>AB@C<'DE9/-2439?34,5)FG-5/-H427I-11)1/39)428;64))(35/43*J432?:-929)1-9-?39,/,+)(35/43*/3,512()-?3?/39,9124;,5J@&><=>))K?)4,8)5/9:,/>LMNMG.266)4:)4)29)1-9-5)J-/,+)(35/43*<OD*P:)**36QG=;'4)-J)5/:-9-11)1/3'RRD*()**(2*/24)8)1,28S,5(2.-/)1-/TUVH634C>-51-.934.-5():-98)-924)1-/@OR5829,5J=MHAWX)5,39N438,(43?*-/)4)-1)4< ��!���$������������N43?,1,28,31,1)FNYI,9-4)1;Z234)9()5/[WA;.,51,5J10)29)1/31)/)(/535+,-.*)()**9:,/>1,942?/)1()**8)8.4-5)9-9,/(-553/(4399,5/-(/()**8)8.4-5)9<R<O8ENY,5?>39?>-/).266)4)19-*,5)FN\GSG,J8-I:-9-11)1/3'RRD*()**(2*;/24)R<OD*P:)**-51,5(2.-/)1634'R8,5-/TUVH<]*234)9()5():-98)-924)129,5J=MHAWX)5,39N438,(43?*-/)4)-1)4F)K(,/-/,35O@R58S)8,99,35'̂C58I<_)92*/9-4)?4)9)5/)1-9/>)63*1,5(4)-9)6438(35/43*,9*)/9< �!����!��!������"0̀3?>,*,7)1-80*3,1;B 'a@C?)?/,1)FAB@CIF4N)?/,1)I:-91,993*+)1,5'S'S'STSTST;L)K-Z2343;C;?43?-53*FL]YNIFG,J8-I/31,9-JJ4)J-/)/>)?)?/,1)3*,J38)4,(-51b.4,**-4-99)8.*,)9S+34/)K)1-51,5(2.-/)1634'>-/4338/)8?)4-/24)S1,+,1)1,5/3-*,c23/9-5114,)13+)45,J>/,5-+-(2281)9,((-;/34<=>)-*,c23/9:)4)9/34)1-/a&RVH<d5)1-0.)634))K?)4,8)5/9S/>)-*,c23/9:)4)/4)-/)1:,/>L]YN-J-,5-91)9(4,.)1.)634)<[)b.4,**,7)1AB@C-*,c23/:-91,993*+)1,5'R8E W-dL-51,5(2;.-/)135,()634'R8,5<W)K/S)c2-*-8325/36@R8ELMNMG.266)4(35/-,5,5JCRR8EW-H*F?LU<TI:-9-11)1/3-b5-*?)?/,1)(35()5/4-/,3536@RRDE<N4)?-4)1?)?/,1)93*2/,35:-9,88)1,-/)*0-??*,)1/3/>)9)428;64))1,66)4)5/,-/)1()**(2*/24)-/b5-*(35()5/4-/,3536'RDE-51CRDE<e��$"��������������H)**9:)4)9))1)135J*-99(3+)49*,?9,5C@;:)**?*-/)9<A6/)41,66)4)5/,-/,35S(2*/24)8)1,-:-94)83+)1-51()**9:)4):-9>)1/:,():,/>N\G<H)**9:)4)bK)129,5J@f N]AF634=gh-5/,;.310;8)/>-53*634'O8,5-/@VHI634CR8,5
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Metsla, K.*, Kirss, S.*, Laks, K., Sildnik, G., Palgi, M., Palumaa, T., Tõugu, V., & Palumaa, 
P. (2022). α-Lipoic Acid Has the Potential to Normalize Copper Metabolism, Which Is 
Dysregulated in Alzheimer’s Disease. Journal of Alzheimer’s disease: JAD, 85(2), 715–728. 
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_78r9;;@<>;;?[1A@BC G/&!#!)")>s!]& !)k9k�$�I"!(S�++")T9G."!+�k9E&MM�Q-Z�[�;\H"$!"'�'"#1J"+&*"')�+#$ (%"$!*&+*]"! !I"'� $%!$&%*"&)�+##&%"S�*"S&)1��	3��	f��ĝ9?:B<>?::[1A@@C G��!'.M!XH9W&%IXK9O*%�&%HZ�[;B\3���4�5����e���4���������9D1R1V%&&��+�+#U!�$�+�9s&̀ a!%M1A@:C Wb!%M (+#T9-�)&*/X9U%")$!+"T9E�/��+KK9U/"%(�>]! !OZ�[;<\N+)"I/*)!+� $/� "$!"'�+##"/�#%! "$!"'�'"#)�)$%!�")"+I)'�S&+I&%)!,!c"#�*"S&)*%&))�+#$!)>)"] &'/& �*!%)"+�&%'(%�*!c"'! !I�12t���u3���4�5_8h9;;;>;;<1A@?C O*!  O9R�%*��++R9U!/&+O-9K(  &%DQZ;<<B\G/&$!*&+*,%&&%�#"'� )'�S&+I&%� $/�> "$!"'�'"#"�$%!S&)�&�!%�"+�I&#�"'&q$(*�*"S&%& �*"!+)/"$*!sKF-%&'&$*!%#&m'"*)1v4
�5
��	3���4�53�4
wgp9�<<>=[:1A@�C Y("++XV9W())"&%&XE9R���!+#EO9K!+*"+&GX9R&+>)!+Q9X!+&)EQ9O*�'M��+EDZ�[[�\U/%!+"'#"&*�%�� $/�> "$!"'�'"#%&#('&)#&m'"*)"+/"$$!'��$� �&�!%�!,�I&#GI�:�?�"'&1o�������	�u��u6̂9�;B>��:1A@=C V%&") &]&+RX9s&&]-9H&/%V9-'M&%��++RZ;<<�\N+x(>&+'&!,)& &I" "+&�+# "$!"'�'"#!+*/& ",&&c$&'*�+'�!,"��(+!)($$%&))&#�"'&1��y���5����	
����4��ug79��?>�=[1A@<C W�(&%XR9T!($" O9T�%]&%TW9R& ,�+#OHZ�[[@\-+�''& &%�*&#�))��,!%*/&"#&+*"m'�*"!+!, ",&)$�+>&c*&+#"+I"+*&%S&+*"!+)"+F%!)!$/" ��& �+!I�)*&%1v���o
�	��
�l��zl�_r_9;�<=[>;�<=:1A:[C K"b+/!(*TO9J!  &+WX9- M/� �,-9J &&,)*%�s9W" !RXZ�[;�\- $/� "$!"'-'"#,!%)��$*!��*"'$&%"$/>&%� +&(%!$�*/�"+$�*"&+*)̀ "*/#"�]&*&)q��&*�>�+� �)")!,%�+#!�".&#'!+*%!  &#*%"� )1t��2���������	6r_69@:?��<1A:;C R�I&%J9J&+M "&)K9K'-,!!)&X9Q+I& X9K(+'/TZ�[[�\- $/�> "$!"'�'"#�)�+&̀ *%&�*�&+*!$*"!+,!%- ./&"�&%0)#")&�)&{�@=�!+*/),!  !̀>($�+� �)")12o���
	|�
��5l���	9$$1;=<>;<B1A:�C K�'.(%&M-9R�I&%J9J&+M "&)K9O/�%��+K9K�%>*"+)E9Q+I& X9U�% )!+F9K(+'/TZ�[[=\H"$!"'�'"#�)�+�+*">"+x����*!%��+#+&(%!$%!*&'*"S&*%&�*�&+*,!%- ./&"�&%0)#")&�)&1��w���u��	�wf�wpr9;@?B>;@�[1A:BC V�S�-9k"%%"*�+!F9k �)*"+!K9U%")*"�+!F9k(''"!T9U! "'�U9Q%�"!U9F&W�%*! !K9K�(%!T9W!)'!

FZ�[;B\G/&&,,&'*!, "$!"'�'"#*/&%�$�!+'!I+"*"S&,(+'*"!+"+I"+$�*"&+*)̀ "*/- ./&"�&%0)#")&�)&12o�������u�������6r_}9@:@�:B1A:@C J%")/*� X9K&*) �J9W%�I"+�i9G!(I(L9k� (���kZ�[;<\G!c"'"*�!,��� !"#>]&*�$&$*"#&)S�%"&)#&$&+#"+I!+#",,&%&+*"�*"!+%!(*&!,OR>Oa:a'&  )12�	y4��5������7_9=�<>==�1A::C a�+IKa9-%�)*%!+IXF9L" "+)M�N9O*%�(),& #sX9J�")&%JZ;<<:\O(]#"S")"!+!,*/&F%!)!$/" ��()/%!!�]!#>"&)]�&+/�+'&%>*%�$&c$%&))"!+$�**&%+)1o�����_h9@:>:@1A:?C V%&&��+KZ;<<?\E&"*&%�*"S&()&!,*/&QTV%&'&$*!%*%"II&%)#",,&%&+*"�*"!+!,�  '&  *�$&)"+*/&F%!)!$/" �&�&1��		̂79?:;>??[1A:�C G��]&%IH9X��I!K9O�� "MJ9O"%$-9G(S"M&+&X9O/(>]"+�-9J""%UO9s(%�J9O&$$K9G"��()MG9k� I"KZ�[�[\F�(I/*&% &))9*/&F%!)!$/" �!%*/! !I(&!,GUV@9")%&d("%&#,!%�))!'"�*"S& &�%+"+I�+#��"+*&+�+'&!,*/&)�+�$*"'$%!*&!�&1�������	���4_}9#��[@��@�1A:=C -I/! �&H9H"+#)*%!�G9J�I&#� J9K�%'())!+X9R�  >]&'MK Z�[;[\-+��w�����!#& ,!%+&(%!)'"&+'&q#",,&%&+*"�*"!+!,OR>Oa:a'&  )"+*!'&  )̀ "*/�!%$/!> !I"'� �+#]"!'/&�"'� '/�%�'*&%")*"')!,��*(%&+&(%!+)12�	y4��5������6r9;[?<>;[=�1A:<C J%")/*� X9W%�I"+�i9K&*) �J9k� (���k9Gj!(I(LZ�[;�\N+)"*(m]%"  "."+I��� !"#>]&*�;>@�"+#('&)+&(>%"*&#&I&+&%�*"!+�+#�$!$*!)")!,#",,&%&+*"�*&#OR>Oa:a'&  )1v��l~��_69&[;=??B?1A?[C X&!+a9H&&XR9U/!"W9D!+Oa9U/!JOZ�[�[\T&+&*"'#"))&'*"!+!,- ./&"�&%0)#")&�)&()"+IF%!)!$/" ��!#>& )1t��2��	l��6_9==@1A?;C W%�+#-R9k&%%"�!+sZ;<<B\G�%I&*&#I&+&&c$%&))"!+�)��&�+)!,� *&%"+I'&  ,�*&)�+#I&+&%�*"+I#!�"+�+*$/&+!*�$&)1��w�	��5���__̂9@[;>@;:1A?�C Od("**"E9O"�!+&  "N9L&+*%"I "�K9O"!**!K9k�)d(� &**"k9E&�]�'/-9F!&'M&X9W()/-NZ�[;@\K&*�>�+� �)")!,)&%(�+!+>'&%( !$ �)�"+'!$$&%"+- ./&"�&%0)#")&�)&12�	y4��5������}̂9=[<>=��1A?BC U�$!UE9-%'"&  !K9Od("**"E9U�))&**�Q9E!))"+"kK9U� �]%&)&H9E!))"HZ�[[=\V&�*(%&)!,'&%( !$ �)�"+"+*/&'&%&]%!)$"+� x("#!,- ./&"�&%0)#")&�)&$�*"&+*)13��5��
	�6_9B?�>B��1A?@C Od("**"E9O"!**!K9-%'"&  !K9E!))"HZ�[;?\s!+>'&%( !$ �)�"+]!(+#'!$$&%�+#-Gk�WI&+&S�%"�+*)"+- ./&"�&%0)#")&�)&1���
		�5���̂9=?B>=�B1A?:C K(  &%�U9F&  &%G9J!%*&KZ�[;�\s!*b()*��� !"#q$/�)"! !I"'� ,(+'*"!+)!,*/&��� !"#$%&'(%)!%$%!*&"+,��" �1o
�f�wo�������_̂9�=;>�<=1A??C a!(+IGE9k(M� �GH9U�$$�"E9D&##-T9P"�!nTZ�[;=\G/&/(��+��� !"#$%&'(%)!%$%!*&"+]"+#)'!$$&%"!+)#!�"+�*&#]��$"'!�! �%>�,m+"*�)"*&"+*/&/& "c>%"'/Q�#!��"+13���4�5����eh79@;?:>@;�?1A?�C a!(+IGE9D&##-T9P"�!nTZ�[;=\QS� (�*"!+!,U(ZN\]"+#"+I*!*/&Q�#!��"+!,*/&��� !"#$%&'(%)!%$%!*&"+>� &))!+"+d(�+*"m'�*"!+!,�&*� ]"+#"+I*!$%!*&"+)S"� "I�+#'!�$&*"*"!+1���
		�5���_r9;[=>;;<1A?=C W&  "+I/��O-9H�/"%"FJ9K� !+&�W9H�V!+*�"+&O9K( */�($T9U���M�%")XZ�[[@\U!$$&%#&$ &*"!+#!̀+>%&I( �*&)&c$%&))"!+!,*/&- ./&"�&%0)#")&�)&��� !"#>]&*�$%&'(%)!%$%!*&"+I&+&123��	�4�56789�[B�=>�[B=?1A?<C W�(�M�!**&%V9O'/�"#*s9L�%I�)U9O'/"  "+IO9D&]&%E9D�I+&%J9V"&# &%O9J (ID9E�#."��+!̀)M"X9s"'M! �()O9J&  &%O9QII&%*O9D" #J9J"+)OZ�[;@\-�� !"#$%&'(%)!%$%!*&"+#"�&%".�*"!+�+#)�+�$*!I&+"'



�������������	
�����
������
������
��
��������������
� ����� !"#$ %&'& %$ !$''&()# %# *"$"+&*($,"+�-!"$(./#0&%$1-# 234���
���5678889:.888��2;�<= >!&?&%$@A7B� *CB7D-/E#&/>B7F#GH7F-�*+"$ @7I#0+&@7J&1)-!+>7J$)&("KL7A-K"&(KMF7L�K+>N7M-1-0-(#KOP�<88QM$''&('($1$"&K"+&"(-�R!0# *$�"+&-1S/$#%'(&!�(K$('($"&# 23T�
��U�VWXY7Z�9�.Z�[�2;�8= >!&?&%$@A7\'-E$MA7]$((#K+D7M+-//#KFA7F#GH7I+#"&>J7L�K+>N7M-1-0-(#KOP�<8̂Q_+$K'+$.(S/-"#$ $�-1S/$#%'(&!�(K$('($"&# -""+(&$ # &[[Z#K&KK& "#-/�$(#"K!$''&(.(&K'$ K#?&"(-�R!0# *# B̀.C̀9C &�($)/-K"$1-!&//K23T�
��U�VWXa788<<�.88<8:2;��= L$(!+-(%"b7M-1-0-(#KO7M-''-#J7A-K"&(KMF7L&S(&�"+&(@7A�/"+-�'cP8:::QM$''&(# +#)#"K)&"-.-1S/$#%'($%�!"#$ - %K"#1�/-"&K"+& $ .-1S/$#%$*& #!'-"+,-S$�-1S/$#%.'(&!�(K$(.'($"&# K&!(&"#$ 2T�
�U�V3566deW7̂[8.̂[�2;��= > *&/&""#L7I-/%($ @O7f(&&1- @L7L-,-*- B7B�K.K-# N7A#//&(MM7F-�@f7b&  - "Ag7D&  #K$ M7J$)# K$ ]O7D# *,-//MP�<<9QL>Mg8!S"$'/-K1#!%$1-# # "&(-!"K,#"+"+&!$''&(!+-'&($ &�$(K�'&(.$h#%&%#K1�"-K&.8- %)# %K!$''&(23T�
��U�VWXi78�:�<.8�:��2;�̂= bj$�*�k7@-(-R >7_-/�1--_P�<<ZQL# %# *$�E# !PNNQ- %!$''&(PNNQ"$"+&��//./& *"+>/E+&#1&(lK-1S/$#%.)&"-'&'"#%&234���
�U�Vmi678�̂:.8�9:2;�9= >/#&KL7J& -*/#-g7J$E*-A7L-/I7f-//&(_7B�(&-�MP�<8�QM�PNNQ-�R #"S�$("+&>/E+&#1&(lK'&'"#%&n"S($K# &o�$(&K!& !&K"�%#&K(&?#K#"&%2�����U�VXp789<8.89<Z2;�[= L$(*+&K- #k7>/#&KL7B�(&-�MP�<8ZQM�.NN)# %# *"$?-(#$�K�$(1K$�-1S/$#%.)&"-'&'"#%&Kn-(&"+&S�(#& %K$(�$&Kq
��3r�
�s�U�VWimX7�.892;��= bj$�*�k7@-(-R >7t$?$@7M+� *J̀7B$,&//KM7I&K">@7_-/�1--_P�<<:Qt PNNQ.- %M�PNNQ.# %�!&% $ .R)(#//-(-**(&*-"&K$�-1S/$#%.)&"-P8.̂�Q'&'"#%&-(&"(- K�$(1&%"$-1S/$#%R)(#/K7)$"+K'$ "- &$�K/S- %� %&("+&# o�& !&$�1&"-/!+&/-"$(K234���
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