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Introduction

1 Introduction

1.1 Alzheimer’s disease

Changes in behaviour or loss of memory are the first outward signs of Alzheimer’s disease
(AD), with 60% to 80% estimated cases, the most common form of dementia (Alzheimer’s
Association, 2020). Declines in cognition, disruption of language and accumulation of
behavioural alterations are underpinned by structural and microscopic changes in the brain. To
date, nearly 50 million people worldwide are suffering from dementia, whereas only 10% of all
AD cases arise before the age of 65, known as familial or early-onset AD and over 90%
represent the sporadic form or late-onset AD. Due to the increase in population and ageing, the
global number of patients is expected to triple by 2050 (Gaudreault and Mousseau, 2019).
Despite extensive research into the pathology, AD cannot be cured yet. More than 25 years the
accumulation of the peptide amyloid-f (Ap) dominates the research of AD (amyloid cascade
hypothesis). Concerning the amyloid cascade hypothesis, clumps of AB, known as plaques that
form outside cells and neurofibrillary tangles (NFTs) consisting of hyperphosphorylated tau,
that form inside cells are proposed to be the initiating step and trigger neurodegenerative
processes that lead to the loss of memory and cognitive ability (Hardy and Higgins, 1992). In
1907, Alois Alzheimer firstly described these two cellular hallmarks of AD (Alois Alzheimer,
1906). In 1984, the isolation of AP revealed the process how the peptide is produced (Glenner
and Wong, 1984). AP derives from the much larger amyloid precursor protein (APP), which sits
in and crosses the cell membrane. Even though APP’s primary function is not known, it has
been implicated to play an important role in brain development, memory and synaptic plasticity.
There are three major splice isoforms of APP (APPsos, APP7s51, APP770), whereas APPgos 1s the
predominant neuronal form, and the other two forms are mainly expressed in peripheral cells
and platelets (Nalivaeva and Turner, 2013; Chen et al., 2017). APP can be processed by two
pathways: non-amyloidogenic and amyloidogenic. In the non-amyloidogenic pathway, APP is
first cleaved by the enzyme a-secretase, releasing soluble APP (sAPPa), and additionally an
83-amino-acid C-terminal fragment (C83) of APP is generated which remains inserted in the
membrane. In the next step y-secretase cuts C83 which liberates the C-terminal fragment P3. In
the amyloidogenic pathway the outermost portion of APP is first cleaved off by the B-secretase
1 and 2 (BACE1 and BACE2), whereas y-secretase then cuts the remaining membrane-bound

portion of APP (C99), freeing AP (Takagi-Niidome et al., 2015) (see Figure 1.1). The length of
1
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AP varies because y-secretase can cut APP at a number of sites. The most common isoforms are
APao and AP42 (Olsson et al., 2014). Post-translational modifications of AP show a variety of
modifications like oxidation, phosphorylation, nitration, racemization, isomerization and
glycosylation which can all alter the oligomerization, and formation of fibrils (Polanco et al.,
2018). Oligomers can then either be precursors of amyloid fibrils or not produce fibrils,
although they may still be cytotoxic (Iadanza et al., 2018). Fibrils deposit in amyloid plaques,
which can be formed extracellular, and inside cells, while the specific process of plaque

formation is not fully understood yet (Polanco et al., 2018).

Mutations in APP have been reported to either increase the production of AP or influence the
ratio of AP42/AP4o resulting in increased self-aggregation (Weggen and Beher, 2012). AD
causing mutations also occur in genes encoding for y-secretase proteins presenilin 1 (PSENT1)
and presenilin 2 (PSEN2) affecting the location where y-secretase cuts APP (Sun et al., 2017).
Generally, genes play a strong role, especially in early-onset AD showing heritability over 90%
and in late-onset AD showing 58-79% (Freudenberg-Hua et al., 2018). The major susceptibility
gene for sporadic AD is apolipoprotein E (APOE) with its three major allelic variants APOE2,
3, and 4, and is found both, in the periphery and the central nervous system (Mahley, 1988). As
we carry two copies of almost all genes, people carry two copies of APOE, which can be either
of same or of different variants. Compared to the most common form APOE3/3 genotype,
APOEH4 allele is associated with a high risk of AD and a younger onset of the disease, while
APOE2 is associated with a low risk to develop AD (Reiman et al., 2020). The increased risk
of developing AD is up to 4-fold with people carrying one copy of APOE4 and 15-fold in people

who have two copies (Yamazaki et al., 2019).
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Figure 1.1 APP proteolysis in the non-amyloidogenic pathway and amyloidogenic pathway
(adapted from (Chen et al., 2017)). The non-amyloidogenic pathway is initiated by the a-secretase,
which cleaves APP to generate CTFa or rather C83 and the soluble N-terminal fragment sAPPa, whereas
the release of AP is prevented. Amyloidogenic APP processing starts with the B-secretase releasing C-
terminal fragment CTFf or C99 and the N-terminal SAPP. C99 is subsequently cleaved by y-secretase
into AP and an APP intracellular domain (AICD). AICD can migrate to the nucleus where it regulates
gene expression involving the induction of apoptotic genes.

While the genetic evidence strongly supports the relevance of amyloid plaques in inducing AD
pathology, the amyloid cascade hypothesis is controversially discussed and has never been
universally accepted. Especially, plaque formation does not correlate with the severity of
cognitive decline in patients with AD (Nelson et al., 2012). Additionally, plaques are found in
the brains of many elderly people with normal cognition (Price, 1994). Amyloid plaques might
occur in a pre-symptomatic stage of the disease (Murphy and LeVine, 2010). Obviously, AP is
necessary but not sufficient in the AD cascade and there are other factors playing a crucial role.
Another counter argument to the amyloid hypothesis is the disappointing outcome of clinical
phase 3 trials in targeting AP, mostly explained by drugs being given at the wrong point of the

progression of AD, assuming that the pathology accumulates 15-20 years prior to the onset of

clinical symptoms (Vermunt et al., 2019).

Besides the amyloid hypothesis, tau aggregation is another hypothesis. The tau hypothesis
targets the microtubule-binding phosphoprotein tau - the main constituent of neurofibrillary
tangles (NFTs) which is also a neuropathological hallmark of AD. NFTs contain

hyperphosphorylated and aggregated tau. An abnormal phosphorylation of tau, in particular 3
3
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to 4-fold higher, leads to an inhibition of microtubule assembly activity and even disrupts
microtubule (Ksiezak-Reding et al., 1992; Ivanov et al., 2020). Microtubules are the main
structural component of the cytoskeleton of neurons and are involved in axonal transport
(Lasser et al., 2018). It has been demonstrated that dephosphorylation of hyperphosphorylated
tau removes NFTs in AD brain samples and restores its biological activity (Igbal et al., 2010).
Both, AP plaques and NFTs lead to dysfunction, degeneration and loss of neurons and synapses,

what might be of synergistic cause (Masters et al., 2015).

A large body of evidence demonstrates an impaired energy metabolism, in particular a
significantly reduced glucose utilization, occurring decades before the onset of the disease
(Kapogiannis and Mattson, 2011; Crane et al., 2013; Croteau et al., 2018). Glucose
hypometabolism may play a primary role, especially in the sporadic form of AD. It has been
shown, that young ApoE4 carriers with no AP deposition revealed an impaired glucose
metabolism (Jagust and Landau, 2012). On the other hand, other cases suggest that glucose
hypometabolsim could be a secondary event after A deposition, as a continuous AP increase
in autosomal dominant AD patients is only followed by an impaired glucose metabolism
(Gordon et al., 2018; McDade et al., 2018). However, abnormalities in glucose metabolism also
involve insulin resistance characterized by diminished capacity of cells to respond to
physiological levels of insulin, and impaired mitochondria together with the linked processes
of oxidative stress or rather mitochondrial dysfunction (discussed in chapter 1.2). Insulin and
insulin like growth factors (IGFs) are responsible for neuronal survival, energy metabolism,
and neuronal plasticity as well as having a key role in learning and memory (D'Ercole et al.,
1996). In the brain of AD patients, insulin resistance is increased which implements a decrease
in glucose uptake associated with the disturbance in nervous functions (Talbot et al., 2012). The
development of insulin resistance might occur through an excess of reactive oxygen species
(ROS) and therefore due to mitochondrial dysfunction (Kim et al., 2008). On the other hand,
research indicates that an impaired fatty acid oxidation causes insulin resistance and further
impairs mitochondrial function through reduced ATP synthesis (Turner and Heilbronn, 2008).

It is still not clear which of the two scenarios arise first.

As mentioned before, another early and primary event in the pathology of AD is contributed to
the dysfunction of mitochondria, underlying the mitochondrial cascade hypothesis (Swerdlow
et al., 2010). The mitochondrial cascade hypothesis was firstly introduced by Swerdlow and
Khan in 2004 (Swerdlow and Khan, 2004). According to the hypothesis mitochondrial

4
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dysfunction is considered to be an early event and a primary event in the pathophysiological
cascade of AD (Swerdlow et al., 2010). The hypothesis maintains three major parts. First, the
mitochondrial cascade hypothesis postulates that a genetic individual decline in mitochondrial
function is a significant risk factor for developing late-onset AD. Second, age-associated
mitochondrial changes are depended on inherited and environmental factors. Third, AD
chronology is determined by the rate of change of mitochondrial function through individual
genetic and environmental factors. The dysfunction increases over decades until a threshold is
reached and histologic changes associated with AD start (Swerdlow et al., 2014) (see Figure
1.2). The hypothesis assumes to split autosomal dominant AD, with an excessive AP
accumulation leading to impaired mitochondrial function, from sporadic AD, with an age

related occurrence of mitochondrial dysfunction.

Besides the hypothesis discussed, there are modifiable risk factors for AD like diabetes, mid-
life obesity, mid-life hypertension, high cholesterol, and smoking (Baumgart et al., 2015).

By the time AD is diagnosed, substantial neuronal loss and neuropathological lesions might
already damaged brain regions. Therefore, an early diagnosis is essential. Current diagnosis of
AD include psychometrical tests, brain imaging and cerebrospinal fluid (CSF) collections.
There are several psychometrical tests to assess cognitive performance. Various forms of brain
imaging such as computed tomography (CT), magnetic resonance imaging (MRI) and electron
emission tomography (PET) provide visualisation of AP fibrils as well as structural and
functional details of the brain. The fluid biomarker CSF detects soluble Af monomers, total tau
and phosphorylated tau (Anoop et al., 2010). These imaging techniques are of high accuracy
and are able to detect the presence of AD-associated pathophysiological and neuropathological
changes. However, these assays are expensive, lack of accessibility or are invasive. Therefore,
cost-effective, accurate and standardized early diagnostics are indispensable. The use of blood-
based biomarkers is one of those possibilities, what would reflect the full spectrum of molecular
mechanisms underlying the multifactorial pathology of AD (Hampel et al., 2018; Schindler et
al., 2019).

In Germany, there are currently four medications for symptomatic AD approved for the use in
mild-to-moderate AD, including three cholinesterase inhibitors (donepezil, rivastigmine, and
galantamine) and an uncompetitive N-methyl-D-aspartate (NMDA) receptor modulator

(memantine) for moderate-to-severe AD. Additionally, German guidelines recommend, the
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standardized ginkgo biloba extract, EGb761 for the treatment of AD (Deutschl and Maier,
2016).

Until now, over 20 compounds failed in phase three trials at various stages of AD, showing no
improvement of cognitive performance and global functioning (Long and Holtzman, 2019). To
date, there are 132 agents in clinical trials with 28 agents in phase 3 trials. Over half of the
phase three ongoing trials (61%) are disease modifying and focus on amyloid as either small
molecules, monoclonal antibodies or biological therapies. Other mechanisms include tau
pathogenicity, neuroprotection, anti-inflammation, and metabolic interventions. 39% are
symptomatic agents addressing cognitive enhancement or behavioural and neuropsychiatric
symptoms (Cummings et al., 2019). The clinical trial design should include and focus more
widely on combination therapies and on lifestyle and metabolic interventions to prevent AD.
Since mitochondrial dysfunction is increasingly recognized as one of the early events in the
progression of AD, it may be essential to focus on preventive strategies to slow down the

progression of AD.

Individual basic
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Time

|
v

Impaired
mitochondrial function

(genetically & environmentally
determined)

Threshold exceedance

. N
l \‘}“i\

\
g “ \\§
| 4 \ 4 |

/
/

Synaptic loss Tau pathology  Altered APP expression
Neurodegeneration AR plaque formation

Figure 1.2 The mitochondrial cascade hypothesis (adapted and modified from (Miiller, 2016)). The
mitochondrial cascade hypothesis postulates that an individual impairment of mitochondrial function is
a major risk factor for late-onset AD. Furthermore, genetic and environmental factors influence the
increase of mitochondrial dysfunction over decades
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1.2 Mitochondria as a therapeutic target for AD

1.2.1 Mitochondria form and function

Around two billion years ago, mitochondria might have been evolved by endosymbiosis of an
a-proteobacterium by a precursor of the eukaryotic cell, assumed as in the classical
endosymbiont hypothesis. According to their ancestors, mitochondria comprise a double-
membrane, the core of energy production in form of adenosine triphosphate (ATP) and the
circular genome, mitochondrial DNA (mtDNA). The form and composition of the network
forming organelle has altered drastically and acquired new additional functions during
evolution (Gray, 2012). mtDNA which inheritance exclusively maternal, has been reduced
during evolution and lost to the nucleus, leaving the organelle to encode only for 13 of 1500
mitochondrial proteins, the reason why mitochondria depend on the nucleus for most of their
proteins and lipids. Besides their most notably function being the main energy producer via
oxidative phosphorylation (OXPHOS), mitochondria perform many other key roles in the cell.
They are responsible in iron and calcium homeostasis, central carbon metabolism, metabolism
of dietary substrates, fats, and proteins, produce precursors of lipids, proteins, and DNA, and
also generate metabolic by-products like ROS and ammonia (Nunnari and Suomalainen, 2012;
Haas, 2019). Recent research has uncovered how mitochondria play active roles in cellular
communication through signalling pathways with other organelles and it is now clear that
mitochondria are part of nearly all aspects of cell function, affecting processes such as
neurodegeneration, cancer, inflammation, metabolic signalling and cell death (Spinelli and

Haigis, 2018).

Mitochondria range in the size from 0.75 to 3 um? in diameter and vary considerably in size
and structure depending on the cell type or physiological state (Miyazono et al., 2018). They
contain of an inner and outer mitochondrial membrane, which separate two compartments, the
intermembrane space and the innermost matrix compartments (see Figure 1.3). In the
mitochondrial matrix, oxidation of fatty acid, glucose and amino acid metabolism takes place
via the beta-oxidation and citric acid cycle. The outer membrane isolates the mitochondrion
from the cytosol, contains proteins including porins allowing molecules up to 5000 Da to shuttle
via passive diffusion, and is permeable to salts, sugars, and coenzymes, while the inner

mitochondrial membrane permeability is limited to oxygen, carbon dioxide and water. Both
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membranes harbour translocases to import nuclear encoded proteins into the mitochondrion,
through the translocase of the outer membrane (TOM) and the translocase of the inner
membrane (TIM), shuttling proteins into the matrix (Pfanner and Meijer, 1997; Pfanner and
Wiedemann, 2002). The inner membrane is highly structured with invaginations the so-called
cristae, providing a large amount of surface and housing the protein complexes of the electron
transport system (ETS). The cristae is also presumed to increase the charge density and local

pH to enhance ATP production through OXPHOS (Strauss et al., 2008).

mtDNA

Inner mitochondrial membrane

:

Intermembrane space

Outer mitochondrial
membrane

Matrix

OXPHOS

Figure 1.3 Schematic view of a mitochondrion. Mitochondria consist of an inner and an outer
mitochondrial membrane, in between the intermembrane space. The outer mitochondrial membrane acts
as a diffusion barrier and isolates the mitochondrion from the cytosol, in which it has a higher
permeability than the inner one. The inner mitochondrial membrane forms invaginations the so-called
cristae, enlarging the surface and harbouring respiratory chain complexes (CI-CV). The matrix harbours
the citric acid cycle, which generates electrons through the B-oxidation and supplies them for OXPHOS
(own figure).

The mitochondrial respiratory chain and OXPHOS system

The OXPHOS system harbours five multimeric complexes embed in the inner mitochondrial
membrane. Complexes I-IV comprise the respiratory chain, which transfer electrons from

reducing equivalents to water, creating a proton gradient across the inner mitochondrial
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membrane, which is utilized to power complex V, the ATP synthase to produce ATP from ADP

and inorganic phosphate.

Nicotinamide adenine dinucleotide in its oxidised form (NADH) and flavin adenine
dinucleotide in its hydroquinone form (FADH>), which are derived from the citric acid cycle
and B-oxidation, transfer electrons to complex I (ubiquinone oxidoreductase) and complex 11
(succinate dehydrogenase). Complex I oxidizes NADH to NAD" and H" and transfers two
electrons to ubiquinone (coenzyme Q) resulting in the reduced form ubiquinol. Complex II,
which links the citric acid cycle to OXOHOS catalyses the oxidation from succinate to
fumarate, while also oxidizing FADH, to FAD" and H" producing ubiginol. In the next step,
electrons are transported from ubiquinol to complex III (cytochrome c¢ oxidoreductase).
Transfer of electrons to cytochrome c facilitates complex III to oxidize ubiquinol. In turn,
cytochrome ¢ reduces complex IV (cytochrome c oxidase, COX). Eventually, electrons are
donated to molecular oxygen, and water is formed. Simultaneously, a proton motive force
across the inner mitochondrial membrane is built up by complex I, III and IV, which is used to
generate ATP through complex V. Summarized, complex L, III and IV pump protons out of the
matrix into the inter membrane space creating a negative charge in the inner side of the
membrane and a positive charge on the outer side what generates the mitochondrial membrane

potential (MMP). Figure 1.4 gives an overview of the respiratory chain.
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Figure 1.4 Overview of the respiratory chain and the ATP synthase (modified from (Rich and
Maréchal, 2010)). The red arrows show the transfer of two electrons from oxidation of NADH or
succinate of complex I or complex II. These electrons are then transferred to complex IV via cytochrome
c oxidase, which catalyzes the electron transfer to the final electron acceptor oxygen. Simultaneously, a
proton motive force is generated by complex I, III and IV resulting in a negative charge in the inner side
of the membrane and a positive charge on the outer side, which generates the mitochondrial membrane
potential. IMR = intermembrane space, IMM = inner mitochondrial membrane.

Mitochondrial biogenesis

Mitochondria are of highly dynamic nature — they undergo continuous cycles of balanced fusion
and fission processes to maintain their architecture, function and quantity. Fission, which is
characterized by the division of one mitochondrion into two mitochondria, is needed to increase
the number of mitochondria before biogenesis and to isolate defect mitochondria for autophagy,
whereas mitochondrial fusion is the union of two mitochondria resulting in one mitochondrion.
Fusion is required for organelle distribution to and from distal locations of demand (Youle and
Narendra, 2011; Friedman and Nunnari, 2014). The cytosolic dynamin related protein 1 (Drp1)
is associated with fission and is recruited to the outer mitochondrial membrane by the
mitochondrial fission 1 protein (FIS1). Fusion of the outer mitochondrial membrane is ensured
by the two large mitofusin proteins 1 and 2 (Mfnl/2), followed by fusion of the inner
mitochondrial membrane, mediated by the optic atrophy protein 1 (OPA1) (Tilokani et al.,
2018). Mitochondrial biogenesis is tightly controlled and occurs through the action of the

10
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PPARy-1a (PGC-1a) family co-activators, which respond to changes in nutrient status and the
metabolic state of the cell, as well as environmental signals (Wai and Langer, 2016). Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) is the master regulator of
mitochondrial biogenesis, including activation of genes of the respiratory chain and [3-
oxidation, elevation in mitochondrial number, replication of mtDNA, and augmentation of
mitochondrial respiratory capacity. These effects exert through direct interaction with
coactivators such as the nuclear respiratory factors 1 and 2 (NRF1 and 2) among other
transcription factors to regulate nuclear gene expression (Finck and Kelly, 2006). NRF1 and 2
are positive transcription regulators by acting on many genes, including genes of respiratory
subunits and additionally activating the mitochondrial transcription factor A (Tfam). Tfam is a
key activator of mitochondrial transcription and participates in mitochondrial genome
replication with its major factor in regulating mtDNA copy number (Shi et al., 2012). As
mentioned before, PGC-1a responds to changes in nutrient status, for example ratios of
NAD/NADH and AMP/ATP which are sensed through sirtuin 1 (SIRT1) and adenosine
monophosphate-activated protein kinase (AMPK). PGC-la is directly regulated by
deacetylation from SIRT1 and phosphorylation through AMPK. There are seven mammalian
sirtuins (SIRT1-7) functioning as gene regulators by deacetylating transcription factors, and as
regulators of activities of metabolic enzymes in response to calorie restriction or other stresses.
AMPK plays a key role in cellular energy homeostasis. The kinase responds to low ATP levels
or rather high AMP, which in turn activates PGC-1a and triggers a wide range of catabolic
pathways directed to increase cellular levels of ATP (Wang et al., 2019). cAMP response
element-binding protein (CREB) is another activator of PGC-la transcription. CREB
integrates multiple signalling pathways in various cell types, but mainly required for cAMP

response (Herzig et al., 2001).

1.2.2 Mitochondrial dysfunction

Mitochondria are involved in a huge number of cellular processes and are present in all
eukaryotic cells relying on aerobic metabolism (B. Alberts, 2015). Mitochondria are the
powerhouse of the cell by metabolizing nutrients and producing ATP through OXPHOS to
maintain the normal homeostasis and function of the cell. Furthermore, mitochondria have key
roles in several intracellular pathways, including lipid biosynthesis, regulation of calcium

concentration and cell apoptosis. Due to their involvement in these essential functions of the
11
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cell, it is not surprising that disturbance of mitochondrial function are largely associated with
many common chronical diseases, including neurodegenerative diseases (Nicolson, 2014;
Bhatti et al., 2017). As mitochondrial function becomes impaired with age, it is believed and
shown in several studies to be a major and early event to the ageing process, and therefore also
in neurodegenerative diseases such as AD (Grimm et al., 2016; Chakravorty et al., 2019; Reddy
and Oliver, 2019). A large body of evidence has shown mitochondrial abnormalities in the brain

of AD patients (Swerdlow, 2018).

An impaired electron transport chain and thus a reduction in the synthesis of ATP as well as the
loss of the potential of the inner mitochondrial membrane are main hallmarks of mitochondrial
dysfunction. It is well known, that mitochondrial respiratory enzymes as well as numerous other
mitochondrial enzymes are altered in AD brain (Bubber et al., 2005; Yao et al., 2009). In
particular, defects in complex IV are considered to be central in AD (Parker et al., 1990;
Rapoport, 1991; Mutisya et al., 1994) and are mainly linked to changes in mtDNA (Krishnan
et al., 2012; Weidling and Swerdlow, 2019). A result of the electron transport process is the
production of reactive oxygen species (ROS) and related reactive nitrogen species (RNS), at
moderate levels acting as second messengers within the cells (Di Meo et al., 2016). However,
in case of an impaired respiratory system the production of these highly reactive free radicals
is increased. Dismutase enzymes and antioxidants counter the effects of oxidative damage
induced by ROS/RNS, whereas various antioxidative enzymes such as glutathione peroxidase
(GPx), superoxide dismutase (SOD), and catalase (CAT) are impaired in AD (Ansari and
Scheft, 2010). The excessive generation of ROS/RNS occurs as a result of an imbalance
between the levels of antioxidants and oxidants in favour of oxidants and furthermore of the
impaired OXPHOS. This oxidative environment triggers the damage of cellular lipids, proteins,
and DNA. Additionally, the damage to mitochondrial membrane lipids can result in increased
proton and ion leak back across the inner mitochondrial membrane into the mitochondrial
matrix, resulting in a partial loss of the electrochemical gradient (Nicolson, 2014), which in
turn again impairs the mitochondrial respiratory chain. Consistent with bioenergetics deficits in
AD, genes encoding for mitochondrial ETC subunits and associated metabolic pathways, are

as well significantly downregulated (Brooks et al., 2007).

Furthermore, there are studies demonstrating changes in mitochondrial structure, disrupted
cristae and decreased mitochondrial surface area in AD brain (Baloyannis et al., 2004). Defected

mitochondria can cause as well mitochondrial bioenergetics deficits through enhanced
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ROS/RNS generation or an improper respiratory complex assembly. Additionally, it causes a
depletion of mtDNA due to a reduced exchange of mitochondrial content (Mishra and Chan,
2014). This underscores the importance of a balance between fission and fusion events for
maintaining a healthy pool of mitochondria with proper distribution. Moreover, mitochondrial
quality control is regulated by the processes of mitochondrial biogenesis and mitochondrial
autophagy, known as mitophagy. Mitophagy involves the degradation of damaged or
dysfunctional mitochondria (Hales, 2004; Youle and van der Bliek, 2012). A most recent study
found significantly impaired mitophagy in the brain of AD patients (Fang et al., 2019).

Additionally, it has been reported that AP peptide is able to translocate into mitochondria
(Stewart et al., 2000). The accumulation of AP in mitochondria causes inhibition of complexes
IT and IV of the respiratory chain resulting in reduced OXPHOS and increased production of
ROS (Rhein et al., 2009b). Furthermore, AP inhibits protein import inside the mitochondria
leading to damages and mutations of mtDNA (Lakatos et al., 2010). Moreover, the
accumulation of AP leads to impaired mitochondrial dynamics featured by abnormal fusion and
fission processes, untypical morphology and degradation, causing reduced clearance of
impaired mitochondria which further enhances mitochondrial dysfunction (Manczak et al.,

2011).

The strong evidence that mitochondrial deficits could lead to AD related hallmarks suggest
mitochondrial dysfunction to play a primary role in the progression of AD, especially in the
sporadic form. On the other hand, in case of patients with early-onset AD or rather with
autosomal dominant mutations, A} accumulation plays the primary role, where mitochondrial
dysfunction seems to be of secondary event in amplifying neuronal impairment in AD.
Nevertheless, whether mitochondrial dysfunction is either a primary or secondary event,
impaired mitochondrial bioenergetics, increased oxidative stress and disturbed mitochondrial
genome are consistent features of mitochondrial abnormalities in AD. Any of these
abnormalities interact with each other to mediate or amplify neurodegeneration. Figure 1.5

summarizes mechanisms of mitochondrial dysfunction.
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Figure 1.5 Mitochondrial dysfunction. Mitochondrial dysfunction is accompanied by altered
mitochondrial dynamics, decreased mitophagy, impaired calcium homeostasis, low MMP, decreased
ATP level, increase in ROS production, downregulation of respiratory capacity, impaired mitochondrial
biogenesis and excess of mtDNA mutations (own figure).

1.3 Prevention of AD

AD negatively affects quality of life, global functioning and physical health. Among others, it
is the leading cause of disability worldwide and a significant health concern. Despite of
intensive efforts into the causes of AD, there is no effective therapy up to now. Anyhow, the
onset of AD might be modifiable by the management of potential risk factors. Therefore, the
importance of prevention as a therapeutic goal has gained focus in the current field of AD
research. Strategies to prevent AD through non-pharmacological treatments are lifestyle
interventions such as physical activity, cognitive activity, socialization and a healthy diet
(Norton et al., 2014). Diet and exercise have yielded promising results in modulating brain
morphology and function and are known to act at the mitochondrial level (Maliszewska-Cyna

et al., 2017; Cenini and Voos, 2019).
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1.3.1 Nutrition in the prevention of AD

The preclinical stage of AD, only detectable by brain imaging or cerebrospinal fluid
measurements accompanied with no measurable cognitive deficits, describe the first stage of
AD. At this stage lifestyle changes may stabilize or reverse the progression of the disease
(Carrillo et al., 2013). Today, it is accepted and evident, that environmental factors and lifestyle
play a crucial role in the onset and progression of AD. This also reflects the multifactorial
complexity of AD (Bertram and Tanzi, 2008). Notably, the late-onset form is with over 50%
chiefly attributed to modifiable risk factors (Barnes and Yaffe, 2011). Balanced and healthy
dietary habits throughout the entire life contribute to healthy ageing. Healthy eating seems to
have a high potential in preventing the development of AD, also because of reducing risk factors
such as cardiovascular diseases or diabetes (Tuomilehto et al., 2001; Rees et al., 2012). The
influence of dietary patterns were shown in AD and ageing animal models (Hagl et al., 2016b;

Hagl et al., 2016a; Reutzel et al., 2018; Grewal et al., 2020).

Modifiable risk factors such as obesity, diabetes and hypertension are all related to dietary
patterns. There are three main dietary styles including the Mediterranean diet (MedDiet), which
will be described in the next section, the dietary to stop hypertension (DASH) and a
combination of both, called the MIND diet. All play a significant role in the prevention or delay
of cognitive decline. As high blood pressure is one of the risk factors for developing AD, the
DASH diet gained attention on its impact on AD. The Dash diet is characterized by a high intake
of fruits, vegetables, nuts, low-fat dairy products and low amounts of animal products. A small
number of cohort studies have shown an improvement of the DASH diet on cognitive function
and a reduced risk of AD (Wengreen et al., 2013; Tangney et al., 2014). On the other hand, a
more recent study showed no improvement after a 4-year intervention with the DASH diet
(Berendsen et al., 2017). Smith et al. has shown that the DASH diet should be primarily
addressed to patients with hypertension and overweight as the diet seems to be most beneficial
in these cases (Smith et al., 2010). The MIND diet incorporates a high intake of plant foods,
olive oil, fatty fish and a low intake of saturated and trans-fats. In a prospective study, the MIND
diet was able to slow the rate of cognitive decline (Morris et al., 2015a) and reduce the risk of

AD by 35% in a study over 4 years (Morris et al., 2015b).

Nevertheless, it seems obvious that the most effective strategy to prevent AD is a general
healthy lifestyle including activity, physical exercise and a balanced nutrition. Due to the

multifactorial etiology of AD, interventions that address multiple risk factors and disease
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mechanisms simultaneously may be more effective in preventing AD or dementia than
unimodal approaches. In several European countries, randomized controlled trials have already
been conducted to investigate the effects of multimodal interventions in elderly people living

independently.

In 2015 a randomised controlled two year multi-domain study with an intervention of diet,
exercise, cognitive training, and vascular risk monitoring in elderly people with an increased
risk for AD, called the FINGER (Finnish Geriatric Intervention Study to Prevent Cognitive
Impairment and Disability)-study was carried out. Eating habits, physical activity, BMI and
overall cognition were significantly improved (Ngandu et al., 2015). Even if some effects of
the multi-domain lifestyle-based intervention were small, they may imply large effects. Since a
third of all AD cases are attributed to low education, obesity, physical inactivity, diabetes,
smoking and depression, the prevalence could be reduced by 10% per decade in the prevalence
of the mentioned factors (Norton et al., 2014). The observed beneficial effects on cognition
could lead to a moderate delay in the onset of AD in the long term and thus contribute to an
improvement in the individual and social situation. To evaluate long-term effects of the

FINGER-study a 7-year follow-up is planned.

Another multimodal intervention study, the Multi-domain Alzheimer Preventive Trial (MAPT)-
study investigated the effects of omega 3 polyunsaturated fatty acid supplementation and a multi-
domain intervention including physical activity, cognitive training, and nutritional advice, alone
or in combination in elderly people (=70) with memory complaints. The study was carried out
with 1680 participants over a period of three years. Both intervention strategies, either alone or in
combination, had no significant effects on cognitive decline in elderly subjects with cognitive
abnormalities (Andrieu et al., 2017). The lack of success could be amongst others attributed to
the fact that polyunsaturated fatty acids must be ingested at an early age and over several years
to help reduce the risk of AD (Yassine et al., 2017). Another problem was a low compliance
and the high number of participants with a high education. The intervention in mentally active
people will most likely do not do much, as their cognitive performance remains at high level

for a long time.

The results show that early interventions before first symptoms occur are essential in order to
achieve an improvement. Lifestyle-related risk factors have a very long—term effect and can
hardly be represented in their full effectiveness even in study periods of 2-4 years. Another

limitation relies in the clinical instruments with which mental deterioration is measured. Small
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improvements might not be detected due to the low sensitivity and inaccuracy of the used
instruments. Furthermore, these studies only investigated the effects on metabolic and cognitive
parameters but not on possible mechanisms contributing to an improvement to cognitive
function. On the other hand, several studies have examined the influence of the Mediterranean
diet and physical activity at the molecular biological level. Animal studies have already shown
that dietary factors have positive effects on mitochondrial function which might slow down the
progression of AD (Hagl et al., 2016b; Hagl et al., 2016a; Reutzel et al., 2018; Grewal et al.,
2020). Therefore, multimodal interventions should also consider molecular parameters, to

investigate potential mechanisms of action of these preventive strategies.

1.3.2 Mediterranean diet

The Mediterranean diet (MedDiet) is mainly composed of vegetables, fruits, fish and olive oil.
In Mediterranean regions the prevalence of AD is low compared to those of other countries
(Solfrizzi et al., 2003; Panza et al., 2004; Scarmeas et al., 2009a). Systematic reviews and meta-
analysis have elaborated that the MedDiet lowers the incidence of AD (Singh et al., 2014; Aridi
et al., 2017; Hill et al., 2019). Cao et al. reported that adherence to the MedDiet leads to a
reduction of developing AD to 31% (Cao et al., 2016). A randomized multicenter study
compared in participants bearing a high risk of vascular disease, cognitive performance after a
nutritional intervention of the MedDiet with EVOO and nuts compared to a low-fat control diet.
After 6.5 years of intervention, the MedDiet group significantly improved their cognitive

function compared to the control group (Martinez-Lapiscina et al., 2013).

The integral component of the MedDiet is the high intake of olive phenols present in extra
virgin olive oil (EVOO) (Visioli et al., 2018). EVOO has been recently proposed as promising
tool for the prevention of late-onset AD (Romaén et al., 2019).

Polyphenols have been shown to improve mitochondrial bioenergetics and biogenesis in vitro
and in vivo (Schafter et al., 2006; Schaffer et al., 2012; Wood Dos Santos et al., 2018; Dilberger
et al., 2019). Moreover, several clinical studies have shown to improve cognitive performance
and slow down the progression of memory impairment (Scarmeas et al., 2006b; Scarmeas et

al., 2006a; Scarmeas et al., 2009b; Valls-Pedret et al., 2015).
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1.3.3 Olive polyphenols

Olive oil consists with 98% mainly of triacylglycerols. The remaining 2% comprise nearly 250
minor compounds, including aliphatic and triterpenic alcohols, sterols, hydrocarbons and
phenolic compounds. The phenolic fraction of olive oil contains different groups, including
phenolic acids such as vanillic acid, caffeic acid and p-hydroxycinnamat, phenylethyl alcohols
like tyrosol and hydroxytyrosol, flavones, lignans and secoiridoids like oleuropein and

ligstroside derivatives (Alonso-Salces et al., 2010; Ouni et al., 2011).

Mechanism of action

The most essential properties of plant phenols are their ability to form complexes with other
biomolecules and of course to scavenge free radicals, which are both the basis for many of the
functions that polyphenols have as secondary plant metabolites in the chemical defense
mechanism. The basic structure of the phenol function is a phenyl ring with a hydroxy group
(PhOH) and therefore being of amphiphilic nature. The combination of the hydrophobic
character of its planar aromatic ring with its hydrophilic polar hydroxy substituent makes it
function either as a hydrogen-bond donor or as an acceptor. The hydrogen bond as well as the
hydrophobic n—stacking (van der Waals interaction) are responsible for many properties of the
plant polyphenols to interact physically with other biomolecules, in particular proteins (Daayf
and Lattanzio, 2009) (see Figure 1.6). In case of at least two adjacent hydroxy groups,
polyphenols are also able to chelate metals (Andjelkovic et al., 2006). The otherwise almost
inert phenyl ring changes its reactivity even through the substitution with only one single
hydroxy group. Phenol in its stabilized enolic form has a soft nucleophilic character, whereas
in biological environments a deprotonation to phenolat anion changes the phenol into a harder
nucleophile and therefore acting in many ionic reactions as a carbon- or oxygen-based
nucleophile (Clayden, 2009) (see Figure 1.7). Additionally, phenols are very sensitive to
oxidation processes. Dehydrogenation leads to the production of phenoxy radicals (PHO-),
furthermore phenolat anions can be oxidized in a one-electron process. The resulting generation
of delocalized-stabilized radicals are claimed to be part of the conversion of simple plant
phenolics into more complex oligo or polymeric polyphenols. The capacity of the phenol
functional group to donate a hydrogen atom and as second mechanism the single-electron
transfer of PhOH to a free radical R with formation of a stable radical cation PHR-*, are both
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fundamental processes that underlie the health benefiting antioxidant properties of plant

phenols (Wright et al., 2001b) (see Figure 1.8).

Not surprisingly, beneficial health effects of EVOO are mainly attributed to olive phenols.
Recent studies confirm that specific olive phenols of EVOO - in particular secoiridoid
derivatives are responsible for the health-promoting effects such as antihypertensive, anti-

inflammatory and antimicrobial effects (Gavahian et al., 2019; Schwingshackl et al., 2019).
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Figure 1.6 Complementary effects of the phenol functional group (adapted and modified from
(Quideau et al., 2011)). The planar aromatic nucleus combines its hydrophobic character with the
hydrophilic character of the polar hydroxy substituent. The hydroxy group can act either as a hydrogen-
bond donor or as a hydrogen-bond acceptor. The existence of two hydroxy groups on the phenyl ring
enhances the ability for chelating metal ions from cationic nutrient, for example Ca, Mg, Mn, Fe or Cu.
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Figure 1.7 Chemical properties of the phenol functional group (adapted and modified from
(Quideau et al., 2011)). Phenol is a very stable enol because of the aromaticity of its benzene ring. The
stabilized enol tautomer is a soft nucleophile, which can be transformed into a harder nucleophile
through deprotonation resulting into a phenolat anion. E = electrophile.
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Figure 1.8 Basic reactions of the enolic form and phenolat anion (adapted and modified from
(Quideau et al., 2011)). The phenolic “umpolung” forms a phenoenium cation that reacts with
nucleophiles at ortho- and para-carbon centres. The release of a hydrogen atom of the enol tautomer
leads to stabilized radicals. Additionally, phenolat anions can be easily oxidized through one-electron
processes also generating delocalized radicals, which can undergo coupling reactions through carbon-
oxygen or carbon-carbon bond-forming events, leading to polyphenols that are more complex. Both
processes underlie the health benefiting antioxidant properties of plant phenols.

Phenolic alcohols and their secoiridoid derivatives

The phenolic alcohols hydroxytyrosol (3,4-dihydroxyphenylethanol) and tyrosol (p-
hydroxyphenylethanol) are exclusively present in olives either as free compounds or linked to
elenolic acid or its dialdehydic form, resulting to the following secoiridoid derivatives:
oleuropein and oleuropein aglycone, oleuroside, oleacein, ligstroside and ligstroside aglycone,
ligustaloside B, and oleocanthal (see Figure 1.9). Iridoids are a class of monoterpenoids bearing
ten carbon atoms. A structural characteristic of these compounds is the cis-fused
cyclopentapyran system, existing as glycosides or aglycones in the form of secoiridoids. In
particular, oleuropein is the ester of elenolic acid with hydroxytyrosol and ligstroside is the ester
of elenolic acid with tyrosol, both being the parent compounds of the less polar oleuropein
aglycone and ligstroside aglycone. The aglycones are formed by removal of the glucose moiety.
Oleuropein aglycone and ligstroside aglycone and their various derivatives are present in olive
oil, whereas the polar glycosides oleuropein and ligstroside are mainly present in olives.

Therefore, it has also to be noted that EVOO ordinarily does not contain ligstroside, since this
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polyphenol can only be detected in large quantities during the early ripening period of olive

fruits (Deiana et al., 2019).

It has to be considered that the contents of polyphenols in EVOO varies from 50 to 800 mg/kg,
depending on the variety, the area of cultivation and climate, the time of harvest, the ripeness
of the olive, and the production process (Visioli and Galli, 1995; Deiana et al., 2019). For
example the amount of oleocanthal varies between 0.02% and 10% (Impellizzeri and Lin, 2006;
Karkoula et al., 2012, 2014). Therefore, it is essential to test pure compounds to reveal a basic

understanding of the cause-effect relationships.
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Figure 1.9 Chemical structures of secoiridoid derivatives. Chemical structures of secoiridoid
derivatives present in olives, in their hydrolysed form hydroxytyrosol and tyrosol, and their two
metabolites elenolic acid and homovanillic acid.

Bioavailability

The first requirement for a dietary compound to be a promising candidate is that it reaches the
systemic circulation and the specific targets where it can exert its biological action. Generally,
it is known, that polyphenols undergo phase I (hydroxylation) and phase II (conjugation)
metabolism to be modified into their glucuronidated, methylated and sulfated form in order to
be absorbed. Most of the studies regarding the bioavailability of phenols in olives or EVOO has
been mainly focused on hydroxytyrosol and tyrosol, firstly determined in humans by Visioli et
al. (Visioli et al., 2000). Additional human studies could demonstrate as well a dose-dependent
absorption over 50% and a complex metabolism of olive phenols (Vissers et al., 2002; Suérez

et al., 2011). The acidic environment of the stomach partly modifies olive polyphenols. This is
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especially the case for aglycone secoiridoids. Hydrolysation of aglycones leads to free
hydroxytyrosol and tyrosol. Still, some remain intact and enter the small intestine as secoiridoid
aglycones (Corona et al., 2006). Conversely, secoiridoids bearing the sugar moiety are not
subjected by gastric hydrolysis and enter the small intestine unmodified (Vissers et al., 2002).
Due to a rapid increase of hydroxytyrosol and tyrosol in plasma (1 h) and urine (2 h), it is
suggested that the small intestine is the main side of absorption. Analyses of plasma and urine
had shown a primary metabolization to o-glucuronidated conjugates and in a less amount to o-
methylated or sulfonated conjugates as well as to the two metabolites homovanillic acid, and
homovanillyl alcohol (Miré-Casas et al., 2003; Suérez et al., 2011; Rubio et al., 2012).
Additionally, Corona et al. had shown, that secoiridoids which are not absorbed by the small
intestine, undergo degeneration by the colonic microflora ending up as hydroxytyrosol (Corona
et al., 2006). Notably, it has been shown, that oleocanthal is able to cross the blood-brain barrier
of mice brains (Abuznait et al., 2013; Qosa et al., 2015).

However, the exact absorption mechanism in humans is still not fully understood yet.

Most polyphenols are weakly absorbed and quickly metabolized. Anyhow, they might have
beneficial effects on prevention of diseases that develop over a long period, by a daily intake

and therefore being present in low but constant doses in the organism (Quideau et al., 2011).

Serreli and Deinana et al. calculated if a person consumed 25-50 ml EVOO a day, the intake of
polyphenols would be around 9 mg/day. It has been estimated, that 1 mg is represented by
hydroxytyrosol and tyrosol, whereas the remaining 8 mg are related to their elenolic esters and
to oleuropein aglycones and ligstroside aglycones (Serreli and Deiana, 2018). It has been shown
that after an intake of 25 ml/day EVOO, which is lower than the traditional daily consumption
in Mediterranean areas, 98% of olive polyphenols are present in human plasma and urine as
phase II metabolites, predominant as glucuronides and sulfated conjugates (Miro-Casas et al.,

2003). Thus, the cited calculations only represent an approximation to the real situation.

1.4 Cellular models for AD

Central nervous system disorders are of high complexity. Since there is no proper cure, it is of
high interest to gain a better understanding of their pathogenesis and to assess potential novel

therapeutics. As mentioned in chapter 1.1, AD is characterized by impaired neuronal function
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due to a progressive loss of neurons in the brain. Additionally, one of the multiple pathological
hallmarks of the disease is the neuronal accumulation of amyloid plaques in affected brain
regions. Since it is difficult to arrange or work on the human brain, experimental models are
critical. Regarding AD animal models, research has focused on genetically-modified mice
(transgenic or knockout), which for example express high levels of APP or PSEN1 and show
other hallmarks of AD including plaque deposition and cognitive deficits, but notably reflect
the inherited form of early-onset AD, which comprises only around 5% of all AD cases.
Although, these models provide important insights into AD, researchers seek to create in vivo
models, which reflect the more common, sporadic form of AD. Besides a range of transgenic
animal models there are various in vitro cell lines used in AD investigations. Cell culture models
provide a relatively simple, less invasive and economical method to study interactions of
cellular material and drug. In vitro models are a good primary tool to investigate the disease

pathology and especially for drug screening to support further animal and human investigations.

As in all neurodegenerative disorders neurons in the human brain are primarily affected.
Obtaining human cells for in vitro investigations for AD is quite challenging. In 1962, CNS
organotypic culture was firstly isolated from rat hypophysis tissue (Bousquet and Meunier,
1962). Since then, neuronal cultures have been prepared from brain slices (LaVail and Wolf,
1973; Whetsell and Schwarcz, 1983; Robertson et al., 1997). The possibility to prepare in vitro
cultures of neuronal cells was fundamental in understanding the functioning of the nervous
system. Although primary cells are barely altered and represent the organism the closest, the
culture of neuronal cells is challenging since mature neurons do not undergo cell division.
Additionally they are difficult to prepare and their variability restricts the reproducibility in
experiments (Walsh et al., 2005). Furthermore, primary neuronal cells need to be separated from
astrocytes and oligodendrocytes, as much as possible. Other important limitations are the lack
of availability and quality of the post-mortem tissue. One way to overcome these limitations is
the use of immortalized cell lines derived from neuronal tumours. Permanente cell lines give
unlimited cell numbers and ideally do not vary between cultures or are rather homogenous. On
the other hand, there are also some disadvantages as secondary cell lines often present genetic
and metabolic differences compared to the cell type from which they were derived (Gordon et
al., 2014). To get a more neuronal phenotype, culture conditions can be changed, e.g. addition

of specific growth factors.
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SH-SYSY cells is one such cell line which is widely used as an in vitro model for AD and
generally in research on neuronal cells (Gordon et al., 2013; Dubey et al., 2019). Additionally,
the neuroblastoma cell lineage is frequently chosen because of its human origin and its
catecholaminergic- neuronal properties (Xicoy et al., 2017). Under normal culture conditions,
SH-SYS5Y cells are undifferentiated monitoring a neuroblast-like morphology and express
immature neuronal markers. One of several methods to differentiate SH-SYS5Y cells is the
addition of retinoic acid, which is marked by a morphological change similar to primary
neurons, an increased expression of mature neuronal markers, and a partly inhibition of cell
growth (Pdhlman et al., 1984). As differentiated cells show problems in stability, variability and
quantity of cells, the use of immortalized neuronal cells appear as an excellent alternative (Allen
et al., 2005). Common used immortalized neuronal in vitro systems such as PC12 or SH-SYS5Y
cells can be transfected with wild-type amyloid precursor proteins, tau or mutant forms of those
(Loffler et al., 2012; Stockburger et al., 2014b; Hagl et al., 2015b; Pohland et al., 2018).
Transfection with APP mutations leads to an overproduction of AB. PC12 is a rat cell line that
was derived from a pheochromocytoma of the adrenal medulla (Greene and Tischler, 1976).
PC12 cells, stably transfected with the Swedish double mutation of APP express AP in low
levels and are therefore a culture model for early stages of AD or late-onset AD. These cells
exhibit impaired mitochondrial function and abnormal mitochondrial biogenesis (Hagl et al.,
2015b). HEK293 a human, actually a non-neuronal cell line but with immature neuronal
characteristics, stably transfected with Swedish mutant APP produce high amounts of Ap and

is thus more suitable to model early-onset AD (Citron et al., 1992; Gordon et al., 2013).

In recent years, stem cells that are among others involved in generating differentiated neurons
gain much attention, as they are capable of long-term self-renewal in contrast to mature neurons,
as mentioned above. Induced pluripotent stem cells (iPSC) have been generated from human
donor cell types, such as fibroblasts or blood cells. Several groups have produced iPSCs from
patients with familial and patients with sporadic AD. Both cultures showed an excess of A and
hyperphosphorylated tau compared to aged-control iPSCs (Yagi et al., 2011; Israel et al., 2012;
Kondo et al., 2013; Muratore et al., 2014). iPSCs are a promising tool for the investigation of
AD pathology but also bare limitations. Individual iPSCs vary in their phenotype due to inter-
patient variations, and there is still a lack of standardized protocols to generate and maintain

these cells, what might change in future.
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In the last few years, the development of three-dimensional (3D) culture models became
increasing popular as they overcome the limitations of the previous discussed in vitro models
by offering a physiological environment of specific tissues or cells. These 3D models can be
produced either with hydrogels or inert matrices or without a scaffold. Scaffold-free methods
rely on iPSCs to self-assemble what makes it possible to create organ-like structures, known as
organoids. In 2016, Raja et al. generated brain organoids from iPSCs of patients with familial
AD. These brain organoids reproduced extracellular aggregation of AP plaques and intracellular
aggregation of tau. Notably, this is the first time that both AD hallmarks were replicated in vitro
and which furthermore, have never been reported in mouse models (Raja et al., 2016). Since

this technology is quite new, there are still disadvantages or limitations.

An overview of the different in vitro cell lines used in AD investigations was recently published

by Dubey et al. (Dubey et al., 2019).

Generally, it must be considered that animal models have non-physiological expression of AP
or tau - AP formation and accumulation is physically and biochemically different in rodents in
comparison to humans, and hence difficult to interpret downstream pathological changes. The
poor success rate of clinical trials can be partly explained by the translation of animals to
humans (Schneider et al., 2014; Banik et al., 2015). Additionally, non-human in vitro cultures
have traditionally been more widely used. Human derived cells express a number of human
specific proteins that would not be present in rodent cultures. However, the use of human
derived tissue and cell lines or human stem cells is always to favour. Although the development
of 3D-culture models represent roughly the complexity of human brain and therefore provide a

new tool to model normal and pathological brain, there are still many challenges and limitations.

Immortalized human neuronal cell lines have the advantage of allowing a high-throughput
screening of new substances, easy to handle and have a good reproducibility in experiments.
Additionally, e.g. SH-SY5Y cells have a neuroblast-like morphology, are positive for tyrosine
hydroxylase (TH) and dopamine-B-hydroxylase characteristic of catecholaminergic neurons,
despite having the disadvantage being of cancerous origin. Furthermore, immortalized cells are
always accessible and economical. Novel therapeutics can be tested quickly and rigorously such
that the effects of potential drugs can be evaluated and their mechanism identified, and are

therefore a good primary tool.
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The SH-SYS5Y neuroblastoma cell line is well characterized and favoured for the in vitro use in
neuroscience, especially in neurodegenerative research. SH-SYSY cells are originally derived
from a bone tumor biopsy and a subline of the parental SK-N-SH line, which were subcloned
three times (SH-SY to SH-SY5 and last to SH-SY5Y) (Kovalevich and Langford, 2013). As
mentioned before, SH-SY5Y cells can be obtained in both, undifferentiated and differentiated
form. As well in their undifferentiated form, SH-SYSY cells have a neuroblast-like morphology
and express immature neuronal markers (Pahlman et al., 1984). Briefly, they resemble mainly
immature cholinergic neuronal cells, what makes them very suitable in studying the
development and drug discovery of AD (Dubey et al., 2019). As a relevant cellular model for
AD, SH-SYS5Y cells can be stably transfected with key proteins of AD such as, human native
tau (hTau40), mutant tau (P301L) or wild type amyloid precursor protein APP. It has been
demonstrated, that APP transfected cells show elevated AP levels and impaired mitochondrial
functions. In particular decreased ATP level, impaired mitochondrial membrane potential, and
decreased mitochondrial respiration. Additionally, mitochondrial dynamics such as fission and
fragmentation processes were altered (Rhein et al., 2009a; Stockburger et al., 2014b). Another
study reported decreased mitochondrial DNA transcripts in APP transfected SH-SYSY cells
(Lopez Sanchez et al., 2017). Furthermore it has been shown that Bcl-2 levels and proteasome
activity were decreased together with increased oxidative stress (Matsumoto et al., 2006). The
increasing AP production together with mitochondrial dysfunction in APP transfected SH-
SYS5Y cells is well established. Taken together the cell line is a well-suited model for in vitro
investigations in AD together with studying mitochondrial dysfunction, which arises mainly in
the early stages of the progression of AD. The mild APP overexpression and the slightly
elevated AP production make APP transfected SH-SYSY cells a useful neuronal model for the
early stages of late-onset AD.
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2 Aim of the thesis

With increasing life expectancy and the consequential demographical shift towards an increase
in population and ageing, the prevalence of neurodegenerative diseases such as Alzheimer's
disease (AD) rises. To date, nearly 50 million people worldwide are suffering from dementia
and the global number of patients is expected to triple by 2050. Despite extensive research into
the pathology, AD, the most common form of dementia cannot be cured yet. Over 25 years, AD
research has focused on the amyloid hypothesis, which assumes that the accumulation of the
peptide amyloid- is the main cause of the disease. One reason for the failure of clinical trials
is thought to be that drugs had been administered too late in the disease progression. Currently,
research is based on a number of cell and animal models, which are mainly useful for the
familial form of AD. This form of AD only represents a small percentage of AD. With more
than 90% of all AD cases, late-onset AD is much more common. Both, to investigate new drugs
and to understand the pathology itself the need of models for the most frequent form of AD,
late-onset AD is necessary. Therefore, in the present thesis a cell model should be established,
in which a particular mild AP expression is present. These mild changes are supposed to be

representative for the late-onset form of AD, before the onset of typical AD symptoms.

It is also becoming clear that it is of high importance to intervene in an early stage of AD. AD
is intricate because of its multifactorial pathophysiological events including mitochondrial
dysfunction. Mitochondrial dysfunction is increasingly recognized as one of the early events in
the progression of AD. Aberrant bioenergetics is likely to play an important role in AD and
ageing. In particular, reduced oxygen consumption, ATP production and downregulation of
mitochondrial biogenesis have been observed in cell and animal models of AD. For this reason,
mitochondrial parameters — in particular mitochondrial function and mitochondrial molecular

mechanisms should be focused in this cell model.

In Mediterranean regions the prevalence of AD is low compared to those of other countries.
Systematic reviews and meta-analysis have elaborated that the Mediterranean diet (MedDiet)
lowers the incidence of AD. One integral component of the MedDiet is the high intake of extra
virgin olive oil (EVOOQO). The health promoting properties of olive polyphenols and their
metabolites have been frequently investigated in mixtures and extracts. However, for a basic
understanding of the cause-effect relationships it is essential to test pure compounds. In a
cooperation project with the university TU-Darmstadt and the company N-Zyme BioTec,

supported by the German Ministry of Education and Research (BMBF #031A5900C),
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secoiridoid derivatives were obtained in a novel biotechnological and preparative approach.
The partners produced starting from the precursor molecules oleuropein and ligstroside the
functional secoiridoid derivatives ligstroside aglycone, oleocanthal, oleuropein aglycone,
oleacein, oleuroside, ligustaloside B, their hydrolysis products tyrosol and hydroxytyrosol and
two metabolites elenolic acid and homovanillic acid. The synthesized substances were purified
by N-Zyme BioTec with the Fast Centrifugal Partition Chromatography (FCPC) in combination
with the preparative RP-HPLC and characterized by mass spectrometry and NMR analysis,

whereas product purities up to 99% should be achieved.

Accordingly, we tested ten highly purified olive secoiridoid derivatives and two metabolites
which have been isolated from olive leaves on mitochondrial function in the established late-
onset AD cell model. From the previous screening of these 12 substances, detailed
investigations of the four best hit-substances with regard of their effectiveness in improving

mitochondrial function should be examined.
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3 Materials and Methods

3.1 Materials
3.1.1 Devices
Device Name Company City, Country
Autoclave Bioklav Schiitt Labortechnik | Gottingen, Germany
Balance Precision balance Kern & Sohn GmbH | Balingen-
AEJ200-5CM Frommern,
Germany
Blotting Chamber Mini Protean® 3 Bio-Rad Miinchen, Germany
System
Blotting System Criterion ™ Blotter | Bio-Rad Miinchen, Germany
Centrifuge Heraeus Megafuge | Thermo Fisher Waltham, USA
16 R Scientific
Centrifuge Heraeus Fresco 21 Thermo Fisher Waltham, USA
Centrifuge Scientific
Centrifuge GS-6R, Microfuge Beckman Krefeld, Germany
R
Freezer (-20°C) GNP 5255 Index Liebherr Biberach an der Rip,
20A/001 International Germany
Deutschland GmbH
Freezer (-80°C) TSX SERIES with Thermo Fisher Waltham, USA
VDRIVE Scientific
Freezing Container Nalgene®, Mr. Thermo Fisher Waltham, USA
Frosty Scientific
Fridge (4°C) 3130 Index 20B/001 | Liebherr Biberach an der Rip,
International Germany
Deutschland GmbH
Hamilton Syringe Hamilton Syringe Hamilton Hochst, Germany
gastight, #1701,
#1702, # 1705,
#1725
Imaging System ChemiDoc™ Touch | Bio-Rad Miinchen, Germany

Imaging System

Incubator Midi 40 CO» Thermo Fisher Waltham, USA
Incubator Scientific

Incubator BB6220 Heraeus Hanau, Germany

Lab Homogenizer Ultrasonic Processor | Hielscher Teltow, Germany
UP50H Ultrasonics GmbH
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Laminar air flow MSC Advantage Thermo Fisher Waltham, USA
work bench Scientific
Microscope Axiovert S100 Carl Zeiss AG Oberkochen,
Germany
Microscope TCS SP5 Leica Solms, Germany
Multichannelpipette | Xplorer 300 uLL Eppendorf Hamburg, Germany
Multireader Clariostar BMG Labtech Ortenberg, Germany
Viktor X3 2030 Perkin Elmer Rodgau-Jiigeshein,
Germany
Nanodrop Nanodrop One Thermo Fisher Waltham, USA
Scientific
Neubauer counting Neubauer counting | Labor Optik Lancing, GB
chamber chamber
Oxygraph Oxygraph 2k Oroboros Innsbruck, Austria
PCR Cycler T100™ Thermal Bio Rad Miinchen, Germany
Cycler
PCR workstation PCR workstation Thermo Fisher Waltham, USA
pipette Finnpipette® Scientific
pH-Meter pH Meter HI2210 Hanna Instruments Vohringen,
Deutschland GmbH | Germany
Photometer Spectrophotometer | Thermo Fisher Waltham, USA
Genesys 10S UV- Scientific
VIS
Pipette Research Plus 100- | Eppendorf Hamburg, Germany
1000 pL
Pipette Pipete P2, P20, Gilson Limburg, Germany
P2000
Pipette Accu-jet® pro Brand Wertheim, Germany
Plate Stirrer LAB DICS SO40 VWR International Radnor, USA
Plate Stirrer VARIOMAG H+P Labortechnik Oberschleissheim,
MONO Germany
Protein Detection SNAPi.d. 2.0 Merck KGaA Darmstadt, Germany
System
Real-time PCR CFX Connect™ Bio-Rad Miinchen, Germany
System Real-Time System
Rocking Shaker Rocker 2D basic IKA®-Werke GmbH | Staufen, Germany
& CO KG
Thermo Shaker PHMT-PSC24N Grant Instruments Shepreth, UK
Thermomixer PSC24N Thermo- Grant bio Cambridgeshire, UK
Shaker
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Vacuum pump Diaphragm vacuum | Vaccubrand GmbH Wertheim, Germany
pump & Co
Vacuum Pump Millivac-Mini Merck KGaA Darmstadt, Germany

Vacuum Pump,
XF5423050

Vortex Vortex-Genie 2® Scientific Industries | Bohemia, USA

Walter filtration MilliQ Academic Millipore Schwalbach,

system Germany

Water bath WNB22 Memmert Schwabach,
Germany

3.1.2 Consumables
Material Name Company City, Country
24-well culture plate | Cellstar® 24-well cell | Greiner Bio-One Frickenhausen,
culture plate, sterile Germany

ml)

96-well microtiter Microtiterplate white | Sigma-Aldrich Steinheim, Germany
plate walled (96-well),
sterile
96-well PCR Hard-Shell® PCR Bio-Rad Miinchen,
microtiter Plates 96-well, thin Deutschland
plate wall, sterile
Cell culture flask Cellstar® Cell culture | Greiner Bio-One Frickenhausen,
flask 250 ml, sterile Germany
Centrifuge tubes Centrifuge tubes Greiner Bio-One Frickenhausen,
Germany
Disposable gloves Vasco® Nitril white B. Braun Melsungen, Germany
Distritips Distritips (125 pl, Gilson Middleton (WI),
1250 pl, 12.5 ml), USA
sterile
Filter paper Criterion™ Blot Bio-Rad Miinchen, Germany
Filter Paper
Serological pipettes | Cellstar® Serological | Greiner Bio-One Frickenhausen,
pipettes (5, 10, 25, 50 Germany

Single-use needles

Single-use
hypodermic needles
Sterican®

B. Braun

Melsungen, Germany
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Syringe 1 ml Injekt®-F Solo B. Braun Melsungen, Germany
3.1.3 Chemicals

Chemical Company City, Country

4-(2-hydroxyethyl)-1- Merck KGaA Darmstadt, Germany

piperazineethanesulfonic acid (HEPES)

5,5‘-dithiobis-(2-nitrobenzoic acid)
(DTNB)

Sigma-Aldrich

Steinheim, Germany

Acetyl coenzyme A

PanReac AppliChem

Darmstadt, Germany

Acrylamide/Bis-Solution (30%)

Bio-Rad

Miinchen, Germany

Adenosine diphosphate (ADP) (Sigma-

Aldrich, Steinheim)

Sigma-Aldrich

Steinheim, Germany

Ammonium persulfate (APS) Bio-Rad Miinchen, Germany
Antimycin A Sigma-Aldrich Steinheim, Germany
Aprotinin Sigma-Aldrich Steinheim, Germany
Bovine serum albumine, essentially Sigma-Aldrich Steinheim, Germany
fatty acid free (BSA)

Calcium chloride Merck KGaA Darmstadt, Germany

Carbonyl cyanide 4-
trifluoromethoxyphenylhydra-zone
(FCCP)

Sigma-Aldrich

Steinheim, Germany

Cell extraction buffer

Thermo Fisher
Scientific Inc.

Waltham, USA

Cytochrome c¢ from equine heart

Sigma-Aldrich

Steinheim, Germany

Digitonine Sigma-Aldrich Steinheim, Germany
Dimethylsulfoxid (DMSO) Merck KGaA Darmstadt, Germany
Disodium phosphate Merck KGaA Darmstadt, Germany
Dithionite Merck KGaA Darmstadt, Germany

Dulbecco’s Modified Eagle Medium
(DMEM)

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

Dulbecco’s phosphate buffered saline
(PBS)

Gibco

Darmstadt, Germany

Ethanol (>99%)

Merck KGaA

Darmstadt, Germany
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Ethanol (70%)

Roth

Karlsruhe, Germany

Ethylene glycol tetraacetic acid (EGTA)

Sigma-Aldrich

Steinheim, Germany

Ethylenediaminetetraacetic acid (EDTA)

Merck KGaA

Darmstadt, Germany

Fetal calf serum (FCS) Sigma-Aldrich Steinheim, Germany
Glucose Merck KGaA Darmstadt, Germany
Glutamate Sigma-Aldrich Steinheim, Germany
Glycine Roth Karlsruhe, Germany
Hanks’ balanced salts Sigma-Aldrich Steinheim, Germany

Hydrochloric acid

VWR-International

Radnor (PA), USA

Hydrochloric acid 37% (HCI)

Merck KGaA

Darmstadt, Germany

Hygromycin B (50 mg/ml)

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

Isopropanol Merck KGaA Darmstadt, Germany

iTag™ Universal SYBR®™ Green Bio-Rad Miinchen, Germany

Supermix

K-lactobionate Sigma-Aldrich Steinheim, Germany

Leupeptin Sigma-Aldrich Steinheim, Germany

Luminata™ Crescendo Western Merck KGaA Darmstadt, Germany

Horseradish Peroxidase (HRP) substrate

Magnesium chloride hexahydrate Merck KGaA Darmstadt, Germany

Magnesium sulfate heptahydrate Merck KGaA Darmstadt, Germany

Malate Sigma-Aldrich Steinheim, Germany

MEM vitamin solution 100x Gibco by Thermo Waltham (MA), USA
Fisher Scientific Inc.

Methanol Merck KGaA Darmstadt, Germany

Minimun Essential Media (MEM) Non- | Gibco by Thermo Waltham (MA), USA

Essential Amino Acids (NEAA) 100x Fisher Scientific Inc.

Monopotassium phosphate Merck KGaA Darmstadt, Germany

N, N, N’, N'-tetramethylethylendiamine | Bio-Rad Miinchen, Germany

(TEMED)

Non-fat dried milk powder Sigma-Aldrich Steinheim, Germany

NuPage® Antioxidant

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA
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NuPage® LDS Sample Buffer 4x

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

NuPage® Sample Reducing Agent 10x

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

NuPage® Transferbuffer 20x

Invitrogen by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

Oligomycin Sigma-Aldrich Steinheim, Germany
Oxalacetate Sigma-Aldrich Steinheim, Germany
Penicilin/Streptomycin (10 000 U/ml) Gibco by Thermo Waltham (MA), USA
Fisher Scientific Inc.
Pepstatin Sigma-Aldrich Steinheim, Germany
Phenylmethylsulfonylfluorid (PMSF) Sigma-Aldrich Steinheim, Germany
Potassium chloride Merck KGaA Darmstadt, Germany
Precision Plus Protein All Blue Bio-Rad Miinchen, Germany
Standards
Precision Protein™ Strep Tactin-HRP Bio-Rad Miinchen, Germany
Conjugate
Protease Inhibitor Cocktail Complete Roche Basel, Switzerland
Rhodamine-123 Sigma-Aldrich Steinheim, Germany
RNAprotect Cell reagent Qiagen N.V. Hilden, Germany

Rotenone

Sigma-Aldrich

Steinheim, Germany

Sodium ascorbate

Sigma-Aldrich

Steinheim, Germany

Sodium azide

Sigma-Aldrich

Steinheim, Germany

Sodium chloride

Merck KGaA

Darmstadt, Germany

Sodium deoxychalat

Sigma-Aldrich

Steinheim, Germany

Sodium dodecyl sulfate (SDS)

Merck KGaA

Darmstadt, Germany

Sodium hydroxide

Merck KGaA

Darmstadt, Germany

Sodium orthovanadate

Sigma-Aldrich

Steinheim, Germany

Sodium pyrophosphate

Sigma-Aldrich

Steinheim, Germany

Sodium pyruvate 100x (100 nM)

Gibco by Thermo
Fisher Scientific Inc.

Waltham (MA), USA

Succinate

Sigma-Aldrich

Steinheim, Germany

Sucrose

ROTH

Karlsruhe, Germany
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Taurine

Sigma-Aldrich

Steinheim, Germany

Triethanolamine

Sigma-Aldrich

Steinheim, Germany

Tris(hydroxymethyl)aminomethan (Tris)

Merck KGaA

Darmstadt, Germany

Triton X-100

Sigma-Aldrich

Steinheim, Germany

Trypan blue

Sigma-Aldrich

Steinheim, Germany

Trypsin-EDTA (0.05%)

Gibco by Thermo

Fisher Scientific Inc.

Waltham (MA), USA

Tween™20 Sigma-Aldrich Steinheim, Germany
Urea Merck KGaA Darmstadt, Germany
B-Mercaptoethanol PanReac AppliChem Darmstadt, Germany

3.14 Kits
Kit Company City, Country
ViaLight Plus Lonza Walkersville, USA

bioluminescence kit

Pierce™ BCA Protein Assay
Kit

Thermo Fisher Scientific
Inc.

Waltham, USA

RNeasy® Mini Kit (250)

Qiagen N.V.

Hilden, Germany

Turbo DNA-free™ Kit

Thermo Fisher Scientific
Inc.

Waltham, USA

Human AB1-40 ELISA Kit

Elabscience

Houston, USA

3.1.5 Buffer, solutions and media

All buffers were produced in ultrapure water (Milli-Q, Millipore, Billerica, USA), which is

referred to as H>O in the following.
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3.1.5.1 General buffers and solutions

Tris buffer

2.42 g Tris were dissolved in 1.0 L H>O and pH was adjusted to 7.4 at 4 °C with HCI (1N).

Phosphate buffer saline (PBS)

100 ml of Dulbecco’s PBS (10x) were diluted in 900 ml H>O to obtain a 1x work solution.

HBSS buffer

HBSS 95¢g
HEPES 24¢g
CaCly-:2H0 0.147 g
CgS04-7H20 0.246 g

The substances were dissolved in 1.0 L H>O and adjusted to pH 7.4 at 37 °C using HCI (1N)
and NaOH (1N). HBSS was stored at 4 °C.

Trypan blue solution (0.4%)

100 mg of trypan blue were dissolved in 100 ml PBS (1x).

3.1.5.2 Cell culture medium for SH-SY5Y-MOCK and SH-SY5Y-APPegs

Cell culture medium

DMEM 500 ml
FCS 10%
Hygromycin B 0.3 mg/ml
Sodium pyruvate 5ml
NEAA 5 ml
Pen/Strep 60 U/ml
Vitamins Sml

The indicated volumes are required to produce full cell culture medium. For the production of
reduced cell culture medium, FCS content was lowered to 2%. Cell culture medium was stored

at4 °C.
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Freezing medium consisted of 50% FCS, 40% DMEM and 10% DMSO (sterile filtered).
Freezing medium was stored at -20 °C.

3.1.5.3 Buffers for the determination of Citrate synthase activity

Tris HCI buffer (1.0 M)

12.114 g Tris were dissolved in 100 ml H>O and adjusted to pH 8.1 with HCI (37%). Tris HCl
buffer was stored at 4 °C.

Triethanolamine HCI buffer (0.5 M)

8.06 g Triethanolamine were dissolved in 100 ml H>O and adjusted to pH 8.0 with HCI (37%).
186.1 mg of EDTA were added. The buffer was stored at 4 °C.

Triton X 100 (10%)

10 g Triton X-100 were dissolved in 90 ml H>O. The storage was carried out at 4 °C.

Oxalacetate solution (10 mM)

5.94 mg Oxalacetate were dissolved in 4.5 ml Triethanolamine HCI buffer (0.1 M).

DTNB solution (1.01 mM)

3.6 mg DTNB were dissolved in 9 ml Tris buffer.

Citrate synthase reaction medium

DTNB 0.1 mM
Triton-X-100 10%
Oxalacetic acid 10 mM

Acetyl coenzyme A 12.2 mM
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MIRO05

EGTA 0.5 mM
MgCl - 6 H2O 3mM
*K-Lactobionat 60 mM
Taurine 20 mM
Sucrose 100 mM
BSA 1 g/l
H»O ad 11

pH was adjusted to 7.1 at 30 °C with KOH (5 N) and MIRO0S5 was stored at -20 °C.

*K-Lactobionat stock solution

35.83 g K-Lactobionat were dissolved in 100 ml H>O and pH was adjusted to 7.0 with KOH.
H>0 was added to reach a final volume of 200 ml.

Lysis buffer

Buffer 1

EDTA 1 nM
Triton X-100 0.5%
NaF S mM
PBS (1x) ad 250 ml
Buffer 2

Urea 6M
Sodium pyrophosphat 2.5mM
Sodium orthovanadate 1 mM
Sodium deoxycholat 0.5%
Sodium dodecylsulfate 0.5%
Buffer 1 ad 100 ml

To the appropriate amount of buffer 2 shortly before use, following substances were added:

Aprotinin 1.7 mg/ml
Leupeptin 5 mg/ml
Pepstatin 100 mM

3.1.5.4 Buffers and solutions for Western blotting

Lower buffer for gel casting
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45.425 g Tris and 1 g SDS were dissolved in 250 ml H,O. pH was adjusted to 8.8 with HCl

(37%). The lower buffer was stored at 4 °C.

Upper buffer for gel casting

6.04 g Tris and 0.4 g SDS were dissolved in 100 ml H>O. pH was adjusted to 6.8 with HCI

(37%). The upper buffer was stored at 4 °C.

Separating gel (for 1.5 mm SDS gels)

7% 10% 12% 15%
H>O 4.19 3.4 2.81 1.27 ml
Lower buffer 2.15 2.15 2.15 2.15 ml
Acrylamide 1.92 2.74 3.29 4.13 ml
TEMED 4.13 4.13 4.13 4.13 ul
APS (10%) 41.25 41.25 41.25 41.25 ul

APS (10%) was prepared on the day of experiment.

Stocking gel

H>O 2.64 ml
Upper buffer 1.07 ml
Acrylamide 412.5 pul
TEMED 4.13 pl

APS (10%) 20.63 pl

APS (10%) was prepared on the day of experiment.

Electrode buffer (10x) for gel electrophoresis

Tris 303 ¢
SDS 10g
Glycin 1447 ¢
H>O ad 1.01

For gel electrophoresis the buffer was used 1x.
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Transfer buffer

1 gel 2 gels
H>O 850 ml 750 ml
Methanol 100 ml 200 ml
NuPage Transfer Buffer (20x) 50 ml 50 ml
NuPage Antioxidant 1 ml 1 ml
TBST (10x)
Tris 242 ¢
NaCl 80 g
HC1 (37%) 13 ml
Tween20 5ml
H>0 ad 1.01
TBST (10x) was stored at room temperature and diluted 1:10 prior to use.
Stripping buffer
8.0g glycine were dissolved in 1.0 1 H>O and 2.5 ml HCI (37%) were added.
3.16 Primer
Primer [Sequence (3°-5) Product Company (City,
size (bp) Country
ACTB  [Fwd: GGA CTT CGA GCA AGA GAT GG 234 Biomol Hamburg,
Rvs: AGC ACT GTG TTG GCG TAC AG GmbH Germany
ATPSD  [Fwd: GGAAGC TCCTCC TCAGCTTT 198 Biomol Hamburg,
Rvs: CAG GCT TCC GGG TCT TTA AT GmbH Germany
CAT Fwd: ACT TCT GGA GCC TAC GTC CT 200 Biomol Hamburg,
Rvs: CGC ATC TTC AAC AGAAAG GT GmbH Germany
COX5A [Fwd: GCATGC AGA CGG TTA AAT GA 152 Biomol Hamburg,
Rvs: AGT TCC TCC GGA GTG GAG AT GmbH Germany
CREB1 [Fwd: TGG AGT TGT TAT GGC ATC CT 169 Biomol Hamburg,
Rvs: ATT TTC AAG CAC TGC CACTC GmbH Germany
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CS Fwd: CCATCC ACA GTG ACC ATG AG 186 Biomol Hamburg,
Rvs: CTT TGC CAA CTT CCT TCT GC GmbH Germany

GAPDH [Fwd: GAG TCAACG GAT TTG GTC GT 238 Biomol Hamburg,
Rvs: TTG ATT TTG GAG GGATCT CG GmbH Germany

GPx1 Fwd: GCT TCC AGA CCATTG ACATC 170 Biomol Hamburg,
Rvs: GTG TTC CTC CCT CGTAGG TT GmbH Germany

INDUFV1 [Fwd: CGC CAC CTA GCG TCT CTATC 213 Biomol Hamburg,
Rvs: TGAAAA TCC GGT CTT CAT CC GmbH Germany

INRF1 Fwd: GTAACC CTG ATG GCACTG TC 183 Biomol Hamburg,
Rvs: TCT GGA TGG TCATCT CAC CT GmbH Germany

PGC-lo  [Fwd: TGC CCT GGATTG TTG ACATGA 20 Biomers.net [Ulm,
Rvs: TTT GTC AGG CTG GGG GTA GG GmbH Germany

PGK1 Fwd: CTG TGG GGG TAT TTG AAT GG 198 Biomol Hamburg,
Rvs: CTT CCA GGA GCT CCAAA GmbH Germany

SIRT1 Fwd: TGT GGT AGA GCT TGC ATT GA 153 Biomol Hamburg,
Rvs: GCC TGT TGC TCT CCT CAT TA GmbH Germany

SOD2 Fwd: TGT CAC CCA GTG GTTTTT GT 152 Biomol Hamburg,
Rvs: GCC CTG CAAATAAAC ATC CT GmbH Germany

TFAM  [Fwd: TCC CCC TTCAGT TTT GTG TA 189 Biomol Hamburg,
Rvs: ATC AGG AAG TTC CCT CCAAC GmbH Germany

Primer  |[Efficiency [R?  |[Dynamic Melting (Conc. Annealing |Annealing

(%) Range Point (uM) [Time Temperature
cC) (s) (C)

ACTB 03.3 0.999 100 ng-1 pg (84 200 B30 58

ATP5D 104.3 0.987 1100 ng-1 pg |89 200 @45 58

CAT 101.9 0.997 50 ng-0.5 pg [79.5 150 B30 56

COX5A P7.1 0.996 100 ng-1pg (91 200 45 58

CREB1 100.0 0.997 100 ng-1 pg [780 200 @45 58

CS 02.7 0.997 |100 ng-1 pg 983 400 30 58

GAPDH 91.8 0.993 100 ng-1 pg [80.5 200 30 58

GPx1 89.9 0.997 |5 ng-5 pg 84.5 400 45 57
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NDUFV1 [96.2 0.992 [100ng-1pg [785 200 PO 58
NRFI 984 0.996 |00 ng-1pg |78 200 45 58
PGC-1a. [98.8 0.994 |00 ng-1pg |76 200 B0 60
PGKI  [90.7 0.997 100ng-1pg 825 200 P30 58
SIRT1  |102.9 0.998 |00 ng-1pg |76 200 45 58
SOD2 927 0.997 [50 ng-0.5 pg 79 100 45 58
TFAM  [89.0 0.998 100 ng-1pg [77.5 400 P30 58

3.1.7 Antibodies

Primary antibodies were purchased from Abcam (Cambridge, UK) with the exception for

GAPDH, which was purchased from Merck KGaA (Darmstadt, Germany).

Primary Secondary Primary antibody Band size
antibody antibody dilution
Citratsynthase Rabbit 1:1000 52 kDa
CREBI1 Rabbit 1:1000 43 kDa
GAPDH Mouse 1:300 37 kDa
Total OXPHOS Mouse 1:208 21, 24, 30, 50 and
60kDa
PGC-1a Goat 1:500 100 kDa
pCREB Rabbit 1:500 37 kDa
TOM22 Mouse 1:1000 15 kDa
Tubulin rat 1:10000 52 kDa
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Secondary antibody Company City, Country

Goat Anti-mouse IgG, H&L | Merck KGaA Darmstadt, Germany
Chain Specific Peroxidase

Conjugate

Goat Anti-rabbit IgG, H&L | Merck KGaA Darmstadt, Germany
Chain Specific Peroxidase

Conjugate

Goat Anti-Rat IgG, H&L | Merck KGaA Darmstadt, Germany
Chain Specific Peroxidase

Conjugate

Goat Anti-Goat IgG, H&L | Merck KGaA Darmstadt, Germany
Chain Specific Peroxidase

Conjugate

3.1.8 Cell lines

3.1.8.1 SH-SY5Y-MOCK

SH-SYS5Y is a human cell line which was derived by subcloning from the parental metastatic
bone tumor biopsy cell line SK-N-SH (Biedler et al., 1978). SH-SYS5Y cells are widely used as
an in vitro model for AD and in research in neuronal cells. They have a neuroblast-like
morphology and grow adherent. SH-SY5Y-MOCK cells are transfected with the mammalian

empty vector pCEP4 harbouring the Hygromycin B resistance gene and served as control cells.
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3.1.8.2 SH-SYS5Y-APPsgs

SH-SY5Y-APPsos cells are stably transfected with the DNA constructs harbouring the human
wild-type APPgos gene. Anne Eckert (Basel, Switzerland) and Tobias Hartmann (Homburg/Saar,
Germany) kindly donated both cell lines.

3.2 Methods

3.1.1 Cell culture

3.1.1.1 Thawing cells

The cells stored in liquid nitrogen were gently thawed in a water bath (37 °C) until only a small
amount of medium was frozen. 1 ml of preheated culture medium (37 °C) was added to the cell
suspension before it was transferred into a falcon tube containing 10 ml of culture medium (37
°C). The cell suspension was centrifuged (1000 rpm, 5 min), the supernatant was aspired and
the cell pellet was dissolved in 12 ml cell culture medium. Cells were placed in the incubator

for at least 24 h.

3.1.1.2 Splitting cells

When cells reached a confluence of approximately 80%, cells were sub-cultivated. Cell culture
medium was aspirated from the flask with a sterile autoclaved glass pipette. 10 ml PBS were
gently added to the wall of the flask and after 1 minute removed. 1 ml of trypsin-EDTA was
added to detach the cells from the culture flask. After max. 3 minutes, the reaction of trypsin
was neutralized by adding 9 ml of culture medium (37 °C). Cells were completely detached by
rinsing multiple times. The resulting 10 ml of cell suspension were divided into new flasks
containing 12 ml of culture medium (37 °C). Depending on the confluence of the cells, cells

were split between ratios of 1:2 to 1:10.

3.1.1.3 Seeding cells

Cells were seeded when they reached a confluence of 70-80%. The old culture medium was
aspirated and cells were washed with 10 ml PBS and detached with 1 ml of trypsin-EDTA. 9

ml of culture medium (37 °C) were added to stop the reaction and to detach all cells from the
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flask. The cell suspension was centrifuged (1000 rpm, 5 min, room temperature). After aspiring
the supernatant, the remaining cell pellet was resolved in 1 ml cell culture medium (37 °C).
Counting of cells was determined with the help of a Neubauer counting chamber, for which 10
pl of the cell suspension were stained with 90 pl of trypan blue (0.4%). Cell count was adjusted
to 1 million cells per ml with reduced culture medium (37 °C). Depending on the experimental
setup, the desired cell count was sown in the respective corresponding plate and placed in the

incubator.

3.1.1.4 Incubation of cells

For the determination of ATP concentration

20 000 cells/well were seeded in a 96-well plate and grown for 24 h. 12 wells per concentration
and substance (each of 1 pL volume) were incubated. For medium control for one entire 96-
well plate, another 12 wells were incubated with 1 pl of cell culture medium. Four wells were
incubated with EtOH in the respective concentration for solvent control. The plate was placed
in the incubator for 1 h. After 1 h rotenone (25 uM) was added to six of the medium control
wells and six of the substance wells of each concentration. The remaining wells were filled with
the same amount of cell culture medium to reach equal volumes in each well. The plate was

placed for another 24 h in the incubator.

For measurement of mitochondrial respiration

Cell culture flasks with a confluence of 60-70% were incubated with the respective substance
(0.05 uM) by replacing the old cell culture medium with 24.75 ml new cell culture medium (37
°C) and adding 250 pl of the respective substance or EtOH as solvent control. Cells were placed
in the incubator for 24 h.

For gPCR and Western Blot analysis

250 000 cells/well were seeded in a 6-well plate and grown for 24 h. Old culture medium was
aspirated and 1.88 ml new culture medium and 20 pl of the respective substance (0.05 pM),
EtOH solvent control or medium control, two wells each, were added. Cells were placed in the

incubator for 24 h.
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For measurement of AB1.40 concentration

Cell culture flasks with a confluence of 70% were incubated with the respective substance (0.05
uM) by replacing the old culture medium with 9.9 ml new reduced culture medium (37 °C) and

100 pl of the respective substance of EtOH as solvent control. Cells were placed in the incubator
for 24 h.

3.1.1.5 Harvesting cells for measurement of mitochondrial respiration

After 24 h incubation with the respective substance, old cell culture medium was aspirated and
cells were washed with 10 ml PBS. Cells were detached from the flask by rinsing with MIR05
(37 °C) and then centrifuged (1000 rpm, 5 min, room temperature). The supernatant was
discarded and the remaining cell pellet was resolved in MIRO5 (37 °C). 10 ul of the cell
suspension were stained with 90 pl trypan blue (0.4%) and counted with the Neubauer cell

count chamber. Cell count was adjusted to 1 mio cells per ml with MIRO0S.

3.1.1.6 Harvesting cells for gPCR analysis

After 24 h incubation old cell culture medium was aspirated and cells were washed with ice-
cold PBS. Cells were detached with 2 ml cell culture medium (ice-cold) and two wells were
pooled. Cell suspension was centrifuged (1000 rpm, 4 °C, 5 min). After discarding the
supernatant, the remaining cell pellet was redissolved in 300 ul RNA-Protect, thoroughly mixed

and stored at -80 °C.

3.1.1.7 Harvesting cells for Western Blot analysis

After 24 h incubation, old cell culture medium was aspirated and cells were washed with ice-

cold PBS. Cells were detached with 200 pul of ice-cold lysis buffer and stored at -80 °C.

3.1.1.8 Harvesting cells for determination of ABi-40 concentration

After 24 h incubation cells were transferred into a 15 ml tube, centrifuged (300 g, 7 min, room
temperature) and the medium was aspirated. The cell pellet was resuspended in ice-cold PBS,

centrifuged (300 g, 7 min, 4 °C) and PBS was aspirated. Cells were stored at -80 °C.
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3.1.1.9 Freezing cells

Cell culture flasks with a confluence of 80% were detached as described in chapter 3.2.1.2. Cell
suspension was centrifuged (1000 rpm, 5 min), cell culture medium was aspirated, and the
remaining cell pellet was redissolved in 1 ml freezing cell culture medium and quickly
transferred in a cryo-vial on ice before it was stored in the freezing container Mr.Frosty™.
Mr.Frosty™ is stored at -80 °C for 24 h and afterwards cells are stored in liquid nitrogen in the

gas phase.

3.1.2 Determination of protein content

For the determination of protein content the bicinchoninic acid (BCA) method by using a kit
was performed. The method is based on the reduction of Cu*" ions which bind to proteins.
Reduced copper gives a violet complex with BCA, which absorbs at 562 nm and can be
measured photometrically. Bovine serum albumin was used to create a standard curve with six
different concentrations (0, 0.1, 0.2, 0.33, 0.5, 1.0 mg/ml). Cell samples were thawed on ice,
sonicated and diluted 1:5 with Tris buffer (20 mM). On a 96-well plate, 10 pl of each probe and
standard was applied in triplets. Following procedures were conducted according to the

instructions of the manufacturer.
3.1.3 Measurement of mitochondrial membrane potential

Rhodamin-123 (Rh123), a fluorescence dye was used to measure the membrane potential
(MMP) of the cells. The cationic dye Rh123 is attracted to the negative potential across the
inner mitochondrial membrane, is cell permanent and thus accumulates in active mitochondria.
The cells were incubated with 0.4 pM Rh123 in an incubator (37 °C, 5% CO3) for 15 min. The
reaction was stopped by adding 500 pul HBSS (37 °C) into the wells. The 24-well plate was
centrifuged (1500 rpm, 5 min, room temperature), medium was aspirated and cells were
supplemented with 500 pl HBSS (37 °C). To determine MMP, fluorescence was read in four
consecutive runs at an excitation wavelength of 490 nm and an emission wavelength of 535 nm

(Victor X3 multilabel counter).

3.1.4 Measurement of ATP concentrations

The bioluminescence assay ViaLightTM Plus Kit (Lonza, Basel, Switzerland) was used to

determine ATP levels, which is based on the production of light from ATP and luciferin in the
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presence of luciferase. After the required incubation time, the 96-well plate was allowed to cool
to room temperature for 10 min. 50 pl of lysis buffer were added to each well and incubated in
the dark for 10 min. Afterwards, 100 pl of monitoring agent was applied to each well and under
the protection of light incubated for 5 min. The luminescence was measured using a
luminometer (Victor X3 multilabel counter). The emitted light is linearly related to ATP

concentration. A standard curve was generated to determine ATP concentrations of the samples.

3.1.5 Measurement of mitochondrial respiration

Mitochondrial respiration was monitored at 37 °C, using the Oxygraph-2k (Oroboros,
Innsbruck, Austria) and DatLab 7.0.0.2. The Oxygraph consists of two independent chambers
with a Clark-type polarographic sensor where a membrane permeable to oxygen covers an
electrode which is reducing oxygen. Oxygen concentration can be determined by the current
that ensues. To analyse the function of the respiratory system, a complex protocol (elaborated
by Prof. Dr. Erich Gnaiger) was applied including different substrates, uncouplers, and
inhibitors. Before starting the measurement, 2.4 ml Mir05 (37 °C) were filled into the two
chambers of the Oxygraph and allowed to equilibrate for at least 30 min. MIR0S was completely
removed and replaced by 2.4 ml cell suspension containing 1 mio cells/ml MIR0S5. The oxygen
consumption was allowed to stabilize to give endogenous respiration. Cell membranes were
permeabilized with digitonin (10 ng/10° cells), leaving mitochondrial outer and inner
membrane intact. OXPHOS respiration was determined with complex I related substrates
glutamate (10 mM), malate (2 mM), and ADP (2 mM) followed by addition of succinate (10
mM). Oligomycin addition (2 pg/ ml) lead to measurement of leak respiration. Stepwise
addition of FCCP showed the maximum capacity of the electron transfer system. By adding the
complex I inhibitor rotenone complex II non-coupled respiration was measured. Inhibition of
complex III by addition of antimycin A (2.5 pM) determines residual oxygen consumption
(caused by enzymes which do not belong to the electron transfer system), which was subtracted
from all respiratory states. Complex IV activity was achieved by adding N,N,N',N'-tetramethyl-
p-phenylenediamine (0.5 mM) and ascorbate (2 mM). Autoxidation rate was determined using
sodium azide (=100 mM). Complex IV respiration was additionally corrected for autoxidation.

Figure 3.1 shows a typical measurement of mitochondrial respiration with an oxygraph 2k.
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Figure 3.1 Example of a typical respiratory measurement of cells. The blue line shows the actual
oxygen concentration, while the green trace displays the oxygen consumption. On the the x-axis the
time scale of the measurement is depicted. Cells: addition of cell suspension; G+M: addition of
glutamate and malate; ADP: addition of adenosine triphosphate; Succ: addition of succinate; Omy:
addition of oligomycin; F: addition of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; Rot:
addition of rotenone; Ama: addition of antimycin A; T+A: addition of tetramethylphenylenediamine and
ascorbate; Az: addition of sodium azide

3.1.6 Measurement of citrate synthase activity

Citrate synthase (CS) is localized in the mitochondrial matrix, but nuclear encoded. Therefore,
CS is commonly used as a quantitative marker for the content of intact mitochondria. The assay
is based on the irreversible reaction from dithionitrobenzoic acid (DTNB) and acetyl coenzyme
A (CoA-SH) to thionitrobenzoic acid (TNB) and CoA-S-S-TNB, catalysed by CS. TNB can be
spectrometrically detected at 412 nm over 200 s. CS reaction medium was prepared (see section
3.1.5.3) and preheated at 30 °C for 5 min. 200 pl of the sample were added to the reaction
medium, giving a total volume of 1 ml. The mixture was transferred to a quartz cuvette and CS

activity was assessed using a photometer.
The specific enzyme activity was determined with the following formula:

_ TA . chvette
l-ep - vp Vsample p

v

v specific activity of TNB (1)

A rate of absorbance change (1/min)

1 optical path length (1 cm)

€B extinction coefficient of TNB at 412 nm and pH=8.1 (13.6 mM! cm™)
Veuvette Volume of solution of the cuvette (1000 pul)

Vsample Volume of the sample added to cuvette (200 pl)
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p protein concentration (mg cm™) or density of cells (1 mio cells cm™)

3.1.7 Quantitative real-time PCR

3.1.7.1 Isolation of mMRNA from cells

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). Cells were
centrifuged (14 500 rpm, 10 min), supernatant was removed and cells were homogenized in
350 pl RLT buffer (+ 10% mercaptoethanol) by using a cannula to disrupt the cell structure.
350 pl ethanol (70%) were added, the cell suspension was transferred onto the RNeasy column
and centrifuged (10 000 rpm, 30 s). The flow-through was discarded and a wash step was
performed in which 700 pl RW1 buffer were applied and the column was centrifuged (10 000
rpm, 15 s). The flow-through was removed and two further washing steps followed, each with
500 pl RPE buffer. After the last wash step, the column was centrifuged (10 000, 2 min). The
collection tube was discarded and the column was transferred to a fresh 1.5 ml reaction tube.
To elute the mRNA, 50 pl RNase-free water was directly added to the spin column membrane
and centrifuged (10 000 rpm, 1 min). Determination of the concentration and purity of the
isolated RNA was performed with NanoDrop™ One (Thermo-Scientific) at the wavelengths of
230 nm, 260 nm and 280 nm. The purity was determined by the ratio A260/A280. A ratio of
1.8-2 is indicative of highly purified RNA. Lower ratio might arise of contamination with
proteins or phenols. The ratio of A260/A230 is also calculated as indicator for contaminations.

The values should be over 1.5.

To exclude contamination with genomic DNA, an additional DNase digestion was performed
with the Turbo DNA-free™ Kit. For this purpose, RNA (< 200 pg/ml), 5 pl of the 10x TURBO
DNase buffer and 1 ul TURBO DNase were added to 50 pul RNA (< 200 pg/ml). Subsequently,
incubation was performed at 37°C for 25 min. At the end of the incubation period, 5 ul DNase
Inactivation Reagent was added and incubated at room temperature for 5 min, thus the reaction
was stopped. The samples were then centrifuged (10 000 g, 90 s, room temperature), the

supernatant removed, and the concentration was determined by using NanoDrop™ One.
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3.1.7.2 Synthesis of cDNA

Synthesis of the cDNA was performed using the iScript™ cDNA Synthesis Kit (Bio-Rad,
Munich). To prepare the cDNA, the RNA aliquots were thawed and mixed with RNAse-free
water (total volume 10 pl). To each sample, 10 pul Mastermix (5 pl RNase-free H>O, 4 pl 5x
iScriptase Reaction Mix and 1 pl iScript Reverse Transcriptase) were added. Subsequently,
incubation was performed in the T100TM Thermocycler (BioRad) (5 min at 25 °C, 20 min at
46 °C and 1 min at 95 °C, lid temperature 105 °C). The cDNA was stored in aliquots (5 pl) at -
80°C.

3.1.7.3 Procedure of quantitative real-time PCR

The mRNA expression (gene expression) was determined by quantitative real-time PCR
(gPCR) with target specific primers and conducted using a CFX Connect™ Real-Time System
(Bio-Rad, Munich). For this purpose, the cDNA aliquots were thawed and diluted with RNase
—free H>O (1:10). 8 pl of the master mix (5 pl SYBR Green Supermix, 1 pl primer stock (2 or
4uM), 2 ul RNase —free H>O) were added onto a 96-well PCR plate. 2 pl of the diluted cDNA
was added in triplets. RNase-free HoO was used as a control. The PCR plate was sealed with
an adhesive foil and incubated in a thermal cycler. The cycle conditions for the qRT-PCR are

summarized in Table 3.1.

Table 3.1 Cycling conditions for qRT-PCR.

Cycling Temperature (°C) Time
Initial denaturation 95 3 min
Denaturation 95 10s
Annealing 56-58 30s/45s
Elongation 72 29s
Number of cycles 45

53




Materials and Methods

Depending on the primer used, the primer concentration, annealing time and temperature vary.
Relative quantification was followed by a melting curve analysis to detect primer dimers or
unspecific annealing of the primers. The melting curve was plotted at a temperature increase
from 65 °C to 95 °C with a heating rate of 0.5 °C/5 s over a period of 5 min. Gene expression
was analysed using the —(2AACq) method using BioRad CfX manager software and were
normalized to the expression levels of GAPDH, beta-Actin and PGK.

3.1.8 Western Blot analysis

3.1.8.1 Gel casting

For gel casting a casting stand for 2 gels (Bio-Rad, Hercules, USA) was used. Gels with
different acrylamide concentrations (7%, 10%, 12%, 15%) were cast, depending on the size of
the proteins that should be detected. The required buffers and the composition of the gels are
described in section 1.3.5.4. APS and TEMED were added just before casting the gels. The
running gel was cast into the stand and covered with a layer of isopropanol to avoid drying-out.
The gel was allowed to become solid for 45 min. Isopropanol was poured off, the stocking gel
was cast on top of the running gel and a comb was added without bubbles. The gel was allowed

to become solid for 45 min and stored at 4 °C for no more than 2 weeks

3.1.8.2 Gel electrophoresis

Cell samples were thawed on ice and homogenized by sonication. The samples were diluted in
Tris buffer (20 mM) to adjust protein content to 10 or 20 pg. Sample buffer (1:3) and reducing
agent (1:9) were added. The samples were incubated in a Thermo-Shaker (95 °C, 10 min) to
disintegrate proteins. After a short centrifugation step, samples were loaded into the gels. To be
able to identify the bands, a protein standard (Precision Plus Protein WesternC Standards,
BioRad, Hercules, USA) was added into one pocket of the gel. Gels were run 20 min at 60V
until the samples reached the running gel. Afterwards the voltage was increased to 120V for

approximately 60 min to separate proteins in the gel.
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3.1.8.3 Blotting on PVDF membrane

After the gel electrophoresis, proteins were blotted onto a carrier membrane using the blotting
system Criterion™ Blotter. The PVDF membrane was activated in MeOH for 5 min. The filter
papers and the pads were soaked in transfer buffer. The gel cassette was opened carefully, the
collection gel was removed and the running gel was transferred to a damp filter paper.
Afterwards, a pad was placed on the cathode side of the blot cartridge, followed by a filter paper
on which the gel was placed. The activated PVDF membrane was carefully placed on the gel
and covered with another filter paper. Air bubbles were removed with a blot roller. Finally,
another cushion was placed on the sandwich. After the blot cartridge was closed tightly, a
cooling element (-20°C) was put into the Criterion™ blotter and the chamber was filled with
transfer buffer. It is important to note that protein transfer should be carried out at the low
temperatures. The transfer was carried out at a voltage of 30 V for 90 min. Afterwards, the
membranes were blocked for 30 min in a solution of skimmed milk powder (75 mg/ml H>O).
After removal of the blocking solution, the membrane was washed with water until the milky
residue was completely removed. Until further use, the membrane was stored in TBST buffer

(1x) at 4 °C.

3.1.8.4 Antibody incubation

Western Blots were incubated with all primary antibodies on a shaker plate overnight at 4 °C,
with the exception of the loading controls GAPDH and tubulin which were incubated for 20
min or 30 min on a shaker plate at room temperature. The primary antibody solution was then
poured off. Secondary antibodies were incubated using the SNAP 1.d. 2.0 device (Merck KGaA,
Germany). The loaded blot was inserted into the SNAP i.d. according to instructions and
washed with 50 ml TBST (1x). The secondary antibody solution was added to the washed
membrane. After an incubation period of 10 min the secondary antibody was aspirated and the
blot was washed again. For the detection of the blot, 0.5 ml TBST (1x) were added to 1 ml of
Luminata™ Crescendo Western HRP reaction reagent. The membrane was covered with the
reaction reagent and incubated in the dark for 5 min. The detection of the protein bands was
performed in ChemiDoc™ Touch Imaging System (Bio-Rad, Germany), (chemiluminescence

/20-120 s exposure).
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3.1.9 Measurement of Amyloid-pi-s0 level

AP0 levels were determined using an enzyme-linked immunosorbent assay (ELISA) Kit
(Elabscience Biotechnology Inc., USA). The kit uses the Sandwich-ELISA principle. The plate
is pre-coated with a specific antibody to human APi.40. The added sample then binds to the
specific antibody. An enzyme-linked secondary antibody is applied as detection antibody
directed against ABi-40. Subsequently the bound antigen binds to the secondary antibody. In the
last step, the bound enzyme activates the added dye, which can be detected photometrically to
determine the presence and quantity of APi4o0. The ELISA was performed according to the
manufacture's instructions. The concentration of APi-40 was measured in lysed cells. After 24 h
treatment, cells were lysed by adding 600 pl Cell Extraction Buffer (Thermo-Scientific) with
protease inhibitor cocktail (reconstitute to the manufacture’s guideline, Roche) and 1 mM
PMSF to the cell pellet. Lysates were transferred into clean 1 ml reaction tubes, vortexed and
incubated on ice for 30 min, with occasional vortexing. Then, lysates were centrifuged (13 000
g, 10 min, 4 °C) and transferred to a clean 1 ml reaction tube. Later on, protein content (see
section 3.1.2) was determined. First, 100 pl of the prepared standard solution was applied to
the first two columns of the pre-coated 96-well plate. 100 ul of samples were added to the other
wells. The plate was covered with a sealer and incubated at 37 °C for 90 min. Afterwards, the
liquid was removed and 100 pl of the biotinylated detection solution were added and incubated
at 37 °C for 60 min. The solution was decanted from all wells and the plate was washed 3 times
by adding 350 pul of wash buffer and 1-2 min incubation time. 100 pl of the secondary antibody
(horseradish peroxidase conjugate solution) were applied to each well, the plate was covered
and incubated at 37 °C for 30 min. The solution from each well was decanted and the wash
process was repeated for five times as described above. 90 ml of substrate reagent was added
and incubated at 37 °C for 15 min. Afterwards 50 ul of the stop solution were added to terminate
the enzyme-substrate reaction and the colour turns from blue to yellow. The optical density was
measured on a Spectrometer (ClarioStar Platereader, BMG, Ortenberg, Germany) at a
wavelength of 450 nm. The measured values are proportional to the concentration of ABi.40. By
comparing the concentrations of the standard curve, the concentration of APi40 can be

calculated. The values were then normalized to protein content.
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3.1.10 Statistical evaluation

Statistical analysis were performed using the software GraphPad Prism Version 8.0.1. Measured
values are displayed as mean values with standard error of the mean value (= SEM). For the
statistical verification of differences between two measurement groups the unpaired, two-sided
t-test was used. For differences between more than two measurement groups a 1-way ANOVA

with Tukey's Multiple Comparison Test was used.
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4  Results

First, a cell model of late-onset AD was characterized by investigating differences in
mitochondrial function between SH-SYS5Y-MOCK vector transfected control cells and the
corresponding transgenic cell line SH-SY5Y-APPsos harbouring the neuronal form of human
amyloid precursor protein (APP). In particular, we determined ATP levels, mitochondrial
membrane potential, the capacity of respiratory chain complexes, mRNA level of genes
involved in mitochondrial biogenesis, and genes of the respiratory system as well as their
protein expression and Api-40 levels. Additionally, we simulated mitochondria related ageing
processes by using rotenone to inhibit complex I of the respiration chain. Afterwards we
assessed effects of ten highly purified olive polyphenols (hydroxytyrosol, tyrosol, oleacein,
oleuroside, oleuropein, oleuroside aglycone, oleocanthal, ligstroside, ligstroside aglycone,
ligustaloside B) and two metabolites (the plant metabolite elenolic acid and the mammalian
metabolite homovanillic acid) in very low doses on mitochondrial function in SH-SY5Y-
MOCK and SH-SYS5Y-APPgos cells. Figure 1 shows the experimental workflow that led to the
identification of the compounds with the highest beneficial effects on mitochondrial function

in SH-SY5Y-APPgos cells.

Tyrosol Hydroxytyrosol

LigstrosideOleocanthal  Oleacein Oleuropein

Ligstroside aglycone Oleuropein aglycone ! ﬁ X . ‘ % :
Ligstroside
o |j ATP level ‘ Oleacein H Oleocanthal H Oleuroside ‘ 1gstrosi
Elenolic acid
Ligustaloside B Oleuroside - -
Homovannilic acid
Mitochondrial
respiration
‘ Oleocanthal ‘ ‘ Ligstroside ‘
| L . . L
AB 1-40 level A Protein expression J_? ‘ Ligstroside ' i || Geneexpression

Figure 4.1 Workflow. Workflow of carried out experiments to identify the most promising compounds
on mitochondrial promoting effects.
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4.1 Characterization of the SH-SY5Y cell line as a model of late-onset AD

411 SH-SY5Y-APPsos exhibit reduced ATP and MMP level

Mitochondrial dysfunction is characterized by reduced supply of the electrical and chemical
transmembrane potential of the inner mitochondrial membrane and a reduced efficiency of
oxidative phosphorylation which consequently leads to limited production of the critical
metabolite ATP (Nicolson 2014). SH-SY5Y-APPeos cells showed a significant reduced ATP
production and a significant decrease of MMP level compared to control cells (see Figure 4.2 a

and b).
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Figure 4.2 Comparison of ATP level and MMP in SH-SYSY-MOCK control cells and APP
transfected SH-SY5Y-APPgs cells. ATP production was determined using the ViaLightKit (Lonza) by
measuring bioluminescence after 48 h incubation. (a) SH-SY5Y-APPgos cells exhibit reduced ATP levels
compared to SH-SY5Y-MOCK control cells; mean + SEM; student’s unpaired #-test (****p < 0.0001);
n = 6. (b) Rhodamin-123 fluorescence of SH-SY5Y-MOCK and SH-SY5Y-APPsos cells representing
mitochondrial membrane potential (MMP); mean = SEM; student’s unpaired #-test (**p <0.01); n=11.

4.1.1.1 Impaired mitochondrial respiration in SH-SY5Y-APPsgs cells

To assess activities of single complexes of the mitochondrial respiration chain a Clarke-
electrode (Oroboros Oxygraph-2k) was used. A significant reduction of oxygen consumption
was detected across all measured complexes in SH-SY 5Y-APPsos cells compared to control SH-
SY5Y-MOCK cells (see Figure 4.3 a). The respiratory control ratio (RCR) indicates the coupling
between oxygen consumption and oxidative phosphorylation (Hughey et al. 2011). RCR was
calculated as ratio between uncoupled respiration and leak respiration after addition of
oligomycin. The significant lower RCR in SH-SY5Y-APPgos cells indicates a reduced ability to
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couple mitochondrial respiration and phosphorylation — indicating mitochondrial dysfunction

(Figure 4.3 b).
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Figure 4.3 Mitochondrial respiration in SH-SYSY-MOCK and SH-SYS5Y-APPgs cells. (a) SH-
SYS5Y-APPsos cells showed an overall reduction of all measured respiratory states. For analyzing
mitochondrial respiration, a solution of 10° cells/ml was used; mean = SEM; student’s unpaired #-test
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001); n = 12. (b) SH-SYS5Y-APP¢os cells have a
significant lower RCR compared to SH-SY5Y-MOCK control cells, indicating a lower capacity for
substrate oxidation and ATP turnover and a higher proton leak; mean + SEM; students unpaired #-test
(***p <0.01); n=10.

4.1.1.2 Alterations in mitochondrial gene expression in SH-SY5Y-APPegs cells

To elaborate underlying molecular mechanisms, the expression of genes involved in
mitochondrial biogenesis, mitochondrial function and antioxidative properties were determined
in SH-SY5Y-MOCK control cells and SH-SY5Y-APPgos cells. Gene expression of complex I,
which is mainly associated with brain ageing and neurodegenerative diseases (Fiedorczuk and
Sazanov 2018), was significantly reduced in SH-SY5Y-APPgos cells (Figure 4.5 a). Additionally,
mRNA levels of the antioxidative enzyme glutathione peroxidase 1 (GPx1) was significantly
lower compared to SH-SY5Y-MOCK control cells (see Figure 4.5 b). CREBI, SIRT1, PGC-1a
and TFAM which are involved in the mitochondrial biogenesis pathway, were numerically but
not significantly decreased in SH-SY5Y-APPeos cells (see Figure 4.4). mRNA expression levels
of NRF1, COXS5A, ATP5D, CS, CAT and SOD2 were unaffected compared to SH-SY5Y-

MOCK cells (Table 4.1).
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Figure 4.4 Relative mRNA expression in SH-SYSY-MOCK and SH-SYSY-APPgs cells. Relative
mRNA expression in SH-SY5Y-MOCK control cells (100%) compared to APP transfected SH-SYS5Y-
APPgos cells. Cells were grown for 48 h and harvested with RNAprotect to provide immediate
stabilization of RNA. (a) SIRT1 (b) CREBI (¢) PGC1-a and (d) TFAM, genes which are involved in the
mitochondrial biogenesis pathway show a tendency towards lower mRNA expression. Data are
represented as mean = SEM; student’s unpaired t-test; n = 17.
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Figure 4.5 Relative mRNA expression of CI and GPx1 in SH-SY5Y-MOCK and SH-SY5Y-APPgos
cells. Relative mRNA expression in SH-SY5Y-MOCK control cells (100%) compared to APP
transfected SH-SYS5Y-APPgos cells. (a) CL, which is associated with brain ageing and (b) GPx1, a gene
of the mitochondrial oxidative defense system have both a significant lower mRNA expression
compared to control cells. Data are represented as mean + SEM; student’s unpaired t-test (*p < 0.05); n
=17.

Table 4.1 Relative normalized mRNA expression in SH-SY5Y-APPgos cells. Relative normalized
mRNA expression levels in SH-SY5Y-APP¢os cells determined using quantitative real-time PCR in
comparison to SH-SY5Y-MOCK control cells (100%); mean + SEM with student’s unpaired t-test (*p
< 0.05); n = 17. Results are normalized to the mRNA expression levels of actin-f (ACTB),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1).

SH-SY5Y-APPegs

CS 97.1£5.8
CREBL 84.4 (]) £5.2
SIRT1 93.0 (])+6.1
PGC-1a 90.5 (|) £7.3
NRF1 100.0 + 10.6
TFAM 82.4 (])+6.3
Cl 772 |*+6.8
COX5A 100.0 + 6.2
ATP5D 102.4 + 6.2
GPx1 723 |*£7.0
CAT 97.6 +13.1
SOD2 100.0+ 7.8
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4.1.1.3 Changes in protein biosynthesis in SH-SY5Y-APPsgs cells

Protein levels of the master regulator of mitochondrial biogenesis PGC-1a was significantly
decreased in SH-SY5Y-APPegos cells compared to control cells (Figure 4.6 c¢). Furthermore,
protein levels of the transcription factor CREB were also significantly decreased, whereas the
activated form (pCREB) showed only a numerically decrease of protein levels (Figure 4.6 a and
b). Complexes II and III of the respiratory chain showed a significant decrease of protein levels
in SH-SY5Y-APPeos cells compared to SH-SYSY-MOCK control cells (Figure 4.6 ¢ and f).
Complex I tended to be down regulated whereas protein levels of complexes IV and V as well

as TOM22 and CS revealed no significant changes compared to SY5SY-MOCK cells (Table 4.2).
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Figure 4.6 Protein levels in SH-SYSY-MOCK control cells (100%) compared to SH-SYS5Y-APPgos
cells. Cells were grown for 48 h and lysed. Proteins were separated by SDS-PAGE and blotted onto a
PVDF membrane using a Blotting system. For further details see Materials and Methods; (a) The cellular
transcription factor CREB is significantly downregulated, whereas the activated form (b) pCREB is
numerically decreased; (c) the master regulator of mitochondrial biogenesis (c) PGC-1a is significantly
decreased; (d) complex I tends to be lower expressed, whereas (e¢) complex II and (f) complex III are
significantly lower than control cells. Data are represented as mean + SEM with student’s unpaired #-
test (*p < 0.05; **p < 0.01); n = 6; results are normalized to loading control tubulin or GAPDH.
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Table 4.2 Protein levels in SH-SYSY-APPgos cells.Protein levels in SH-SYS5Y-APPeos cells determined
using Western Blot analysis in comparison to SH-SY5Y-MOCK control cells (100%); mean + SEM with
student’s unpaired ¢-test (*p < 0.05; **p < 0.01); n = 6; results are normalized to loading control tubulin
or GAPDH.

SH-SY5Y-APPegs

CS 99.0 + 6.37
TOM22 111.5+7.74
CREB1 70.8 |** + 4.23
PCREB 75.3 (]) £ 10.02
PGC-1a 74.9 |* + 8.35
cl 89.1(})£7.18
cll 79.4 |* +7.89
clll 75.6 |* +10.92
\Y; 93.6 + 6.24

cV 97.8+9.93

4.1.1.4 Enhanced formation of Api-40 in SH-SY5Y-APPsgs cells

Since mitochondrial dysfunction is closely related with increased A levels (Leuner et al. 2012;
Grimm et al. 2016), the difference of AP expression between both cell lines was determined. As
SH-SYS5Y cells represent a human derived cell line, APPgos is already expressed under normal
conditions (SH-SYS5Y-MOCK control cells). ELISA analysis of APi.40 levels in lysed cells
demonstrated that ABi.40 was 80-fold higher in the APP-overexpressing cell line compared to

MOCK-transfected control cells (Figure 4.7).
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Figure 4.7 Comparison of human AB1-40 level in SH-SYSY-MOCK and SH-SYS5Y-APPgos cells.
Cells were grown for 48 h, lysed with a cell extraction buffer and Af levels were determined by ELISA,
and normalized to protein content. SH-SYS5Y-APPgos cells show significantly increased ABiso levels
compared to SH-SY5Y-MOCK cells. Data are represented as mean + SEM with students unpaired #-test;
(****p <0.0001); n = 8.

4.1.1.5 Complex I-inhibition as a model for simulating ageing processes in SH-SY5Y

cells

As brain ageing is associated with a low activity of complex I of the mitochondrial respiration
chain (Lenaz et al. 1997), SH-SY5Y-MOCK and SH-SY5Y-APPsos cells were incubated with
the complex I inhibitor rotenone, simulating this alteration. Additionally, complex I dysfunction
is associated with increased ROS production (Leuner et al. 2012). The insult with rotenone led

to a concentration dependant decrease of ATP- and MMP levels (Figure 4.8)
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Figure 4.8 ATP level and MMP after complex I-inhibition in SH-SY5SY-MOCK and SH-SY5Y-
APPgos cells. 24 h Insult with rotenone (2.5 or 25 pM) in SH-SY5Y-MOCK cells lead to significantly
decreased ATP level (a) and significantly decreased MMP level (c). In SH-SYS5Y-APPgos cells the
complex I-inhibition with rotenone decreased ATP level (b) and significantly decreased MMP level (d);
mean + SEM; Data are represented as mean £ SEM; one-way ANOVA with Tukey’s multiple
comparison post-hoc test (*p < 0.05, **p <0.01, ***p < 0.001, ****p <(0.0001); n = 8-10.

4.2 Secoiridoid derivatives

All tested substances, apart from homovanillic acid (purchased from Sigma), were
manufactured from N-Zyme BioTec GmbH (Darmstadt, Germany) through isolation from olive
leaves, EVOO or enzymatically/chemically transformed. Verification of the isolated olive
polyphenols or metabolites were accomplished by means of mass spectrometry and NMR

analysis or with reference standard (see Table 4.3).
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Table 4.3 Purification method, purity and identification of all tested polyphenols and metabolites.
Data are provided by N-Zyme BioTec.

Substance Purification Purity (%) Identification
Elenolic acid FCPC, HPLC >92 MS, NMR
Hydroxytyrosol FCPC 98 Reference
Ligstroside FCPC 96 MS, NMR
Ligstroside aglycone FCPC, HPLC 96 MS, NMR
Ligustaloside B FCPC, HPLC 100 MS, NMR
Oleacein HPLC 96 MS, NMR
Oleocanthal FCPC 96 MS, NMR
Oleuropein FCPC, HPLC 96 Reference
Oleuropein aglycone FCPC 95 MS, NMR
Oleuroside FCPC, HPLC 97 MS, NMR
Tyrosol FCPC 98 Reference

4.2.1 Screening of olive polyphenols for ATP production

Olive polyphenol screening of 10 different purified secoiridoids (hydroxytyrosol, tyrosol,
oleacein, oleuroside, oleuroside aglycone, oleuropein, oleocanthal, ligstroside, ligstroside
aglycone and ligustaloside B) and two metabolites (the plant metabolite elenolic acid and the
mammalian metabolite homovanillic acid) was carried out measuring ATP levels in SH-SY5Y-
MOCK and SH-SY5Y-APPgos cells in order to identify compounds with the highest beneficial
effects on mitochondrial function. To determine the concentration with the highest positive
effect, we firstly measured the influence of the two most simple phenolics hydroxytyrosol and
tyrosol in concentrations between 0.5 and 50 uM on ATP levels in SH-SY5Y-MOCK cells
(Figure 4.9). Additionally, we insulted SH-SYS5Y-MOCK cells with rotenone in the
concentration that has previously been proven suitable (25 uM) to assess if both phenolics can

restore impaired ATP levels after insult with the complex I inhibitor rotenone.
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Figure 4.9 Effects of hydroxytyrosol and tyrosol on ATP levels in SH-SYSY-MOCK cells. (a) ATP
level of SH-SYS5Y-MOCK cells after 24 h treatment with hydroxytyrosol or (c) Tyrosol in different
concentrations (0.5-50 uM). (b) SH-SYS5Y-MOCK cells after preincubation with hydroxytyrosol or (d)
tyrosol for 1 h and insult with rotenone (25 pM) for 24 h; cells were normalized to cell medium control
(100%); EtOH served as solvent control and had no influence on ATP level (data not shown); mean +
SEM; Data are represented as mean £ SEM; one-way ANOVA with Tukey’s multiple comparison post-
hoc test (*p < 0.05, **p <0.01, ***p < 0.001, ****p <(0.0001); n= 8.

Basal ATP levels were significantly increased by incubation with hydroxytyrosol (0.5, 1, 2.5
and 10 puM). The highest concentration (50 uM) led to a significant decrease of ATP levels,
indicating toxic effects in high doses (Figure 4.9 a). Tyrosol treated cells showed positive
significant effects in concentrations between 0.5 and 10 pM. The two highest concentrations 25
and 50 uM revealed no changes in ATP levels (Figure 4.9 c¢). Incubation with the complex I
inhibitor rotenone (25 uM) led to significantly decreased ATP levels (around 60% of control
cell level). Simultaneous incubation with rotenone and hydroxytyrosol (0.5-25 pM) or tyrosol
(1-25 uM) were able to significantly prevent the rotenone-induced drop in ATP levels. The

highest concentration of 50 uM tyrosol had no effect whereas 50 uM hydroxytyrosol had a
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significant negative effect on rotenone-insulted ATP levels, leading to a reduction of 33% of

control cell level (Figure 4.9 b and d).

Since low concentrations of hydroxytyrosol and tyrosol already showed positive effects and the
two highest concentrations had no or even toxic effects on ATP levels, the remaining olive

polyphenols and metabolites were used in concentrations of 0.05 to 10 uM.

Table 4.4 shows the influence of all tested substances on basal ATP levels and after 24 h insult
with rotenone in SY5Y-MOCK cells. Ligstroside aglycone and oleuroside aglycone had no
effect on ATP levels (data not shown). All remaining tested olive polyphenols had a significant
positive effect on ATP levels. Considering the smallest concentration (0.05 uM) the increase
ranged between 9 to 11% of control level. To study the potential protective activity of the olive
polyphenols and metabolites against complex I inhibition, cells were additionally treated with
25 uM rotenone. Treatment with rotenone led to a significant decrease of ATP levels (61-69%
of control level) in SH-SY5Y-MOCK cells. Regarding the smallest concentration of 0.05 pM
only ligstroside, ligustaloside B, oleocanthal, oleuropein and oleuroside were able to protect
complex I-insult significantly. Ligstroside and ligustaloside B showed the highest potential
against rotenone insult. As 10 pM oleocanthal decreased basal ATP levels significantly,

simultaneous incubation with rotenone also led to a significant negative effect.

Table 4.4 Effects of all tested substances on ATP levels in SH-SY5SY-MOCK cells. Results of test
statistics after 24 h incubation with ligstroside, ligustaloside B, oleacein, oleocanthal, oleuropein,
oleuroside and elenolic acid on ATP levels in SH-SY5Y-MOCK cells. 1| = increase or decrease of ATP
levels compared to EtOH control; Data are represented as mean = SEM; one-way ANOVA with Tukey’s
multiple comparison post-hoc test (*p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001); n=9.

Compound 0.05 uM 0.1 pM 1M 2.5 M 10 pM

Elenolic acid  108.1+£2.192 1145+£1.677 112.1+£1.793 1148+2.62 100.3+1.930
T** T**** T**** T**** _

+ rotenone 7178 £2.205 74.86+1967 71.57+1.035 73.35+2.251 69.47+1.685

67% insult - Tk - 1 -

Homovanillic 110.6+2.491 113.2+1.665 108.6+2371 111.9+2.842 99.57+2.185

acid T*** T**** T** T**** _

+ rotenone 7273 £1.216 73.63+£1.419 7397+1.026 72.86+0.188 68.86+ 1.828

69% insult - T* 1** - -
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Ligstroside 111.0+0.775 1125+ 0.717 115.1+£2.162 113.2+1.599 112.2+1.266
+ rotenone 75.80+1.068 76.86+1.203 7835+ 1.201 76.05+0.688 74.83 +0.472
Ligustaloside 109.6+1.190 110.8+1.291 111.1+1.013 113.1£1.496 111.5+1.532
+ rotenone 7432+ 1423 7457+1.275 75.15+1.502 7696+ 1.657 76.45+2.261
Oleacein 111.1+1.667 113.7+1.497 114.8+1.108 113.6+1.304 96.68 +2.026
T**** T**** T**** T**** -
+ rotenone 67.65+1.610 71.36+2.490 70.33+1.551 69.37+2.071 57.06=+1.668
62% insult - e 1% - -
Oleocanthal 108.9+£0.691 110.1£1.427 111.7+1.273 107.1+£1.739 74.15+3.473
+ rotenone 69.89+1.939 71.63+£2.045 70.04+1.657 66.88+1.476 49.18+2.498
61% insult 1% ek ¥ - L
Oleuropein 109.3+£1.262 1093+1.903 112.0+1.945 111.0+1.390 107.5+0.842
+ rotenone 7421+ 1354 7349+1.521 7479+1.656 73.79+0.953 71.68+1.107
Oleuroside 106.3+1.956 109.0+1.834 108.8+1.272 110.8+1.991 108.4+2.362
+ rotenone 7414 £1.527 73.81+1.881 74.52+1.991 7556+1.657 72.33+1.628
67% insult THE ek Pk ok )

Table 4.5 shows the influence of all tested olive polyphenols and metabolites on basal ATP levels
and on ATP levels with simultaneous rotenone-insult in SH-SY5Y-APPeos cells. All tested
compounds led to significant elevated ATP levels with the exception of ligstroside aglycone and
oleuroside aglycone (data not shown). Oleuroside, oleacein, ligstroside and oleocanthal had a
slightly higher effect regarding the smallest concentration of 0.05 uM on ATP levels compared
to the other secoiridoids and metabolites and therefore identified as hit-substances. Insult of
complex I led to a significant reduction of ATP levels (49-53%). With the exception of elenolic
acid, oleacein and oleocanthal the remaining compounds showed a moderate protection against
rotenone insult. The moderate protection could be due to the already impaired complex I
respiratory capacity and the impaired complex I mRNA expression measured in SH-SY5Y-

APPeos cells (see Figure 4.3and Figure 4.5).
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Figure 4.10 shows the effect of the four hit-substances oleacein, oleocanthal, ligstroside and
oleuroside in the small concentration of 0.05 uM on ATP levels compared to solvent control.
Followed determination of mitochondrial respiration was performed exclusively for oleacein,

oleocanthal, ligstroside and oleuroside.

Table 4.5 Effects of all tested substances on ATP levels in SH-SYSY-APPgos cells. Results of test
statistics after 24 h incubation with ligstroside, ligustaloside B, oleacein, oleocanthal, oleuropein,
oleuroside and elenolic acid on ATP levels in SH-SYS5Y-APPeos cells. 1] = Increase or decrease of ATP
levels compared to EtOH control; Data are represented as mean + SEM; one-way ANOVA with Tukey’s
multiple comparison post-hoc test (*p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001); n=9.

Compound 0.05 uM 0.1 pM 1 M 2.5 M 10 pM
Elenolic acid 108.2+2.089 113.6+1.037 110.5+1.937 109.9+1.240 103.3+2.017
1 PHE PH* 3k -
+rotenone 56.13+1.872  56.67+1.928 57.32+1.991 5591+1.924 54.01 +1.788
52% insult - - - - -
Hydroxy- 110.3+£0.997 110.0+1.063 110.5+1.551 110.1+1.294 103.1+1.414
terSOl T*** T**** T**** T**** -
+rotenone 63.95+1.587 63.49+1.884 62.69+0.714 63.59+0.987 59.08 +£2.005
o/ 3 skeskoskosk skkskosk skskok skeoskokosk %
53% insult 1 1 i i 1
Ligstroside 110.2+1.154 109.0+1.723 109.7+1.515 109.5+1.276 107.2+1.290
+rotenone 61.82+2.117 60.59+2.250 63.32+£1.947 6299+2465 62.73+2.634
55% insult - - T* 1% -
Ligustaloside 106.2+1.770 106.9+2.221 111.2+0.961 109.4+1.283 106.8 +1.683
B _ 1 pHEH 1k -
+rotenone 56.45+0912 5920+1.791 60.10+1.545 65.51+2.372 61.79+2.559
53% insult - - T* PHEE PHEHE
Oleacein 107.8+£0.691 109.9+1.427 109.8+1.273 108.1+1.739 95.72+3.473
1 P P 1% -
+rotenone 52.10+0.6116 52.53+18.24 52.69+1.704 50.88+1.468 40.71+1.499
50% insult - - - - kol
Oleocanthal 109.5+1.274 111.6+1.615 112.8+1.571 108.4+1.840 56.56+2.981
+rotenone 4980+ 1.273 50.17+1.384 48.41+1.513 4233+1.691 26.99+2.216
49% insult - - - 1* kol
Oleuropein 107.7+1.231 109.1+£2.012 109.3+1.760 107.9+1.611 106.9+2.097
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+rotenone 59.57+2.259 60.83+2.249 62.91+£2.285 60.47+2.210 58.38+1.920
53% insult - T** 1 okk 1% -
Oleuroside 110.5+1.777 109.2+1.833 109.5+1.486 109.4+2.013 108.6+1.964
+rotenone 58.39+1.650 59.76+0.9493 63.58+1.337 66.35+2.380 58.97+1.051
53% insult ; ; ik ik -
Tyrosol 105.8£1.987 108.3+1.511 107.7+1.639 107.4+1.682 105.5+1.475
+rotenone 5936 +1.369 59.23+1.540 60.66+2.206 60.93+1.970 57.10+1.897
53% insult ; ; 1 1 -
Homovanillic 107.3+2.297 111.3+1.686 106.2+3.067 107.2+2.035 103.1+2.875
acid - 1H* - - -
+rotenone 55.87+1.723 57.08+1.845 56.34+2.171 61.18+1.669 55.01 £0.963
49% insult - - 1% 1% -
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Figure 4.10 Effects of the four hit-substances on ATP level in SH-SYSY-APPgos cells. ATP levels
after 24 h incubation with 0.05 uM oleacein, oleocanthal, oleuroside or ligstroside. The four hit-
substances significantly increase ATP levels compared to solvent control (EtOH). Cell culture medium
served as control for normalization (100%). Data are represented as mean + SEM; one-way ANOVA
with Tukey’s multiple comparison post-hoc test (***p < 0.001, ****p < 0.0001); n=9.
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4.2.2 Influence of the four hit-substances on mitochondrial respiration and CS activity
in SH-SY5Y-APPsgs cells
Mitochondrial respiration was assessed after 24 h incubation with 0.05 pM oleocanthal,
ligstroside, oleacein or oleuroside. Oleuroside revealed no changes in all measured respiratory
states, whereas oleacein showed a significant increase in endogenous respiration (Figure 4.11 a
and b). Ligstroside incubation led to a significant elevation of endogenous, complex I, complex
I+11, leak (omy) and ETS respiration (Figure 4.11 c). Oleocanthal increased endogenous
respiration, complex I and complex I+ respiration significantly (Figure 4.11 d). The respiratory
ratio (RCR) was significantly increased after 24 h treatment with 0.05 uM oleuroside, indicating
improved mitochondrial coupling. RCR of oleacein, ligstroside and oleocanthal was not

different compared to control cells (data not shown).
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Figure 4.11 Mitochondrial respiration of the four hit-substances in SH-SYSY-APPgos cells.
Mitochondrial respiration in SH-SY5Y-APPeos cells after 24 h incubation with the respective olive
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polyphenol (0.05 uM) or solvent control (EtOH). A solution containing 10° cells/ml was used for
analyzing oxygen capacity. (a) Oleuroside had no influence on mitochondrial respiration. (b) Oleacein
elevated endogenous respiration. All other complexes were unaffected. (c) Ligstroside treatment led to
significant elevations of endogenous, complex I, coupled complex I+11, leak I (omy) respiration and
increased capacity of the electron transfer system (ETS). (d) Incubation with oleocanthal elevated
endogenous, complex [ and coupled complex I+II respiration. Data are represented as mean = SEM;
student’s unpaired 7-test (xp < 0.05, *xp < 0.01, ***p < 0.001); n=13.

Citrate synthase activity (CS) is a known marker for mitochondrial content (Larsen et al. 2012).
CS was significantly increased after incubation with ligstroside or oleocanthal (Figure 4.12 ¢

and d). Treatment with oleacein or oleuroside revealed no changes of CS activity (Figure 4.12 a

and b).
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Figure 4.12 Citrate synthase activity of the four hit-substances in SH-SY5Y-APP cells. Citrate
synthase activity of SH-SYS5Y-APPgos cells after 24 h incubation with 0.05 uM (a) oleuroside (b)
oleacein (c) ligstroside or (d) oleocanthal and EtOH as solvent control. CS activity was assessed
spectrophotometrically at 412 nm. Data are represented as mean £ SEM; student’s unpaired #-test (*p <
0.05, *xp <0.01); n=13.

Normalizing respiration to CS activity gives information about the respiration of a single
mitochondrion (Park et al. 2014). CS normalized respiration after oleuroside treatment was

again unchanged (Figure 4.13 a), whereas oleacein treatment showed a significant increase of
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the permeabilized and leak (G/M) state which is very likely due to a better integrity of the inner
mitochondrial membrane (Brand und Nicholls 2011). CS normalized respiration after treatment
with ligstroside showed similar results like cell count normalized respiration: endogenous,
complex I, complex I+II respiration and ETS were significantly increased, only leak (omy)
respiration was unchanged (Figure 4.13 c). Incubation with oleocanthal led to a significant

increase in endogenous respiration whereas leak (omy) respiration was significantly decreased

(Figure 4.13 d).
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Figure 4.13 CS normalized mitochondrial respiration of the four hit-substances in SH-SY5Y s
cells. CS normalized mitochondrial respiration of SH-SY5Y-APPgos cells after 24 h incubation with (a)
oleuroside (b) oleacein (¢) ligstroside or (d) oleocanthal and EtOH as control, representing respiration
of a single mitochondrion and consequently showing the functionality of the mitochondrion. Data are
represented as mean + SEM; student’s unpaired #-test (xp < 0.05, **p <0.01); n=13.
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Taken together, ligstroside and oleocanthal had the highest positive influence on mitochondrial
respiration and CS activity. Therefore, following experiments were carried out exclusively for
these two compounds. Additionally, we determined ATP levels after ligstroside or oleocanthal
incubation in very small concentrations (nM scale) (Figure 4.14). Ligstroside has already a

significant positive influence at 0.0001 uM and oleocanthal shows a significant increase at

0.001 uM.
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Figure 4.14 ATP-concentration-response curve of ligstroside and oleocanthal incubated SH-SYS5Y-
APPgos cells. ATP level in SH-SY5Y-APPgos cells after 24 h incubation with different concentration of
(a) ligstroside and (b) oleocanthal. Ligstroside was able to significantly elevate ATP level in very small
concentrations starting with 0.0001 pM, whereas oleocanthal significantly increased ATP level at a
concentration of 0.001 uM. Data are represented as mean + SEM; student’s unpaired #-test (*p < 0.05,
**p < 0.01, ***p < 0.001, ****xp < 0.0001); n = 13.

4.2.3 Analysis of mMRNA expression in oleocanthal and ligstroside incubated SH-SY5Y-
MOCK cells

Oleocanthal elevated mRNA expression levels of SIRT1, NRF1 and complex I significantly

compared to solvent control (Figure 4.15). On the other hand oleocanthal showed no significant

effects on CS, CREB1, PGC-1a, TFAM, COXS5A and ATP5D (Table 4.6). In contrast, ligstroside

was able to upregulate all genes of the mitochondrial biogenesis pathway; SIRT1, CREBI,

PGC-1a, NRF1 and TFAM were significantly increased (Figure 4.16). Additionally, complex 1

and COX5A were significantly elevated. Interestingly, ligstroside led to a significant decrease
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of CS and ATP5D gene expression. Considering the antioxidative system, oleocanthal
significantly increased SOD2 and CAT mRNA levels compared to solvent control, whereas
GPx1 was numerically but not significantly increased (Figure 4.16). Ligstroside showed a
significant positive effect on SOD2 and GPx1 mRNA expression, while mRNA expression of
CAT remained unchanged (Figure 4.17).

Table 4.6 shows the influence of oleocanthal and ligstroside of all tested genes in SH-SY5Y-

MOCK cells compared to solvent control.
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Figure 4.15 Relative mRNA level after treatment with oleocanthal in SH-SYSY-MOCK cells.
Relative mRNA expression after 24 h incubation with 0.05 uM oleocanthal in SH-SY5Y-MOCK cells.
(a) SIRT1, (b) NRF1 genes of the mitochondrial biogenesis pathway are significantly elevated after
oleocanthal treatment compared to control cells. (¢) Complex I is significantly increased compared to
control cells. (d) SOD2, (e) CAT and (f) GPx1 enzymes of the antioxidative defence system are
significantly increased after oleocanthal treatment. Data are represented as mean + SEM; one-way
ANOVA with Tukey’s multiple comparison post-hoc test (*p < 0.05, *xp <0.01); n=7.
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Figure 4.16 Relative mRNA level after treatment with ligstroside in SH-SYSY-MOCK cells.
Relative mRNA expression after 24 h incubation with 0.05 uM ligstroside in SH-SYS5Y-MOCK cells.
(a-e) Target genes of mitochondrial biogenesis are all significantly upregulated through ligstroside
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incubation compared to solvent control; (f) CS activity is significantly decreased; (g-i) complex I and
IV of the respiratory chain are significantly increased, whereas complex V is significantly
downregulated; (j-1) SOD2 and GPx1 are significantly enhanced although CAT revealed no changes.
Data are represented as mean = SEM; one-way ANOVA with Tukey s multiple comparison post-hoc test
(*p <0.05, #xp < 0.01, ***p < 0.001); n=7.

Table 4.6 Relative normalized mRNA expression of oleocanthal and ligstroside incubated SH-
SYS5Y-MOCK cells. Relative normalized mRNA expression levels in SH-SY5Y-MOCK cells after
oleocanthal or ligstroside treatment determined using quantitative real-time PCR in comparison to
solvent control (100%); n=7 mean + SEM; one-way ANOVA with Tukey’s multiple comparison post-
hoc test (*p < 0.05, **p < 0.01, ***p < 0.001); results are normalized to the mRNA expression levels of
actin-f (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1
(PGK1).

Oleocanthal Ligstroside
CS 123.3+14.8 741 |**+8.2
CREB1 89.0+£9.1 1744 1*** £ 159
SIRT1 137.41** £ 8.9 267.2 1*** £ 46.1
PGC-1la 118.6 £15.9 200.71*+ 384
NRF1 141.8 1** £ 125 200.9 1***+21.2
TFAM 103.6 £ 13.9 197.3 1** £ 35.3
Cl 171.91** +258 167.8 1** +20.1
COX5A 84.5+8.7 139.21** +11.6
ATP5D 116.8 £11.9 585 |**+ 8.6
GPx1 1222 +£15.0 170.2 1t** £23.4
CAT 138.91*+18.1 97.5+11.3
SOD2 133.6 1*+15.1 136.0 1** £ 9.4

4.2.4 Analysis of MRNA expression in oleocanthal and ligstroside incubated SH-SY5Y-
APPeos cells

Oleocanthal had no significant positive effect on mRNA expression in SH-SY5Y-APPeos cells

(Table 4.7). The antioxidant enzymes CAT and SOD2 were significantly decreased after

incubation with both, oleocanthal and ligstroside, whereas ligstroside incubation led to a

significantly increased mRNA expression of GPx1 compared to solvent control (Figure 4.17,

Table 4.7). In contrast, CREB1 and SIRT1 were significantly increased after ligstroside
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incubation (Figure 4.17). Moreover, ligstroside treated cells showed numerical elevations of

NRF1 and TFAM gene expression compared to control cells (Table 4.7).

Table 4.7 Relative normalized mRNA expression levels of oleocanthal and ligstroside incubated
SH-SYSY-APPgos cells. Relative normalized mRNA expression levels in SH-SYS5Y-APPeos cells after
oleocanthal or ligstroside treatment determined using quantitative real-time PCR in comparison to
solvent control (100%); n=7 mean + SEM with one-way ANOVA with Tukey’s multiple comparison
post-hoc test, (1/]) trend to increase/decrease; (¥p < 0.05, **p < 0.01, ***xp < 0.001); results are
normalized to the mRNA expression levels of actin-f (ACTB), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1).

Oleocanthal Ligstroside
CS 99.3+15.7 63.6 (])£135
CREB1 88.5+15.3 137.21*+12.9
SIRT1 70.1+£155 1752 t** £ 17.7
PGC-1a 113.7+£32.6 1389 (1)+29.1
NRF1 75.3+13.2 138.6 (1) + 20.7
TFAM 78.8 +19.3 125.4 (1) £20.4
Cl 51.4+26.3 1772 1*+£25.2
COX5A 65.1+£16.0 95.4+9.6
ATP5D 80.1+17.7 58.8 £24.0
GPx1 65.8 £ 18.6 163.0 t** £ 19.7
CAT 54.1 |*+19.9 66.6 |*+15.2
SOD2 62.3 |*+13.6 50.2 [*** £ 11.3
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Figure 4.17 Realtive mRNA level of ligstroside treated SH-SYSY-APPgos cells. Relative mRNA
expression after 24 h incubation with 0.05 pM ligstroside in SH-SY5Y-APPsos cells. (a) SIRT1, (b)
CREBI, (c) complex I and (f) GPx1 are significantly upregulated after ligstroside treatment. (d) SOD2
and (e) CAT show a significant decrease through ligstroside incubation. Data are represented as mean +
SEM; student’s unpaired #-test (*p < 0.05, **p < 0.01, ***p < 0.001); n=7.

4.2.5 Influence of ligstroside on protein levels in SH-SY5Y-MOCK cells

To assess the effects of ligstroside on protein levels, western blot analyses were performed. We
analysed the expression of proteins involved in mitochondrial biogenesis (CREBI, pCREB,
PGC-1a). Furthermore, we determined protein levels of CS and a core component of the outer
mitochondrial membrane protein translocation pore TOM22 as well as proteins of the

respiratory system (complex I — complex V).

The levels of all tested proteins did not lead to any significant changes (Table 4.8) in SH-SY5Y-
MOCK cells. TOM22 protein levels showed a tendency to lower protein syntheses, whereas
PGC-1a and complex II tended to increase. Interestingly, protein expression of CREB from
EtOH treated (solvent control) SH-SYS5Y-MOCK cells lead to a significant increase compared

to medium control.

Table 4.8 Protein levels of ligstroside treated SH-SY5Y-MOCK cells. Protein levels in SH-SYS5Y-
MOCK cells after 24 h treatment with EtOH as solvent control or ligstroside, normalized to loading
control tubulin or GAPDH. Cell culture medium served as control for normalization (100%);
mean = SEM with one-way ANOVA with Tukey’s multiple comparison post-hoc test; n = 6.

Protein Ctrl Ligstroside

CREB 141.2+12.79 103.5+8.162

pCREB 94.27 + 6.496 106. +16.51
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PGC-1a 120.2+16.19 129.2+1.982

TOM22 99.77+10.09 86.84 (|)+ 7.448

CS 92.01 +6.780  99.72 + 8.484
CI 9429+ 12.14 77.72 (]) + 8.325
CII 1242 +10.64 136 (1) £ 17.62

CIII 83.48 +5.053 95.68 £4.22

C1v 92.44 +£11.31 105.9 £13.02

Cv 96.2 + 13.07 100.5 +£4.968

4.2.6 Influence of ligstroside on protein levels in SH-SY5Y-APPsos cells

To verify if ligstroside is able to influence the protein expression in impaired cells, western blot

analysis were performed in SH-SYS5Y-APPgos cells after 24 h incubation with ligstroside (0.05
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Figure 4.18 Protein levels of ligstroside incubated SH-SY5Y-APPgys cells. Protein levels of (a) CREB
(b) pCREB (c¢) PGC-1a (d) TOM22 (e) complex I (f) complex II (g) complex III (h) complex IV (i)
complex V after 24 h incubation with 0.05 pM ligstroside in SH-SYS5Y-APPgos cells; pictures of
representative western blots are depicted in the lower part of each figure; first band: SH-SY5Y-APP eos
cells incubated with cell culture medium, band 2: SH-SY5Y-APP ¢9s cells incubated with EtOH control,
band 3: SH-SY5Y-APP ¢os cells incubated with ligstroside. Data are represented as mean + SEM; one-
way ANOVA with Tukey’s multiple comparison post-hoc test (*p < 0.05, **p <0.01); n=7.

Table 4.9 Protein levels of ligstroside treated SH-SYS5Y-APPgos cells. Protein levels in SH-SYS5Y-
APPeos after 24 h treatment with EtOH as solvent control or ligstroside normalized to loading control
tubulin or GAPDH. Cell culture medium served as control for normalization (100%); mean + SEM with
one-way ANOVA with Tukey’s multiple comparison post-hoc test; (*p <0.05); n= 6.
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Protein Ctrl Ligstroside

CREB 113.1+£6.073 89.65+9.10

pCREB 1054 +16.33 122.0 +£17.83

PGC-1a0 111.0+4.519 85.63 +8.322

TOM22 99.56+4.745 87.36+5.361

CS 90.12 £6.649 91.88 +5.066
Cl 94.78 £0.692 71.54 |*+4.857
C1 84.71 £11.00 81.83 +7.509

CIII 68.05+7.698 49.78 £ 6118

Clv 84.12+7.766 71.58+7.088

Ccv 95.27+9.68 83.20 +8.854

4.2.7 Influence of oleocanthal and ligstroside on Agi-40 levels in SH-SY5Y- APPsgs cells

Understanding the mechanisms by which ligstroside and oleocanthal protect against
mitochondrial dysfunction, APi4o0 levels were measured. SH-SYSY-APPgos cells were
incubated for 24 h with 0.05 uM ligstroside or oleocanthal. The effects of both substances on
AR production was assessed by ELISA.

Oleocanthal treatment significantly enhanced ABi.40 clearance compared to solvent control.

Incubation with ligstroside did not show any effect on ABi.40 levels (Figure 4.19).
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Figure 4.19 AP0 level of oleocanthal and ligstroside treated SH-SYSY-APPgos cells. Human AP;.
40 level in SH-SY5Y-APPsos cells after 24 h incubation with EtOH as control, oleocanthal or ligstroside.
Cells were lysed and AP levels were determined by ELISA, and normalized to protein content. Data are
represented as mean = SEM with one-way ANOVA with Tukey’s multiple comparison post-hoc test; (*p
<0.05); n=8.
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5 Discussion

5.1 SH-SY5Y cell line as a model for late-onset AD

Since 2003, there have been no new drugs approved for AD and all phase III clinical trials
failed, until today. One reason for the failure is thought to be that drugs being administered too
late in the progression of the disease and therefore no reverse of the damage can occur. That is
why ongoing trials have expanded to include people with preclinical and prodromal AD.
Additionally, preclinical testing should also be performed in models of sporadic AD. Common
in vitro AD models induce AP mostly externally, resulting in extremely high AP levels and
therefore represent the familial form of AD (Leuner et al., 2012; Schmitt et al., 2012). Models
for the far more common form, sporadic or late-onset AD, should display a low AP

accumulation.

When choosing cell culture models, attention should be paid to the tissue of the cell line and
the organism from which it originates, as both factors have an influence on the genotype and
phenotype. Since AD, involves the degeneration of neurons, SH-SYS5Y cells were chosen which
are not only of neuronal origin, but also represent a human cell line. To represent the sporadic
form of AD, SH-SYS5Y cells were transfected with the human APPeos gene, generating very low
AP levels (Stockburger et al., 2014b). Such a model is well suited for the collection of a large
amount of data, as they continuously divide and provide the required quantity of cells for
different experiments without showing variability. However, the deficits associated with an
immortalised cell line must be considered. For example, most of tumour cells reveal changes in
their energy metabolism. It is well accepted that tumour cells have an increased glycolytic
activity due to an impaired OXPHOS, the so called Warburg effect (Warburg, 1956; Diaz-Ruiz
et al., 2011). On the other hand, it has been demonstrated that some cancer cell lines have
functional mitochondria and obtain their energy in form of ATP mainly from OXPHOS (Guppy
et al., 2002). Nevertheless, it needs to be kept in mind that tumour cells differ in their growth
performance or rather doubling time, metabolic pathways, and genetic properties (Xicoy et al.,
2017). Despite the limitations, post-mitotic cells have the advantage to be cultured for a long
period of time as they continuously divide and thus provide an unlimited supply of material. As
they grow quickly and continuously, it is possible to extract large amounts of protein or RNA
for the use of biochemical assays. Especially for the testing of several compounds to understand
molecular pathways in fighting against incurable disease, post mitotic cells have the greater

potential and are more easy to use (Kaur and Dufour, 2012; Magsood et al., 2013; Slanzi et al.,
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2020). Additionally, it is possible to create cell lines that stably express a gene of interest, such
as a mutant version of a protein and in our case the transfection with the human form of APP.
Another advantage of immortalized SH-SYSY cells is their well characterization and the
possibility to differentiate the cells into a more mature neuron-like phenotype. To investigate
basic functions of the cell, such as mitochondrial functions the use of undifferentiated cells is
sufficient. Additionally, undifferentiated cells do not have the disadvantage to not undergo cell
division, as mature neurons do once they are differentiated (Gordon et al., 2013). A high

throughput is therefore guaranteed.

As discussed in chapter 1.2.2, mitochondrial dysfunction, associated with reduced energy
metabolism and enhanced oxidative stress due to ageing and slightly elevated A levels, is an
early event in the pathogenesis of AD. In our study, SH-SY5Y-APPeos cells exhibit around 80
pg/mg protein APi-40. This is a very moderate concentration compared to other in vitro cell
models, where AP is induced exogenous in micromolar concentrations (Kornelius et al., 2017).
As plaque formation is also found in the brains of cognitively healthy older people, the
biological processes underlying AD are present decades before clinical symptoms begin
(Bennett et al., 2006). Furthermore, low AP levels seem to be highly important in the initiation
of mitochondrial dysfunction (Miiller et al., 2010; Swerdlow, 2018). Because late-onset AD
occurs on a background of ageing accompanied with slightly elevated AP levels (Jansen et al.,
2015), cells transfected with human APP mutants expressing A} in very low concentrations, are

more relevant for late-onset AD, rather than for early-onset AD.

To investigate the effects of the expression of low AP levels, we compared mitochondrial
function between vector transfected SH-SYS5Y-MOCK control cells and SH-SY5Y-APPgos
cells. Mitochondrial dysfunction is associated with a decline of cellular ATP levels and has been
reported to be one of the characteristics of an early stage of AD (Beck et al., 2016). In this study,
we detected a decrease in the respiratory capacity of the respiration chain and a subsequent
decline of ATP levels in SH-SYS5Y-APPgos cells compared to control cells which is in line with
earlier published data (Stockburger et al., 2014a). OXPHOS was not only affected by reduced
complex activities, but also by significantly impaired mitochondrial coupling in SH-SY5Y-
APPgos cells, marked by a significantly decrease of respiratory control ratio (RCR). RCR is
calculated as ratio between uncoupled complex I and II respiration and leak respiration.
Therefore, small RCR values indicate that either uncoupled complex I and II is small or leak

respiration is high. The decreased RCR indicates that protons leak through the inner
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mitochondrial membrane without contributing to ATP production (Gnaiger, 2001).
Additionally, rhodamine-123 fluorescence proportional to MMP, was significantly reduced in
SH-SYS5Y- APPeos cells. These results are similar to those previously reported of our and other
groups, in which it has been repeatedly shown that AP adversely affects different parameters of
mitochondrial function (Rhein et al., 2009b; Pagani and Eckert, 2011; Hagl et al., 2015b;
Grewal et al., 2020). It is remarkable that already low AP expression (picomolar range) in SH-

SYS5Y-APPeos cells leads to an overall impairment of mitochondrial function.

Underlying molecular mechanisms were investigated by determination of mRNA expression in
both cell lines. Gene expression of complex I was significantly reduced in SH-SY5Y-APPgos
cells compared to control cells. Complex I is the largest enzyme of the respiratory chain,
building the entry for most of the reducing agents generated during metabolism (Hirst, 2013).
Dysfunction of complex I is associated with AD (Holper et al., 2019). Furthermore it is well
known, that complex I abundance and activity decrease during ageing. According to our data,
decreased gene expression of complex I was shown in AP treated SH-SY5Y cells (Cieslik et
al., 2020). Furthermore, this was also confirmed in a study with patients with early AD and
definite AD. Downregulation of complex I mRNA was seen in both, early and definite AD
brain specimens (Reddy and Beal, 2008). Whereas several other studies reported an additional
decrease in complex IV, our data reveals no changes in complex IV as well as in complex V.
Interestingly, Manczak et al. observed similar effects for these complexes. Complex I was
downregulated, while complexes III and IV showed increased mRNA expression in early and
definite AD brain specimens (Manczak et al., 2004). As we measured an overall reduction in
the activity of the respiratory chain complexes and a depletion of ATP production, the unaltered
gene expression of complex IV and V might be due to a compensatory mechanism. In other

words, the mitochondrial encoded genes may be activated to compensate for the loss of energy.

Moreover, complex [ is a major contributor to ROS production (Murphy, 2009). The
downregulation of complex I might lead to an acceleration of ROS, which can be explained by
a higher ratio of NADH/NAD" (Kussmaul and Hirst, 2006). The rise in this ratio can lead to
oxidative damage of lipids, proteins and DNA, but also of complex I, which further increases

the release of ROS, resulting in a vicious cycle.

Regarding the antioxidative defence system, SH-SYS5Y-APPgos cells exhibit a significant lower
GPx1 expression compared to control cells. GPx1 reduces free hydrogen peroxide to water,

what makes it play a crucial role of inhibiting lipid peroxidation (Ighodaro and Akinloye, 2018).
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The reduced expression of GPx1 provides a preliminary indication of a limited antioxidative
capacity. To obtain a precise conclusion about the antioxidative system, the measurement of
enzyme activities is also necessary. Wan et al. have already been able to show a significant

reduced activity of CAT in APPgos transfected SH-SYSY cells (Wan et al., 2012).

The impairment of complex I together with the reduced GPx1 is quite severe, as neural cells
are considered to be more sensitive to oxidative damage compared to other body tissues (Uttara

et al., 2009).

On the other hand, protein levels of complex I were only numerically, but not significantly
down regulated. However, the decrease in complex I respiratory capacity is likely due to the
decreased gene expression and reduced protein synthesis of complex I. Notably, nRNA analysis
and determination of protein syntheses were measured each of two different subunits of
complex I. However, protein levels of complex II and III were significantly reduced compared
to control cells. According to our results, Lopez Sanchez et al. measured a significant decrease
of protein synthesis of complexes I, II and III in SH-SY5Y-APPgos cells (Lopez Sanchez et al.,
2017). In addition, Pedro6s et al. found significant reduced protein levels of complex II and III

in brain homogenates of the hippocampus of APPswe/PS1 mice (Pedros et al., 2014).

Although complex V revealed no alterations in mRNA expression and protein synthesis, the
impairment of the other complexes and the overall reduction of respiratory capacity emerges a

significant lower ATP production in SH-SY5Y-APPgos cells.

The impaired energy metabolism seen in APP transfected cells may also suggest impaired
mitochondrial biogenesis. PGC1-a is considered to be the master regulator of mitochondrial
biogenesis and additionally regulates a wide variety of genes involved in energy metabolism by
interactions with different transcription factors (NRFs and TFAM) (Ventura-Clapier et al.,
2008). Through the interaction of PGC1-a with NRFs and TFAM, proteins such as subunits of
complexes of the respiratory system and protein import are activated. A reduced expression of
the transcription factor is therefore associated with an impaired functionality of the
mitochondrion. The present data shows a numerically reduced gene expression of the entire
PGCl-a signalling pathway, indicating a reduced mitochondrial biogenesis in SH-SYS5Y-
APPeos cells. This was also shown in AD hippocampal tissues and APPsw transfected cells
(Sheng et al., 2012). In particular, CREB, SIRT1 and TFAM were numerically decreased,
whereas NRF1 revealed no changes in mRNA expression compared to control cells.
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As discussed in chapter 1.2.1, SIRT1 responds when cellular energy is low. Regarding the
impaired respiratory capacity and decrease of ATP production, one would expect an activation
of SIRT1. The instead measured down regulation of SIRT1 may arise from a lower activity of
AMPK, which plays a key role in energy homeostasis. On the other hand, Julien et al. have
shown a significant reduction of SIRT1 (mRNA and protein) in the cortex of AD patients, but
not in patients with mild cognitive impairment (Julien et al., 2009). As far as one can compare
both with each other these results match to our findings - as we have only seen a numerical and
not significant reduction of SIRT1 mRNA level in SH-SY5Y-APPsos cells, which represent a
model of late-onset AD. Another study found reduced levels of SIRT1 expression in neuronal
primary cells after insult with rotenone (Pallas et al., 2008). As earlier described, rotenone
inhibits complex I of the respiratory chain. The reduced SIRT1 expression can therefore occur

because of the significant down regulation and decreased capacity of complex I.

CREB has a critical role in the formation of memory and therefore in the pathology of AD
(Kandel, 2012). We observed reduced CREB1 mRNA expression, significant decreased protein
level and decreased pCREBI protein level in SH-SY5Y-APPgos cells compared to SH-SYS5Y-
MOCK control cells. It has been shown from several groups, that CREB signalling is
dysfunctional in brains of mouse models of AD (Gong et al., 2004; Bartolotti et al., 2016b).
Moreover, CREB and its activated form pCREB were reduced in the prefrontal cortex and in
blood cells of AD patients (Bartolotti et al., 2016a). Total and activated CREB were also
reduced in post-mortem hippocampus of individuals with AD (Pugazhenthi et al., 2011). Same
findings were as well observed in cultured neurons insulted with A (Tong et al., 2004). Another
study found in differentiated SH-SY5Y cells treated with oligomeric A significantly reduced
CREB mRNA expression as well as a decrease in the total, and activated form of CREBI1
proteins. Furthermore, there was no alteration between pCREB relatively to total CREB1 levels
(Rosa and Fahnestock, 2015). These findings are in accordance with our data, as we observed
an unaltered ratio between pCREB and CREB1. That is why a reduced phosphorylation via the
activation of protein kinase A (PKA) can thus be excluded. It has been shown that an
inactivation of CREBI in isolated neurons of mice results in a significant decrease in SIRT1
gene expression and protein synthesis, which underlines our results (Fusco et al., 2012). Besides
(Larsen et al., 2012) the direct influence of CREB1 on SIRT1, CREBI is also a transcriptional
regulator of brain-derived neurotrophic factor (BDNF). BDNF, which plays an important role
in learning and memory processes, is well known to be down regulated in AD (Allen et al.,

2011; Budni et al., 2015; Ng et al., 2019). Rosa et al. propose a downregulation of BDNF
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mediated by AP induced down regulation of CREBI1 together with unchanged protein level of
activated pCREB (Rosa and Fahnestock, 2015). Same findings were observed by Sheng et al.
APP transfected M17 cells had unchanged CREB levels, whereas the active phosphorylated
form of CREB was significantly reduced (Sheng et al., 2012). On the other hand, Oguchi et al.
showed a reduced ratio of pPCREB/CREBI1 in A treated SH-SY5Y cells (Oguchi et al., 2017).
It needs to be noted, that there seems to be a difference between the use and preparation of
oligomeric or fibrillary amyloid peptide exposure to cells as well as in the method of

differentiation. This could be an explanation for the controversial results.

Examining gene expression of CS in SH-SY5Y-APPgos cells and SH-SYSY-MOCK cells
reveals no changes, neither on protein level. Rhein et al. measured CS activity in SH-SY5Y
cells. In line with our results, there was no difference between APP transfected and control cells.
CS activity is known to be a marker very closely correlated to mitochondrial content (Larsen et
al., 2012). Thus, the detected reduced expression of genes involved in mitochondrial biogenesis
does not appear to have an initial effect on mitochondrial mass in SH-SY5Y-APPsos cells.
Another suitable marker for the determination of mitochondrial content is Mitotracker Green
(MTG) fluorescence. Hauptmann et al. measured MTG in mitochondria from dissociated brain
cells derived from Thy-1 APP mice resulting in unaltered mitochondrial mass, which supports
our assumption (Hauptmann et al., 2009). On the other hand, we found significantly reduced
protein synthesis of PGC-1a levels in SH-SY5Y-APPgos cells. Additionally, protein level of
complexes II and III were significantly downregulated and complex I was numerically
decreased. This reflects the overall impaired detected respiratory capacity in APP transfected

cells.

The main entry side for precursor proteins is the TOM complex. It has been shown, that excess
of oxidative stress leads to an inhibition of the import machinery in mitochondria (Wright et al.,
2001a). Surprisingly, protein synthesis of the central receptor TOM22 was slightly elevated in
SH-SYS5Y-APPsos cells compared to control cells, which indicates a proper functioning of the
import of proteins. Chai et al. reported also a tendency for increased synthesis of TOM22 in
brain homogenates of AD patients (Chai et al., 2018). Additionally, it has been shown that APP
forms stable complexes with TOM40 and TIM23 in AD brains, which led to an inhibition of
the entry of nuclear-encoded proteins (Devi et al., 2006). Accordingly, the increased protein
synthesis of TOM20 in SH-SYS5Y-APPsos cells can be seen as a compensatory mechanism of
the possibly restricted protein import mediated by APP. Furthermore, an increase of TOM22
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can be accompanied by an higher import of AP, as this was shown by Hu et al. in isolated
mitochondria from yeast (Hu et al., 2018). The increased import of A} may also be the cause
of our results regarding the highly impaired mitochondrial function seen in SH-SY5Y-APPgos

cells.

Complex I-inhibition as a model for simulating ageing in SH-SY5Y cells

As described before, complex I is the largest of the five enzyme super complexes and performs
the major first step of the OXPHOS pathway in the respiratory chain. The mitochondrial theory
of ageing hypothesises a decreased functionality of the ETC (Sun et al., 2016). Many studies
support the decreased functionality of the respiratory system, in particular an impairment of
complex I (Ventura et al., 2002; Sandhu and Kaur, 2003; Petrosillo et al., 2009; Rygiel et al.,
2014). The impairment of complex I is thought to be most severely affected since mitochondrial
DNA encodes for its subunits rather than nuclear DNA. Mitochondrial DNA is more susceptible
to oxidative stress as it is near the origin of ROS and is not protected by histones or other
chromatin proteins. Additionally, mtDNA is independent of cellular division and thereby the
replication rate is higher than for nuclear DNA, which leads to a more severe effect of mutations

(Wang et al., 2019). Therefore, complex I is highly involved and associated with brain ageing.

To simulate this scenario in vitro, we insulted SH-SY5Y-MOCK and SH-SY5Y-APPeos cells
with rotenone. Besides its use as pesticide and insecticide, rotenone is a well-known inhibitor
of complex I. To assess mitochondrial changes during simulated ageing in vitro, we measured
MMP and ATP level in SH-SYSY cells after insult with rotenone. Both parameters were
significantly decreased in a dose dependent manner. Similar results were previously obtained
in SH-SYSY cells and HEK cells (Leuner et al., 2012; Stockburger et al., 2014b). Regarding
ATP levels, APP transfected SH-SYSY cells seem to need a higher rotenone concentration to
reach a significant decrease in ATP production. Since the whole respiratory chain of SH-SYS5Y-
APPeos cells is already affected, a specifically inhibition of complex I needs higher doses.
Presumably, already impaired mitochondria try to compensate a further insult, whereas
impaired mitochondria can no longer counteract an exposure of high or rather more toxic

concentrations of rotenone, leading to the measured significant depletion of ATP.

In summary, SH-SY5Y-APPeos cells seem to be a well suited model for the early stages of late-
onset AD. Thus, in the following, it will be discussed to what extend highly purified olive
polyphenols are able to counteract the AB-induced mitochondrial changes.
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5.2 Secoiridoid derivatives and their effects on ATP synthesis

General improvement in lifestyle and medication has increased life expectancy in the past
decades. However, the demographic change has led to an increased prevalence of AD. Upon
now, the treatment of AD has remained symptomatic and no drug or treatment strategy has been
approved (Polanco et al., 2018). Since the disease develops years before clinical symptoms
occur, prevention is still the best strategy to fight the pathological conditions of AD (Grodzicki
and Dziendzikowska, 2020). Therefore, food natural compounds have arisen as molecules with
high preventive or therapeutic potential for AD (Amini et al., 2020). Populations along the
Mediterranean Sea have a remarkable low prevalence of AD among others. The health
promoting attributes rely in the daily consumption of EVOO, being the main dietary lipid
source. Mainly, secoiridoids are the promising compounds present in EVOO or olives (Castejon
et al., 2020). Therefore, we tested the effect of ten different highly purified olive phenolic
secoiridoids and two plant metabolites in very low doses on their influence on ATP synthesis,
firstly in SH-SY5Y-MOCK control cells and secondly in SH-SYS5Y-APPeos cells, since
mitochondria are one important target of AP toxicity. Additionally, we simulated artificial

ageing by complex I inhibition.

5.2.1 Secoiridoid derivatives and their effects in SH-SY5Y-MOCK cells on ATP

synthesis

To determine the most effective concentration on ATP production, we incubated SH-SY5Y-
MOCK cells with the most simple olive phenolics hydroxytyrosol and tyrosol in different
concentrations (0.5 to 50 uM). Between concentrations from 0.5 to 10 uM both, hydroxytyrosol
and tyrosol elevated ATP levels significantly. Elevating the concentration to 50 uM, showed no
effect for tyrosol, whereas the treatment with 50 uM hydroxytyrosol lead to a significant
decrease of ATP level. Adverse effects of different polyphenols in high doses and protective
effects in low doses have been previously reported. It has been shown, that flavonoids induce
cytotoxicity, DNA strand breaks, DNA fragmentation and caspase activation at concentrations
from 50 uM in rat hepatoma cells, whereas low concentrations were protective (Witjen et al.,
2005). Additionally, several in vitro and in vivo studies have demonstrated anticancer effects of
hydroxytyrosol and other olive polyphenols (Fabiani et al., 2012; Parkinson and Cicerale, 2016;

Rigacci and Stefani, 2016). Oleuropein for example lead to cell cycle arrest and induced
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apoptosis in SH-SYSY cells at a concentration of 350 uM (Se¢me et al., 2016). Most likely
tyrosol does not react cytotoxic because of its high stability. Hydroxytyrosol is easily oxidised
to o-quinone. The electrophilic quinone is rather unstable and undergoes several reactions,
which might lead to the seen impairment of energy production when using high concentrations
of hydroxytyrosol. Tyrosol in contrast is not oxidised, even not under forcing conditions
(Napolitano et al., 2010). However, the nature of the possible products formed during

physiological conditions or in cell culture has been very poorly investigated.

The remaining substances were tested in a concentration range between 0.05 up to 10 uM. Apart
from ligstroside aglycone and oleuroside aglycone, all substances showed with the exception
of oleuroside already in the smallest concentration of 0.05 uM a significant elevation of ATP
level. The highest effect, with an increase of 15% compared to solvent control was achieved
when SH-SYS5Y-MOCK cells were treated with ligstroside at a concentration of 1 uM. It has
been shown that polyphenols like resveratrol, quercetin, curcumin, rice bran and many others
induce similar effects on ATP level (Eckert et al., 2013; Hagl et al., 2015a; Sharma et al., 2015;
Douiev et al., 2016). Notably, the seen positive effects were observed in very low in vitro
concentrations. This is very unusual compared to common used concentrations in the literature.
Nevertheless, there is no data available for ligstroside or rather purified secoiridoid derivatives

and their influence on ATP level.

Complex I inhibition with rotenone lead to an approximately drop of ATP level to 65%.
Protective effects in the smallest concentration were only detected for ligstroside, ligustaloside
B, oleocanthal, oleuropein and oleuroside. The remaining substances were able to significantly
elevate insulted ATP level at 0.1 pM. Generally, polyphenols are known to act as antioxidants.
For the scavenging potential of polyphenols towards ROS are two main antioxidation

mechanisms proposed (Wright et al., 2001b), which will be discussed in the next chapter.

5.2.2 Secoiridoid derivatives and their effects in SH-SY5Y-APPsos cells on ATP
synthesis

All investigated olive secoiridoids, except the two tested aglycones, ligstroside aglycone and
oleuroside aglycone, significantly increased cellular ATP levels in SH-SY5Y-APPeos cells. The

lowest tested concentration of 0.05 uM elevated ATP levels approximately between 7 to 11%,
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whereas tyrosol and ligustaloside B had the smallest effect, below 7% increase of ATP level.
Since a decline of the mitochondrial bioenergetics system is a hallmark of both, AD and brain
ageing these findings may reveal a positive influence of olive secoiridoids on the cellular energy
metabolism and probably in the prevention of mitochondrial dysfunction. Complex I inhibition
with 25 uM rotenone lead to an approximately decrease of 50% of ATP levels. Ligstroside,
ligustaloside B, oleuropein, oleuroside, tyrosol and homovanillic acid could significantly
elevate insulted ATP level. Hydroxytyrosol had by far the highest protective effect and
significantly increased ATP level even in the low concentration of 0.05 uM. Interestingly, there
was no protective effect after incubation with elenolic acid, oleacein or oleocanthal. The
incubation with 10 pM oleacein or oleocanthal led even to a further significant decrease of ATP
level after rotenone insult. The high antioxidative capacity of hydroxytyrosol is well known.
Omar et al. investigated the effects from different commercial olive extracts containing mainly
oleuropein and hydroxytyrosol, on their potential to scavenge superoxide radicals and hydrogen
peroxide in SH-SYS5Y cells. The highest protection regarding the olive phenolic compounds
was as well observed by hydroxytyrosol (Omar et al., 2017). The mechanism of free radical
scavenging by hydroxytyrosol is attributed to the presence of the o-dihydroxyphenyl moiety.
Through the hydrogen-atom transfer, the phenol functional group donates a hydrogen atom to
a free radical. In this way, the phenolic antioxidant itself becomes a free radical. The resulting
free phenoxy radical does not react any further, because of its stability due to the intramolecular
hydrogen bond. Overall, catecholic species like hydroxytyrosol act very well as H-atom donors,
mainly because they are extra stabilized through hydrogen-bonding with the adjacent hydroxy
group (Leopoldini et al., 2004). Furthermore, Leopoldini et al. performed density functional
theory calculations to evaluate the antioxidant activity for different phenolic compounds present
in the Mediterranean diet. Hydroxytyrosol was one of the most active systems to be able to

transfer H-atoms (Leopoldini et al., 2004).

Compounds which are not able to stabilize radicals by intramolecular hydrogen-bonding, but
exhibit instead an enhanced electronic delocalization are considered to act as antioxidants by
transferring an electron to free radicals. Considering oleacein and oleocanthal that differ in the
number of their hydroxy moiety show no protective or rather antioxidant property. Both
secoiridoids harbour in contrast to the remaining compounds, two aldehydic groups (see Figure
1.9). The aldehyde moiety is a conjugated electron-withdrawing group and additionally, there
is no possibility of allowing resonance effects. This might explain the lack of antioxidative

capability. This applies also to elenolic acid.
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A comparison between both cell lines reveals similar effects of the tested substances on ATP
production, even though the ATP increase in SH-SY5Y-MOCK cells was slightly higher. The
more effective antioxidant capacity seen in SH-SY5Y-MOCK cells compared to SH-SY5Y-
APPeos cells might be due to the intact antioxidative defence system in healthy control cells. As
discussed in chapter 5.1, SH-SY5Y-APPeos cells show an impaired activity of respiratory chain
complexes, decreased mRNA expression of complex I and of the antioxidative enzyme GPx1.
These impairments lead, most probably to an excess of ROS formation. In this case, an
overproduction of ROS accompanied by a deficiency of enzymatic antioxidants seems to be too

high to be counteracted by the substances.

However, regarding the basal effects on ATP level in SH-SY5Y-APPsos cells, oleacein,
oleocanthal, oleuroside and ligstroside had a slightly higher effect on elevating basal ATP levels.
For this reason, following determination of respiratory capacity was performed exclusively for

these four hit substances.

5.3 Influence of oleacein, oleocanthal, oleuroside and ligstroside on mitochondrial

respiratory capacity

To evaluate if the identified four hit substances are able to compensate the global defect of the
mitochondrial respiratory capacity in SH-SYS5Y-APPeos cells, we measured the activities of the
respiratory system complexes after 24 h incubation with the respective four compounds. In
accordance with the results of ATP production in SH-SY5Y 695 cells, ligstroside and oleocanthal
incubation led to a significant improvement of mitochondrial respiration, whereas oleuroside
and oleacein showed no changes in oxygen consumption, despite measuring an increase in ATP
levels. This finding may indicate a shift of metabolism towards upregulated glycolytic ATP
production to compensate for declining mitochondrial respiration and OXPHOS energy
production. The conversion of energy production from OXPHOS to glycolysis was previously
reported in late-onset AD fibroblasts and hippocampal neurons from 3xTg-AD mice (Sonntag
et al.; Yao et al., 2009). However, hydroxytyrosol, a well-studied olive polyphenol, improved
complex I, II, IIT and IV activity in adipocytes (Hao et al., 2010). Furthermore, Martins et al.
determined oxygen consumption of a mitochondrial suspension with olive mill waste water,
which led to an increase of complex IV respiration (Martins et al., 2008) and increase of the
mitochondrial membrane potential in dissociated brain cells (Schaffer et al., 2007). In a
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previous study, we assessed mitochondrial respiratory activity in isolated brain mitochondria
from aged NMRI mice, long-term treated with a purified secoiridoid-rich extract. The mixture
contained oleuropein aglycone, hydroxytyrosol, oleacein, elenolic acid, oleuropein and
oleuroside. The activity of respiratory chain complexes was unaffected (Reutzel et al., 2018),
which matches our observed results in SH-SYS5Y-APPgos cells treated with oleuroside or

oleacein.

Based on the observed positive results on OXPHOS after oleocanthal and ligstroside
incubation, it is reasonable to assume that an enhanced mitochondrial mass is the cause of the
obtained results. This thesis was confirmed, since oleocanthal and ligstroside significantly
increased citrate synthase activity which is a well described marker for mitochondrial content
(Larsen et al., 2012), whereas oleuroside and oleacein had no effect on this Krebs cycle enzyme.
There are hardly no data available regarding the effects of olive polyphenols on citrate synthase
activity in neuronal cells. However, olive oil fed rats did not show any effects on mitochondrial
mass in muscle homogenates (Bronnikov et al., 2015), which is consistent with our results of
oleacein and oleuroside. Nevertheless, incubation with ligstroside and oleocanthal led to a
significant increase of CS in SH-SY5Y-APPeos cells. This could be an indication of a beneficial
effect on mitochondrial biogenesis, which is known to be impaired in both, ageing and AD

(Sheng et al., 2012; Golpich et al., 2017; Srivastava, 2017).

Respiration normalized for CS gives an indication of the respiratory capacity for a single
mitochondrion. As expected, there was no alteration in complex activities by oleuroside or
oleacein incubation. Normalization for CS activity in oleocanthal treated cells revealed an
increased endogenous respiration, whereas ligstroside treatment had the highest influence on
respiratory chain complexes. Endogenous, complex I, uncoupled complex I+II respiration and
ETS capacity were significantly increased. The state of endogenous respiration reflects the
physiological state of the cell as the cells are not yet permeabilized and respire using their own
endogenous substrates (Gnaiger, 2012). It seems that the functionality of the single
mitochondrion increased, following oleocanthal and especially ligstroside incubation,
indicating that each mitochondrion has higher activities of respiratory system complexes

leading to elevated ATP production.

Regarding mitochondrial function in the impaired system of SH-SY5Y-APPeos cells,
oleocanthal and ligstroside are the most promising secoiridoid derivatives. Taken together both

substances elevated ATP levels, elevated cell-count normalized mitochondrial respiration,
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elevated CS activity and elevated CS normalized respiration, which assumes an increase of
functionality of a single mitochondrion. Therefore, we determined underlying molecular

mechanisms for these two lead substances, which will be discussed in the following chapters.

5.4 Influence of oleocanthal and ligstroside on mMRNA expression in SH-SY5Y-MOCK

cells

PGC-1a is an important key transcription factor of mitochondrial biogenesis that is activated
by deacetylation by SIRT1 or phosphorylation via AMPK. PGC-1a itself activates NRF1 and
TFAM which induces mitochondrial biogenesis (Cant6 and Auwerx, 2009; Fernandez-Marcos
and Auwerx, 2011). Oleocanthal significantly increased the expression of the PGC-1a activator
SIRT1. Furthermore, NRF1 was significantly elevated by oleocanthal. Ligstroside also
positively intervened in the PGC-1a pathway. SIRT1 was significantly enhanced by incubation
with ligstroside. Moreover, the mRNA expression of CREB1, PGC-1a, NRF1 and TFAM were
all significantly increased by ligstroside compared to solvent control. Additionally, protein level
of CREBI1, pCREB, PGC-1a and TFAM tended to be upregulated by ligstroside treatment. The
obtained positive influences suggest an increase of mitochondrial biogenesis in healthy cells.
Generally, several polyphenols activate SIRT1, as reported in many studies and summarized by
Ayissi et al. (Ayissi et al., 2014). Menendez et al. demonstrated an upregulation of SIRTI,
AMPK and NRF2 protein synthesis by EVOO enriched with secoiridoids in immortalised
breast cancer cells (Menendez et al., 2013). Additionally, hydroxytyrosol increased the
expression of SIRT1 in human chondrocytes (D'Adamo et al., 2017). Another study from
Kikusato et al. underlined our results. Hereby, the study has shown an induction of
mitochondrial biogenesis by oleuropein in avian muscle cells. According to our study, SIRT1,
PGC-1a, NRF1 and TFAM were significantly increased (Kikusato et al., 2016a). Another study
has shown the positive influence of tyrosol and oleuropein on oxidative damage in HepG2 cells,
by upregulating the gene expression of SIRT1 (Stiuso et al., 2016). However, there are no data
available regarding ligstroside and its influence on mitochondrial parameters. Our data suggests
that the ester and sugar moiety are important for interfering in the mitochondrial biogenesis
pathway, as ligstroside has shown a much higher influence than oleocanthal with its two

aldehydic groups.
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We further considered the gene expression of selected complexes of the respiratory system.
Both secoiridoids, oleocanthal and ligstroside showed significant positive effects on the gene
expression of complex I. On the other hand, ligstroside treatment led to a significant reduction
of complex V expression. We speculate that the impairment of complex V may be attributed to
a compensatory mechanism, as complex I was significantly increased and complex I is the main
entry point for electrons and is therefore suggested to be a rate-limiting step in the whole
respiratory system (Sharma et al., 2009). However, ligstroside was able to significantly increase
mRNA expression of complex IV compared to solvent control. As previously described, a
reduced activity of complex [ and IV in particular is associated with mitochondrial dysfunction.
Additionally, ROS is considered to be mainly generated by complex I and complex IIL
Therefore, maintaining the functionality of these two complexes plays an important role in the
prevention and therapy of AD. Hao et al. have shown an increase in activity and protein
expression of respiratory complexes I, II, Il and V after hydroxytyrosol treatment in adipocytes
(Hao et al., 2010). Additionally, hydroxytyrosol administration led to elevated expression levels
of complexes I, Il and IV in the brain of db/db mice (Zheng et al., 2015).

Interestingly, ligstroside treatment revealed a downregulation of CS gene expression. Anyhow,
protein level of CS did not show any alterations. This disparity is not surprising as gene
expression level in a cell is determined by the stability of mRNA and by post-translational

events (Macdonald, 2001).

Regarding the antioxidative system, oleocanthal and ligstroside increased the gene expression
of SOD2, whereas the expression of GPx1 was only significantly elevated by ligstroside.
However, oleocanthal and ligstroside seem to increase the antioxidative capacity in SH-SY5Y-
MOCK cells. This is supported by a study of tyrosol by Dewapriya et al. Briefly, the treatment
with tyrosol in murine neuronal brain cells lead to an upregulation of SOD1 and SOD2
(Dewapriya et al., 2013). Additionally, Kouka et al. investigated the influence of an olive oil
rich in polyphenols in rats. The detected mRNA and protein levels of SOD1 were significantly
increased in the brain, whereas CAT levels revealed no changes (Kouka et al., 2020). This is
also in accordance with our results, as we did not detect any changes in CAT levels after
treatment with ligstroside. A study by Rosignoli et al. examined if hydroxytyrosol has an
influence on CAT. Human monocytes from healthy donors were exposed to hydroxytyrosol
with and without CAT. Neither in the presence nor in the absence of CAT, the amount of H202
changed, suggesting that hydroxytyrosol has no influence on the H,O, scavenging enzyme CAT
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(Rosignoli et al., 2013), which is again in accordance with our results. Independent of the
structure of the different olive polyphenol derivatives it seems, that they have a positive effect
on antioxidant mechanisms, briefly on the expression of the enzymes SOD2 and GPx1. SOD,
a first line defence antioxidants and the most powerful antioxidant in the cell, catalyses the
dismutation of Oz and generates H>O» (Fridovich, 1995). CAT catalyses the degradation or
reduction of H>O» to water and molecular oxygen. GPx also breaks down H>O; to water. Our
results indicate that ligstroside and oleocanthal have each a different effect on GPx1 and CAT.
CAT reacts efficiently with hydrogen donors (Ighodaro and Akinloye, 2018), what might
explain the observed results for the two structural different substances ligstroside and

oleocanthal.

5.5 Influence of oleocanthal and ligstroside on mMRNA expression in SH-SY5Y-APPsgs

cells

In SH-SYS5Y-APPgos cells, genes of the mitochondrial biogenesis pathway tend to be
downregulated compared to control cells. In order to determine the molecular mechanism of
the two lead substances, mRNA expression was also determined in SH-SY5Y-APPgos cells after
24 h incubation with oleocanthal and ligstroside. Concerning the influence on genes of
mitochondrial biogenesis, only ligstroside could be considered as a potential candidate to
induce mitochondrial replication via the PGC-1a cascade, due to the significant upregulation
of SIRT1, CREBI and numerical increase of TFAM and NRF1. Previously, our group reported
no influence on mRNA expression in mice, which received a mixture of purified olive
polyphenols (oleuropein aglycone, hydroxytyrosol, oleacein, elenolic acid derivatives,
oleuropein and oleuroside) for 6 months (Reutzel et al., 2018). On the other hand, it has been
shown, that mice receiving hydroxytyrosol (10 or 50 mg/kg per day) for 8 weeks, led to an
improvement of protein expression of SIRT1 and PGC-1a in brain tissue (Zheng et al., 2015).
Other polyphenols like resveratrol, quercetin and curcumin have been reported as potential
activators of mitochondrial biogenesis (Diaz-Gerevini et al., 2016; Calabriso et al., 2018; Qiu
et al., 2018). In muscle cells, oleuropein showed a significant increase of mRNA levels of
TFAM and NRF1 (Kikusato et al., 2016b). Nevertheless, the influence of olive polyphenols on

mitochondrial mRNA expression is barely investigated.
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Previous studies have already shown direct and indirect mechanisms of antioxidative properties
of olive polyphenols. Visioli et al. presented the direct binding and elimination of ROS by
hydroxytyrosol and oleuropein in human neutrophils (Visioli et al., 1998). Omar et al. showed
an increase in H>O» treated SH-SYSY cells for the imitation of oxidative stress (Omar et al.,
2017). Oleuropein and hydroxytyrosol were able to increase the cell viability compared to non-
incubated cells. Our experiments showed an elevation of GPx1 mRNA expression after
ligstroside incubation, whereas the antioxidative enzymes CAT and SOD2 were downregulated
by ligstroside and oleocanthal. The influence of olive polyphenols on the antioxidant system
was also observed in vivo. Brain tissue of 6 weeks oleocanthal-rich EVOO treated SAMP8 mice
showed a significant increase of GSH as well as a significantly increased SOD activity (Farr et
al., 2012). Therefore, further investigations regarding the influence of purified secoiridoids on

the antioxidative defence system should include the measurement of enzyme activities.

5.6 Influence of ligstroside on protein levels in SH-SY5Y-APPsgs cells

Regarding the protein amount of CREBI, we measured no changes after treatment with
ligstroside. Even though there was a tendency for increased phosphorylation, which was
observed by an increased amount of pCREB. The increased pCREB/CREBI ratio suggests an
increased activation of CREBI by PKA. Impellizzeri et al. have shown the positive influence
of oleuropein aglycone on the activity and synthesis of PKA. Therefore, the quantification of

protein levels of PKA after ligstroside treatment will be useful in the future.

Despite the significantly increased complex | mRNA expression, the corresponding protein was
synthesized significantly less after the treatment with ligstroside. However, it should be noted
that the gene expression was considered to subunit NDUFV 1, whereas the protein synthesis of
subunit NDUFBS8 was quantified. This might explain the ambivalent effects of ligstroside on
gene and protein level. Complex I is composed of 45 subunits, including NDUFV1 as a core
subunit and NDUFBS8 on the other hand represents a secondary subunit (Stroud et al., 2016).
Since ligstroside could significantly increase the gene expression of the main subunit, the
analysis of protein synthesis of NDUFV1 is also of interest. Additionally, protein synthesis of
complexes I, III and IV tend to be downregulated.
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Furthermore, the different influences of ligstroside on gene expression and protein synthesis
can be explained by the fact that only about 40% of the variance in protein content is expressed
by altered gene expression (Schwanhdusser et al., 2011). Thus, an increased transcription does
not automatically indicate an equally increased translation. Since ligstroside, with the exception
of pCREB protein levels, had no or negative effect on the synthesis of the investigated proteins
in SH-SY5Y-APPeos cells, it is assumed that ligstroside is involved in posttranscriptional or
posttranslational modifications. A large part of the variance in protein content can be attributed
to post-transcriptional modifications of mRNA, translational regulation and protein degradation

(Vogel and Marcotte, 2012).

However, there is also the consideration of a protective effect of ligstroside by downregulating
the respiratory chain complexes. A reduced activity of ETS simultaneously reduces the
production of ROS, which are mainly produced by complexes I and III. Lopez Sanchez et al.

already established this thesis for untreated SY5Y-APP cells (Lopez Sanchez et al., 2017).

5.7 Influence of oleocanthal and ligstroside on Api-40 levels in SH-SY5Y-APPsgs cells

Previous studies described oleocanthal as a potential candidate to clear AP levels in mice brain
and reduce AP levels in SH-SY5Y-APP cells (Abuznait et al., 2013; Qosa et al., 2015; Batarseh
et al., 2017). According to the literature, we also found significantly enhanced APi-40 clearance
compared to solvent control. Furthermore, there are additional previous studies, which have
shown the ability of oleocanthal to attenuate A in vitro and enhance AP clearance in the brains
of mice. Pang and Chin et al. and Bartaseh et al. have shown that oleocanthal reduced A in
neurons and decreased the inflammation of astrocytes (Batarseh et al., 2017; Pang and Chin,
2018). In another study, oleocanthal enhanced A clearance in mouse brain via upregulation of
two major A transport proteins, P-glycoprotein and LDL lipoprotein receptor related protein-
1 (LRP1) at the blood brain barrier (BBB) (Abuznait et al., 2013). Same results and mechanisms
were obtained in a study from Qosa et al., where oleocanthal significantly reduced AP load in
a mouse model of AD and in vitro in a BBB model (Qosa et al., 2015). Another study
investigated the effect of the acetylcholine esterase inhibitor, donepezil together with EVOO
rich in oleocanthal in a mouse model of AD. The results showed that the combination led to
significantly reduced AP levels (Batarseh and Kaddoumi, 2018). Grossi et al. observed as well
a reduction of AP deposition in N2a neuroblastoma cells and transgenic AD mice by suggesting
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the positive obtained data results from an induction of autophagy activation by oleuropein
aglycone proceeded through mTOR inhibition (Grossi et al., 2013). Another pathway of olive
polyphenols to interfere in AP aggregation was shown by Kostomoiri et al. The treatment of
APPeos transfected HEK293 cells with oleuropein led to elevated levels of soluble sAPPa and
to a significant reduction of AP oligomers. The underlying mechanism was proposed to be
associated with oleuropein promoting the non-amyloidogenic pathway, by favouring o-
secretase cleavage of APP (Kostomoiri et al., 2013). Regarding the mechanism of the clearance
of AP by oleuropein, NMR analyses have shown an interaction between oleuropein and A4,
modifying its aggregation. The study suggests a noncovalent interaction between APBso and
oleuropein with interactions of the protons of the methyl group, protons of the ester group and
protons of the aromatic ring playing the major role of chemical shift alterations (Galanakis et
al., 2011). Oleuropein and ligstroside differ only in their number of the hydroxy moieties.
Therefore, the suggested mechanism is in contradiction to our findings, since ligstroside did not
affect ABi-40 levels. The beneficial effect of ligstroside on mitochondrial function might be
independent of the AB-pathway. These findings additionally flaw the AB-hypothesis and focus

on new mechanisms (Kuehn, 2020).
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6 Conclusion

In the present study, a cell model for the sporadic form of AD was established. Therefore, we
determined mitochondrial parameters and underlying molecular mechanisms in the
neuroblastoma cell line SH-SYS5Y cells. We found that APP transfected SH-SY5Y cells exhibit
very low levels of APi.40, briefly ABi40 concentrations came out in the picomolar range. A
comparison between control SH-SYSY-MOCK and SH-SYS5Y-APPsos cells revealed
differences in their mitochondrial function. In particular, ATP levels and MMP were severely
impaired in APP transfected cells. Additionally, respiratory capacity was distinctly impaired
showing a reduction throughout all respiratory complexes and an additional impaired
mitochondrial coupling in SH-SY5Y-APPgos cells. Gene expression analyses and quantification
of protein levels underlined the observed results. Especially, genes and proteins of
mitochondrial biogenesis and antioxidative capacity revealed significant deficits. The overall
detected reduced functionality of mitochondrial parameters together with slightly elevated A3
production suggest SH-SYS5Y-APPsgos cells as an appropriate model for the late-onset form of
AD.

Furthermore, we investigated the influence of ten different purified olive secoiridoids and two
metabolites on mitochondrial function in the established neuronal cell model of late-onset AD.
The screening of these compounds led to the identification of four hit substances, in particular,
oleuroside, oleacein, oleocanthal and ligstroside showing the highest increase of ATP
production. Determination of mitochondrial respiration and citrate synthase activity was carried
out after incubation with these four compounds. Only oleocanthal and ligstroside enhanced the
capacity of respiratory chain complexes. To elaborate the underlying molecular mechanisms,
we determined the expression of genes associated with mitochondrial biogenesis, respiration
and antioxidative capacity after oleocanthal and ligstroside treatment. Exclusively ligstroside
improved mRNA expression in APP transfected SH-SYSY cells. Additionally, quantification of
protein levels were determined after ligstroside treatment. Determination of APi40 levels
revealed that oleocanthal, but not ligstroside decreased APi-40 production in SH-SY5Y-APPgos

cells.

Although our study does not provide a causative mechanism on how secoiridoid derivatives
interact in detail, the current results identified different effects on mitochondrial dysfunction

and energy metabolism of the individual compounds present in EVOO. Specifically, ligstroside
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showed the highest potential to combat mitochondrial dysfunction in a cellular model of late-

onset AD by mechanisms that may not interfere with Ap production.
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7 Summary

In the past decades life expectancy has increased substantially which is accompanied with an
increase in diseases such as the neurodegenerative disorder Alzheimer disease (AD). AD is a
multifactorial disease with a complex pathobiology marked by declines in memory and thinking
which is associated with a high social and economic burden. Today, over 47 million people
suffer from the most common form of dementia. The prevalence of AD is expected to triple by
2050. Although the disease has been described over a century ago, there is no cure yet. Since
2003, there have been no new drugs approved and a high rate of failure in AD drug development
is present until today. Over 25 years, amyloid-beta is the primary target in most clinical trials.
The lack of success in AD drug development is amongst others explained by intervening at a
state where the disease progression is too advanced. Additionally, many cell and animal models
mimic the familial form of AD. This form of AD represents only a small number of patients,
whereas the late-onset AD, with over 90% is more common. Therefore, we established a cell
model for the late-onset AD, using SH-SYS5Y-APPsos neuronal cells stably expressing the
human APPeos isoform. We observed Afi.40 expression in a picomolar range, which is
representative for the sporadic form of AD. Since mitochondrial dysfunction is involved in both,
brain ageing and early states of AD, we investigated mitochondrial parameters in APPeos
transfected cells. Mitochondrial membrane potential (MMP), adenosine triphosphate (ATP)
levels as well as the capacity of mitochondrial respiration were significantly decreased.
Furthermore, genes of mitochondrial biogenesis and genes of the antioxidative defence system
were significant lower expressed. Quantitative analyses of mitochondrial proteins were

additionally impaired.

As components of the Mediterranean diet (MedDiet), olive polyphenols may play a crucial role
for the prevention of AD. Therefore, we investigated in the second part of the present work,
effects of 10 different highly purified phenolic secoiridoids (hydroxytyrosol, tyrosol, oleacein,
oleuroside, oleuroside aglycone, oleuropein, oleocanthal, ligstroside, ligstroside aglycone and
ligustaloside B) and two metabolites (the plant metabolite elenolic acid and the mammalian
metabolite homovanillic acid) in very low doses on mitochondrial function in SH-SY5Y-APPgos
cells. All tested secoiridoids significantly increased basal ATP levels in the present cell model.
Oleacein, oleuroside, oleocanthal and ligstroside showed the highest effect on ATP levels and

were additionally tested on mitochondrial respiration. Only oleocanthal and ligstroside were
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able to significantly enhance the capacity of respiratory chain complexes. To investigate their
underlying molecular mechanisms, the expression of genes associated with mitochondrial
biogenesis, respiration and antioxidative capacity (PGC-1a, SIRT1, CREB1, NRF1, TFAM,
complex I, IV and V, GPx1, SOD2, CAT) were determined using qRT-PCR. Exclusively
ligstroside increased mRNA expression of SIRT1, CREBI1, complex I, and GPx1 in SH-SY5Y-
APPgos cells. Furthermore, oleocanthal but not ligstroside decreased AP1-40 levels in SH-SY5Y-
APPgos cells. Our findings indicate that purified ligstroside has outstanding performance on
mitochondrial bioenergetics in a cell model of late-onset AD by mechanisms that may not

interfere with AP production.
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