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Summary

Summary

Alzheimer’s disease (AD) is increasing in prevalence, and the WHO estimates that more
than 150 million people will be affected by 2050. The most significant factors influencing
AD appear to be a combination of age-related changes in the brain, genetic predispositions,
environmental influences, and lifestyle factors. On the molecular level, late-stage AD is
characterized by mitochondrial dysfunction, increased reactive oxygen species (ROS) levels,
amyloid-p (Ap) protein aggregates, increased tau levels, and neurodegeneration. Currently,
there are no existing treatments that can cure the disease; therefore, prevention and mitiga-

tion of symptoms are crucial.

Several compounds isolated from plants and mushrooms have shown beneficial effects in
treating Alzheimer's disease (AD) by targeting different pathological mechanisms. Among
these, erinacines, identified in the edible mushroom Hericium erinaceus, are particularly
promising compounds that modulate disease progression. Extracts from this mushroom, rich
in erinacines, have demonstrated potential to enhance mitochondrial function and promote
neuronal health, suggesting a preventive approach against AD. Notably, studies have shown
that erinacines stimulate Neuronal Growth Factor (NGF) production and neuritogenesis, in-
dicating their key role in preventing the progression of AD. In particular, erinacine C has the
strongest effects on NGF stimulation; however, it is scarce because it is produced only in the

mycelium of the mushroom.

In the present work, erinacine C was produced through submerged cultivation of Hericium
erinaceus, followed by isolation and characterization using HPLC-DAD, NMR, and HR-
MS. Erinacine C was tested in SH-SYS5Y, MOCK, and APPgos cells. Furthermore, an etha-
nolic mycelium extract of Hericium erinaceus was tested in the SH-SYSY cell lines as well

as in Caenorhabditis elegans CL2122 and GMC101 strains.

To test the hypothesis on the mitochondrial effects of erinacine C, experiments on cell via-
bility, mitochondrial membrane potential, ATP levels, mitochondrial mRNA expression
(SIRT1, CREBI, NRF1, TFAM, and ATP5D), respirometry, neurotoxicity, neuritogenesis,
and AP levels were conducted. Results showed that erinacine C had positive effects in SH-

SYS5Y cells, including increased ATP levels, decreased oxidative stress, and elevated




expression of NRF1. Additionally, treatment activated genes related to axon guidance and
actin binding, linking the genomic results with the in vitro data of positive neuronal out-
growth. Through RNA-seq analysis, the research scope expanded beyond just the mitochon-

dria.

On the other hand, the Hericium erinaceus ethanolic extract showed increasing effects at
low concentrations on the lifespan in GMC101 but not in CL2122. However, ATP levels in
GMC101 were elevated after treatment. The extract was tested in SH-SYSY cells to evaluate
viability, ATP levels, and the expression of mitochondrial genes. Due to the unknown matrix
components, no clear conclusion related to erinacine C could be drawn. Nevertheless, these
findings underscore the potential of Hericium erinaceus to be used as part of a preventive

strategy against AD, leveraging its mitochondrial and neuroprotective properties.

Altogether, the results presented here pave the way for more comprehensive studies to elu-
cidate further the mechanisms through which Hericium erinaceus and its compounds, like
erinacine C, confer neuroprotective benefits. The RNA-seq results suggest that erinacine C
exhibits hormone-like effects on human neuronal cells. Future research should aim to better
understand the mechanisms of action of these compounds and their potential in clinical set-

tings.
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Introduction

1 Introduction

1.1  Alzheimer’s a disease with an epidemic proportion

Alzheimer’s disease is increasing in preva-
lence, and currently, there is no cure availa-
ble. The WHO estimates that in 2050, more
than 150 million people will suffer from Alz-
heimer’s disease (Martin Prince et al., 2015).
In addition to developed countries, Alz-
heimer’s disease is also on the rise in devel-
oping countries, such as China. Figure 1-1
shows the conservative estimations from the
World Alzheimer’s report. Even with con-
servative estimations, we can expect a sharp
worldwide rise in Alzheimer’s occurrence in
the next thirty years. Current treatments re-
duce the symptoms but cannot cure the dis-
ease. The biggest contributors to this disease
seem to be a combination of age-related
changes in the brain, along with genetic, en-
vironmental, and lifestyle factors (Martin
Prince et al., 2015). Figure 1-2 shows the me-
dian age of the worldwide populations in
2050. It is evident that the European popula-
tion is aging. Therefore, it is important to find

a cure for Alzheimer’s disease.
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1.1.1 A biological definition of Alzheimer’s disease

In 2018, the National Institute on Aging (NIA) and the Alzheimer’s Association defined a re-
search framework for Alzheimer’s (Jack et al., 2018). The framework shifted from the symp-
tom-based diagnosis and definition to a biological one. The authors stated that Alzheimer’s
disease (AD) is defined by its core pathologic processes that can be verified by post mortem
examination or in vivo by biomarkers. The biomarkers are grouped into three categories: f-
amyloid deposition (A), pathologic tau (T), neurodegeneration (N), and the combination of all
three markers [AT(N)]. Although this framework is widely accepted, the underlying cause still
lies in the realm of the unknown. Currently, there are four major hypotheses trying to explain
the cause: the cholinergic, amyloid f, tau and inflammation hypotheses.

The cholinergic hypothesis was defined by Davies and Maloney (1976). They describe Alzhei-
mer's disease as a deficiency in the production of the neurotransmitter acetylcholine due to the
activity of the enzyme acetylcholinesterase (Francis et al., 1999). In Alzheimer’s disease, ace-
tylcholinesterase reduces cortical cholinergic innervation, which leads to alterations in the shift
of tau to the hyperphosphorylated state — a precursor of neurofibrillary tangles — and an in-
creased production of the amyloid f protein. Additionally, there is a negative alteration in cor-
ticocortical glutamatergic neurotransmission due to neuron or synapse loss, which can decrease
glutamate production. These indirect processes can eventually lead to cognitive impairment
(Francis et al., 1999).

While the cholinergic hypothesis describes a deficiency in neurotransmitters, the amyloid-f
hypothesis refers to the cytotoxicity of mature aggregated amyloid fibrils and plaques. Glenner
and Wong (1984) pioneered the amyloid-f theory in 1984, which was further supported by
Goate et al. (1991), who discovered a mutation in the amyloid precursor protein gene (APP).
Additional findings led to the identification of the y-secretase proteins presenilin 1 (PSEN1)
and presenilin 2 (PSEN2) (Scheuner et al., 1996). Mutations in APP support the production of
longer variants of amyloid-$. This seeds the aggregation of amyloid-f into oligomers, insoluble
fibrils, and eventually plaques. These plaques are characteristic of Alzheimer’s disease and are
believed to be the toxic form of the protein responsible for disrupting the cell's calcium ion
homeostasis, depolarization of the synaptic membrane, and mitochondrial damage, thus induc-
ing apoptosis and neurotoxicity (W. Chen et al., 2014; Polanco et al., 2018; Rhein et al., 2009).
Although the Ap theory is the most prominent, there are hints for other causes that lead to tau
pathology. This is because a decade prior to the formation of Af plaques, tau pathology occurs
(Arnsten et al., 2021). In contrast to Af, tau accumulates intracellularly, builds up neurofibril-
lary tangles (NFTs), and destroys neurons. In pathological conditions, tau may undergo post-

translational modifications, e.g., hyperphosphorylation, that could lead to the detachment of tau
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from microtubules, resulting in microtubule disintegration (Paspalas et al., 2018). This can trig-
ger a vicious cycle of synaptic dysfunction to synaptic loss, eventually leading to a decline in
neuronal function (Thies & Mandelkow, 2007). In the postsynaptic compartment, pathological
tau strengthens the NMDA receptor. This supports the excitation of the neurotransmitter gluta-
mate and thereby enhances Ap toxicity (Ittner et al., 2010).

While Alzheimer’s disease is defined as the occurrence of amyloid /S deposition, pathologic tau,
and neurodegeneration with intra- and extracellular disruptions, it seems that non-pathologies
emerge alone. A fourth theory can provide a link to combine them. Despite extensive research,
no treatment that effectively alters either pathology is available. Furthermore, even years before
any observable AD symptoms or diagnosis are determinable, A plaques and NFT tangles are
detectable. This leads to a gap in understanding AD pathogenesis. Therefore, researchers as-
sume a further factor as a driver for the disease: an increased inflammatory response (Akama
& Van Eldik, 2000; Akiyama et al., 2000; Combs et al., 2000). The response is also called
neuroinflammation and is attributed to activated microglial cells and the release of numerous
cytokines, such as interleukin 1 (IL-1), IL-1p, and IL-6 (Das Sarma, 2014; Goldgaber et al.,
1989; Quintanilla et al., 2004). Brain inflammation appears to be two-sided. In a healthy brain,
it is neuroprotective but harmful when transitioning into a chronic state (Y. S. Kim & Joh,
2006). Increased levels of interleukin 1 (IL-1) are responsible for the increased APP production
and Ap burden. Additionally, a negative response cycle stimulates the activation of Cyclin-
Dependent Kinases (CDK), which are known to hyperphosphorylate tau (Quintanilla et al.,
2004). Microglia are involved in the phagocytosis of Af, but prolonged clearance further acti-
vates proinflammatory cytokines (Hickman et al., 2008). This leads to a forward loop in con-

tribution to neurodegeneration and the combination of the core Alzheimer’s pathologies.

1.1.2  Pathology of Alzheimer’s disease
One can organize the decline within Alzheimer’s on three levels: visible macroscopic features,
microscopic features, and cellular features (Figure 1-3). However, the occurrence is mostly up-
side down — from cellular levels to macroscopic features.
To date, pathologic diagnosis remains the gold standard for AD diagnosis. Although certain
features are typical for AD-affected brains, none of them are disease-specific. Macroscopic

features that often appear in AD patients are brain atrophy, with the gyri as the most affected
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Figure 1-3 Differences between a healthy (left) and an Alzheimer’s brain (right).
In an Alzheimer’s brain are alterations on the macroscopic level (brain atrophy), the microscopic level (4 beta

alterations), as well as the cellular level (mitochondrial and tau alterations) visible. Created with BioRender.com

areas (Perl, 2010; Rami et al., 2012). Along comes an enlargement of the frontal and temporal
horns of the lateral ventricles and a decreased brain weight (Piguet et al., 2009).

As observed by Alois Alzheimer over 100 years ago, the manifestation of extracellular amyloid
plaques and intracellular neurofibrillary tangles is required for diagnosis (Ryan et al., 2015).
These are microscopically smooth transitions to cellular features. Amyloid-f is a small peptide
generated by proteolytic processing of amyloid precursor protein (APP). APP is a type-I trans-
membrane protein, and its encoding gene is located on chromosome 21 in humans. There are
three major isoforms of APP (APPsos, APP751, APP770), and APPsos is predominantly expressed
in neurons (Cam & Bu, 2006; U. C. Miiller et al., 2017; Nhan et al., 2015; Y. W. Zhang et al.,
2011; J. Zhao et al., 2020).

APP can be processed via two alternative pathways: amyloidogenic and nonamyloidogenic
(Figure 1-4). In the nonamyloidogenic pathway, APP is cleaved by a-secretase, which releases
a soluble fragment, sAPPa, from the cell surface and leaves an 83-amino-acid C-terminal APP
fragment (C83). Further processing involves the intramembrane cleavage of a- and f-C-termi-

nal fragments by y-secretase, which liberates the P3 and Ap peptides (Kahle & De Strooper,
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2003). sAPPa may have a positive effect on neuronal activity because it can increase synapto-
genesis (Haass et al., 1995). The amyloidogenic pathway of APP involves successive cleavage
by f- and y-secretase at the N and C termini of Af. The f-secretase generates a 99-amino-acid
C-terminal fragment of APP (C99), which is further processed by y-secretase at multiple sites,
producing the final Af forms, the 40-amino-acid A$40 and the 42-amino-acid Af42, which are
self-aggregating and toxic (Olsson et al., 2013; Takami et al., 2009). A dominant mutation in
the APP, PSENI and PSEN2 genes can elevate the Af42/Apf4o ratio or increase the self-aggre-
gation propensity of subsequent Af peptides (W. Chen et al., 2014; De Jonghe et al., 2001;
Selkoe, 2001).

Abnormal cleavage of APP leading

Normal cleavage of APP f .
to excess amyloid accumulation

APP mutations S
increase Amyloid
B-secretase / plaque
cleavage

l S5 AB peptide

Extracellular AP
space a-secretase B-secretase

¢ o L -/

Cell
membrane

Cytoplasm Amyloid y-secretase

precursor T
protein

(APP)  poEN1/PSEN2

mutations
increase
y-secretase
activity

Figure 1-4 APP proteolysis in the nonamyloidogenic pathway and amyloidogenic pathway (modified from Chen
etal, 2017).

The nonamyloidogenic pathway is initiated by a-secretase, which cleaves APP to generate C83 and the soluble N-

terminal fragment sAPPo, whereas the release of Af is prevented. Amyloidogenic APP processing starts with [3-

secretase releasing the C-terminal fragment C99 and the N-terminal sAPPfS. C99 is subsequently cleaved by y-

secretase into Ap. Created with BioRender.com

Ap peptides can bind to the plasma membranes of neurons, microglia, and astrocytes, triggering
transmembrane signalling and abnormal intracellular changes (Peters et al., 2009; Z. X. Wang et

al., 2016). Ap oligomers might alter neuronal function negatively by causing synaptic dysfunction,
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inducing mitochondrial dysregulation, and affecting microglia (Polanco et al., 2018). Neurons ex-
posed to Af oligomers are unable to form new synapses, resulting in learning deficits (Y. Zhao et
al., 2017).

Tau was discovered by Weingarten et al. (1975). The group showed that the protein is micro-
tubule-associated and plays an important role in microtubule assembly and stabilization. Gen-
erally, tau shows no aggregation behaviour, but aggregation into paired helical filaments and
neurofibrillary tangles (NFTs) is a characteristic of Alzheimer’s disease. It seems to be involved
in amyloid-f-induced neurotoxicity (Roberson et al., 2007).

In normal physiology, tau has various functions. In adult neurons, where tau is mainly located
at axons, it stabilizes microtubules, promotes microtubule assembly, and regulates the dynamic
instability of microtubules that allows reorganization of the cytoskeleton (Feinstein & Wilson,
2005; Mandelkow & Mandelkow, 2012). In addition to axons, tau is also found in dendrites and
the nuclei of neurons. Although the effects are not clear, there is evidence for the regulation of
synaptic plasticity and maintenance of the integrity of genomic DNA (Frandemiche et al., 2014;
Sultan et al., 2011).

Although over 80 mutations of tau have been identified in AD, the aggregations seem to be
sporadic. In pathological conditions, tau may undergo posttranslational modifications such as
hyperphosphorylation, which could lead to the detachment of tau from microtubules, resulting
in microtubule disassembly in axons. Mislocalized tau in presynaptic terminals can induce syn-
aptic dysfunction, a reduction in synaptic vesicles, and synapse loss (Decker et al., 2015). In
addition, tau can also enter postsynaptic compartments and trigger postsynaptic dysfunction,
which also leads to synaptic loss (Hoover et al., 2010; Thies & Mandelkow, 2007).

The brain utilizes 25% of total body glucose and 20% of body oxygen consumption while in a
resting awake state (Mergenthaler et al., 2013). Therefore, the brain is especially vulnerable to
a lack of energy. The mitochondrion, which marks the third stage: the cellular level, will be

described in depth in the next section.
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1.2  Mitochondria in health and Alzheimer’s disease

The term mitochondrion was coined by Carl Benda and comes from the Greek words pitog,
mitos, "thread", and yovdpiov, chondrion, "granule" (Ernster & Schatz, 1981). Warburg and
Keilin linked its function to respiration in the 1920s (Koppenol et al., 2011). Mitochondria are
organelles within cells but have their own DNA. This leads to a theory of endosymbiosis (Sa-
gan, 1967). It stated that mitochondria descended from free-living prokaryotes, which were
taken up by eukaryotic cells. Depending on the cell type or physiological state, mitochondria
range in size from 0.75 to 3 pm in diameter (Wiemerslage & Lee, 2016). Their distribution
varies widely by cell type and tissue (Frazier et al., 2006). The unique structure of the mito-
chondrion is composed of the outer membrane, intermembrane space, inner membrane, cristae
(a fold in the inner membrane) and matrix. The outer membrane is porous and therefore tra-
versable for ions and small, uncharged molecules. The voltage-dependent anion channel
(VDAC) and pore-forming membrane proteins (porins) support this transfer (Bayrhuber et al.,
2008). Molecules larger than 5000 Da, such as proteins, are shuttled through the outer mem-
brane (TOM) translocase and the inner membrane (TIM) translocase. In contrast to the outer
membrane, the inner membrane is a tight diffusion barrier to all ions and molecules. An out-
come of this selectivity is an electrochemical membrane potential across the inner mitochon-
drial membrane. The establishment of the electrochemical gradient is used for oxidative phos-
phorylation and ATP synthesis. In addition, mitochondria are involved in other tasks, such as
signalling, differentiation, and apoptosis, as well as maintaining control of the cell cycle and

cell growth (McBride et al., 2006).

1.2.1 The mitochondrial respiratory chain and OXPHOS system

The main function of mitochondria is to provide the energy required for the synthesis of ATP
by the electron transport chain (ETC) and oxidative phosphorylation (OXPHOS). The electron
transport chain contains five complexes. These complexes are complex I (ubiquinone oxidore-
ductase), complex II (succinate dehydrogenase), complex III (cytochrome C oxidoreductase),
complex IV (cytochrome oxidase), and complex V (ATP synthase) (Napolitano et al., 2021;
Swerdlow, 2020). Complex I -IV create a proton gradient across the inner mitochondrial mem-
brane, which is used to produce ATP from ADP via complex V. Here, NADH and FADHo,
which are derived from the Krebs cycle, are oxidized. Electrons transfer from NADH and suc-

cinate to Complex I and Complex II, respectively. Subsequently, complexes I and II transfer
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electrons to ubiquinone. Electrons pass from ubiquinone through Complex III to cytochrome ¢
(Cytc). In turn, cytochrome ¢ reduces complex IV (Figure 1-5) (Shimada et al., 2017).

The energy released by reducing the redox potential of the electrons passing through the respir-
atory complexes is used to pump protons from the mitochondrial matrix into the intermembrane
space. In this way, a proton motor force consisting of an electric (A¥Ym) and proton (ApH)
gradient is created (Mitchell & Moyle, 1965). Similar to gravity in a hydroelectric power sta-
tion, this force brings protons back into the matrix via Complex V, resulting in the synthesis of

ATP. This final process is called oxidative phosphorylation (OXPHOS).

Cytoplasm
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Intermembrane
space
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Figure 1-5 Overview of the respiratory chain and the ATP synthase (modified from (Kishi et al, 2018)

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 catalyses the electron transfer to
the final electron acceptor oxygen. Simultaneously, a proton motive force is generated by complex I, IIl 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. Created with BioRender.com

As described above, mitochondria are the major energy source for cells. In addition, mitochon-
dria are involved in intracellular signalling cascades, generate reactive oxygen species (ROS),
execute fatty acid £ oxidation, participate in amino acid metabolism, pyridine synthesis, phos-
pholipid modifications, calcium regulation, and cell survival, senescence, and death. These dy-
namic processes require “quality control” to regulate mitochondrial mass and function. Mito-

chondrial homeostasis is controlled via fusion and fission, or more precisely, via the generation
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of new mitochondria, mitochondrial biogenesis, and the removal of impaired mitochondria,
mitophagy (Golpich et al., 2017; Ploumi et al., 2017).

Mitochondrial biogenesis involves mtDNA transcription and translation and nDNA-encoded
synthesis, import, and assembly of mitochondrial proteins. PGC-1a, which is considered the
master regulator of mitochondrial biogenesis, activates mtDNA transcription. Phosphorylation
or deacetylation activates PGC-1a, which stimulates nuclear transcription factors such as nu-
clear respiratory factor-1 (NRF-1) and NRF-2. NRF1 regulates neuronal health and neuronal
outgrowth (Kiyama et al., 2018). NRF1 and NRF2 activate mitochondrial transcription factor
A (TFAM), which encodes subunits of the five complexes in the mitochondrial electron
transport chain (ETC), thereby increasing the assembly of the respiratory apparatus (Uit-
tenbogaard & Chiaramello, 2014). The activation of this PGC-1a-NRF-TFAM pathway leads
to the synthesis of mitochondrial DNA and proteins and the generation of new mitochondria (

Figure 1-6).




Introduction

4 Amp/aTP
"y
cAMP
Y f Ca?
PKA *
CaMK
‘ I '@(D‘\
4 NAD +/NAHD DTAPI

(CREB AMPK

X
SIRT1 —@—> m«@/ 4 Avp/ATP
PGC1u
@l 7
Wl N\
CaMK
w
/“ ¢ \ ? Ca?
OXPHOS ROS detoxifyi
subunits TFAM * systers ovng

f mtDNA replication/transcription

0 d »
Acho drial

biogenesis ¥V

Figure 1-6 Signalling cascades of mitochondrial biogenesis.

Ca*" and AMP/ATP are the main stimuli of mitochondrial biogenesis. Increased Ca’* and AMP levels activate
various kinases. These either phosphorylate CREB, which promotes PGC-1a expression, or phosphorylate PGC-
la directly. An increased NAD'/NADH ratio also leads to the activation of PGC-1a via deacetylation by SIRT]I.
Following its activation, PGC-1a binds to NRF 1/2 and promotes the expression of several mitochondrial proteins,
including TFAM, resulting in increased mitochondrial biogenesis (modified from Cardanho-Ramos and Morais

2021). Created with BioRender.com

The transcription factor cAMP response element-binding protein (CREB) also mediates the

activation of the PGC-1a signalling pathway. CREB plays a role in neuronal plasticity and long-

10
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term memory formation in the brain (P. Sharma et al., 2019). The downregulation of CREB is
associated with the pathology of Alzheimer's disease (Pugazhenthi et al., 2011).

It has also been reported that silent information regulator-1 (SIRT1) stimulates the PGC-1a-
mediated transcription of nuclear and mitochondrial genes encoding proteins during mitochon-
drial proliferation, oxidative phosphorylation, energy production, and mitophagy (Gurd, 2011;
Lan et al., 2008; Yoshii & Mizushima, 2015).

1.2.2 Mitochondrial dysfunction in Alzheimer’s disease

Mitochondria are a critical source of energy in cells. The mitochondrial cascade hypothesis
links the dysfunctional aspects of mitochondria with Alzheimer’s disease (Swerdlow, 2020).
The first evidence for mitochondrial dysfunction in Alzheimer’s disease emerged in cerebral
blood flow studies, where the cerebral metabolic rates of oxygen, CO and lactate were exam-
ined (Hoyer, 1991). Furthermore, it has been confirmed that AD individuals show a reduction
in brain glucose metabolism using fluorodeoxyglucose PET (FDG-PET) (Mosconi et al., 2010).
It is assumed that the reduction is initiated by synaptic dysfunction and neuronal loss. Although
this can be compensated by shifting to alternative energy sources (Toledo et al., 2017), it seems
to be a indication for mitochondrial dysfunction.

A further sign for mitochondrial dysfunction is increased oxidative stress and ROS damage in
the brains of AD subjects in the early stages. Compared with non-AD controls, cells with
mtDNA from AD subjects show increased ROS and free radical production (Swerdlow et al.,
1997.

11
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Figure 1-7 Effects in AD pathology and mitochondrial dysfunction in AD (modified fromCenini and Voos 2019).
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Moreover, mitochondrial function in AD brains is attributed to compromised mitochondrial
enzymes such as cytochrome c oxidase, pyruvate dehydrogenase complex and a-ketoglutarate
dehydrogenase (Gibson et al., 2010). Subunits of these enzymes, which are encoded by mtDNA,
are degraded (Swerdlow et al., 1997).

Additionally, it has been documented that Af and hyperphosphorylated tau can accumulate in
the late stages of AD (W. E. Miiller et al., 2010; Stockburger et al., 2018). Af is able to trans-
locate into mitochondria (Anandatheerthavarada & Devi, 2007). The accumulation of Af in
mitochondria causes inhibition of complexes II and IV of the respiratory chain, resulting in
reduced OXPHOS and increased production of ROS (Rhein et al., 2009). This can lead to a
vicious cycle in which mitochondrial dysfunction and Af accumulation influence each other.
Perturbed OXPHOS leads to an inhibition of ATP production, which induces higher levels of
BACE-1, a f-secretase, and elevates ROS-induced Af production (Busciglio et al., 2002). In
the end, Af accumulation leads to impaired mitochondrial dynamics, causing reduced clearance
of impaired mitochondria, which further enhances mitochondrial dysfunction Figure 1-7)

(Manczak et al., 2011).
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Tau pathology affects mitochondrial dysfunction in a similar way. Overexpression of tau inhib-
its mitochondrial function by decreasing the activity of the ETC and antioxidant enzymes (A.
Eckert et al., 2011; X. C. Li et al., 2016). Tau localized in the mitochondrial membrane can
further impair ATP synthesis and mitochondrial membrane potential (Atlante et al., 2008).
Brains of P301L tau transgenic mice showed that the activity of complexes I and V was signif-
icantly reduced. Additionally, ATP synthesis and the mitochondrial membrane were disturbed
along with increased ROS levels (David et al., 2005).

Although it is not clear what causes mitochondrial dysfunction, it is apparent that AD patients
have negative changes in their mitochondrial power supply compared to healthy subjects (W.

E. Miiller et al., 2010; Stockburger et al., 2018).

1.3  Current treatment therapies against Alzheimer’s disease

Currently, there is no cure for Alzheimer’s disease. Modern therapies can provide people with
reassurance and dignity and reduce symptoms. Therapies are divided into two categories: dis-
ease-modifying therapies and symptomatic treatments. Presently, treatments target the break-
down of acetylcholine and block excess glutamate release. A newly approved treatment re-
moves abnormal accumulation of amyloid beta.

As described above, the cholinergic hypothesis describes the disorder in the cholinergic system
as a cause for Alzheimer’s disease. Therefore, one of the therapeutic strategies is to increase
cholinergic levels by inhibiting acetylcholinesterase (AChE). The inhibition results in continu-
ous accumulation of ACh and activation of cholinergic receptors. Currently in use for the symp-
tomatic treatment of AD are donepezil, rivastigmine, and galantamine (K. Sharma, 2019).
N-methyl d-aspartate (NMDA) receptors are thought to have a central role in the pathophysiol-
ogy of AD. NMDA receptors activate signal transduction through Ca?" influx. This initiates
gene transcription, which is essential for the formation of long-term potentiation. It is essential
for synaptic neurotransmission, plasticity, and memory formation. Overactivation of NMDA
receptors causes an abnormal level of Ca?* signalling and overstimulation of glutamate release.
Glutamate is the primary excitatory amino acid in the CNS, which results in synaptic dysfunc-
tion, neuronal cell death, and a decline in cognitive functions (Y.-J. Huang et al., 2012; Liu et
al., 2019). NMDA antagonists such as memantine block overactivation and therefore decrease
abnormal glutamate release (Williams & Buvanendran, 2021).

Aducanumab targets the underlying causes of the disease; therefore, it is called a disease-mod-

ifying drug. Sevigny et al. showed that treatment with aducanumab reduces brain Af plaques.
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In June 2021, the Food and Drug Administration (FDA) granted its first accelerated approval
to this antibody-based immunotherapeutic approach. (FDA, 2021). In 2023, the FDA granted
approvals for new medications, including lecanemab (FDA, 2023). Others, like donanemab, are
likely to follow. Table 1-1 presents a comprehensive list of drugs used in Alzheimer's treatment,

along with their respective therapeutic targets.

Table 1-1 List of Alzheimer drugs and therapeutic targets.

Drug name Drug type Therapeutic target

Aducanumab Disease-modifying immuno- Removes abnormal Af
therapy

Donepezil Cholinesterase inhibitor Blocks breakdown of acetyl-

choline in the brain
Rivastigmine Cholinesterase inhibitor Blocks breakdown of acetyl-
choline and butyrylcholine

in the brain

Memantine N-methyl D-aspartate Blocks excess glutamate and
(NMDA) antagonist regulates glutamate activa-
tion
Galantamine Cholinesterase inhibitor Blocks breakdown of acetyl-

choline in the brain

Despite extensive research on this disease, only a few drugs that can delay the progression of
the disease are currently available. A major setback for all current drugs is side effects. Treat-
ment with Alzheimer’s drugs can lead to adverse gastrological, cardiovascular, neurological,
psychological, respiratory, and dermatological effects. Acetylcholinesterase inhibitors increase
gastric acid secretion and internal propulsion, which can lead to gastrointestinal ulceration and
bleeding (Lewin, 1999). Furthermore, abdominal pain, nausea, vomiting, diarrhea, and poor
appetite have been reported (CC et al., 2014; Hansen et al., 2008). The most common side
effects for memantine are dizziness, headache, confusion, diarrhoea, and constipation (Wil-
liams & Buvanendran, 2021). Although aducanumab reduces Ap, it shows a tendency toward
brain edema, which can be deadly (Khanna et al., 2022). This concern led the European Medi-
cines Agency (EMA) to withhold approval for its marketing as an Alzheimer's remedy (EMA,
2022). However, it seems that newly approved medications, like lecanemab, present a reduced

risk of disease progression, as shown by van Dyck et al. (2023)
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In recent years, several compounds with pharmacological activities isolated from plants and
mushrooms have been revealed to have beneficial effects for the treatment of AD, targeting
different pathological mechanisms. Thus, a wide range of natural compounds may play a rele-

vant role in the prevention of AD in the future.

1.4 The fungus Hericium erinaceus and its metabolites

Fungi have enormous biotechnological potential. As opposed to plants, fungi have the great
advantage that they can be grown in large bioreactors. Growing fungi at an industrial scale
makes fermentation cost-efficient. Fungal biotechnological research has led to pharmaceuticals,
such as beta-lactam antibiotics, statins and cyclosporine (Hyde et al., 2019). Although fungi
have already shown their capabilities, research on their potential applications is still limited.
More interdisciplinary efforts are needed to prove the full power of fungal applications. In par-
ticular, the fungus Hericium erinaceus is a noteworthy object in neurodegenerative research
(H.-T. Huang et al., 2021; Kawa-
gishi & Zhuang, 2008; 1.-C. Li et
al., 2018; Tsai-Teng et al., 2016;
Tzeng et al., 2018).

Hericium erinaceus (Bull.) Pers.
1797 belongs to the family Heri-
ciaceae, order Russulales and

class Agaricomycetes under the

phylum Basidiomycota (Figure
1-8) (Ainsworth et al., 2008). Eri- Figure 1-8 Fruiting body of Hericium erinaceus,

naceus literally means ‘“hedge- Picture with courtesy from Alison Harrington.

hog” in Latin. Its appearance also explains its trivial names: “Lion’s Mane”, “Igel-Stachelbart”
(German) “Monkey’s Mushroom”, “Pom Pom”, “Yamabushitake” (Japanese), and “HxEH %"
(Houtou, Chinese), which means "monkey head". Hericium erinaceus is considered a sapro-
troph or weak parasite. It most often occurs on dead wood, but sometimes its fruiting bodies
may spring from knotholes or cracks of living hardwoods. In China, Hericium erinaceus is a
highly valued culinary ingredient due to its distinct taste and texture profile. The mushroom
possesses a tender, somewhat elastic texture, and its flavor exhibits seafood-like characteristics,

often comparedto lobster or shrimp. This unique combination renders it well-suited for
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traditional Chinese dishes, such as stir-fries or hot pots. It is also a primary ingredient in Chinese
snacks such as mushroom chips and crisps, offering a healthier alternative to traditional snack
foods. The versatility of Hericium erinaceus in culinary and food industry applications high-
lights its growing popularity and potential for continued innovation in the food sector. As with
other edible mushrooms Hericium erinaceus is rich in proteins, vitamins, fiber, and minerals,
has comparatively low levels of carbohydrates and lipids, and represents a valuable food source
with nutritional therapeutic significance (Chaturvedi et al., 2018; Cohen et al., 2014). The my-
celium and the fruiting body differ in the composition of the main nutrients (see Table 1-2

according to Cohen et al., 2014)

Table 1-2 Macronutrient composition of the mycelium and fruiting body of Hericium erinaceus.

Protein [%] Lipids [%] Carbohydrates Ash [%] Energy

[%] [kcal/100 g]
Fruiting body  20.8 £0.43 5.1+0.11 61.1+3.6 6.8 +0.22 374 £ 14
Mycelium 42.5+0.18 6.3+0.32 429+2.8 3.9+0.08 398 £ 18
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In addition to its nutritional value,
Hericium erinaceus fruiting bodies
and mycelia contain exceptionally
large amounts of structurally different
bioactive and potentially bioactive
components (Figure 1-9). There are
bioactive secondary metabolites that
can be obtained from submerged cul-
tures, which may not be produced in
fruiting bodies and vice versa. How-
ever, high yields of mycelial biomass
are only achieved with submerged
cultivation.

In general, the bioactive metabolites
from Hericium erinaceus can be clas-
sified into two categories: high mo-
lecular mass compounds and low mo-
lecular mass compounds. Polysaccha-

rides are high molecular mass com-

pounds, whereas polyketides, amino

Figure 1-9 Fruiting body and mycelium of Hericium erinaceus,

acids and terpenoids represent low
molecular mass compounds (Kawa- Picture with courtesy from Alison Harrington.
gishi et al., 1994; Ma et al., 2010; Mizuno et al., 1992).

Polysaccharides are found mainly in the cell walls of fungi and make up approximately 20% of
the biomass (Francois, 2007). Those are, for example, xylans, glucoxylans, heteroxyloglucans,
and galacto-xyloglucans, which show antitumour activity and antioxidative properties (Mizuno
et al., 1992; Ren et al., 2018). Ergothioneine is an L-histidine derivative that naturally occurs
in bacteria and fungi (Figure 1-10) (Borodina et al., 2020). In addition to its antioxidative prop-
erties, it has the ability to protect against amyloid-f-induced cell death (Cheah et al., 2019; Paul
& Snyder, 2009)

Terpenoids have special properties for various applications. Hericium erinaceus contains a spe-

cial group of cyathane-type diterpenoids called erinacines (Figure 1-10). Erinacines were first

described by Kawagishi et al. (1994) who pointed out their special NGF activating
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properties.Erinacines are hard to isolate because of their massive use of organic solvents and
their rare occurrence. Shen et al. (2015) showed that a special medium containing oatmeal and

Edamin ¥ can enhance erinacine C production in submerged mycelial cultures to 275 mg/L.

D)

Figure 1-10 Bioactive compounds of Hericium erinaceus.

Structures of A) Erinacine C, B) Erinacine A, C) Ergothionine and D) Hericenone A.

1.4.1 Biotechnological production, isolation and characterization of eri-

nacines

Erinacines are in general hard to isolate because of the massive use of organic solvents and their
rare occurrence. The studies of Wolters et al. (2015), Shen et al. (2015) and Bhandari et al.
(2014) contributed a huge body of research on the understanding of the production, distribution,
and isolation of erinacines, and especially erinacine C. Shen et al. (2015) showed with high-
resolution MALDI MS imaging the distribution and occurrence of secondary metabolites, in-
cluding erinacines, in the Hericium erinaceus fungus. Most erinacines and metabolites are ho-
mogeneously distributed between the fruiting body and the mycelium. However, erinacine C
was exclusively found in the mycelium (submerged culture) (Bhandari et al., 2014). This leads
to the search for optimized parameters for the production of erinacines, especially erinacine C.
It is generally known that the carbon to nitrogen (C/N) ratio is important for the biosynthesis of
many secondary metabolites in fungal cultures (Lin & Chen, 2007). High production of eri-
nacines in submerged cultures of Hericium erinaceus could allow the use of this fungus for
therapeutic purposes, as well as a promising ingredient as a functional food. Shen et al. first
optimized the production of erinacine C in submerged cultures using an optimized adjustment

of the C/N ratio. She mainly used oatmeal and sugars as a carbon source and the peptide
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Edamin® K as a nitrogen source. This pushed the maximum concentration of erinacine C to 257
mg/L after the 9" culture day (Shen, 2013; Shen et al., 2015). Furthermore, she developed a
highly sensitive and specific ELISA for the qualitative and quantitative detection of cyathane
diterpenoids in complex mixtures (Shen et al., 2014). Wolters et al. (2015) stabilized the pH
value in the submerged culture of Hericium erinaceus with 100 mM HEPES buffer and reached
concentrations of 273 mg/L. In addition to HPLC-DAD, HPTLC-UV/vis/FLD-Aliivibrio fisch-
eri analysis may also be used to directly detect cyathane diterpenoids in crude extracts (Shen et
al., 2015).

Chen et al. paved the way for future research with his study on the genomic and transcriptomic
regulation of terpenoid production in Hericium erinaceus (J. Chen et al., 2017). Since erinacines
are synthesized via the mevalonate pathway and the associated genes are known, biotechnolog-
ical production via genetically modified microorganisms (e.g., E. coli) could be used to achieve

high yields (J. Chen et al., 2017; Y. L. Yang et al., 2017).

1.4.2 Therapeutic applications of Hericium erinaceus

The therapeutic applications of medicinal mushrooms have been mostly in the field of diabetes
prevention and supporting anticancer treatments (Venturella et al., 2021). However, Hericium
erinaceus is a traditional medicinal mushroom in Eastern Asia for treating lack of concentration
and stress (Ying, 1987). Modern scientific research is now providing answers regarding how
Hericium erinaceus positively impacts brain health. Polysaccharides derived from submerged
mycelial cultures and fruiting bodies of Hericium erinaceus showed immunomodulatory effects
(Han et al., 2013; J. S. Lee & Hong, 2010). The negative effects of ROS on mitochondria and
Alzheimer’s have already been described above. Many studies have shown the antioxidant
properties of Hericium erinaceus (Abdullah et al., 2012; Kushairi et al., 2019; Malinowska et
al., 2009; Z. Zhang et al., 2012). Valu et al. (2021) showed antioxidative activities of an etha-
nolic extract in a zebrafish model of cognitive impairment through the elevation of glutathione
levels. Lee et al. demonstrated that erinacine A could prevent the cytotoxicity of neuronal cells
and the production of ROS in vitro and in vivo (K.-F. Lee et al., 2020).

Rita Levi-Montalcini and Stanley Cohen discovered an important biological effect of neuronal
growth factor (NGF) on neuronal cells and explained the possible mechanism of NGF on cells
of the immune system (Levi-Montalcini et al., 1996). In 1986, they were awarded the Nobel
Prize in Physiology/Medicine for their research. NGF prevents neuronal death, promotes neu-
rite outgrowth, supports synapse formation, and enhances memory function. Furthermore, it is

essential in maintaining and organizing neuron function (Yutaro & Norimichi, 2002). In
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Alzheimer’s disease, the decline in neurons and synapses is progressive, and neurotrophic fac-
tors are essential for the maintenance and organization of neurons. Therefore, neurotrophic fac-
tor-like substances or their inducers are expected to soon be a treatment against neurodegener-
ative diseases. Implantation of NGF-releasing cells into the basal forebrain resulted in reduced
brain atrophy in responders in a 12-month trial (Ferreira et al., 2015). A 10-year trial Tuszynski
et al. (2015) showed that degenerated neurons in the AD brain respond to NGF. This was indi-
cated by axonal sprouting, cell hypertrophy and the existence of neuronal markers. This is es-
pecially interesting because NGF cannot penetrate the blood—brain barrier in vivo. However,
erinacine S can pass the blood—brain barrier (J. H. Hu et al., 2019). Furthermore, they show a
wide range of positive effects on neuronal health. Shimbo et al. (2005) treated rats with eri-
nacine A, which led to increased levels of NGF in the locus coeruleus and hippocampus. (Tsai-
Teng et al., 2016) showed similar results in an Alzheimer’s disease model using
APPswe/PS1dE9 transgenic mice. Furthermore, the group showed increased hippocampal neu-
rogenesis.

Since Hericium erinaceus and its secondary metabolites, such as erinacines, show promising
neuroprotective, antioxidative, and neurogenesis effects, it is important to investigate their ef-
fects on Alzheimer’s disease and its effect on mitochondrial function. As a part of a balanced
diet, consuming Hericium erinaceus may serve as a natural strategy to support brain health and

potentially prevent or delay the onset of Alzheimer's disease.
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1.5 Models of Alzheimer’s research

Alzheimer’s is a complex disease, and current models cannot portray all its aspects. The com-
plexity can be noted in the limited efficacy of available drugs. In addition to aging, environ-
mental and genetic factors contribute to the disease. Ethical concerns of animal experiments
and failures of several clinical trials targeting neurodegenerative diseases complicate the matter
even further. Therefore, more work is required to identify the underlying molecular mechanisms
and corresponding pharmacological targets. The identification of mechanisms of action with in
vitro testing reduces the time and costs of research. Although cellular and invertebrate models
have some limitations, such as that they cannot recapitulate all cellular functions of an organ,
the advantages outweigh the shortcomings (Drummond & Wisniewski, 2017).

SH-SYSY cells are a common in vitro model used in AD research. SH-SYSY cells are a neu-
roblastoma cell line that was originally derived from a metastatic bone tumor biopsy. June
Biedler described the cells and deposited them at ATCC® (ATCC number: CRL-2266). They
have three major characteristics: they are adherent and floating, they contain neuroblast-like
and epithel-like cells, and they can be differentiated into a more mature neuron-like phenotype
(Kovalevich & Langford, 2013).

Two variants of this cell line were used in this work: SH-SY5Y MOCK and SH-SY5Y APPsos.
SH-SYS5Y APPgos cells are based on SH-SYSY amyloid precursor protein wild type (APPwt),
which is suitable to conduct investigations within the framework of the mitochondrial cascade
hypothesis but misses A overexpression. For this purpose, an additional copy of human ASPP
(ApPPsos) was transfected, resulting in a twofold increased level of A compared to the control
cells SH-SY5Y MOCK, which possess a corresponding empty vector (pCEP4) instead of the
additionally inserted copy of APP (Peraus et al., 1997). APP and Ap are thus present in higher
amounts, but the deposits typical in later stages do not yet take place.

The overexpression and increased levels of Af1.40 and Af1-42 result in mitochondrial dysfunc-
tion characterized by altered mitochondrial membrane potential (MMP) and decreased mito-
chondrial respiration. As a result, the synthesis of ATP is reduced. The cells compensate for
this by an increased rate of glycolysis, as has also been demonstrated in this phase of Alzhei-
mer's disease in humans. In addition, a change in the dynamics of the mitochondria towards
more fission and fragmentation of the organelles was shown. Surprisingly, neurite growth is
increased in the APP type, which the authors attribute to increased levels of sASPPa (Stock-
burger et al., 2014).

Despite having many advantages, they suffer from drawbacks, such as having a cancerous cell

nature, withstanding high oxidative stress, expressing high levels of oxidative stress response
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genes in similar forms and high rates of glycolysis, which may alter the experimental outcomes
(Forster et al., 2016; Krishna et al., 2014).

Sydney Brenner introduced 1963 Caenorhabditis elegans as a model organism (Brenner, 1974).
Caenorhabditis elegans is a small (1 mm in length), transparent roundworm and has a short life
cycle of 3 days from egg to adult at 25°C (Brenner, 1974). Under suitable growing conditions,
hatched animals develop in four larval stages (L1-L4). They mature as adult hermaphrodites,
with a lifespan between 2 and 3 weeks and 959 somatic cells (Sulston & Horvitz, 1977). Its
genome was sequenced in 1998 (The C. elegans Sequencing Consortium, 1998). Furthermore,
it has been demonstrated that approximately 38% of worm genes have human orthologues, such
as APP and tau (Shaye & Greenwald, 2011). Therefore, C. elegans has many advantages as an
in vivo model for the study of AD and other neurodegenerative diseases.

To fully exploit this system for drug discovery, a model expressing and accumulating full-
length Ap1.42 is needed. The C. elegans strain GMC101 was engineered to express full-length
Ap1-42. An extra Asp-Ala (DA) was inserted N-terminally into the human-Af sequence in the
expression vector pCL12(unc-54:Ap1.42). This results in Af 1.42 expression in body wall muscle
cells, where it aggregates, which leads to severe and fully penetrant age-progressive paralysis
at 25°C. This model is a better model than CL2120, which expresses Af3.42. Compared to Af
1-42, the Ap 3.42 peptide has different physicochemical properties. Af3.42 is more hydrophobic
and aggregates more rapidly in vitro. In the human AD brain, Af1-42 is a predominant Af species
(Portelius et al., 2010). The strain CL2122 is a control strain for GMC101 because it has no
expression of Af under the same vector.

In recent years, the GMC 101 model has helped to understand mitochondrial metabolism, such
as mitochondrial iron metabolism and mitochondrial proteasis (J. Huang et al., 2018; Sorrentino
et al., 2017). Furthermore, GMC101 was used to investigate the effects of vitamin B> defi-
ciency-induced oxidative stress. The deficiency might promote Af1-42 stabilization and toxic

oligomerization (Koseki et al., 2021).
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1.6 Objective of the work and hypothesis

Alzheimer’s disease is an increasing burden on societies and healthcare systems nationally and
globally (Lane et al., 2018). In the absence of sustainable curative treatment options, other ap-
proaches are increasingly coming to the fore. These include influencing mitochondria because
metabolic energy deficits, including mitochondrial dysfunction and increased generation of re-
active oxygen species, are among the early events of AD (Swerdlow, 2020). The use of tradi-
tionally used medicinal plants and mushrooms and their bioactive constituents has gained more
importance as preventive and curative treatment options (Elkhateeb et al., 2019).

Small neurotrophic components that cross the blood—brain barrier and could have a positive
effect on the maintenance and regeneration of neurons have been intensively researched. These
components include EC, which is synthesized in the mycelium of Hericium erinaceus. It has
already been demonstrated that EC and several other structurally similar erinacines mediate
various neuroprotective effects and consequently have preventive or therapeutic potential with
regard to the treatment of neurodegenerative diseases such as AD (Kawagishi & Zhuang, 2008;
Phan et al., 2017). In particular, erinacine C has been shown to have strong effects on neuronal
outgrowth and stimulate NGF synthesis (Kawagishi et al., 1994; Kawagishi & Zhuang, 2008;
Rascher et al., 2020; Tzeng et al., 2018).

This work serves to investigate the effects of an ethanolic extract of the edible mushroom
Hericium erinaceus and the metabolite erinacine C on mitochondrial function in a preclinical
cell and invertebrate model of AD. Since electrochemical signal transduction in neurons is an
energy intensive process, it is hypothesized that an ethanolic extract of Hericium erinaceus and
erinacine C has a positive effect on mitochondrial parameters.

For this, the results of Shen et al. (2015) were replicated to produce, isolate and characterize
erinacine C in a submersed liquid culture and optimized the extraction method. The molecule
was analysed and characterized using HPLC, NMR and HR-MS.

The ethanolic extracts of Hericium erinaceus and pure erinacine C were then used in inverte-
brate and cellular models of AD. Two strains of C. elegans, GMC101 and CL2122, were used.
Here, the ethanolic mycelial extract of Hericium erinaceus was investigated for its effects on
lifespan under heat stress, ATP levels and ROS levels.

In SY5Y-MOCK and SY5Y-APP cells, a broad concentration spectrum of the ethanolic extract
was investigated. Effects on metabolic activity and ATP synthesis were tested. Based on these
findings, the ethanolic extract was analysed on effects on gene expression of various mitochon-

drial genes, such as ATP5D, NRF1 and TFAM, or the longevity genes CREB-1 and SIRT-1.
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In the next step, the effects of erinacine C were explored further. A broad concentration spec-
trum of erinacine C was investigated. First, the effects on metabolic activity and ATP synthesis
were tested. Based on these findings, erinacine C was analysed on effects on the respiratory
chain, Af levels, and the gene expression of mitochondrial genes such as ATP5SD, MAP1LC3B,
SOD-2 and TFAM, CREB-1 and SIRT-1. To investigate the antioxidative and anti-inflamma-
tory effects, the cells were additionally treated with H>O,. Furthermore, the neuritogenic effects
of erinacine C were tested and a potential mechanism through the TrkB receptor was tested
applying molecular modelling. To link the in vivo data with genomic data and to broaden the
view on the effects of erinacine ¢, an RNAseq analysis was performed. A graphical overview
of the work performed can be found in the graphic abstract below (Figure 1-11).

Cultivation and preparation of H. erinaceus Characterization of erinacine C
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Figure 1-11 Graphical abstract of the work performed in this thesis.

Hericium erinaceus mycelium was cultivated in submerged cultures and then processed by milling, freeze drying
and extraction. Erinacine C was analyzed using HPLC, preparative HPLC, NMR and HR-MS. The model organ-
isms C. elegans was treated with an ethanolic extract of Hericium erinaceus and SH-SY5Y with the ethanolic

extract and erinacine C. Created with BioRender.com
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2 Results

The following section sheds light on the results produced for this work. The first part will de-
scribe the isolation and characterization of erinacine C, followed by the experimental results of
the ethanolic mycelium extract of Hericium erinaceus. For the extract, effects are described for
the invertebrate models CL2122 and GMC 101 and the cellular models SH-SY5Y MOCK and
SH-SYS5Y-APPsos. The result section will close with the effects of erinacine C on and the cel-
lular models of SH-SY5Y MOCK and SH-SY5Y-APPgos. The experiments in this thesis came
to realization with the help of four master’s students: Katharina Appel, Lea Schiissler, Leonie
Wach and Nathalie Grimm. A list of experiments, conducted with the assistance of master's

students, can be found in Chapter 8.3.

2.1 Isolation and characterization of erinacine C from Hericium

erinaceus

Erinacine C was biotechnologically produced in submerged cultures of Hericium erinaceus in
the laboratory of Prof. Holger Zorn at the department of food chemistry and food biotechnology
at JLU Giessen using a special growth medium (Chapter 5.1.6) (Shen et al., 2015). After ex-
traction (Chapter 5.2.5), the collected sample was analysed using HPLC, preparative HPLC,
NMR, and HR-Mass spectrometry.




Results

2.1.1 HPLC Analysis of Erinacine C

Erinacine C was extracted using ethyl acetate from a liquid culture of Hericium erinaceus and
analysed using an analytical HPLC-DAD system. Figure 2-1 (left) shows a chromatogram di-
rectly after extraction without further processing. Successive lyophilization resulted in a clearer
chromatogram (Figure 2-1 right). Chapter 5.2.6 lists the column, solvents and parameters used.

HPLC can also be used preparatively.

absorbance at 210 nm
absorbance at 210 nm

-
I
I
I
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
|
I
I
|
I
I
I
I
|
I
I
I
I

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| ” l
|
0.0- - 0.0- -
1 ' L 1 ' 1 ' ' ' L)

0 10 20 30 40 0 10 20 30 40
time time

Figure 2-1 Showing erinacine C on an analytical HPLC-DAD.

MERCK HPLC (guard column: CC 8/3 Nucleosil® 100-5 C18 ; column: CC 125/3 Nucleosil® 100-5 C18) at 210
nm with the solvents acetonitrile and water and elution time of 21 minutes (left) after extraction without lyophi-
lization, (right) after extraction with lyophilization. The extraction was carried out using ethyl acetate. The peak

for erinacine C is marked in a red rectangle in both graphs. Detailed parameters are found in chapter 5.2.6.



Results

2.1.2 Isolation of Erinacine C Using Preparative HPLC
Erinacine C was collected using a preparative HPLC system (
Figure 2-2). Figure 2-2 shows a chromatogram of a preparative HPLC separation, and the col-
lected peak for erinacine C is marked in a red rectangle. Chapter 5.2.7 lists the column, solvents

and parameters used.
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Figure 2-2 Chromatogram of erinacine C collected with preparative HPLC.
Guard column: CC 50/20 mm Nucleosil®, 100 C18, 7 um, column CC 250/20 Nucleosil® 100-7 C18 at 26 minutes
(changes in elution times are due to column volume and solvent velocity). A gradient with acetonitrile and water
was used to elute erinacine C (detection at 210 nm). The peak for erinacine C is marked in a red rectangle.

Detailed parameters are found in chapter 5.2.7.
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2.1.3 Erinacine C 2D HETCOR NMR Characterization
To assess erinacine C correctly, 2D HETCOR NMR spectroscopy was carried out. The structure
of erinacine C has been proven by DEPT, COSY, NOESY, HSQC and HMBC analyses and
comparisons with the data published by Kawagishi et al. (1994) (Figure 2-3). Carbon atoms are

labelled with letters a-t, hydrogen atoms with numbers 1-20.
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Figure 2-3 2D HETCOR NMR of the collected sample.
Device: Bruker Avance Il 400 MHz NMR Spectrometer. Carbon atoms are labelled with letters a-t, hydrogen

atoms with numbers 1-20.

Erinacine C: '"H NMR (400 MHz, CDCl3, ppm): § = 6.01 (br. d, J=7.3 Hz, 1H), 4.81 (br. d, J=
9.7 Hz, 1H), 4.58 ( dd, J= 8.6 Hz, 1H), 4.31 (d, J= 11.9 Hz, 2H), 4.00 (d, J = 11.9 Hz, 2H),
3.99 (dd, J=10.6 Hz, J = 5.4 Hz, 1H), 3.89 (d, J= 9.7 Hz, 1H), 3.63 (m, 1H), 3.56 (dd, J= 8.9
Hz, J=28.6 Hz, 1H), 3.41 (dd, J=8. 6 Hz, J=8.9 Hz, 1H), 3.31(dd, J=10.6 Hz, J=10.9 Hz, 2H),
2.75 (heptet, J= 6.6 Hz, 1H), 2.48 (m, 1H, 2.41(m, 1H), 2.32 (m, 1H), 2.27 (m, 2H), 1.66 (m,
2H), 1.63 (m, 2H), 1.52 (m, 2H), 1.50 (m, 2H), 1.02 (s, 3H), 1.00 (s, 2H), 0,97 (d, J= 6.6 Hz,
3H), 0.96 (d, J= 6.6 Hz, 3H)
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2.1.4 ESI-MS Micro TOF Characterization of Erinacine C
Using a time-of-flight mass spectrometer HR-MS TOF, the exact mass of m/z=457.2563 could

be determined (Figure 2-4). This is consistent with the theoretically calculated mass of m/z =

457.2650 (Bhandari et al., 2014). This confirmed that the isolated substance is erinacine C.

Qe+d
8e+d +
Te+d +
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1e+d f
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Figure 2-4 High-resolution mass spectrum of erinacine C.

The exact mass of 457.2563 m/z matches the theoretically determined mass of 457.2560. (Instrument. ESI-MS
Bruker micro-TOF).
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2.2  Effects of erinacine C on metabolic activity in SH-SYSY cells

The following shows the results of the effect of erinacine C (EC) on viability and metabolic
activity in SH-SYSY cells. Erinacine C was isolated using ethyl acetate, collected using pre-
parative HPLC and characterized using NMR and hr-MS (chapter 2.1). Cells were incubated
with erinacine C (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100 uM, 1000 uM) for 24 h. DSMO served
as the solvent control. Subsequently, the viability was determined by the reduction of MTT to
formazan via absorption (Chapter 5.2.12.1). As described above, the MTT assay generally re-
flects metabolic and mitochondrial activity based on a mitochondrial NAD(P)H-dependent ox-
idoreductase. Chapter 2.2.1 shows the effects of erinacine C in SH-SY5Y-MOCK cells, while
chapter 2.2.2 shows the effects in SH-SYS5Y-APPgos cells. The results reveal a model-specific
response after treatment with erinacine C. This might also be due to the general viability of the

two cell models.

2.2.1 Effects of erinacine C on metabolic activity in SH-SY5Y-MOCK
cells

Figure 2-5 shows the effect of different EC concentrations (0.01 uM, 0.1 uM, 1 uM, 10 uM,

100 uM, 1000 uM) on metabolic activity in MOCK cells. Exposure to 10 uM, 100 uM and

1000 uM EC resulted in a strong decrease in the metabolic activity of the cells with statistical

relevance (p < 0.0001). Lower concentrations showed no effect compared to the control group.




Results

% % % *k
% % % *k
0.4
£ % % % %
T
QO = -
g§0.3
Y 'l'
S & E|
2o T -
8§0.1-
e}
<
00 1 1 1 1 1 1 1
O (U (O O (PO L
NIANZNZ Qg§ R4
SR
Q' o NSO
Q' ’\,\Q

Figure 2-5: Effects of erinacine C on metabolic activity in SH-SY5Y-MOCK cells.

Metabolic activity in SH-SY5SY-MOCK cells after 24 h incubation with EC (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100
uM, 1000 uM) compared to the control group (DMSO), n = 10. Whiskers indicate minimal and maximal values.
The +- sign indicates the mean values. Significance was determined by means of analysis of variance (one-way

ANOVA) and Dunnett’s multiple comparison post hoc test (****p < 0.0001).

2.2.2 Effects of erinacine C on metabolic activity in SH-SY5Y-APPsys cells
Furthermore, the effect of different EC concentrations on metabolic activity in APPgos cells was
determined. It is clearly visible that the relative absorbance of the SH-SYS5Y-APPgos-cells is
approximately 50% less for the control group compared to the SH-SY5Y-MOCK cells. This
reflects the lower viability due to the higher expression of Af. Treatment with EC cannot re-
verse the effect. Here, the higher concentrations also showed a negative impact. However, only
100 uM was statistically significant (p value = 0.0391). The lower concentrations showed a

positive trend regarding the median and mean (~22%), but the effect was not significant.
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Figure 2-6 Effects of erinacine C on cell viability and proliferation in SH-SY5Y-APPsos cells.

Metabolic activity in SH-SY5Y-APPeos cells after 24 h incubation with EC (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100
uM, 1000 uM) compared to the control group (DMSO), n = 11. Whiskers indicate minimal and maximal values.
The +- sign indicates the mean values. The dotted line shows the mean value of the control group of SH-SYSY
cells (0.2442). Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple

comparison post hoc test (* p <0.05).

2.3 Effects of erinacine C on mitochondrial membrane potential

in SH-SYSY cells

The following discusses the results of the effect of EC on MMP in SH-SYSY cells. The MMP,
which drives the generation of ATP, is a key factor for evaluating mitochondrial function. Mi-
tochondrial function is impaired in AD individuals (Swerdlow, 2020). Cells were incubated
with EC (0.01 uM, 0.1 uM, 1 uM, 10 uM, 1000 uM) for 24 h. Rotenone was used as an im-
pairment model and was administered 1 hour after EC incubation. DSMO served as the solvent
control. Subsequently, the MMP was determined by use of R123 fluorescence as described in
Chapter 5.2.12.2. Chapter 2.3.1 shows the effects of erinacine C in SH-SY5Y-MOCK cells,
while chapter 2.3.2 shows the effects in SH-SY5Y-APPgos cells. Additionally, a potential inter-
action between EC (1000 pM) and R123 was evaluated by co-incubating both substances in a
cell-free medium. Subsequent measurements, based on the MMP protocol, yielded high values,

suggesting an interaction between the two substances (data not shown). The effects at 1000 uM




Results

can be visually observed in the provided graphs, offering a comprehensive view of the entire

spectrum of effects.

2.3.1 Effects of erinacine C on mitochondrial membrane potential in SH-

SY5Y-MOCK cells
Figure 2-7 shows the effects of EC on MMP compared to the control group in MOCK cells
without (A) and with (B) rotenone. Only treatment with 100 uM resulted in a significant de-
crease in MMP (p = 0.0162). Treatment with 1000 uM tended to increase MMP (p = 0.3150).
For treatment with the other concentrations, no effect on the MMP could be recorded (Figure
2-7 A). In the impairment model, incubation with 1000 uM EC caused a significant improve-
ment in MMP (p < 0.0001). For treatment with 1 uM EC, a slight increase in MMP tended to
be recorded after rotenone impairment (p = 0.1239). All other concentrations showed no influ-

ence on the MMP in the impairment model compared to the control group (Figure 2-7 B).
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Figure 2-7 Relative MMP fluorescence in SH-SY5SY-MOCK cells after treatment with erinacine C.

MMP in SH-SY5Y-MOCK cells after 24 h incubation with EC (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100 uM, 1000
uM) compared to the control group (DMSO). Rotenone was administered 1 hour after EC incubation. A) Without
rotenone impairment. B) After rotenone impairment. n = 9. Whiskers indicate minimal and maximal values. The
+-sign indicates the mean values of each group. The dotted line shows the mean value of the control group without
rotenone impairment (24670 rFU/10° cells). Significance was determined by analysis of variance (one-way

ANOVA) and Dunnett’s multiple comparison post hoc test (*p < 0.05; ****p < 0.0001).
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2.3.2 Effects of erinacine C on mitochondrial membrane potential in SH-

SY5Y-APPesys cells
Figure 2-8 shows the effects of EC on MMP compared to the control group in APPsos cells
without (A) and with (B) rotenone damage. Only treatment with 100 uM resulted in a signifi-
cant decrease in MMP (p = 0,0215). Treatment with 1000 uM tended to increase MMP (p =
0,3069). Regarding the treatment with the other concentrations, no effect on the MMP could be
recorded (Figure 2-8 A). In the impairment model, incubation with 1000 pM EC caused a sig-
nificant improvement in MMP (p < 0.0001). All other concentrations showed no influence on

the MMP in the impairment model compared to the control group (Figure 2-8 B).
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Figure 2-8 Effects of erinacine C on MMP in SH-SY5Y-APPsos cells.

MMP in SH-SY5Y-APPeos cells after 24 h incubation with EC (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100 uM, 1000 uM)
compared to the control group (DMSO). Rotenone was administered 1 hour after EC incubation. A) Without ro-
tenone impairment. B) After rotenone impairment. n = 9. Whiskers indicate minimal and maximal values. The +-
sign indicates the mean values of each group. The dotted line shows the mean value of the control group without
rotenone impairment (24332s rFU/1(0° cells). Significance was determined by analysis of variance (one-way

ANOVA) and Dunnett’s multiple comparison post hoc test (*p < 0.05; ****p < 0.0001).
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2.4 Effects of erinacine C on ATP levels in SH-SYSY cells

Mitochondria generate the major energy source of neurons: ATP. Nevertheless, mitochondria
in AD patients and models are affected by increased oxidative stress. This leads to a reduction
in ATP production and to a lack of energy for neurons. To evaluate the effect of EC on ATP
levels in SH-SYSY cells, they were incubated for 24 h with EC (0.1 uM, 1 uM, 10 uM, 100
uM, 1000 uM) or the solvent control (DMSO). Additional impairment was induced with rote-
none. It inhibits complex I of the mitochondrial electron transport chain, leading to increased
oxidative stress, impaired energy metabolism, and altered calcium homeostasis. By inducing
mitochondrial dysfunction, rotenone can mimic many features of AD, helping to investigate the
relationship between mitochondrial impairment and AD progression (Stockburger et al., 2014).
Subsequently, bioluminescence was measured as described in Chapter 5.2.12.3. Chapter 2.4.1
shows the effects of erinacine C in SH-SY5Y-MOCK cells, while chapter 2.4.2 displays the
effects in SH-SYS5Y-APPsos cells.

2.4.1 Effects of erinacine C on ATP levels in SH-SY5Y-MOCK cells
Figure 2-9 shows the effect of treatment with EC in MOCK cells without (A) and with (B)
rotenone impairment compared to the control group (DMSO). Treatment with 100 uM and 1000
uM EC resulted in a significant strong decrease in ATP levels almost to the zero level (0 uM)
in both cases (p < 0.0001). However, incubation with 0.1 uM (p = 0.0483) and 1 uM EC (p =
0.0128) resulted in a significant increase in ATP levels (Figure 2-9 A). This effect was also
observed in the impairment model (0.1 uM EC: p=0.0217, 1 uM EC (p = 0.0215) (Figure 2-9
B). Treatment with 10 pM EC had no effect on ATP concentrations both without and under

rotenone impairment.
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Figure 2-9 Effects of erinacine C on ATP levels in SH-SY5Y-MOCK cells.

ATP levels in SH-SY5Y-MOCK cells after 24 h incubation with EC (0.1 uM, 1 uM, 10 uM, 100 uM, 1000 uM)
compared to the control group (DMSO). Rotenone was administered 1 hour after EC incubation. A) Without ro-
tenone impairment. B) After rotenone impairment. Control: n = 13; 0.1 uyM EC: n = 13; 1 uM EC: n=13; 10 uM
EC: n=10; 100 uM EC: n=10; 1000 uM EC: n= 10. Whiskers indicate minimal and maximal values. The +- sign

indicates the mean values of each group. The dotted line shows the mean value of the control group without rote-

MATP/Z *104

none impairment (1.363 u cells). Significance was determined by analysis of variance (one-way ANOVA)

with FDR adjustment (* p < 0.05. **** p < 0.0001).

2.4.2 Effects of erinacine C on ATP levels in SH-SY5Y-APPsys cells
The decrease in ATP levels recorded in MOCK cells after treatment with 100 and 1000 uM EC

was also confirmed in APPgos cells. As shown in Figure 2-10, exposure of the cells to these
concentrations both without (A) and under (B) rotenone impairment also resulted in a signifi-
cant sharp drop in ATP levels (0 uM) (p < 0.0001). In addition, treatment with 10 uM EC
resulted in a significant decrease in ATP levels in the impairment model (p < 0.0001). This
significance was lacking in the absence of rotenone impairment, but a trend of reduction was
evident (p = 0.1300). In contrast, treatment with 0.1 pM (p = 0.0225) and 1 uM (p = 0.0026)
EC caused a significant increase in ATP levels compared to the control group (see Figure 2-10

A). Even under rotenone impairment, these concentrations tended to lead to slightly increased
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ATP concentrations without statistical relevance (0.01 uM EC + R: p =0.0986, 1 uM EC + R:
p =0.1433) (Figure 2-10 B).
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Figure 2-10 Effects of erinacine C on ATP levels in SH-SY5Y-APPsos cells.

ATP levels in SH-SY5Y-APPoos cells after 24 h incubation with EC (0.1 uM, 1 uM, 10 uM, 100 uM, 1000 uM)
compared to the control group (DMSO). Rotenone was administered 1 hour after EC incubation. A) Without ro-
tenone impairment. B) After rotenone impairment. Control (n = 15), 0.1 uyM EC (n = 15); 1 uM EC (n = 15); 10
UM EC (n=9); 100 uM EC (n = 9); 1000 uM EC (n = 9). Whiskers indicate minimal and maximal values. The
+- sign indicates the mean values of each group. The dotted line shows the mean value of the control group without
rotenone impairment (0.4951 uM ATP/2*104 cells). Significance was determined by analysis of variance (one-
way ANOVA) with FDR adjustment (* p < 0.05. **p < 0.01. **** p < 0.0001).

2.5 Effects of erinacine C on mitochondrial respiration

Given the increase in ATP levels, the next step involved investigating the endogenous respira-
tion and the respiratory capacity of the individual complexes of the respiratory chain. This was
accomplished in real time using an O oxygen electrode. Mitochondrial respiration was assessed

after 24 h incubation with 1 uM erinacine C, this concentration was chosen due to the highest
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effect on the ATP-level. Figure 2-11 shows the effect on SH-SY5Y-MOCK and Figure 2-12
the effect on SH-SY5Y-APPgos with incubation of 1 uM erinacine C compared against the con-
trol group. For both cell lines, there were no significant differences detectable. However, both

cell lines show higher O consumption in the mean values.

El control
4000 B Erinacin C

O, consumption
[pmol/(s-1,6x10° cells)]

Figure 2-11 Effects of 1 uM erinacine C on mitochondrial respiration in SH-SY5Y-MOCK cells.

O:> consumption of SH-SY5Y-MOCK cells with 1 uM erinacine C and solvent control (DMSO), values were nor-
malized to cell number; all values are displayed as the mean £ SD, control n = 9, 1 uM erinacine C n = 9;
endogenous cell respiration (endogenous), respiration of permeabilized cells after digitonin addition (Dig), leak
respiration of complex I (CI(L)), activity of complex I (CI(P)), activities of complex I + II (CI&CII(P)), leak res-
piration of complex I + II (CI&CII(L)), decoupled activity of complexes I + II (CI&CII(E)), decoupled activity of
complex Il (CII(E)), decoupled activity of complex IV (CIV(E)).
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Figure 2-12 Effects of 1 uM erinacine C on mitochondrial respiration in SH-SY5Y-APPsys cells.

O:> consumption of SH-SY5Y-MOCK cells with 1 uM erinacine C and solvent control (DMSO), values were nor-
malized to cell number; all values are displayed as the mean + SD, control n = 9, 1 uM erinacine C, n = 9;
endogenous cell respiration (endogenous), respiration of permeabilized cells after digitonin addition (Dig), leak
respiration of complex I (CI(L)), activity of complex I (CI(P)), activities of complex I + II (CI&CII(P)), leak res-
piration of complex I + II (CI&CII(L)), decoupled activity of complexes I + II (CI&CII(E)), decoupled activity of
complex Il (CII(E)), decoupled activity of complex IV (CIV(E)).

2.6 Oxidative stress in SH-SYS5Y cells

To assess the oxidative stress effects of H,O», a range of concentrations was tested. SH-SYS5Y-
cells were incubated with H>O> (10 uM, 25 uM, 50 uM, 75 pM. 100 uM, 150 uM, 200 uM,
250 uM) for 24 h. H»>O served as the solvent control. The response to oxidative stress was

assessed using an MTT assay (Chapter 5.2.12.1).

2.6.1 Effects of H:0:in SH-SY5Y-MOCK cells

Figure 2-13 shows the effect of H2Oz on the viability of SH-SY5Y-MOCK cells. Ranging from
75 uM to 250 uM, the viability decreased significantly. The values decreased by 30% to 60%

compared to the control group.
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Figure 2-13 Effects of H20: on cell viability and proliferation in SH-SY5Y-MOCK cells.

Metabolic activity in SH-SY5Y-MOCK cells after 24 h incubation with H>O: (10 uM, 25 uM, 50 uM, 100 uM, 150
UM, 200 uM, 250 uM) compared to the control group (H20), n = 8. Whiskers indicate minimal and maximal values.
The +- sign indicates the mean values. Significance was determined by analysis of variance (one-way ANOVA)

and Dunnett’s multiple comparison post hoc test (* p < 0.05).

2.6.2 Effects of H202 on SH-SY5Y-APPeys cells

Figure 2-14 shows the effect of H>O: on the viability of SH-SY5Y-APPgos cells. Ranging from
50 uM to 250 uM, the viability decreased significantly. The values decreased by 20% to 50%

compared to the control.
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Figure 2-14 Effects of H20: on cell viability and proliferation in SH-SY5Y-APPsos cells.

Metabolic activity in SH-SY5Y-APPsys cells after 24 h incubation with H>O2 (10 uM, 25 uM, 50 uM, 100 uM, 150
uM, 200 uM, 250 uM) compared to the control group (H20), n = 8. Whiskers indicate minimal and maximal values.
The +- sign indicates the mean values. Significance was determined by analysis of variance (one-way ANOVA)

and Dunnett’s multiple comparison post hoc test (* p < 0.05).

2.6.3 Effects of erinacine C in SH-SY5Y-MOCK cells under oxidative
stress

To assess the effects of erinacine C under oxidative stress, concentrations of 50 and 75 uM
H>O> were tested with cotreatment of erinacine C (0.1 uM, 1 uM and 10 uM). The previous
experiment showed a decrease of 20 — 30% of viability for 50 and 75 uM H»O> (Figure 2-13).
Cotreatment did not significantly improve viability, but treatment with 1 uM erinacine im-
proved viability by up to 16% (p value = 0.0940). Treatment with 10 uM cotreatment was
statistically significant (p value < 0.0001) and further decreased viability (Figure 2-15).
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Figure 2-15 Effects of H20: and erinacine C on cell viability and proliferation in SH-SY5Y-MOCK cells.

Metabolic activity in SH-SY5Y-MOCK cells after 24 h incubation with H>O: (50 uM) and erinacine C (0.1 uM,
1 uM, 10 uM) compared to the control group (DMSO), ctin =19, 0n =17, 0.1 uMn =18, I uMn =19, 10 uM
n = 19. Whiskers indicate minimal and maximal values. The +- sign indicates the mean values. Significance was

determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post hoc test (*** p <
0.001, **** p < 0.0001).

Figure 2-16 shows the effect of 75 uM H»O, with erinacine C cotreatment. Erinacine C (0.1
uM and 1 uM) ameliorated the effects of 75 uM H202 by 10 and 15%, respectively. 1 pM was
statistically significant positive (p value = 0.0247), whereas 10 uM further statistically signifi-
cant decreased (p value = 0.0036) the viability.
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Figure 2-16 Effects of H20: and erinacine C on cell viability and proliferation in SH-SY5Y-MOCK cells.

Metabolic activity in SH-SY5Y-MOCK cells after 24 h incubation with H>O: (75 uM) and erinacine C (0.1 uM,
1 uM, 10 uM) compared to the control group (DMSO), ctin =19, 0n=17, 0.1 uMn =19, 1 uMn =18, 10 uM
n = 18. Whiskers indicate minimal and maximal values. Significance was determined by analysis of variance (one-

way ANOVA) and Dunnett’s multiple comparison post hoc test (* p < 0.05, **** p < 0.0001).

2.6.4 Effects of erinacine C on SH-SY5Y-APPsys cells under oxidative
stress

To evaluate the effects of erinacine C under oxidative stress, concentrations of 50 and 75 uM

H>O» were tested with cotreatment of erinacine C (0.1 uM, 1 uM and 10 uM) in SH-SY5Y-

APPsos cells. The previous experiment showed a decrease to 79 — 57% viability for 50 and 75

uM H>O; (Figure 2-14). The cotreatment could not improve the viability compared to the group

with 50 uM H20.. All groups showed a statistically significant decrease in viability. Figure

2-17 shows a further decrease in viability of 10 to 20% compared to treatment with 50 uM
H>0o.
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Figure 2-17 Effects of H20: and erinacine C on cell viability and proliferation in SH-SY5Y-APPsos cells.

Metabolic activity in SH-SY5Y-APPss cells after 24 h incubation with H>O> (50 uM) and erinacine C (0.1 uM,
1 uM, 10 uM) compared to the control group (DMSO), n = 15. Whiskers indicate minimal and maximal values.
Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post

hoc test (* p < 0.05, **** p < (0.0001).

Figure 2-18 shows the effect of 75 uM H>O» with erinacine C cotreatment. Erinacine C (0.1
uM and 10 uM) further decreased the effects of 75 uM H>O» by 18 and 16%, respectively. 1
uM showed no effect.
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Figure 2-18 Effects of H20: and erinacine C on cell viability and proliferation in SH-SY5Y-APPsos cells.

Metabolic activity in SH-SY5Y-APPss cells after 24 h incubation with H>O> (75 uM) and erinacine C (0.1 uM,
1 uM, 10 uM) compared to the control group (DMSO), n = 15. Whiskers indicate minimal and maximal values.
Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post

hoc test (**p < 0.01, ***p < 0.001).

2.7 Effects of erinacine C on mRNA Expression in SH-SYSY

cells

The effect of EC on the expression of specific AD-associated genes in SH-SYSY cells was also
investigated in this work. Based on the results regarding ATP levels and cell viability, concen-
trations of 0.1 uM and 1 uM EC were used for this purpose. DMSO was used as a solvent
control. SH-SYSY cells were incubated for 24 h with the listed EC concentrations or DMSO.
This was followed by isolation of RNA, synthesis of cDNA and finally the actual RT—
qPCRgPCR (Chapter 5.2.12.4). The genes examined included ATP5D, NRF1, SIRT1, TFAM,
and CREBI.

2.7.1 Effects of erinacine C on ATP5D in SH-SYS5Y cells

ATPS5D encodes a subunit of the mitochondrial ATP synthase and is related to the respiratory

electron transport system (Olahova et al., 2018). Given the observed elevation in ATP levels, it
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would be worthwhile to investigate the mRNA expression levels of ATP5D, a key subunit of
ATP synthase, to elucidate the underlying molecular mechanisms.

In SH-SY5Y-MOCK cells, ATP5D was significantly reduced at 0.1 uM (p value = 0.0408) and
1 uM (p value < 0.0001). 1 uM reduced the expression of ATP5D even more than 0.1 uM
(~50%). Similar results were observed in SH-SYS5Y-APPgos cells. 0.1 uM (p value < 0.0001)
and 1 uM (p value <0.0001) also had a significant adverse effect on ATP5D expression (Figure
2-19).
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Figure 2-19 Relative ATP5D mRNA levels after treatment with erinacine C in SH-SY5Y-MOCK cells and SH-
SY5Y-APPesos cells.

Relative mRNA expression after 24 h of incubation with 0.01 uM and 1 uM erinacine C in SH-SY5Y-MOCK cells
and SH-SY5Y-APPsys cells. n = 1; Whiskers indicate minimal and maximal values. The +- sign indicates the mean
values. The results were normalized to the mRNA expression levels of three housekeeping genes (beta-actin
(ACTP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1) according
to the MIQE guidelines. Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s
multiple comparison post hoc test (*p < 0.05, *#p < 0.01, #+*xp < 0.0001).

2.7.2 Effects of erinacine C on NRF1 in SH-SYS5Y cells

Nuclear respiratory factor 1 (NRF1) encodes a protein that activates the expression of some key
metabolic genes regulating cellular growth and nuclear genes required for respiration and mi-
tochondrial DNA transcription. It is also associated with the regulation of neurite outgrowth.
Furthermore, it is related to pathways connected to mitochondrial gene expression and organelle

biogenesis and maintenance (Kiyama et al., 2018). Considering the positive changes observed
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in the vitality parameters and the reduction in oxidative stress, it would be valuable to explore
the role of NRF1.

In SH-SY5Y-MOCK cells, 1 uM erinacine C revealed a statistically positive effect (p value =
0.0015). For SH-SY5Y-APPgos, both concentrations, 0.1 uM (p value =0.0002) and 1 uM (p
value = 0.0104), significantly elevated the expression of NRF1. However, 0.1 uM was stronger
in its effect (Figure 2-20).
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Figure 2-20 Relative NRF1 mRNA levels after treatment with erinacine C in SH-SY5Y-MOCK cells and SH-SY5Y-
APPsys cells.

Relative mRNA expression after 24 h of incubation with 0.01 uM and 1 uM erinacine C in SH-SY5Y-MOCK cells
and SH-SY5Y-APPesos cells. n = 11; whiskers indicate minimal and maximal values. The results were normalized
to the mRNA expression levels of three housekeeping genes (beta-actin (ACTp), glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1)) according to the MIQE guidelines. Significance
was determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post hoc test (*p

<0.05, ¥xp < 0.01, *»*+p < 0.0001).

2.7.3 Effects of erinacine C on SIRTI in SH-SY5Y cells
NAD-dependent protein deacetylase sirtuin-1 (SIRT1) encodes a member of the sirtuin family
of proteins. Although their effect is not clear in humans, in yeast, sirtuins are known to regulate
gene silencing. It is associated with the longevity regulating pathway and AMP-activated pro-
tein kinase (AMPK) signalling (Autiero et al., 2009). In light of the improvements in vitality
parameters and the attenuation of oxidative stress, it is intriguing to investigate the involvement
of SIRT1. In SH-SY5Y-MOCK cells, treatment with 1 uM erinacine C significantly elevated
(p value < 0.0001) the levels of SIRT1. The effect was profound and 85% above the control
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group. For SH-SY5Y-APPsos, the opposite was detected. The expression was significantly

lower for 0.1 uM (p value < 0.0001) and 1 uM (p value < 0.0001) compared to the control
group (Figure 2-21).
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Figure 2-21 Relative SIRT1 mRNA levels after treatment with erinacine C in SH-SY5Y-MOCK cells and SH-SY5Y-
APPsys cells.

Relative mRNA expression after 24 h of incubation with 0.01 uM and 1 uM erinacine C in SH-SY5Y-MOCK cells
and SH-SY5Y-APPesos cells; n = 11. Whiskers indicate minimal and maximal values. The +- sign indicates the
mean values. The results were normalized to the mRNA expression levels of three housekeeping genes (beta-actin
(ACTP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1)) accord-

ing to the MIQE guidelines. Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s
multiple comparison post hoc test (¥*x+p < 0.0001); n = 11.

2.7.4 Effects of erinacine C on TFAM in SH-SYS5Y cells

Mitochondrial transcription factor 1 (TFAM) encodes proteins that function in mitochondrial
DNA replication and repair. It is associated with mitochondrial gene expression and organelle
biogenesis and maintenance (Kang et al., 2018). Observing the increased ATP levels, coupled
with enhancements in vitality parameters and a decrease in oxidative stress, it would be valuable
to investigate the involvement of TFAM (mitochondrial transcription factor A) in order to fur-
ther comprehend the underlying molecular mechanisms at play. For SH-SY5Y-MOCK, 1 uM
erinacine C significantly elevated (p value = 0.0003) the levels of TFAM. The reverse was
observed in SH-SY5Y-APPgos cells. 0.1 uM (p value < 0.0001) and 1 uM (p value < 0.0001)

significantly decreased the expression (Figure 2-22).
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Figure 2-22 Relative TFAM mRNA levels after treatment with erinacine C in SH-SY5Y-MOCK cells and SH-SY5Y-
APPeos cells.

Relative mRNA expression after 24 h of incubation with 0.01 uM and 1 uM erinacine C in SH-SY5Y-MOCK cells

and SH-SY5Y-APPsos cells; n = 11. Whiskers indicate minimal and maximal values. The +- sign indicates the

mean values. The results were normalized to the mRNA expression levels of three housekeeping genes (beta-actin

(ACTP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1)) accord-

ing to the MIQE guidelines. Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s

multiple comparison post hoc test (*+¥xp < 0.0001); n = 11.

2.7.5 Effects of erinacine C on CREBI in SH-SYS5Y cells

Cyclic AMP-Responsive Element-Binding Protein 1 is a phosphorylation-dependent transcrip-
tion factor that promotes transcription upon binding to the DNA cAMP response element
(CRE). PI3K/AKT activation is relevant to the related pathways (H. Wang et al., 2018). In the
context of increased ATP levels, enhanced vitality parameters, and reduced oxidative stress are
noteworthy for several reasons. Investigating the role of CREBI in these circumstances could
provide insights into the molecular mechanisms responsible for the observed improvements.
Erinacine C showed no effect in SH-SY5Y-MOCK cells. For SH-SY5Y-APPg9s, an adverse
effect was identified for 0.1 uM (p value <0.0001) and 1 uM (p value < 0.0001) (Figure 2-23).
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Figure 2-23 Relative CREBI mRNA levels after treatment with erinacine C in SH-SY5Y-MOCK cells and SH-
SY5Y-APPesos cells.

Relative mRNA expression after 24 h of incubation with 0.01 uM and 1 uM erinacine C in SH-SY5Y-MOCK cells
and SH-SY5Y-APPesos cells; n = 11. Whiskers indicate minimal and maximal values. The +- sign indicates the
mean values. The results were normalized to the mRNA expression levels of three housekeeping genes (beta-actin
(ACTP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase 1 (PGK1)) accord-
ing to the MIQEF guidelines. Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s
multiple comparison post hoc test (*p < 0.05, xp < 0.01, **xp < 0.001).

2.8 Effects of erinacine C on neurite growth in SH-SYSY cells

Based on the results of RT qPCR, the effect of EC on neurite growth in SH-SYSY cells was
investigated in the present research work. For this purpose, concentrations of 0.1 uM and 1 uM
EC were used. To assess the effect on neuritogenesis, SH-SY5Y cells were stimulated to dif-
ferentiate with retinoic acid and then incubated with EC or the solvent control. Following hae-
matoxylin-eosin staining, light microscopy images were used to determine the average neurite
length (Chapter 5.2.12.7). Since Alzheimer’s disease primarily affects the health and resilience
of neuronal neurons, the outgrowth and bearing of new neuronal connections can reduce the
symptoms of Alzheimer’s and can reduce the progression of the disease.

The effect of EC on average neurite length compared to the control group in SH-SY5Y-MOCK

is shown in Figure 2-24 (A). Treatment with 0.1 uM EC tended to increase the average neurite
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length compared to the control group, but this did not reach statistical relevance (p = 0.0952).
In contrast, the influence of treatment with 1 pM EC was statistically significant (p < 0.0001).
For this treatment group, a prolongation of the average neurite length to approximately 200%
of the control was recorded. Using the ROUT outlier test, two outliers were excluded (Q= 1%).
Although the treatment with 1 uM shows a statistically relevant effect, one must note here that
the data show a huge range in variation. The minimal value of the treatment group is even below

the median and mean of the control group.
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Figure 2-24 Effects of erinacine C on neuritogenesis in SH-SY5Y cells.

Average neurite length in SH-SY5Y-MOCK (A) cells after incubation with EC (0.1 uM, 1 uM) compared to the
control group (DMSO). control: n = 15; 0.1 uM EC: n = 15; 1 uM EC: n = 16. Whiskers indicate minimal and
maximal values. Significance was determined by analysis of variance (one-way ANOVA) and Dunnett’s multiple
comparison post hoc test. **** p < (0.0001. Average neurite length in SH-SY5Y-APPsos (B) cells after incubation
with EC (0.1 uM, 1 uM) compared to the control group (DMSO). Control: n =17, 0.1 uyM EC: n=17; 1 uM EC:
n = 15. Whiskers indicate minimal and maximal values. The +- sign indicates the mean values. The dotted line
shows the mean value of the control group of SH-SY5Y MOCK (0,09354 uM). Significance was determined using

analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post hoc test. **** p < (0.0001.

Figure 2-24 (B) shows that treatment with both EC concentrations for SH-SY5Y-APPgos re-
sulted in a significant increase in average neurite length compared to the solvent control (p <
0.0001). For treatment with 1 pM EC, an increase to approximately two times that of the control
was recorded, analogous to MOCK cells.

Figure 2-25 shows a representative collection of pictures of SH-SYS5Y-APPgos cells treated with
erinacine C (0.1 uM and 1 uM). The length of neurites increases from left to right.
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Figure 2-25 Representative pictures of the effects of erinacine C on neuritogenesis in SH-SY5Y-APPsys cells.
A) control group, B) treatment with 0.1 uM erinacine C; C) treatment with 1 uM erinacine C; scale bar indicates

a size of 0.5 uM.

2.9 Effects of erinacine C on Afi40levels

Increased levels of A plaques are hallmarks of Alzheimer’s disease. Tzeng et al. (2018)
demonstrated that an erinacine A-enriched mycelium of Hericium erinaceus affects on Af lev-
els. Elevated Ap levels have been associated with an increased risk of mitochondrial dysfunc-
tion (Swerdlow, 2020). To assess the effects of erinacine C on Af levels, an HTRF assay was
performed (Chapter 5.2.12.10). Figure 2-26 shows the evaluation of Afi.49 levels in SH-SYS5Y-
APPgos cells after treatment with erinacine C (0.1 uM, 1 uM and 10 puM) against the control

group. No significant difference for all treatment groups of erinacine C was detected.
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Figure 2-26 Af1-40 levels in SH-SY5Y-APPqos cells after treatment with erinacine C.
Control cells (n = 6) were treated with DMSO at erinacine C concentrations of 0.1 uM, 1 uM and 10 uM. Whiskers
indicate minimal and maximal values. The +- sign indicates the mean values. Significance was determined using

analysis of variance (one-way ANOVA) and Dunnett’s multiple comparison post hoc test.

2.10 Molecular modelling of TrkB-receptor interaction

To date, only biological parameters were investigated in this work to explore the effect of EC
on mitochondrial parameters in Alzheimer’s disease. Due to the effects of EC on the mRNA
expression levels of TFAM and the positive effects on neuronal outgrowth, it is hypothesized
that EC has an effect on the tropomyosin receptor kinase B (TrkB) receptor. TrkB, which is
stimulated by neurotrophins such as BDNF, is an important factor for neuronal differentiation
and synaptic plasticity. Molecular modelling models help to test and simulate potential interac-
tions between proteins and ligands. To model the potential mechanism of action of erinacine C,
an in silico experiment was performed. Table 2-1 Scoring output of AutoDock Vina. The scor-
ing from Table 2-1 shows nine different conformations, which were tested for protein—ligand
interactions. The higher the affinity, the more likely is a protein—ligand interaction. Figure 2-27
shows the erinacine C in the cavity of TrkB with the highest calculated affinity. For the surface
structure, it is visible how neatly EC fits in the cavity of TrkB and could activate the TrkB
receptor. In Figure 2-28, the interaction at the binding site is displayed. The hydrophobic part
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sits in the cavity, and the hydrophilic head sticks out. The simulation shows a hydrogen bond
between EC and aspartic acid in TrkB.

Table 2-1 Scoring output of AutoDock Vina.
The scoring output describes the affinity of the ligand to the receptor. The lower the affinity is, the stronger the
protein—ligand interaction. The root-mean-square deviation of atomic positions (RMSD) describes the comparison

of the atom type and distance compared to the other configurations.

mode Affinity (kcal/mol) dist from rmsd Lb. best mode rmsd u.b.
1 -7.9 0.000 0.000
2 -7.6 3.040 7.778
3 -7.2 2416 3.519
4 -7.0 1.473 3.808
5 -7.0 3.959 6.750
6 -6.8 2.851 7.874
7 -6.7 3.356 8.740
8 -6.6 3.502 8.740
9 -6.6 3.027 7.879

Figure 2-27: Ribbon structure (left) and surface structure (right) of TrkB with erinacine C in its best calculated
affinity mode after Table 2-1 displayed with PyMOL.
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Figure 2-28 shows the modelled interaction of erinacine C with TrkB.
The simulated hydrogen bond interaction of erinacine C with aspartic acid (Asp710A) in the cavity of the TrkB
receptor is displayed using LigPlot+. The red dots represent oxygen atoms, black dots carbon atoms and blue dots

nitrogen atoms.

2.11 RNAseq ShinyGo enrichment analysis
RNAseq is a high-throughput deep-sequencing technology to gain insights into the transcrip-
tome of cells. This helps to analyse the whole RNA of a biological sample at a given moment

to understand the effect of erinacine C treatment in the context of the complete cell. This
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approach was driven by previous results from RNA expression as well as molecular modelling.
An in silico interaction of erinacine C with TrkB was found, which was based on previous RNA
expression and neuronal outgrowth experiments. To better understand the underlying biological
processes and the effects of erinacine C, an RNAseq analysis was performed using ShinyGO.
ShinyGO (Ge et al., 2020) uses the Shiny framework of R, connects it with various databases
and allows it to be visualized. ShinyGo was used to detect pathways or functional categories.
Gene Ontology (GO) stands for a genome-wide study, where with the help of enrichment, it is
possible to test the gene set for certain pathways or functional categories. The following datasets
were analysed: MOCK-DMSO vs MOCK HER and APP-DMSO vs APP HER. Here, the gene
sets were filtered using p value p < 0.05 and just protein coding genes, leaving small nucleolar
RNA (snoRNA), long noncoding RNA (IncRNA), uncategorized genes, and pseudogenes out.
The kits used for the analysis are described in chapter 5.2.12.9.

2.11.1 RNAseq analysis MOCK-DMSO vs MOCK-EC

For the analysis, the gene set was described as above using the filter p value p <0.05 and protein-
coding genes. Hereby, 1292 protein-coding genes and a background of 1421 protein-coding genes were
found. Gene Ontology (GO) for biological process gene sets produces an enrichment result, as
shown in Figure 2-29. The most significant groups of terms were related to nervous system
development (295 genes, FDR < 1.3x10°!%) and regulation of cellular component organization
(284 genes, FDR < 5.4x101%). In addition, there was a cluster of neurogenesis (209 genes, FDR
< 6.5%107!2), neuron differentiation (177 genes, FDR < 3.1x10°'%) and generation of neurons
(197 genes, FDR < 1.2x10°!'!). When switching to GO cellular component (Figure 2-30), the
most significant process is cell junction (266 genes, FDR < 1.6x107!7). In addition, processes
for axons (96 genes, FDR < 2.1x10%), postsynapse (88 genes, FDR < 7.8x1077), synapses (169
genes, FDR < 2.3x10°'%) and neuron projection (163 genes, FDR < 1.4x10%) were detected.
Together, they are represented by 516 protein-coding genes (40%). Using GO molecular func-
tion (Figure 2-31), ShinyGO revealed that most genes were activated in processes such as RNA
binding (251 genes, FDR < 2.1x10'®), enzyme binding (233 genes, FDR < 1.6x1077) and car-
bohydrate derivative binding (227, FDR < 3.1x107). This list contains many transcription fac-
tors, such as MAP3K9, BTK, REV3L, and PIK3C2A.
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Figure 2-29 Gene Ontology for biological process enrichment in SH-SY5Y MOCK DMSO vs SH-SY5Y MOCK
HER.
Genes for nervous system development were the most significant regulated along with genes for regulation of

cellular component organization, neurogenesis, neuron differentiation and generation of neurons.
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Figure 2-30 Gene Ontology for cellular component enrichment in SH-SY5Y MOCK DMSO vs SH-SY5Y MOCK
HER.
Genes for cell junction process were the most significant regulated. Along with processes for axons, postsynapse,

synapses and neuron projection.



Results

Nitric-oxide synthase regulator activity =

MRNA binding = =—e N. of Genes
GTPase activator activity = =——e o 50
GTPase regulator activity = =——e N 100
Nucleoside-triphosphatase regulator activity = =——e
ATP-dependent activity = =—® ® 150
Transcription coregulator activity = ———@ ® 200
Transcription factor binding = ——@ ® 250
Chromatin binding = ——e@
Structural molecule activity = ——@
RNA binding = —@
Enzyme regulator activity = =@ -log10(FDR)
Cytoskeletal protein binding = =——@ M 50
Protein-containing complex binding = =——@ [ A
Molecular function regulator = ——@ W 100
ATP binding = —@ W 125
Enzyme binding = —@ '
Adenyl ribonucleotide binding = —@ W 15.0
Adenyl nucleotide binding = =——@ W 175
Carbohydrate derivative binding = ——@

1 1
0.0 2.5 5.0 7.5 10.0
Fold Enrichment

Figure 2-31 Gene Ontology for molecular function enrichment in SH-SY5Y MOCK DMSO vs SH-SY5Y MOCK
HER.

Genes were mostly activated in processes such as RNA binding, enzyme binding and carbohydrate derivative

binding.

With KEGG pathway analysis, the most significant changes were detected in ribosome path-
ways (32 genes, FDR < 1.9x107) and the estrogen signalling pathway (23 genes, FDR < 8.2x10-
4). Most genes were found in pathways of neurodegeneration (65 genes, FDR < 3.6x10%), in-
cluding amyotrophic lateral sclerosis (52 genes, FDR < 8.2x10*), Huntington’s disease (48
genes, FDR < 3.6x10%), Alzheimer’s disease (48 genes, FDR < 9.3x107%), and Parkinson’s dis-
ease (41 genes, FDR < 1x107%). Unsurprisingly, axon guidance pathways (30 genes, FDR <
3.5x107) were also activated. The KEGG annotation related to Alzheimer's disease has been

provided, with the corresponding figures available in the supplemental section (chapter 8.1).

2.11.2 RNAseq analysis APP-DMSO vs APP-EC
For the analysis, the gene set was described as above using the filter p value p < 0.05 and pro-
tein-coding genes. Hereby, 52 protein-coding genes and a background of 14070 protein-coding
genes were found. Compared to the MOCK cells, significantly fewer genes were activated.

Gene Ontology (GO) for biological process gene sets produces an enrichment result, as shown
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in Figure 2-32. The most significant groups of terms were related to cell-substrate junction
assembly (5 genes, FDR < 1.7x107?), central nervous system development (12 genes, FDR <
1.7x1072), glial cell development (5 genes, FDR < 1.7x1072), and cell development (17 genes,
FDR < 1.7x10%). Additionally, the terms neurogenesis (15 genes, FDR < 2.3x1072), positive
regulation of axon extension (3 genes, FDR < 3.9x10?) and oligodendrocyte development (3
genes, FDR < 3.8x102) were enriched. Looking into GO cellular component (Figure 2-33), the
most significant processes are intermediate filament cytoskeleton (5 genes, FDR < 7.2x1073),
Apical part of cell (7 genes, FDR < 8.7x10-), Hemidesmosome (2 genes, FDR < 1.3x107%), and
unconventional myosin complex (2 genes, FDR < 3.4x1072). For GO molecular function (Figure
2-34), the analysis with ShinyGO revealed that only actin binding was activated (8 genes, FDR
< 1.5x1072). For KEGG, no pathways could be visualized.
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Figure 2-32 Gene Ontology for biological process enrichment in SH-SY5Y APPsos DMSO vs SH-SY5Y APPesos
HER cells.

Genes for cell-substrate junction assembly, central nervous system development, glial cell development, and cell

development were mostly regulated. Genes for neurogenesis, positive regulation of axon extension and oligoden-

drocyte development were also regulated.
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Figure 2-33 Gene Ontology for cellular component enrichment in SH-SY5Y APPsos DMSO vs SH-SY5Y APPsos
HER cells.
The most significant regulated gens processes are intermediate filament, apical part of cell, hemidesmosome, and

unconventional myosin complex.
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Figure 2-34 Gene Ontology for molecular function enrichment in SH-SY5Y APPsos DMSO vs SH-SY5Y APPsos
HER. Here only Actin binding genes were regulated.
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2.12 Effects of ethanolic mycelium extract in Caenorhabditis ele-

gans

Since Hericium erinaceus contains valuable pharmacological molecules such as polysaccha-
rides, ergothionein and polyketides, there was interest in the effects of the whole extract. An
ethanolic extract of Hericium erinaceus mycelium (HEM) was produced to test its effects in a
higher organism, since ethanolic extracts showed promising effects on cells, fish and rats
(Kushairi et al., 2019; Sun et al., 2021; Valu et al., 2021; Yi et al., 2015). Caenorhabditis ele-
gans is an excellent model organism for investigating complex molecular mechanisms. To date,
the effects of Hericium erinaceus have never been investigated in Caenorhabditis elegans. Two
strains equivalent to the cell models - CL2122 and GMC101 - were used. CL2122 serves here
as the control for the Alzheimer-related GMC101 strain (chapter 1.5). Here, four concentra-
tions: 0.1, 1, 10 and 100 pg/mL ethanolic Hericium erinaceus mycelium extract (HEM), were
tested. Erinacine C was not detected in the sample extract using HPLC-DAD analysis. Refer to

chapter 8.2 to view the chromatogram. DMSO was used as a solvent control.

2.12.1 Effects of ethanolic mycelium extract on lifespan after heat stress in

CL2122

C. elegans is a well-established model system to study longevity and mitochondrial stress re-
silience. The heat stress assay at 37 °C simulates increased stress and provides information
about the stress response. The heat shock assay was used to define a concentration range for
HEM. In CL2122, the treatment with 0.1 pg/mL HEM showed no difference in the heat stress
experiment compared to the control group (p value = 0.5534), although the median survival
was 30 minutes longer than the control group (median survival control group 7 h; 0.1 pg/mL

HEM 7.5 h) (Figure 2-35).
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Figure 2-35 Heat stress survival curve in CL2122 with 0.1 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 7 h 0.1 ug/mL HEM 7.5
h, comparison of survival with Mantel-Cox test, (control n = 140, 0.1 ug/mL n = 94).

In CL2122, the treatment with 1 pg/mL of HEM showed no difference in the heat stress exper-
iment compared to the control group (p value = 0.7763), although the median survival was one
hour less than the control group (Median survival control group 7 h; 0.1 pg/mL HEM 7.5 h)
(Figure 2-36).
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Figure 2-36 Heat stress survival curve in CL2122 with 1 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 7 h 1 ug/mL HEM 6 h;

comparison of survival with Mantel-Cox test, (control n = 140, 1 ug/mL n = 84).
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In CL2122, the treatment with 10 pg/mL HEM showed no difference in the heat stress experi-
ment compared to the control group (p value = 0.9387), although the median survival was 1

hour less than the control group (Figure 2-37).
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Figure 2-37 Heat stress survival curve in CL2122 with 10 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 7 h 10 ug/mL HEM 6 h,
comparison of survival with Mantel-Cox test, (control n = 140, 10 ug/mL n = 76).

In CL2122, the treatment with 100 ng/mL HEM showed no difference in the heat stress exper-
iment (p value = 0.7018) compared to the control group, although the median survival was 30

minutes less than the control group (Figure 2-38).
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Figure 2-38 Heat stress survival curve in CL2122 with 100 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 7 h 100 ug/mL HEM 6.5
h, comparison of survival with Mantel-Cox test, (control n = 140, 100 ug/mL n = 92).

In summary the results in CL2122 show no statistically significant effect, neither positive nor

negative. Therefore, was CL2122 not further tested on ATP and ROS levels.
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2.12.2 Effects of ethanolic mycelium extract on lifespan in GMC101
As described above, the heat stress assay was used to investigate the potential protective effects
of HEM. The strain GMC 101, with the expression of Af;.+>, generally shows a lower median
survival than CL2122. Treatment with 0.1 ng/mL HEM showed a statistically positive effect (p
value <0.0001) on C. elegans GMC 101. The median survival increased from 5 to 7 hours.

Furthermore, a higher survival is clearly visible within the Kaplan—Meier curve (Figure 2-39).
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Figure 2-39 Heat stress survival curve in GMCI101 with 0.1 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 5 h 0.1 ug/mL HEM 7
h, comparison of survival with Mantel-Cox test, (control n = 111, 100 ug/mL n = 81); **** p < 0.0001.

The same is visible for the treatment with 1 pg/mL. The survival curve showed a clear trend
towards longer survival. In addition, the median survival increased from 5 to 6.5 h. This marked
a statistically significant effect for the treatment with 1 pg/mL HEM (p value <0.0001) (Figure
2-40).
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Figure 2-40 Heat stress survival curve in GMCI101 with 1 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 5 h 1 ug HEM 6.5 h,
comparison of survival with Mantel-Cox test, (control n = 111, 100 ug/mL n = 83); **** p < (0.0001.

However, the median for the treatment with 10 pg/mL did not differ between the two groups.
There was a statistically significant difference (p value = 0.0326) between the two groups to-

ward treatment with HEM (Figure 2-41).
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Figure 2-41 Heat stress survival curve in GMCI101 with 10 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 5 h 10 ug/mL HEM 5 h,
comparison of survival with Mantel-Cox test, (control n = 111, 100 ug/mL n =77); * p < 0.05.
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For 100 ng/mL, the effect was also statistically positive (p value = 0.0160). The median survival
increased from 5 to 6.5 h (Figure 2-42).
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Figure 2-42 Heat stress survival curve in GMCI101 with 100 ug/mL HEM.
The percentage survival of C. elegance per time is shown. Median survival control group 5 h 10 ug/mL HEM 6.5
h, comparison of survival with Mantel-Cox test, (controln = 111, 100 ug/mL n = 73); * p < 0.05.

To summarize the results, all four concentrations of the mycelium extract (0.1 pg/mL, 1 pg/mL,
10 pg/mL and 100 pg/mL) showed a statistically positive effect in increasing the probability
for longer survival in GMC101. This can indicate an adjusted stress response due to the treat-
ment with HEM. To further investigate the effects of HEM on longevity and mitochondrial

stress resilience, ATP and ROS levels were investigated.
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2.13 Comparative Analysis of ATP levels in CL.2122 and GMC101

ATP serves as the primary energy source in mitochondria. In Alzheimer's disease, ATP levels
have been observed to decline as the disease progresses (Swerdlow, 2020). By comparing the
basal ATP levels between CL2122 and GMC101, it is possible to differentiate disease-specific
effects in the utilized models and potentially elucidate any unspecific effects observed in the
heat stress lifespan experiment.

Figure 2-43 illustrates the basal ATP concentration in umol ATP/(mg/mL) protein for the Alz-
heimer's disease cell model GMC101 and the control strain CL2122 under standard laboratory
conditions without any effector treatment. The GMC101 strain exhibits a lower average ATP
concentration (19.17 pmol ATP/(mg/mL) protein) compared to the CL2122 strain (25.51 pmol
ATP/(mg/mL) protein), with a statistically significant difference (p < 0.01). The observed dif-
ference in ATP concentrations between the two strains highlights the potential metabolic alter-

ations occurring in the Alzheimer's disease model.
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Figure 2-43 Basal ATP levels in CL2122 and GMC101.
CL2122 n=8, GMC101 n=7; ATP levels [umol ATP/(mg/mL) protein] of GMC101 and CL2122 without effector
treatment. Mean (+) of CL2122: 25.51 = SD 2.129; Mean (+) of GMC101: 19.17 + SD 4.444. Whiskers indicate

minimal and maximal values. The +- sign indicates the mean values. ** p < 0.01

In the following the effect of HEM on ATP levels in the AD model GMC101 will be further

investigated.
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2.13.1 Effects of ethanolic mycelium extract on ATP levels in GMC101
ATP is the most important energy source in mitochondria. In Alzheimer’s disease, the levels of
ATP decrease with disease progression (Swerdlow, 2020). The change in ATP levels in the AD
model GMC 101 can help to better understand the effects of HEM. If levels are increased, a
improved stress response and resilience to the toxic effects of Af accumulation can be assumed.
To assess the ATP levels, a luminescence assay was used (Chapter 5.2.14.2). GMCI101 was
administered at concentrations ranging from 0.1 to 100 mg/mL (HEM 0.1 pg/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL). DMSO was used as a solvent control. Incubation with the mycelium ex-
tract showed a concentration-dependent increase in ATP level per umol/(mg/mL protein). Alt-
hough a dose-dependent trend was visible, only 10 pg/mL (p value <0.0001 showed a positive
effect compared to the control group.) The deleterious effect of 100 pg/mL (p value = 0.0322)
was statistically significant (Figure 2-44).
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Figure 2-44 ATP levels in GMCI01.
ATP levels of GMC101 with and without treatment with HEM for 24 h compared against the control group
(DMSO); n=24; whiskers indicate minimal and maximal values. The +- sign indicates the mean values. One-way

ANOVA with Dunnett’s multiple comparison test * p < 0.05, **** p < (0.0001.
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2.14 Comparative Analysis of ROS levels in CL2122 and
GMC101

Reactive oxygen species (ROS) are linked to neuronal damage in Alzheimer's Disease (AD)
due to an imbalance between their production and the body's ability to neutralize them, leading
to oxidative stress (G. P. Eckert et al., 2012; Swerdlow, 2020). Here, ROS levels in two C.
elegans strains: the control strain CL2122 and GMC101 were compared. GMC10, which ex-
presses human amyloid-beta (Af1-42) in muscle cells is modelling some aspects of AD. As
shown in Figure 2-45, ROS levels in GMC101 were significantly higher than in CL2122 (p-

value < 0.0001), reinforcing the association between elevated ROS and AD.
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Figure 2-45 Comparative analysis of ROS levels in CL2122 and GMCI01.
CL2122 n = 26, mean value = 94.5 + SD 78.9; GMC101 n = 22, mean value 360.8 = SD 104.7; whiskers indicate
minimal and maximal values. The +- sign indicates the mean of each group. The analysis was performed using an

unpaired t-test **** p < 0.0001

This sets the stage for exploring potential ROS-reducing effects of mycelium extract on

GMCI101 in the subsequent section.
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2.15 Effects of ethanolic mycelium extract on ROS levels in

GMC101

Reactive oxygen species are a marker for mitochondrial dysfunction and late-onset Alzheimer's
disease (LOAD). Increased ROS formation leads to oxidative damage to lipids, proteins, and
nucleic acids and can increase inflammation and the progression of AD (Swerdlow, 2020). The
following showcases the results of GMCI101 treated with HEM (0.1 pg/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL). DMSO was used as a solvent. To measure ROS levels, the fluorescent dye
MitoTracker™ red was used at A 531/593 nm. The results were performed on three different
days to control for statistical variation. If at least two out of three experiments pointed in the
same direction, a conclusion was drawn. Figure 2-46 shows the treatment with HEM in GMC

101.
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Figure 2-46 Relative ROS levels in GMCI101 cells after treatment with HEM.
A) 0.1 ug/mL; B) 1 ug/mL; C) 10 ug/mL; D) 100 ug/mL for 24 h compared against the control group (DMSO), n

= 30; whiskers indicate minimal and maximal values. The +- sign indicates the mean of each group. Each day

was compared with a nonparametric Mann—Whitney U test; *p < 0.05 **p < 0.01, **** p < 0.0001.
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Although the heat stress assay showed a positive effect for all four concentrations in GMC101
(chapter 2.12.2), the experiment to assess ROS levels did not show clear results. However, a
positive effect for all four treatment groups could be expected. For the treatment with 0.1 pg/mL
(A), no distinct statement can be made because the results of day I and day II show different
interactions, whereas day III shows no effect on ROS levels (Figure 2-46). Treatment with 100
pg/mL (D) showed the same inconclusive effect. I pg/mL (B) and 10 pg/mL (C) show the same
decreasing effect (Figure 2-46). The treatment reduced the measured ROS level very strongly,
which was statistically significant on three different days. A representative picture of ROS
measured in GMC 101 is depicted in Figure 2-47. Figure 2-47 A shows GMC 101 with treat-
ment of 1 pg/mL, compared to the control group (Figure 2-47 B). The reduced ROS levels can

be observed visually.

Figure 2-47 Representative fluorescent picture of GMC 101.
Quantitative ROS measurement using the fluorescent dye MitoTracker™red, A) shows treatment in GMC101 with

1 ug/mL HEM compared to B) the control group, scale indicates 100 um.
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2.16 Effects of ethanolic mycelium extract on viability in SH-

SYSY cells

To narrow down the effects of the ethanolic extract, it was tested in a neuronal cell model. SH-
SYS5Y cells are a neuroblastoma cell line that is a widely used in vitro model for AD research
(Kovalevich & Langford, 2013). SH-SY5Y-MOCK serves here as the control group. SH-
SYS5Y-APPsos cells show characteristics of mitochondrial dysfunction and elevated Ap levels,
which are typical for AD (chapter 1.5). The following are the results of the effect of HEM on
viability in SH-SYSY cells. The viability assay using MTT generally reflects metabolic and
mitochondrial activity since tetrazolium dye reduction is based on a mitochondrial NAD(P)H-
dependent oxidoreductase (Stockert et al., 2018). Cells were incubated with HEM (0.01 pg/mL,
1 pg/mL, 10 pug/mL, 100 pg/mL) for 24 h. DSMO was used as a solvent control. Subsequently,
the viability was determined by reduction of MTT to formazan via absorption (Chapter
5.2.12.1). Chapter 2.16.1describes the effect of the extract on SH-SY5Y-MOCK cells, and
chapter 2.16.2 describes the effect on SH-SYS5Y-APPsos cells. Although the effect is different,

both models show increased viability after treatment with the extract.

2.16.1 Effects of ethanolic mycelium extract on viability in SH-SY5Y-
MOCK cells

Figure 2-48 shows the viability effect of various HEM concentrations in SH-SY5Y-MOCK-

cells. Treatment with 0.01 ug/mL (p value =0.0144) and 0.1 pg/mL (p value = 0.0500) showed

statistically significant positive effects. 0.1 pg/mL also had the highest effect. The viability

seemed to decrease with concentrations ranging from 1 pg/mL to 100 pg/mL, although the

effects were not statistically significant.
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Figure 2-48 Effects of HEM on viability in SH-SY5Y-MOCK cells.
Viability of SH-SY5Y-MOCK cells treated with HEM (0.01 ug/mL, 0.1 ug/mL, 1 ug/mL, 10 ug/mL, 100 ug/mL)
Jfor 24 h compared against the control group (DMSO); n=4; whiskers indicate minimal and maximal values. The

+- sign indicates the mean value. One-way ANOVA with Dunnett’s multiple comparison test * p < 0.05.

2.16.2 Effects of ethanolic mycelium extract on the viability of SH-SY5Y-
APPeys cells

Figure 2-49 shows the viability effect of various HEM concentrations in SH-SY5Y-APPeos-
cells. In general, it is clearly visible that the relative absorbance of the SH-SYS5Y-APP695-cells
is approximately 30% less for the control group compared to the SH-SY5Y-MOCK cells. This
reflects the lower viability due to the higher expression of Af. Treatment with 0.01 pg/mL (p
value = 0.0420) and 100 pg/mL (p value = 0.0007) showed statistically significant positive
effects. 0.1 ug/mL and 1 pg/mL were not statistically significant but had a p value of 0.07.
Although a p-value of 0.07 is not as strong evidence as a p-value of 0.05, it still can point on
the possible effect. Interestingly, treatment with 10 pg/mL showed no effect, whereas 100
png/mL was highly statistically significant and showed the largest effect compared to the control.
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Figure 2-49 Effects of HEM on viability in SH-SY5Y-APPsos cells.

Viability of SH-SY5Y-APPeos cells treated with HEM (0.01 ug/mL, 0.1 ug/mL, 1 ug/mL, 10 ug/mL, 100 ug/mL) for
24 h compared with the control group (DMSO); n=4; the dotted line shows the mean value of SH-SY5Y MOCK
(0,1882 rABS/2*10* cells) whiskers indicate minimal and maximal values. The +- sign indicates the mean value.

One-way ANOVA with Dunnett’s multiple comparison test* p < 0.05, *** p < 0.01.

2.17 Effects of ethanolic mycelium extract on ATP levels in SH-
SYSY cells

To investigate the effects of the ethanolic extract on ATP levels, a luminescence-based assay
(Chapter 5.2.12.3) was used. ATP levels are an indicator of mitochondrial function and resili-
ence. The higher the ATP levels, the higher the energy levels and the resilience of the cells
against stressors. Furthermore, it can indicate a higher ATP production the OXPHOS
(Swerdlow, 2020). The following are the results of the effect of HEM on ATP levels in SH-
SYSY cells. Cells were incubated with HEM (0.01 pg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL)
for 24 h. DSMO served as the solvent control.
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2.17.1 Effects of ethanolic mycelium extract on ATP levels in SH-SY5Y-

MOCK cells
Figure 2-50 shows the effect of HEM (0.001 pg/mL, 0.01 pg/mL, 0.1 pg/mL, 1 ug/mL, 10
pg/mL) compared to the control group (DMSO) in SH-SY5Y-MOCK cells. No effects were
visible for concentrations ranging from 0.001 to 0.1 pg/mL. 1 pg/mL and 10 pg/mL were sta-
tistically significant and showed ATP levels of 0 umol/10° cells.
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Figure 2-50 Effects of HEM on ATP levels in SH-SY5Y-MOCK cells.
Viability of SH-SY5Y-MOCK cells treated with HEM (0.01 ug/mL, 0.1 ug/mL, 1 ug/mL, 10 ug/mL, 100 ug/mL)
Jfor 24 h compared against the control group (DMSO); n=8; whiskers indicate minimal and maximal values. The

+- sign indicates the mean value. One-way ANOVA with Dunnett’s multiple comparison test **** p < 0.001.
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2.17.2 Effects of ethanolic mycelium extract on ATP levels in SH-SY5Y-

APPeys cells
Figure 2-51 shows the effect of HEM (0.001 pg/mL, 0.01 pg/mL, 0.1 pg/mL, 1 ug/mL, 10
pg/mL) compared to the control group (DMSO) in SH-SYS5Y-APPsos cells. 0.001 pg/mL
showed a statistically negative effect (p value = 0.0005), whereas 0.01 pg/mL showed a statis-
tically positive effect (p value = 0.0385). 1 pg/mL (p value <0.0001) and 10 pg/mL (p value <
0,0001) were statistically significant but were similar to the SH-SY5Y-MOCK ATP levels of 0
umol/106 cells.
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Figure 2-51 Effects of HEM on ATP levels in SH-SY5Y-APPeos cells.

Viability of SH-SY5Y-APPsos cells treated with HEM (0.01 ug/mL, 0.1 ug/mL, I ug/mL, 10 ug/mL, 100 ug/mlL) for
24 h compared with the control group (DMSO); n=8; the dotted line shows the mean value of SH-SY5Y MOCK
(0,1882 rABS/2*10* cells); whiskers indicate minimal and maximal values. The +- sign indicates the mean value.

One-way ANOVA Dunnett’s multiple comparison post hoc test * p < 0.05, *** p < 0.001, **** p < 0.0001.
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2.18 Effects of ethanolic mycelium extract on mRNA expression

To assess the effects on mitochondrial genes, RT—qPCR was carried out as described in
5.2.12.4. The mitochondrial genes ATP5D, TFAM, SIRT1, CREBI and NRF1 are markers for
longevity, mitochondrial biogenesis, neuronal outgrowth and antioxidative stress response. The
expression of mRNA in SH-SY5Y-MOCK and SH-SY5Y-APPgos cells showed miscellaneous
effects after treatment with 0.01 mg/mL and 0.1 mg/mL HEM.

ATP5D was reduced in both treatments compared to the control. The concentration of 0.1
mg/mL significantly reduced ATP5D expression (p = 0.0129) (Figure 2-52 A). For SH-SY5Y-
APPgos, the results were found to be different. HEM (0.01 mg/mL) significantly increased
ATPS5D expression (p = 0.0052), whereas HEM (0.1 mg/mL) significantly reduced ATP5D
expression (p < 0.0001) (Figure 2-52 A).

For CREBI, the results for both cell lines were similar. The concentration of 0.01 mg/mL
showed no effect in both cell lines, while 0.1 mg/mL showed a significant positive effect (SH-
SYS5Y-MOCK p = 0.0012; SH-SY5Y-APPgos p = 0.0048). For both cell lines, the increase was
approximately 60% compared to the control (Figure 2-52 B).

Figure 2-52 C shows the effects of HEM on NRF1. Only SH-SY5Y-APPg¢os displayed a visible
effect. 0.1 mg/mL significantly reduced the NRF1 expression levels by 30% (p = 0.0207).

In SH-SY5Y-MOCK and SH-SY5Y-APPeos cells, the results for TFAM were similar to each
other (Figure 2-52 D). The concentration of 0.01 mg/mL had no effect in either cell line; how-
ever, the directions were opposite. For SH-SY5Y-MOCK cells, treatment with 0.01 mg/mL
increased mean TFAM levels by 35%. In SH-SY5Y-APPeos cells, the mean levels were de-
creased by approximately 22%. The concentration of 0.1 mg/mL significantly and strongly in-
creased the expression levels of TFAM in both cell lines. In SH-SY5Y-MOCK cells, the mean
levels were 90% increased (p=0.0024). In SH-SY5Y-APPgos cells, the mean levels were 4 times
higher than those in the control cells (p=0.0007).
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Figure 2-52 Relative normalized mRNA expression after treatment with HEM in SH-SY5Y-MOCK cells and SH-SY5Y-APPgos

cells.

Relative mRNA expression after 24 h incubation with 0.01 mg/mL and 0.1 mg/mL mycelium extract (HEM) in SH-
SY5Y-MOCK cells and SH-SY5Y-APPeos cells; A) mRNA expression of ATP5D, B) mRNA expression of CREBI,
C) mRNA expression of NRF1, D) mRNA expression of TFAM, n = 8. Whiskers indicate minimal and maximal
values. The +- sign indicates the mean values. The results were normalized to the mRNA expression levels of three
housekeeping genes (beta-actin (ACTp), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and phospho-
glycerate kinase 1 (PGK1) according to the MIQE guidelines. Significance was determined by analysis of variance
(one-way ANOVA) and Dunnett’s multiple comparison post hoc test (*p < 0.05, xp < 0.01, »*+xp < 0.0001).
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3 Discussion

In this work, the effects of the isolated metabolite erinacine C and a mycelium extract from the
edible mushroom Hericium erinaceus on mitochondrial parameters in a preclinical cell and
invertebrate model of AD were investigated. Therefore, Hericium erinaceus was cultivated in
a submerged culture using an optimized medium. After 9 days, the ethanolic extract was extrac-
ted and erinacine C was isolated from the main culture. The results show that the ethanolic
mycelium extract and erinacine C have a positive effect on mitochondrial parameters. However,
it appears that the positive effects of erinacine C extend beyond altering mitochondrial dynam-
ics. In the following sections, first, the effects of erinacine C and then of the ethanolic extract

will be explained, compared and evaluated regarding the scientific literature.

3.1  Hericium erinaceus cultivation and erinacine C production

The original work done by Shen et al. (2015) was replicated. The authors first published the use
of oatmeal and Edamin ¥ as a special additive to increase the amount of erinacine C in a sub-
merged culture of Hericium erinaceus. In this work, this could be successfully repeated. The
analytical results of HPLC, NMR and HR-MS clearly show that erinacine C was purely iso-
lated. Furthermore, the application of an additional lyophilization step led to a purer HPLC
chromatogram. It is assumed that lyophilization reduced the number of volatile compounds in
the extracted matrix. Although Wolters et al. (2015) reported the use of a buffer to increase
yields of erinacine C, it is thought this subject needs further and even more systematic investi-
gation using, for example, a design of analysis (DOE) experiment, which was beyond the scope
of this work. To assure a cost—benefit production of erinacines and erinacine C, the independent
and dependent variables must be examined. Dependent variables are presumably as reported:
carbon and nitrogen sources as well as the pH value (Bhandari et al., 2014; Shen et al., 2015;
Wolters et al., 2015). Furthermore, it is reported by Paul Stamets that beginning a submerged
culture with primordial colonies from the agar plate is recommended (Stamets, 2000). This fact
is rarely mentioned in the scientific literature and helps to accelerate the growth of mycelial
cultures.

Alternative paths can include genetically modified fungi or the production of erinacines in E.
coli. J. Chen et al. (2017) described the genes involved in the mevalonate pathway. Based on
this work, one can imagine a heterologous expression of the involved genes, such as geranyl-

geranyl pyrophosphate synthase (EC 2.5.1.29), which is responsible for the biosynthesis of the
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common precursor geranylgeranyl pyrophosphate for diterpene compound production in
Hericium erinaceus. It is economically beneficial to start a precursor step since raw materials
such as geranylgeranyl pyrophosphate are currently very expensive. The carbon skeletons of
diterpenes are shaped by diterpene cyclases, which are described by Y. L. Yang et al. (2017).

This may help to produce erinacines in sufficient quantities to apply them in animal or studies.

3.2 Effects of erinacine C on SH-SYSY cells

In this work, the effects of erinacine C on mitochondrial parameters such as viability, mito-
chondrial membrane potential, ATP levels, respiration, mitochondrial gene expression, neuro-
toxicity and neuronal outgrowth were tested. Initially, a range was tested (0.1 uM, 1 uM, 10
uM, 100 uM, 1000 uM) to evaluate the effective dose. Subsequently, the concentration range
was reduced since the highest concentrations showed no effect in various experiments. The first
set of experiments was primarily focused on mitochondrial parameters, and the following set
of experiments was developed out of the previous experiments and results regarding the mito-
chondrial genes. For the RNAseq analysis, the goal was to generate new questions, given that
the mitochondrial effects were only moderate. Effects on viability, MMP, ATP, and mitochon-

drial respiration.

The hypothesis was built on the basis that erinacines, especially erinacine C, improve neuronal
viability. Therefore, it is assumed that erinacine C can improve mitochondrial parameters, since
activated neuronal cells and increased neuronal activity need more energy. Therefore, mito-
chondrial parameters were systematically examined. The experiments started with a simple
MTT assay to evaluate the effects of erinacine C (EC) on viability. The MTT assay is primarily
used to determine cell viability. More active mitochondria (indicative of healthy cells) will con-
vert more MTT, yielding a stronger color. However, it's worth noting that while the MTT assay
is widely used, it has its limitations, including its inability to differentiate between cells that are
truly dead and those that are just not metabolically active (Ghasemi et al., 2021). Here, it could
be seen that the highest concentrations (10 pM, 100 uM and 1000 uM) show adverse effects
on viability in both cell lines, indicating cytotoxic properties of the compound above a certain
threshold concentration. Incubation with lower EC concentrations (< 1 uM) did not affect met-
abolic activity in either cell model. Wang et al. examined the effect of EC (0.1, 0.5, 1, 2.5, 5,
10 uM) on cell viability in BV2 microglial cells. Incubation with 0.1 - 2.5 uM EC showed no
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effect on cell viability, while treatment with 5 uM and 10 uM EC significantly affected cell
viability (L.-Y. Wang et al., 2019). These results are consistent with the effects of EC on met-
abolic activity in SH-SYS5Y cells collected in this work. EC concentrations < 1 uM analogously

did not affect cell viability, whereas EC concentrations > 10 uM did.

The MMP is directly correlated with ATP synthesis and is essential for its regulation. Even
small deviations can indicate disturbances in ATP synthesis (Connolly et al., 2018). For this
reason, it is considered as a key parameter of mitochondrial function (Sakamuru et al., 2016).
Depolarization of the MMP is associated with mitochondrial dysfunction as well as apoptosis
and is frequently present in neurodegenerative diseases, such as AD (Sakamuru et al., 2016).
APPgos cells exhibit decreased MMP compared to MOCK cells (Grewal et al., 2020). No effect
on the mitochondrial membrane potential was observed. However, it seems that 1 pM seems to
increase MMP in the impairment model. However, the effect was not statistically significant.
The significant increase for 1000 uM was due to pan assay interference, as indicated in 2.3.

One of the main mitochondrial tasks is ATP synthesis via the proton gradient established in the
respiratory chain across the inner mitochondrial membrane (Nunnari & Suomalainen, 2012). In
AD, mitochondrial dysfunction leads to an impaired ATP synthesis capacity (Oliver & Reddy,
2019; X. Wang et al., 2014). This is associated with decreased activity of some mitochondrial
energy production enzymes, such as ATP synthase and complex IV, which impairs MMP
maintenance and thus potentially ATP synthesis. ROS generation and antioxidant capacity dys-
function are also associated with AD and negatively affect the cellular energy status (Cenini et
al., 2019). These impairments are manifested in a reduced availability of the energy substrate
ATP in AD models (Oliver & Reddy, 2019). It has already been shown that APPgos cells have
significantly reduced ATP levels compared to SH-SY5Y-MOCK cells (Grewal et al., 2020).

The effects of EC on ATP levels in SH-SYSY cells were determined after incubation with EC
(0.1 uM, 1 uM, 10 puM, 100 uM and 1000 uM) or the solvent control. In the impairment model,
the specific inhibition of complex I of the respiratory chain was carried out with rotenone, which
resulted in a decrease in ATP levels. Incubation with 0.1 uM and 1 uM EC resulted in a statis-
tically significant increase in ATP levels in both cell lines compared to the control group. In
“healthy” neuronal cells (SH-SY5Y MOCK cells), a protective effect under rotenone damage
could also be demonstrated for treatment with these concentrations. Exposure to higher EC
concentrations (= 100 uM), on the other hand, resulted in a statistically significant drop in ATP
levels to zero (0 uM) in SH-SYSY cells. This result is in contrast with the results in the MTT

assay and the MMP measurements. In the MTT assay, it became clear that metabolic activity
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in SH-SYS5Y cells was severely impaired but existed after incubation with the listed concentra-
tions. The MMP showed only a slight statistically significant impairment after treatment with
100 uM EC. Consequently, a reduction in ATP levels but not a complete inhibition of ATP
synthesis would be expected. To analyse this contradiction in more detail, it was further checked
whether EC (0.1 - 1000 uM) interacts with the ATP assay. An interaction was excluded for all
concentrations (data not shown).

To evaluate whether EC is able to compensate or increase the global defect of the mitochondrial
respiratory capacity in SH-SY5Y- cells, the activities of the respiratory system complexes after
24-h incubation with 1 pM EC were measured. In accordance with the results of ATP produc-
tion, an increase in mitochondrial respiration could be expected. However, the results from the
respirometry showed an increase in the mean values for both cell lines, but the increase was not
statistically significant. This outcome may indicate a shift of metabolism towards upregulated
glycolytic ATP production to compensate for declining mitochondrial respiration and
OXPHOS energy production. It was aimed to investigate the effects of EC on oxidative stress
simulated by exposure to H2O> (50 uM and 75 pM), as previous experiments had shown poten-
tial benefits of EC in mitigating stress in cells. Specifically, this work suggests that EC may
enhance cell viability. Remarkably, it was observed that treatment with 1 uM EC led to an
increase in viability levels in SH-SY5Y-MOCK cells under conditions of oxidative stress. To
the best of our knowledge, this study is the first to demonstrate this particular effect of EC. The
findings add to the growing body of evidence supporting the antioxidative, antiaging, and lon-
gevity-promoting properties of EC. While low concentrations of EC did not affect cell viability,
a 1 uM concentration of EC improved viability levels under oxidative stress in SH-SYS5Y-
MOCK cells. Previous research by Wang et al., Diling et al., and Kushairi et al. (discussed in
chapter 3.4.1) has shown positive influences on ATP levels from substances extracted from
Hericium erinaceus. Damaged cells were restored to higher ATP levels by these various me-
tabolites. These findings align with the observations of elevated ATP levels after rotenone im-
pairment. The measurements also indicated an increase in ATP levels in cells not damaged by
rotenone, compared to untreated cells. This increase may be due to improvements in the respir-
atory chain complexes. However, increased activity of these complexes can also lead to height-
ened oxidative stress, as the main producers of ROS in the Electron Transport System are com-
plexes I and III. The production of ROS can negatively affect these complexes and downstream
Complex IV (Nickel et al., 2014). A possible explanation for the increased ATP levels could be
the protective effects of EC observed during both rotenone and hydrogen peroxide treatments.
These protective effects could be mediated by different mechanisms, such as antioxidant-me-

diated defence in peroxide-treated cells. Such defence mechanisms could function either
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directly or through enzymatic systems. Rotenone-damaged cells could also benefit from en-
hanced antioxidant protection. Increased expression of enzymes like SIRT-1 and subsequent

downstream processes could also positively influence these effects.

3.2.1 Effects on mRNA expression, oxidative stress, neuronal outgrowth,

and AP levels

Furthermore, the effect of a 24-hour incubation with EC compared to the solvent control on the
expression of various mitochondrial and Alzheimer's-associated genes (SIRT1, CREB1, NRF1,
TFAM, ATP5D) was determined in the present work in SH-SYS5Y cells. Based on the findings
of the ATP and MTT assays, concentrations of 0.1 uM and 1 pM EC were used for this purpose
as these showed the strongest effects in the assays measured up to this point. To our current
knowledge, this has not been investigated before.

SH-SY5Y-MOCK cells show a positive effect after treatment with 1 uM EC on NRF1, TFAM
and SIRT1. However, in SH-SY5Y-APPsos cells, only NRF1 was significantly increased.
Mitochondrial biogenesis is considered an important parameter that is impaired in the progres-
sion of AD (Cenini et al., 2019). Hirai et al. (2001) were able to show in brain tissue samples
of the human hippocampus that the number of mitochondria is statistically significantly reduced
in AD patients compared to the control group. Moreover, Reddy et al. (2018) demonstrated
significantly decreased PGC-1a (2.1-fold), NRF1 (1.8-fold) and TFAM (2.5-fold) mRNA lev-
els in mAPP-HTT2 cells transfected with an APP mutation vector compared to the nontrans-
fected control group. In their study, Sheng et al. analysed the extent to which alterations in the
PGC-10/NRF/TFAM pathway contribute to mitochondrial dysfunction in AD. It was shown
that the expression of PGC-1a, NRF1 and -2 as well as TFAM was statistically significantly
downregulated in the hippocampal tissue of AD patients as well as in APPswe M17 cells, a
model of EOAD, compared to the control group. Decreased expression of PGC-1a as a master
regulator of mitochondrial biogenesis and the other downstream transcription factors suggests
interference with this signalling pathway in AD. In the cerebellum of AD patients, these
changes were absent, suggesting a restriction of mitochondrial biogenesis in AD-specific brain
regions. In APPswe M17 cells, transfection of the cells with a PGC-1a plasmid, which led to
overexpression of the gene, promoted expression of the downstream proteins NRF1 and TFAM

and thus mitochondrial biogenesis (Sheng et al., 2012). These findings indicate that increased
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expression of these transcription factors could stimulate mitochondrial biogenesis and counter-

act AD-associated mitochondrial dysfunction.

In APPeos cells, treatment with EC caused an impairment of the investigated upstream elements
of PGC-1a, which does not indicate an increase in the expression of the master regulator of
mitochondrial biogenesis. In addition, the expression of TFAM, a downstream protein of NRF1,
was decreased despite increased expression of NRF1 after EC exposure. In the context of the
functions of the various up- and downstream regulators, the data collected do not indicate an
influence of EC on the PGC-10/NRF/TFAM signalling pathway in the AD model. For this
reason, it can be postulated that EC in this AD model does not exert a positive influence on the
mitochondrial transcription factors studied at the gene level and does not influence the associ-
ated reduced mitochondrial biogenesis via increased activation of the PGC-10/NRF/TFAM sig-
nalling pathway. In contrast to the results in APPgos cells, treatment with 1 pM EC in SH-SYS5Y-
MOCK cells resulted in a statistically significant upregulation of SIRT1, NRF1 and TFAM.
Increased expression of SIRT1 could result in increased expression of PGC-1a and associated
downstream elements, thus positively affecting mitochondrial biogenesis. This could indicate
a concentration-dependent positive effect of EC on biological aging and should be further ex-
plored in this context. Comparable studies regarding the influence of mitochondrial biogenesis
on the gene level after treatment of neuronal cells with EC are rare. To confirm the listed as-
sumptions, the expression of the genes at the protein level should also be considered. The gene
expression analysis of further regulators of mitochondrial biogenesis, such as PGC-1a and
AMPK, could allow additional conclusions on an influence of EC on the listed signalling path-
way. Furthermore, it would be interesting to look at the average number of mitochondria and

their distribution in this context.

SIRT1 is known for its function as a longevity regulator, acting as a key molecule for neuronal
plasticity, cognitive function, and protection against age-related neurodegeneration and cogni-
tive decline. Studies have shown that overexpression of SIRT1 in the brain, especially in mice,
is associated with an increase in lifespan and other anti-ageing effects (Roda et al., 2021). In
their study, [.-C. Li et al. (2019) demonstrated for the first time that treatment with 5 mg/g
erinacine A-enriched HE myeloid solution resulted in a dose-dependent statistically significant
increase in the lifespan of Drosophila melanogaster (+ 32 %) and senescence-accelerated P8
mice (+ 23 %). In this research, a statistically significant positive effect on SIRT1 expression

could only be observed in SH-SY5Y MOCK cells after treatment with 1 pM EC, which could
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have a favourable effect on biological ageing and the antioxidative stress response. In this con-

text, further studies are needed.

Since a high response for SIRT1 was observed, the effects of EC on a previous impairment with
H>02 (50 uM and 75 uM) to simulate oxidative stress were investigated. From previous exper-
iments, one should expect some positive effects of EC on stressed cells. As expected, 1 uM EC
improved the viability levels under oxidative stress in SH-SY5Y-MOCK cells. This has never
been carried out before and supports the antioxidative, antiaging and longevity effects of EC.
Degeneration of neurons is already present in the early stages of AD (Mufson et al., 2019).
Increasing the functionality and connectivity of neurons is therefore a promising approach to
treating AD.

Gene expression analysis of NRF1 by RT—qPCR showed statistically significant upregulation
of the gene after treatment with EC in both APPsos (0.1 uM, 1 uM) and MOCK cells (1 pM).
Since NRF1, in addition to its role as a downstream protein in the PGC1-0/NRF/TFAM path-
way, also plays an important role in the regulation of neuritogenesis (J. L. Wang et al., 2013),
the effect of EC (0.1 uM, 1 uM) on neurite growth in SH-SYSY cells was also investigated in
this research. Treatment with EC or DMSO alone failed to induce the differentiation of SH-
SYS5Y cells. Since retinoic acid plays a role in inducing neural differentiation, only the groups
treated with it were evaluated (Maden, 2007).. Coincubation with EC resulted in a statistically
significant increase in average neurite length in both cell variants. After treatment with 1 uM
EC, the average neurite length was increased to approximately twice that of the control group.
These effects were also clearly visible in the light microscope images.

This is consistent with the in vivo studies of Tzeng et al. (2018), who investigated the effects of
erinacine A in 5-month-old female APPswe/PS1dE9 mice. To study the effect of dried, 5-
month-old APP/PS1 mice were fed with erinacine A and erinacine S (30 mg/kg/day) for 30
days. The group showed that the treatment supported the growth of neurons in the hippocampus
and cerebral cortex (Tzeng et al., 2018).

In hippocampal neurons, impaired NGF signalling resulted in activation of the amyloidogenic
pathway, resulting in increased Af levels and increased intra- and extracellular AS aggregation
and ultimately neuronal cell death (Matrone et al., 2008). In the experiments, no effects of EC
on Api-42 levels in SH-SY5Y-APPgos cells were found. This is contrary to previous experiments
by Tzeng et al. The group showed that treatment with erinacine A alleviates the burden of AS

plaques in APPswe/PS1dE9 mice. However, one must note that they investigated a
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noncompacted Af form. Therefore, a further comparison is not possible. Additionally, the ef-

fects of EC on Ap plaques have not been further investigated in the scientific literature.

3.2.2 RNAseq analysis and molecular modelling of TrkB binding

In addition to NGF, brain-derived neurotrophic factor activates signalling pathways by binding
to TrkB, which promotes neuronal survival, differentiation, synaptic plasticity and neurogene-
sis. Jang et al. (2010) demonstrated that 7,8-dihydroxyflavone (7,8-DHF) acts as a high-affinity
TrkB receptor agonist and initiates dimerization and autophosphorylation of the receptor, which
in turn activates downstream signalling pathways. Accordingly, 7,8-DHF protected wild-type
but not TrkB-deficient neurons from apoptosis and had a neuroprotective effect in an animal
model of Parkinson's disease (Jang et al., 2010). Otzkan et al. (2021) reported that 21 days of
oral supplementation of male C57BL/6 mice with 100 mg/kg body weight 7,8-DHF restored
decreased levels of the Rho proteins Racl and Rab3 A in membrane preparations from the brains
of the treatment group. Rho proteins are considered key regulators of neuronal morphogenesis
and support synaptic plasticity. 7,8-DHF had no effect on BDNF and TrkB levels but positively
influenced T lymphoma invasion and metastasis-inducing protein 1 (TIAM1) levels, which
were reduced in the brains of old mice. Tiaml1 is associated with numerous neuronal processes,
including neurite growth. Therefore, it can be postulated that 7,8-DHF counteracts age-related
cognitive dysfunction(Otzkan et al., 2021). Molecular docking analyses revealed in silico that
EC binds to TrkB with a higher affinity than 7,8-DHF (data not shown in this work). This can
explain the neuritogenesis effects presented in this work (chapter 2.8).

Regarding this array of noncohesive effects of EC in the literature and our own results, one
should investigate the effects more broadly. Erinacines are synthesized in Hericium erinaceus
at the mevalonate pathway. The pathway is also called the isoprenoid pathway, which is also
the building block of cholesterol and steroid hormones, both of which are fat soluble and can
pass through membranes. Since erinacine C is also synthesized in the mevalonate pathway and

shows a wide array of effects, it is interesting to check its effects in an RNAseq analysis.

Erinacines were first discovered 28 years ago and show a wide array of effects (Kawagishi et
al., 1994, 1996; Kawagishi & Zhuang, 2008). Erinacines, especially erinacine C, are able to
induce nerve growth factor f (NGF) and brain-derived neurotrophic factor (BDNF) expression
in astrocytes (Chiu et al., 2018; H.-T. Huang et al., 2021; Kawagishi et al., 1994). Despite in-
ducing neurotrophic expression, it has also been reported that erinacines act as antidepressants

(Chiu et al., 2018), neuroprotective agents (K.-F. Lee et al., 2014, 2020), and anti-inflammatory
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agents (Bailly & Gao, 2020; Tsai-Teng et al., 2016) and stimulate neurogenesis (Rascher et al.,
2020; Shimbo et al., 2005). Rascher et al. (2020) proposed TrkA receptor activation as the
underlying mechanism for neurogenesis.

In their experimental setup, they investigated expression changes in astrocytic cells induced by
erinacine C. They found that erinacine C induces NGF expression, subsequently stimulating
PC12 differentiation by binding and activating TrkA. Furthermore, they tested transcriptional
processes activated by erinacine C. Here, the group found several reporter constructs reflecting
particular signalling pathways upregulated. However, only binding sites for estrogen receptors
(ERE) and E26 transformation specific (ETS) were statistically significant. Since their results
could not support their hypothesis that NGF secretion is not activated alone via ETS, they of-

fered a pleiotropic transcriptional response as an explanation.

Unfortunately, PC12 cells do not express TrkB receptors, which are activated by BDNF and
can activate neurotrophic effects in neuronal cells such as SH-SHS5Y cells. Our own research
gave us the hint to investigate TrkB, which shows in silico a higher affinity than an already
known agonist 7,8-DHF (data not shown). This is also already supported by in vivo data. Chiu
et al. (2018) tested the antidepressant effects of an erinacine A-enriched mycelium in ICR mice.
Although the group used a versatile mouse model, one can suspect the broad effect of eri-

nacines, the mechanism of which is rarely discussed in the scientific literature.

The discoverer of erinacines, Prof. Hirokazu Kawagishi, asked in his latest paper “Chemical
studies on bioactive compounds related to higher fungi” the question of whether erinacines are
similar to gibberellins and therefore plant hormones (Kawagishi, 2021). Plant hormones are
involved in a range of activities, such as plant growth and development, pathogen defence (Biir-
ger & Chory, 2019) and stress tolerance (Ku et al., 2018). Furthermore, they are lipophile and

can pass through membranes. Could this explain the extensive effect of erinacines?

Gene Ontology (GO) enrichment analysis was performed for both cell lines treated with 1 uM
erinacine C. To our knowledge, this is the first transcriptomic profiling in SH-SYS5Y cells after
treatment with erinacine C. Here, interesting discoveries were made that smoothly link the ge-
nomic data with the in vitro data. Based on existing scientific literature and our own RT—-qPCR
results at activating NRF1, it was rightly assumed that erinacine C stimulates neurogenesis
(chapter 2.8). With the GO of biological processes, a clear activation of neurogenesis, neuronal
differentiation and generation of neuron-related genes after treatment with 1 pM erinacine C

could be seen. Similar activations were found in the GO Cellular Component enrichment. Here,
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processes for axons, postsynapse, synapses and neuron projection were the most activated pro-
cesses. This clearly demonstrates the neurogenesis effects of erinacine C. Furthermore, it also
shows that those processes are not exclusively activated. Rascher et al. (2020) claimed a plei-
otropic effect regarding the effect of erinacine C. The claim could be expanded, supporting the
hypothesis by Kawagishi et al. (2021) that erinacines exert a hormone-like effect. This hypoth-
esis finds support in the KEGG pathway analysis, which shows that 1 pM erinacine activates a
wide range of genes in various pathways. However, most importantly, it activated the estrogen
signalling pathway with 97 pathway genes. Here, genes such as GNAI3, HSP9OAA1, NCOAL,
and MMP?2 are activated. GNAI3 and MMP?2 are guanine nucleotide-binding proteins and met-
alloproteinases, which are two different classes of genes. However, both are activated on the
cell membrane and are transducers in transmembrane signalling pathways (Baldini et al., 2022;
Toyama et al., 2017). NCOA1 encodes proteins that act as transcriptional coactivators for ster-
oid and nuclear hormone receptors (Wu et al., 2002). HSP90AA1 encodes heat shock proteins
that act as chaperones. Chaperones promote the maturation, structural maintenance and regula-
tion of specific target proteins involved in cell cycle control and signal transduction.
HSP90AAT1 plays a critical role in mitochondrial import. It delivers preproteins to the mito-
chondrial import receptor TOMM70 (Y oung et al., 2003). This is interesting because the trans-
locase of outer mitochondrial membrane 70 (TOMM70) is related to mitophagy pathways and
therefore to mitochondrial viability. Furthermore, many genes in the insulin signalling pathway
were activated. This makes sense because the oestrogen and insulin signalling pathways are
often correlated in their mechanism of action. The insulin signalling pathway is building the
bridge for mitochondrial viability via an alternative production of ATP via beta oxidation. With
GO a regulation of acetyl-CoA carboxylase 2 (ACACB), was found. ACACB is a complex
multifunctional enzyme system that catalyzes the carboxylation of acetyl-CoA to malonyl-CoA,
the rate-limiting step in fatty acid synthesis (Cheng et al., 2007; Colbert et al., 2010; Kaushik
etal., 2009; C. W. Kim et al., 2010).

Malonyl-CoA inhibits CPT1, which is the shuttle for fatty acids into the mitochondrial matrix.
In Alzheimer’s, mitochondria are in a substrate undersupply for energy production (Grewal et
al., 2020; Swerdlow, 2020). To maintain energy production, other substrates can be used. In
this research, it was found that ACACB is downregulated, which leads to higher levels of ace-
tyl-CoA and reduces the probability of malonyl-CoA inhibiting CPT1 and therefore increases
the availability of alternative substrates for the Krebs cycle and subsequently for OXPHOS.
ACACSB is also a drug target in clinical research (L. Chen et al., 2019).

An extensive effect of erinacine C has already been demonstrated, which is by far not exhaus-

tive. To further support the hypothesis of a hormone-like effect of erinacines and erinacine C,
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the last part will generally and briefly discuss the GO in neurodegenerative pathways. Solute
carrier family 25 member 5 (SLC25A5) encodes a gated pore that translocates ADP from the
cytoplasm into the mitochondrial matrix and ATP from the mitochondrial matrix into the cyto-
plasm. This antiporter also plays crucial roles in mitochondrial uncoupling and mitochondrial
permeability transition pore (mPTP) activity. It has been suggested that it is the master regulator
of mitochondrial energy output by maintaining a subtle balance between ATP production and
thermogenesis (Ito et al., 2010; Namba et al., 2020).

In chapters 0 and 3.2.1, discrepancies between the results achieved by the ATP assay and the
downregulation of ATP5D (also named ATP5F1D) were identified. This subunit of mitochon-
drial ATP synthase catalyzes ATP synthesis using an electrochemical gradient of protons dur-
ing oxidative phosphorylation. ATP synthase is composed of two linked complexes with mul-
tiple subunits: the soluble catalytic core, Fi, and the membrane-spanning component, Fo, in-
cluding the proton channel. The catalytic section of mitochondrial ATP synthase is made of 5
different subunits (alpha, beta, gamma, delta, and epsilon) assembled with a stoichiometry of 3
alpha, 3 beta, and a single representative of the other 3 (Fernandez-Vizarra & Zeviani, 2021;
Nirody et al., 2020; Watanabe & Noji, 2013). The RNAseq data show a significant upregulation
of the subunits ATPSF1A, ATPSF1B and ATPSF1E. ATPSF1C and ATP5F1D are upregulated
but not statistically significant. Therefore, as indicated in chapter 3.2.1, downregulation is pre-
sumed to be negligible given the positive regulation of mitochondrial parameters and increased

ATP levels detected using a luminescence assay.

3.3 Effects of ethanolic Hericium erinaceus mycelium extract on

C. elegans

To our knowledge, the effects of Hericium erinaceus on mitochondria in an AD model of C.
elegans have not yet been investigated. To compare the effects, two strains, CL2122 and
GMC101 were used. CL2122 was utilized here as a control strain because it expresses no Af;-
42. In Alzheimer's disease, mitochondrial function, as indicated by ATP production, is known
to be impaired (Swerdlow, 2020). It was observed that ATP levels in GMC101 (mean = 19.17
+ SD 4.444) are significantly lower than those in the control strain CL2122 (mean = 25.51 +
SD 2.129). This finding supports the initial assumption and aligns with the documented mito-
chondrial dysfunction in Alzheimer's disease. Erinacine C was not detected in the sample, as

evidenced by the chromatogram in chapter 8.2. There could be several reasons for its absence,
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including but not limited to degradation during processing, stability issues, or shelf-life con-
cerns. As of 2023, there is no information in the scientific literature that addresses these specu-
lations. The ethanolic mycelium extract of Hericium erinaceus showed no effect on the lifespan
of all concentrations on CL2122. This result is divergent from the result of Chuang et al. The
group described protective effects of a Hericium erinaceus extract in the wild-type N2 strain
(Chuang et al., 2009). Therefore life-prolonging results in CL2122 would have been expected.
However, the authors here presumably used a water extraction from a crude extract containing
fruiting bodies and not mycelium. Nevertheless, the effects of GMC101 on the lifespan assay
were positive and statistically significant at all concentrations (0.01 mg/mL, 1 pg/mL, 10
pg/mL, 100 pg/mL). ATP levels showed a stepwise increase at concentrations of 0.01 mg/mL,
1 pg/mL, and 10 pg/mL and were statistically significant at 10 pg/mL. At 100 ng/mL, the ATP
levels decreased. The results are not sufficient enough to compare or correlate the ATP levels
with lifespan outcomes. However, higher concentrations might be toxic and not further support
antioxidative and longevity effects.

Currently, there is no literature available discussing the effects of an ethanolic extract of
Hericium erinaceus mycelium in an AD model of C. elegans. However, the ethanolic extract
contains a wide array of molecules, such as polysaccharides, heteropolysaccharides, polyphe-
nols, phenolic compounds, lipid compounds and ergothioneine (Khan et al., 2013). Therefore,
only an assumption regarding the effects and components of the extract is possible. Valu et al.
(2021) tested the effects of an ethanolic Hericium erinaceus mycelium extract (0.5 pg/mL, 1
pg/mL, 3 pg/mL) containing erinacine A on cognitive function using the scopolamine (SCOP)-
induced zebrafish (Danio rerio) model of memory impairment. The results indicate that
Hericium erinaceus extract has positive effects in managing memory deficits and brain oxida-
tive stress in zebrafish with memory impairment. Although the paper primarily tested cognitive
functions, they also tested antioxidative markers. Here, markers such as acetylcholinesterase
activity, superoxide dismutase, catalase, glutathione peroxidase, glutathione, malondialdehyde
and carbonylated proteins were investigated. The overall effect of those markers was positive
after treatment (Valu et al., 2021). Along with the study of Valu et al. (2021), Sun et al. (2021)
tested the effects of water and ethanol extracts from Hericium erinaceus (200 ppm) solid-state
fermentation containing erinacine A on the effects in brain cells in zebra fish embryos. The
authors showed that treatment with different concentrations of an ethanol and water extract of
the Hericium erinaceus extract could reverse the toxic effects of 1 % ethanol treatment. While
the neural mechanisms and lifespans of zebrafish and C. elegans differ significantly, both or-
ganisms serve as crucial pieces of a larger puzzle in understanding the intricacies of neurolog-

ical health. Observations from zebrafish illuminate vertebrate neural function, while findings
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in C. elegans offer windows into cellular processes, including oxidative stress. Making direct
comparisons remains a challenge; however, solving this puzzle requires connecting these dis-
tinct pieces. Together, the insights from both organisms may suggest that optimal neurological
health could be linked to longevity and reduced oxidative stress across different species. Oxi-
dative stress, or the overproduction of reactive oxygen species (ROS), has been linked to the
progression of Alzheimer's disease. ROS are also involved in various cellular functions, includ-
ing gene transcription and signal transduction(Wilson et al., 2018). However, overproduction
of ROS and free radicals leads to a deterioration of cellular antioxidant defence mechanisms
(Murphy, 2009; Swerdlow, 2020). Intracellular ROS are generated from various endogenous
and exogenous sources. For example, 90 % of cellular ROS are generated by mitochondria. The
mitochondrial electron transport chain is considered the primary endogenous source of ROS,
including superoxide (O*), hydrogen peroxide (H20>), singlet oxygen (!0?), nitric oxide (NO)
and hydroxyl radical (OHe), which are involved in cellular function and signalling (Murphy,
2009).

The metabolic reduction of oxygen can lead to the production of potentially harmful ROS (Z.
Chen & Zhong, 2014; Swerdlow, 2020). Mutations and metabolic imbalances can lead to a
significant shift in redox balance and mitochondrial dysfunction, which inhibit enzyme and
protein synthesis and result in excessive ROS production. In the brains of Alzheimer's patients,
elevated oxygen consumption, increased polyunsaturated lipid content and impaired antioxi-
dant defence systems lead to further ROS formation. Neurons and glial cells are sensitive to
oxidative stress, and the accumulation of excess ROS alters the function of key biomolecules,
including nucleic acids (DNA, RNA), proteins and lipids. In addition, alterations in the activity
of antioxidant enzymes (e.g., glutathione peroxidase and superoxide dismutase) have been
shown to reduce the proliferation rate of neuronal cells in AD (Z. Chen & Zhong, 2014). The
observations indicate that ROS levels in the GMC101 strain (mean = 360.8 + SD 104) are sig-
nificantly higher than those in the control strain CL2122 (mean = 94.5 + SD 78.9) (p <0.0001).
This increase in ROS aligns with the recognized phenomenon of oxidative stress resulting from
mitochondrial dysfunction, a prominent characteristic seen in Alzheimer's disease. However, in
the fluorescence microscope-based quantification of ROS levels in GMC101 cells, a clear re-
duction in ROS levels after treatment with 1 pg/mL and 10 pg/mL was found. This is consistent
with the improved longevity effects under heat stress. As described above, Valu et al. showed
an increase in antioxidative enzymes (Valu et al., 2021). In the C. elegans model, the effects of
antioxidative enzymes were not further investigated. However, in the mRNA experiments, an
increase in TFAM in both cell lines was observed, which was even higher in the SH-SY5Y-
APPgos AD model. This could explain the decreased ROS levels. Zhao et al. showed that
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increased mtROS and mitochondrial dysfunction affect TFAM-mediated mtDNA maintenance
(M. Zhao et al., 2021). Conversely, increased TFAM levels reduce oxidative stress. The effects
of HEM could reduce ROS through upregulation of antioxidative enzymes and TFAM.

The results of the cellular experiments show a more in-depth analysis of its effects and mecha-
nisms. It is suggested that further investigations with the invertebrate model will reveal more
positive and in-depth effects. A definitive limitation of the experiments is that the compounds
present in the mycelium were not analysed — a known mixture would be better, but character-
izing compounds in a matrix is time and labour intensive. Furthermore, references and standards

are limited.

3.4 Effects of ethanolic Hericium erinaceus mycelium extract on

SH-SYS5Y cells

In the present work, the effect of an ethanolic Hericium erinaceus mycelium extract (HEM) on
ATP levels in SH-SYSY cells was investigated for the first time. SH-SY5Y-MOCK cells are
used here as a control cell line compared to the early onset Alzheimer’s model SH-SYS5Y-
APPsos. Both cell lines show similarities in morphology, but due to the additionally transfected
coding region of human ASPP (ASPPsos) or a corresponding empty vector (pCEP4), they can
be used as different models.

Currently, only a few studies have been published on the effect of Hericium erinaceus (HE)
extracts or other bioactive HE metabolites on mitochondrial parameters such as ATP concen-
tration and mRNA expression. A limitation of this work is that the HEM matrix was not thor-
oughly analysed. Therefore, the derived effects are only speculative. Since the same parameters

were also investigated for erinacine C, a more in-depth discussion will be found in chapter 3.2.

3.4.1 Effects on viability, ATP levels and mRNA expression
The effects of the extract differed between the two cell models. SH-SY5Y-MOCK showed a
positive and gradual increase in viability with the MTT assay after treatment with 0.01 pg/mL
and 0.1 pg/mL HEM. The higher concentrations showed a decreasing effect that was not sta-
tistically significant. However, in SH-SYS5Y-APPgos cells, treatment with 0.01 pg/mL and 100
pg/mL showed a positive effect. The concentrations in between showed no statistically signif-
icant effect. SH-SY5Y-MOCK showed a stronger effect than the impairment model. This may
be because APPgos generally has lower viability. What seems odd is that the concentration of

100 pg/mL shows a positive effect for the impairment model. A general problem is the
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comparability of the results with the scientific literature. This is due to the different growing
parameters, use of different parts from the fungi and different extraction methods. P. P. Yang
et al. (2020) tested the effect of crude extracts of Hericium erinaceus mycelium on the viability
of SH-SYS5Y cells. In their assay, they found that the extract did not affect the viability of human
SH-SYSY cells at concentrations below 10 pg/mL. Higher concentrations (25 pg/mL, 50
pg/mL and 100 pg/mL) did not decrease the viability statistically but at least showed a down-
wards trend. Kushairi et al. (2019) tested the effect of an ethanolic basidocarp extract of
Hericium erinaceus on BV2 microglia and HT22 neuron cells. They showed that the extract
was neither neurotoxic nor stimulated the growth of BV2 microglia and HT22 neurons at con-
centrations ranging from 100 —400 pg/mL. However, the ethanolic extract protected HT22 cells
against H>O»-induced neurotoxicity at concentrations of 100 pg/mL, 200 pg/mL, and 400
pg/mL. The results of Kushairi et al. (2019) cannot confirm the positive viability results but

also show no adverse effects.

The effects on the ATP levels unexpectedly showed a decrease in ATP for the two highest
concentrations (1 pg/mL and 10 pg/mL). This is contradictory because this sharp decrease can-
not be assumed from the viability experiments.

The results are even more paradoxical for APPsos. Treatment with 0.001 pg/mL led to a de-
crease of ~ 50 %, whereas 0.01 ng/mL showed a positive effect, increasing the levels by ap-
proximately 20 %. Amara et al. (2020) tested the effects of Hericium erinaceus biomass con-
taining mycelium and primordia on PC12 cells. The cells were treated with 1 uM of the extract
to test its effects against oxidative stress and apoptosis induced by di(2-ethylhexyl)phthalate
(DEHP). In addition to other positive effects, the treatment could reverse the dissipation of the
mitochondrial membrane potential (MMP). However, the treatment alone could not increase
the MMP levels compared to the control group (Amara et al., 2020). In the experiments, an
increase in ATP levels was observed, which was not shown by Amara et al. (2020) regarding
the MMP values.

D. Wang et al. (2019) investigated the preventive effect of treatment with EP-1, a polysaccha-
ride from HE mycelium, on ATP levels in Caco2 cells. Treatment with H,O» resulted in a sta-
tistically significant decrease in ATP levels (-22.6 %) compared to the untreated control group.
The decreased ATP levels could be increased 4.5- and 5.2-fold by preincubation with 100
pg/mL and 500 pg/mL EP-1, respectively, suggesting an improvement of mitochondrial func-
tion by the metabolite (D. Wang et al., 2019). Similar results were obtained in a study by Diling
et al. (2017) In this study, it was shown that 3-hydroxyhericenone F (3-HF) (1 pg/mL, 1.5
pg/mL) isolated from the HE fruiting body also had a preventive effect on ATP levels and ATP
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synthase activity in sodium azide (NaN3)-injured PC12 cells (Diling et al., 2017). Furthermore,
coincubation with an ethanolic extract from the basidiocarp of HE (400 pg/mL) in mouse hip-
pocampal neurons (HT22) significantly counteracted an H>O; (250 uM)-induced decrease in
ATP concentration (~ +21 %) (Kushairi et al., 2019).

Due to the absence of standardized effectors or matrices and the employment of different cell
culture lines, a direct comparability of the results from the listed studies with the data collected
in this work is not assured. This variability underscores the necessity for increased research
efforts to investigate and standardize the extract. However, the current literature indicates a
positive effect of Hericium erinaceus or various Hericium erinaceus metabolites on ATP levels

after different types of impairment in various cell models.

As already described, the results from RT—-qPCR show miscellaneous effects on ATPSD,
CREBI1, NRF1 and TFAM. The results cannot easily be explained within the previous results
from this work and may lead to new questions being raised. A more detailed discussion can be
found in chapter 3.2.1. Additionally, a comparison to scientific literature is difficult, since mi-
tochondrial parameters regarding Hericium erinaceus extracts are rarely investigated ATPSD
was decreased for SH-SY5Y-MOCK for the concentrations 0.01 pg/mL and 0.1 pg/mL. Inter-
estingly, 0.1 mg/mL showed an increasing effect compared to 0.01 pg/mL in SH-SY5Y-APPseos
cells. This is also in accordance with the results from the ATP levels, where 0.01 pg/mL in-
creased the values. However, 0.1 pg/mL showed a decreasing effect. This finding can be ex-
plained by the viability assay or by the ATP levels.

The extract showed a positive effect on CREB1 expression in both cell lines at 0.1 mg/mL.
However, the trend for the lower concentration diverges.

NRF1 showed no effect in SH-SY5Y-MOCK cells and had a negative effect at 0.1 pg/mL in
SH-SY5Y-APPeos cells. TFAM showed a strong response for both cell lines at a concentration
of 0.1 pg/mL. One can speculate about the implications and mechanism of the results presented,
but a conclusion about the effects of the extract cannot be drawn. This is due to the unknown
matrix and the lack of further experiments to pinpoint the effects of the extract on mitochondrial
parameters. A better approach is the investigation of a single compound such as erinacine C,

which is described in the following chapters.
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3.5 Effects of Hericium erinaceus and erinacine C on neuro-

degenerative diseases

Research on Hericium erinaceus, also known as Lion's Mane mushroom, has shown promising

potential for its use in Alzheimer's research. Alzheimer's disease is a progressive neurological

disorder that affects cognitive function and memory, and there is currently no cure for the dis-
b

ease. The current drugs available for Alzheimer's disease have several shortcomings.

First, these drugs do not provide a cure for the disease. They can only help manage symptoms
and slow down the progression of the disease in some cases. Furthermore, the drugs have side
effects that can be significant, such as nausea, vomiting, diarrhea, and loss of appetite. Third,
the drugs only address some of the symptoms of Alzheimer's disease, such as memory loss and
cognitive impairment. Fourth, the cost of Alzheimer's drugs can be a significant burden for
patients and their families, especially since the disease is often associated with other health
problems that require expensive treatments. Overall, current drugs do not address the underly-
ing causes of the disease, such as the accumulation of f-amyloid plaques, neurofibrillary tangles
in brain neuron loss and loss of mitochondrial functionality (Cummings et al., 2019; Frozza et

al., 2018; Kinney et al., 2018; Mehta et al., 2017).

Hericium erinaceus is a natural supplement that has been found to have neurotrophic, anti-
inflammatory, and antioxidant properties, which may help protect the brain from damage and
inflammation that can contribute to the development and progression of Alzheimer's disease
(Cordaro et al., 2021; I.-C. Li et al., 2018; Yanshree et al., 2022). In addition, Hericium erina-
ceus has been shown to improve cognitive function and memory in patients with mild cognitive
impairment and Alzheimer's disease, which suggests that it may have therapeutic potential for

the disease (I.-C. Li et al., 2020; Mori et al., 2009; Saitsu et al., 2019).

The use of natural supplements such as Hericium erinaceus as part of a broader strategy of
lifestyle and nutrition interventions is an area of active research in Alzheimer's disease. There
is evidence to suggest that a healthy diet and lifestyle can help reduce the risk of developing
Alzheimer's disease and may also help slow the progression of the disease in people who have
already been diagnosed. Several components in Hericium erinaceus may have potential thera-

peutic benefits for Alzheimer’s disease.

Beta-glucans are complex carbohydrates that are found in the cell walls of Hericium erinaceus.

Beta-glucans have been shown to have immune-boosting properties and may also help reduce

97




Discussion

inflammation in the brain, which is thought to contribute to the development and progression
of Alzheimer's disease (Hagl et al., 2015; W. S. Lee et al., 2022; Shi et al., 2020). Ergothioneine
is a naturally occurring amino acid that is found in high levels in Hericium erinaceus (Cohen
et al.,, 2014; Roda et al., 2021). Ergothioneine has been found to have antioxidant properties,
which may help protect the brain from oxidative damage and inflammation (Cheah et al., 2017;
Song et al., 2014). Hericenones are also bioactive compounds that are unique to Hericium eri-
naceus. Hericenones and hericerin have been found to have anti-inflammatory and antioxidant
properties, which may help protect the brain from damage and inflammation that can contribute
to the development and progression of Alzheimer's disease (Martinez-Marmol et al., 2023; Mori
et al., 2008). Erinacines are bioactive compounds that are unique to Hericium erinaceus. Eri-
nacines have been found to stimulate the production of nerve growth factor (NGF), which is
important for the growth and survival of nerve cells in the brain (Rascher et al., 2020; C.-C.
Zhang et al., 2017). NGF also promotes the formation of new synapses, which are critical for
learning and memory (Kopach et al., 2020; S. H. Wang et al., 2012). Furthermore, it has been
shown that erinacines can pass the blood—brain barrier (J. H. Hu et al., 2019). The compounds

alone and in combination could help to ameliorate AD.

The experiments performed in this thesis revealed that an ethanolic mycelium extract of
Hericium erinaceus improved the lifespan under heat stress in the invertebrate AD model
GMCI101. Furthermore, ATP levels increased, and ROS levels partly decreased. This could be
due to the synergistic effect of all components in the HER. Cheah et al. aimed to investigate the
uptake, metabolism, and effects of ergothioneine, a natural antioxidant, on biomarkers of oxi-
dative damage and inflammation in healthy human subjects. In the study, 20 healthy subjects
were given 5 mg/kg ergothioneine daily for 28 days. Blood and urine samples were collected
before and after supplementation to assess the uptake and metabolism of ergothioneine and its
effects on biomarkers of oxidative damage and inflammation. The results showed that ergothi-
oneine was well tolerated by the subjects and had high uptake and bioavailability. The levels of
ergothioneine in the blood and urine of the subjects increased significantly after supplementa-
tion. The study also showed a significant reduction in biomarkers of oxidative damage and
inflammation in the blood samples of the subjects after ergothioneine supplementation (Cheah
et al., 2017). Beta glucans also have a valuable effect. Hu et al. (2022) investigated the effects
of three different types of f-glucans, a type of soluble fibre, on cognition in rats and humans,
with a focus on the role of the gut-brain axis. The results showed that all three types of f-glucans
improved cognitive performance in both rats and humans, with the greatest effect observed with

a particular type of f-glucan derived from oats. The study also found that the beneficial effects
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of f-glucans on cognition were mediated by changes in gut microbiota composition, increased
production of short-chain fatty acids, and reduced inflammation in the brain. Overall, the find-
ings suggest that f-glucans may have potential as a dietary intervention to improve cognitive
function and that the gut-brain axis may play an important role in this process (M. Hu et al.,
2022). This is consistent with the study of Li et al., which aimed to investigate the potential
lifespan-extending effects of erinacine A-enriched Hericium erinaceus mycelia (EAHE) on
Drosophila melanogaster and aged mice. In Drosophila, the study found that feeding the my-
cleia to adult flies significantly extended their lifespan compared to a control group, while also
improving their climbing ability and reducing oxidative stress. In aged mice, a study found that
daily oral administration of EAHE improved cognitive function and extended the lifespan of
mice (L.-C. Li et al., 2019). In the cell model, the effects of the ethanolic mycelium extract were
diverse. Overall, a positive effect for both cell lines, the control and the AD group, is visible,
but the effects are not always coherent. The viability test showed a higher effect in SH-SYS5Y-
MOCK cells than in SH-SY5Y APPsos cells, although the range was denser in SH-SYS5Y APPeos
cells. This means that the effect is more likely to occur in the AD group. The ATP levels also
varied in both cell lines. In SH-SY5Y MOCK cells, no positive effects were found, whereas
SH-SYS5Y APPeos cells showed a positive effect at 0.01 pg/mL. Furthermore, 1 and 10 pg/mL
HEM led to ATP levels of 0 uM. A hypothesis to clarify this result could be that a toxic level
was reached. However, this seems unlikely since the viability showed no decline at those con-
centrations. Additionally, a pan interference assay could be ruled out. The only indication for a
toxicity effect could be the mRNA results. In SH-SY5Y MOCK cells, ATP5D expression levels
decreased at 0.1 mg/mL. This could suggest that higher concentrations further decrease ATP5D
activity and therefore decrease ATP levels. However, the effect cannot be explained coherently
because the levels of CREB1 and TFAM were elevated in both cell lines and therefore in line

with the viability experiments in cellular and invertebrate models.

Overall, studies suggest that Hericium erinaceus has potential therapeutic effects on Alzhei-
mer's disease in mice and rats and may have neurotrophic and neuroprotective properties that
could be beneficial in the prevention and treatment of AD. While there is no direct link between
beta-glucans and Alzheimer's disease, some research suggests that beta-glucans may have po-
tential neuroprotective effects that could be beneficial for Alzheimer's patients. Shi et al. inves-
tigated the effects of f-glucan on cognitive function in mice with obesity induced by a high-fat,
fibre-deficient diet (HFFD). The objective was to determine whether f-glucan could impact the
gut-brain axis and alleviate cognitive impairment associated with Western-style dietary patterns.

After 15 weeks of f-glucan supplementation, the mice showed improvements in cognitive
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performance as assessed by object location, novel object recognition, and nesting building tests.
f-glucan also reduced microglial activation, engulfment of synaptic puncta, and proinflamma-
tory cytokine expression (TNF-a, IL-1f, and IL-6) in the hippocampus. Furthermore, f-glucan
enhanced PTP1B-IRS-pAKT-pGSK3p-pTau signalling for synaptogenesis, improved synaptic
ultrastructure, and increased both pre- and postsynaptic protein levels. In conclusion, the study
provides evidence that f-glucan improves cognition and brain function by exerting beneficial
effects on the gut microbiota-brain axis. The findings suggest that increasing the consumption
of p-glucan-rich foods could be a viable nutritional strategy for preventing neurodegenerative
diseases.(Shi et al., 2020). Q. Zhang et al. (2023) investigated the effects of f-glucan derived
from Saccharomyces cerevisiae on cognitive impairment in a mouse model of Alzheimer's dis-
ease (APP/PS1 mice) by examining its influence on intestinal flora and their metabolites. The
results showed that f-glucan treatment improved cognitive function in APP/PS1 mice, as as-
sessed by various behavioural tests. In addition, f-glucan altered the composition of the intes-
tinal flora in these mice, reducing the abundance of harmful bacteria and increasing the abun-
dance of beneficial bacteria. The changes in gut microbiota were accompanied by alterations in
their metabolites, such as short-chain fatty acids (SCFAs) and bile acids, which are known to
be involved in maintaining gut health and modulating brain function. Furthermore, the study
found that f-glucan treatment reduced Apf plaque deposition and tau hyperphosphorylation in
the brains of APP/PS1 mice, two key pathological features of Alzheimer's disease. This was
accompanied by reduced neuroinflammation, as evidenced by decreased levels of proinflam-
matory cytokines and increased levels of anti-inflammatory cytokines in the brain (Q. Zhang et
al., 2023). Trovato et al. (2016). investigated the effect of Hericium erinaceus on oxidative
stress and inflammation in the brains of rats with Alzheimer's disease. The researchers found
that treatment containing mycelium and primordia reduced oxidative stress and inflammation
and increased the expression of lipoxin A4, a molecule with anti-inflammatory properties. They
suggest that Hericium erinaceus may have potential as a therapeutic agent for AD and that its
effects may be due to its ability to modulate the cellular stress response and promote lipoxin

A4 expression (Trovato et al., 2016).

The study by Mori et al. (2009) was a randomized, double-blind, placebo-controlled trial inves-
tigating the effects of Hericium erinaceus mushroom on cognitive function in elderly Japanese
individuals with mild cognitive impairment (MCI). A total of 30 participants were randomly
assigned to either the Hericium erinaceus group or the placebo group and consumed tablets
containing Hericium erinaceus extract or a placebo for 16 weeks. The results showed that the

Hericium erinaceus group had significantly increased scores on a cognitive function scale
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compared to the placebo group. The Hericium erinaceus group also showed improvement in
their scores on a quality-of-life scale. The authors concluded that Hericium erinaceus may be
effective in improving cognitive function in individuals with MCI, but further studies with
larger sample sizes are needed to confirm these findings (Mori et al., 2009). Nagano et al. in-
vestigated the potential effects of Hericium erinaceus intake on depression and anxiety levels
in adult humans. The study involved 30 female participants who consumed Hericium erinaceus
powder daily for 4 weeks. The results showed a significant reduction in depression and anxiety
scores after the 4-week intervention compared to the baseline scores. The authors suggest that
the intake of Hericium erinaceus may have potential antidepressant and anxiolytic effects in
humans. However, it should be noted that this study had a small sample size, and further re-
search is needed to confirm these findings. However, the authors noted that a different mecha-
nism from the NGF-enhancing action of Hericium erinaceus could also be an explanation for
the effect (Nagano et al., 2010). The results reflect and support the positive effects, although
the underlying mechanism is still unknown. In a pilot double-blind placebo-controlled study,
I.-C. Liet al. (2020) explored the potential of erinacine A-enriched Hericium erinaceus mycelia
as a preventive measure against early Alzheimer's disease. The researchers conducted a trial
with participants who had a family history of AD or mild cognitive impairment (MCI) and were
at risk of developing AD. Participants were divided into two groups, receiving either an eri-
nacine A-enriched Hericium erinaceus mycelia supplement or a placebo for six months. Cog-
nitive function was assessed using the Mini-Mental State Examination (MMSE), while mood,
sleep quality, and daily living activities were evaluated through questionnaires. The results
demonstrated that the group receiving the erinacine A-enriched Hericium erinaceus mycelia
supplement showed significant improvements in cognitive function compared to the placebo
group. In addition, the supplemented group exhibited improvements in mood, sleep quality, and
daily living activities (L.-C. Li et al., 2020). Although the interfering effects of Hericium erina-
ceus have been reported, the mechanism of action and effect on mitochondrial levels remain to

be revealed.

Limited studies of erinacine C at the mitochondrial level have been published thus far. There-
fore, it is difficult to compare and discuss the results from this work in depth regarding the
effect on mitochondrial parameters in AD. The data for erinacine C is again versatile and gives
and fails to support strong mitochondrial effects of erinacine C in SH-SY5Y MOCK or SH-
SY5Y APPgos. However, it can be noted that the results in this work are in line with data pub-
lished thus far. Erinacine C shows an effect on ATP levels in both cell lines at 0.1 and 1 uM.

Although the effect is not statistically strong due to high variance, the levels were increased by
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at least 30 %. Even under additional rotenone stress, a significant positive effect on SH-SY5Y
MOCK was visible. However, these results are not conclusive to hypothesize the impact on
people with cognitive decline. Measuring mitochondrial respiration and mRNA levels did not
fully support the positive effects. Although respiration was higher for every complex in both
cell lines, the effect was due to the high standard deviation, which was not statistically positive.
Furthermore, the mRNA results for both cell lines showed a decrease. This is embedded in the
fact that the MMP shows no difference for all concentrations. This leads to an incomplete re-
garding the effects of erinacine C on mitochondrial parameters. An explanation for this could
offer a paper by Zhou et al. (2018). Although it is crucial to mention that the paper was retracted
and they did not clarify which erinacine was used. The authors stated that within cancerous
Hep-G2 cells, erinacines open the mitochondrial permeability transition pore (Zhou et al.,
2018). This could at least hypothetically explain the negative effect for 100 and 1000 uM. It
can also lead to the question of whether other models, such as primary cells, should be used in

the future to investigate the effects of erinacine C in neuronal models.

The mRNA results were also not clear regarding the effects on mitochondrial parameters. NRF1
shows a positive effect on both cell lines. NRF1 regulates cellular growth and is associated with
neuronal growth (Kiyama et al., 2018). This finding is consistent with the positive effects on
neuronal outgrowth after erinacine C treatment in both cell lines and the molecular modelling
results. Additionally, this could explain the increasing ATP levels. SIRT1, CREB1 and TFAM
regulate mitochondrial DNA integrity (Kang et al., 2018; J. Lee et al., 2005; Majeed et al.,
2021). SIRT1 and TFAM showed a positive effect on SH-SYSY cells but a negative effect on
SH-SYS5Y APPsos. CREB1 was only negative for SH-SYS5Y APPgos. This could again indicate
that at the mitochondrial level for SH-SYS5Y APPsos, there is no or only a limited effect regard-
ing erinacine C. However, the neuroplasticity- or neuronal growth-inducing effect of erinacine
C may still be positive for elderly individuals and people suffering MCI. In particular, eri-
nacines can pass the blood brain barrier (J. H. Hu et al., 2019). Finally, the results from the
RNAseq analysis showed an overall positive effect on the cellular health of erinacine C, espe-
cially in neuronal differentiation axonal and synaptic sprouting. The effects are stronger and
more versatile in SH-SY5Y MOCK. However, in SH-SYS5Y cells, APPeos at the molecular level
activated genes for actin binding. These proteins are important regulators of the cytoskeleton
and further mitochondrial and cell integrity (Illescas et al., 2021; Svitkina, 2018). The generally
versatile upregulation of genes is in accordance with the study of Rascher et al. The researchers
found that erinacine C activates the transcription of genes involved in the promotion of neuronal

growth and differentiation, including NGF, via the ETS family of transcription factors.
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Specifically, they identified a consensus ETS DNA-binding site that is activated by erinacine
C in astrocytic cells (Rascher et al., 2020). Nevertheless, the study failed to explain other effects
triggered by erinacine C and suggested pleiotropic effects. Martinez-Marmol et al. (2023) in-
vestigated the effects of hericerin derivatives on spatial memory in rats. They found that treat-
ment with hericerin derivatives improved spatial memory performance in the Morris water
maze test, a commonly used test for assessing spatial learning and memory. The researchers
also investigated the mechanism underlying the effects of hericerin derivatives and found that
they activated a pan-neurotrophic pathway in central hippocampal neurons, leading to the en-
hancement of ERK1/2 signalling (Martinez-Méarmol et al., 2023). Although this can also ex-
plain the neuroplasticity effect that is proposed for hericenones and erinacines, it cannot explain
the overall effects. Therefore, it is suggested extending the pleiotropic effect of erinacines to a
hormone-like effect. Erinacines and specifically erinacine C could activate the hormone like
effect via direct impact on steroid hormones, stimulation of hormone synthesis enzymes or reg-
ulation of neuroendocrine cells. This is driven by the versatile activation of genes and pathways
but also due to the upregulation of proteins encoding hormone receptors. This hypothesis could
be further proven with a combined approach of RNAseq, Western blot analysis, ELISA and
pharmacological inhibition. Testing this activity would be difficult in a human trial. However,
Hericium erinaceus can be used safely as a food supplement to support healthy aging (I.-C. Li
et al., 2020; Mori et al., 2009; Nagano et al., 2010; Saitsu et al., 2019). In the future, food

supplements enriched with erinacines could have a further nutritional impact.
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Hericium erinaceus and Erinacine C

oxidaitve Stress neuronal inegrity and neuronal length Neurotrophic effects
mitochondrial health

#J. T neurite length 1)

TFAM Genes for Axon guidence 1) TrkB activation
NRF1
SIRT1 T actin binding 4

Proliferation
Maintainance
Memory development

Figure 3-1 illustrates the effects of Hericium erinaceus and erinacine C on neurodegenerative diseases, such as
Alzheimer's.

Both Hericium erinaceus mycelium extract and erinacine C can reduce oxidative stress and enhance mitochondrial
health. Moreover, erinacine C has a positive impact on neuronal outgrowth and promotes neuronal integrity. A
proposed mechanism involves the activation of TrkB, which leads to neuronal outgrowth and helps maintain and

increase neuronal plasticity. Overall, these various effects could be triggered through a hormone-like mechanism.

Created with BioRender.com
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4 Conclusion

In conclusion, this study successfully isolated and characterized erinacine C from Hericium
erinaceus mycelium using a submerged culture and optimized the process through lyophiliza-
tion, resulting in clearer chromatograms. This suggests a potential pathway for further refining
the yield of erinacine C through techniques such as buffering with HEPES. Although upscaling
of erinacine C production has yet to be explored, the findings lay a foundation for future re-
search in this direction. Additionally, this investigation has broken new ground in the examina-
tion of erinacine C's effects on mitochondrial, viability, and neuronal parameters in SH-SY5Y
cells in an AD cell model. This is particularly significant given the lack of extensive previous
research in this area. The development of quicker and more sensitive identification methods
may enhance the ability to facilitate both in vitro and in vivo research, contributing to the

broader understanding of erinacine C's properties and effects.

These findings might stimulate further studies to contribute to and broaden the existing under-
standing. However, it seems that the overall effect of erinacine C on various mitochondrial and
neuronal parameters in SH-SYSY cells are not overall specific. Therefore, new avenues of re-
search have been opened with the RN Aseq analysis, adding credence to the hypothesis of hor-
mone-like effects of erinacine C. However, these results should be taken as a stepping stone
rather than a conclusion. The proposed effects of erinacine C on the TrkB receptor and its po-
tential to stimulate neuritogenesis still require in vitro validation. Future research may consider
using a knockout model to further explore this hypothesis. Despite the rigorous methodological
approach and high sample size used to ensure normalized results, the limitations of this study
are recognized. The MTT assay, while providing indications of metabolic activity and viability,
may benefit from additional, more sensitive assays such as BrdU. Unexpected findings like the
decreased ATP levels at higher concentrations of erinacine C highlight areas for further inves-
tigation, perhaps employing tools like HPLC, NMR, or a seahorse assay to cross-check ATP

levels.

The RNAseq analysis and mitochondrial gene investigation, while contributing valuable data,
do not yet allow for concrete statements about the underlying mechanisms of erinacine C's ef-
fects. More in-depth mechanistic study, such as the application of Western blot methods to

confirm protein expression corresponding to gene activity, is recommended.
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One of the key limitations we encountered was the undefined matrix of the mycelium extract,
which could potentially be responsible for observed longevity effects, increased ATP levels,
and decreased ROS levels. Future research could employ LC-MS-MS investigation to examine
the constituent molecules of this matrix more thoroughly. Though there is speculation around
the general effectiveness of erinacine C in humans, the question remains open for empirical
study. Existing research has indicated some positive effects of Hericium erinaceus extracts on
small groups of individuals with dementia, though these effects have been marginal and are not
yet thoroughly understood. However, our findings suggest that erinacines, particularly erinacine
C, in Hericium erinaceus might function in a hormone-like manner, impacting a wide variety
of genes, pathways, and hormone receptor proteins. To explore this hypothesis further, we rec-
ommend employing a blend of sophisticated methodologies, including RNA sequencing, West-

ern blot analysis, and pharmacological inhibition.

Despite potential challenges in human trials, the safety profile of Hericium erinaceus lends
itself to usage as a dietary supplement, potentially providing benefits for healthy aging and
overall well-being. Essentially, this work contributes to the evolving understanding of erinacine
C and its potential therapeutic applications in AD treatment and paving the way for future stud-

ies in this promising field.

In summary, despite certain limitations and areas for further research, the present study provides
a comprehensive investigation into erinacine C's effects on mitochondrial parameters, neuro-
protective properties, transcriptomic effects, and potential mechanisms. These findings are

hoped to inspire further study to better understand and harness the potential of erinacine C.
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S Experimental Part

5.1 Materials

5.1.1 Devices

Table 5-1 lists all devices used.

Table 5-1 List of devices.

Description

Agitator ball mill
Autoclave

Autoclave

Autoclave

Autoclave

Bunsen Burner

Cell counting chamber
Cell counting chamber
Cell culture workbench
Cell Homogeniser
centrifuge

centrifuge

centrifuge

centrifuge

centrifuge

chiller

Chiller

Clean bench

Drying cabinet

Evaporator

Fluorescence microscope

Freezer (-20 °C)

Freezer (-80 °C)
Freezing Container

Fridge

Model

DYNO®-MILL Research LAB
LABOKLAV 25 Basic
LABOKLAV 160 MSL
LABOKLAV 160 MSL
LABOKLAV 25 Basic
Fuego SCS basic

Neubauer- counting chamber
Nageotte - counting chamber
MSC Advantage

Balch Cell Homogeniser
Heraeus Megafuge 16 R
Heraeus Fresco 21 Centrifuge
GS-6R Centrifuge
Microfuge® 22R

Allegra® X-15R

Minichiller MKR
Minichiller

HERA safe KS18

Heraeus T6

Rotavapor® R-300

EVOS M5000

GNP 5255 Index 20A/001

TSX SERIES with V-DRIVE
Nalgene®, Mr. Frosty
LIEBHERR RBa4250 Prime

Company

Wiley A. Bachofen AG
SHP Steriltechnik AG
SHP Steriltechnik AG
SHP Steriltechnik AG
SHP Steriltechnik AG
WLD-TEC GmbH

Labor Optik

Brand GmbH + Co. KG
Thermo Scientific
Isobiotech

Thermo Scientific

Thermo Scientific
Beckman Coulter GmbH
BECKMAN COULTER™
BECKMAN COULTER™
Huber

Huber

Thermo Scientific

Thermo Scientific

BUCHI Labortechnik GmbH
Thermo Fisher Scientific
Liebherr International Deutsch-
land GmbH

Thermo Fisher Scientific
Thermo Fisher Scientific

Liebherr International Deutsch-
land GmbH
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Hamilton-Syringe

Heating bath

High resulution Mass spetro-
metre (hr-MS)
HPLC-system

HPLC Autosampler
HPLC DAD

HPLC Interface
HPLC Pump

Ice machine
Incubator

Incubator

Laminar air flow work bench
Magnetic stirrer

Multichannel pipette
NanoDrop Microvolume Spec-
trophotometers and Fluorome-
ter

Nuclear magnetic resonance
spectroscopy (NMR)
Oxygraph

PCR-Cycler
PCR-Workstation

pH-Meter

pH-Meter

Pipette

Pipette
Pipette

Pipette Boy
plate reader
Plate Stirrer

precision balance

Hamilton-Spritze gastight,
#1701, #1702, # 1705, #1725
IKA® HB10 basic

ESI-MS Mikro-TOF

L-7200
L-7455
D-7000
L-7100

AF 80 Scotsman
Midi 40 CO;, Incubator

INE 500

MSC Advantage
IKA® RH basic 2
Xplorer 300 pL
Nanodrop One

Bruker Avance III 400 MHz

Oxygraph-2K

T100™ Thermal Cycler
PCR-Workstation

pH Meter HI2210

Seven Easy

Finnpipette® 300 pL

Research Plus 100-1000 uL.
Pipetman P2, P20, P200,
P1000

accu-jet® pro

CLARIOstar

VARIOMAG MONO
Prizisionswaage AEJ200-5CM

Hamilton

IKA®-Werke GmbH

Bruker Corporation

MERCK HITACHI
MERCK HITACHI
MERCK HITACHI
MERCK HITACHI

Frimont
Thermo Fisher Scientific

Memmert

Thermo Fisher Scientific
IKA®-Werke GmbH
Eppendorf

Thermo Fisher Scientific

Bruker Corporation

Oroboros

Bio-Rad

Fisher Scientific

Hanna Instruments Deutsch-
land GmbH

Mettler Toledo GmbH
(Schweiz)

Thermo Electron Corporation
(Thermo Scientific)
Eppendorf

Gilson

Brand

BMG Labtech
H+P Labortechnik
Kern&Sohn GmbH

108




Experimental Part

Precision balance (d = 0,01
mg)

Precision balance (d = 0.01 g)
Preperative HPLC-system
Preperative HPLC Fraction
Collector

Preperative HPLC Pump

Preperative HPLC UV-Detec-
tor

Pure water device

Pyrolysis furnace

Real-time-PCR-System

Refrigerator (4 °C)

Shaker

SpeedVac

Thermomixer

Time-of-flight mass spectrome-
ter

Ultrasonic bath

Ultra-Turrax

Vacuum pump

Vacuum Pump

Vortex
Waterbath

BP211D

Atilon Aculab

Foxy R1

P 4.1S

UVD 2.18

Milli-Q Academic
HCE 8544.0
CFX Connect™ Real-Time

System
3130 Index 20B/001

Multitron

Christ Alpha RVC 2
PSC24N Thermo-Shaker
MicroTOF Agilent

Elma T710DH
IKA® T18 basic

Diaphragm vacuum pump

Millivac-Mini Vacuum Pump,

XF5423050
Vortex-Genie 2®
WNB22

Sartorius

Sartorius Group

KNAUER Wissenschaftliche
Gerdte GmbH

KNAUER Wissenschaftliche
Gerdte GmbH

KNAUER Wissenschaftliche
Gerdte GmbH

Millipore

Bosch

Bio-Rad

Liebherr International Deutsch-
land GmbH

Infors AG

Martin Christ GmbH

Grant-bio

Bruker Daltonics®

OMNILAB
IKA®-Werke GmbH
Vaccubrand GmbH & Co
Merck KGaA

Scientific Industries

Memmert
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5.1.2 Consumables

Table 5-2 lists all consumables used.

Table 5-2 List of consumables.

Description
12-Well-Plates
24-Well-Plates
6-Well-Plates
96-Well-Plates
96-Well-Plates (PCR)
Centrifuge tubes
Coverslips

Glas Pasteur pipettes
Gloves

PCR foil

PCR tube

Pipette tips

Pipette tips

Plastic Pasteur pipettes
Precision Wipes

Reaction tubes

Sealing film

Serological pipettes

Single use cannula

Syringes

Model

12 Well Cell Culture Plate
24 Well Cell Culture Plate
6 Well Cell Culture Plate
96 Well Cell Culture Plate
Hard-Shell® PCR Plates 96-
well, thin wall

Cellstar® tubes 50 mL, 15
mL

Menzel Coverglasses 24 x
46 mm

Glas Pasteur pipettes
Vasco® Nitril white
Microseal® B-Adhesive
Sealer MSB-1001

Saphire PCR- Reaction
tubes 0,2 mL

Ultratip 1000 uL, 200 pL,
10 uL

Finntip® 1000 pL, 300 pL,
200 uL, 10 pL

Pasteur pipettes

Kimtech Science tissue
Reaction Tubes 2 mL, 1 mL,
0,5 mL

PARAFILM® M
Cellstar® 50 mL, 25 mL, 10
mL, 5 mL

Fine-ject® 21Gx1 42 Nr.2
0,8x40 mm TW/LB
Injekt® Luer Solo 20 mL,
10 mL, 5 mL

Company

Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One

Bio-Rad

Greiner Bio-One

Thermo Fisher Scientific

Carl ROTH GmbH & Co. KG

B. Braun SE

Bio-Rad

Greiner Bio-One

Greiner Bio-One

Thermo Scientific

VWR

Kimberley-Clark® Professional

Greiner Bio-One

Sigma—Aldrich

Greiner Bio-One

Henke Sass Wolf

B. Braun SE
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5.1.3 Chemicals

Table 5-3 lists all chemicals and solutions used.

Table 5-3 List of chemicals

Description
[Mercaptoethanol (78,13 g/mol)
100% Ethanol (EtOH)

2xYT-Medium
4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES)

70% EtOH

Aceton

Acetonitril, Chromasolv, for HPLC, Gradient
Gr.

Acetyl-Coenzyme A

Adenosindiphosphat (ADP)

Agar Agar SERVA Kobe I
Ammonium sulfate, > 99,5 %, p.a., ACS, ISO

Ampicillin sodium salt
Antimycin A

Apoprotinin
Aqua double-distilled (Aqua dd)
Biocoll Separating Solution

Bovine serum albumine, essentially fatty acid
free (BSA)
Calciumcarbonat, powder, 99 % A.C.S. pure

Calciumcholrid-Dihydrat (CaCl, 2 H,0)
Carbenicillin disodium salt
Chloroform-d; + 0.03 % TMS

Cholesterol
D-(+)-Glucose-Monohydrat

D(+)-Saccharose; > 99,5 %, p.a.
Digitonine

Dimethylsulfoxid (DMSO)
Dithionitrobenzoic acid (DTNB)
D-Mannitol; > 98 %

Dulbecco’s Modified Eagle Medium (DMEM)
Dulbecco’s Phosphate Buffered Saline (DPBS)

(10x)

Company
ITW Reagents
Carl ROTH GmbH & Co. KG

Carl Roth GmbH + Co. KG
Merck KGaA

self-prepared
Applichem
Sigma—Aldrich

AppliChem
Sigma—Aldrich

SERVA Electrophoresis GmbH
Carl Roth GmbH + Co. KG

Carl Roth GmbH + Co. KG
Sigma—Aldrich

Sigma—Aldrich
Self-prepared with Milli-Q Academic
Biochrom

Sigma—Aldrich

Sigma—Aldrich

Merck KGaA
AppliChem GmbH
Acros Organics

Sigma—Aldrich
Carl Roth GmbH + Co. KG

Carl Roth GmbH + Co. KG
Merck KGaA

Merck KGaA
Sigma—Aldrich
Sigma—Aldrich

Invitrogen by Thermo Fisher Scientific Inc.
Gibco (Thermo Scientific)
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Edamin® K (Lactalbumin Enzymatic Hydroly-
sate)

Ethanol (>99 %)

Ethanol (70 %)

Ethyl acetate HPLC grade, 99.8 %
Ethylene glycol tetraacetic acid (EGTA)
Ethylenediaminetetraacetic acid (EDTA)
FCCP

Fetal calf serum (FCS)

Glucose

Glutamate

Hanks’ balanced salts

Hanks’ balanced salts

Hydrochloric acid (HCI), 1 N; 0,1 N
Hydrochloric acid (HCI), 37 %
Hygromycin B (50 mg/mL)

iTaq™ Universal SYBR® Green Supermix
K-lactobionate

Leupeptin

Magnesium chloride hexahydrate
Magnesium sulfate heptahydrate
Magnesium sulfate heptahydrate
Malat

Malt extract

MEM vitamin solution 100x

Minimun Essential Media (MEM) Non-Essential
Amino Acids (NEAA) 100x

MitoTracker™ Red CM-H,Xros

Molasses
N,N,N‘,N*-Tetramethyl-p-phenylendiamin-
Dihydrochlorid

Nystatin Suspension
Oatmeal, organic

Oligomycin

Oxalacetate
Penicillin/Streptomycin (PenStrep)
Pepstatin

Peptone from casein
Phenylmethylsulfonylfluorid (PMSF)

Sigma Sigma—Aldrich

Merck KGaA

Carl Roth GmbH + Co. KG
Carl Roth GmbH + Co. KG
Sigma—Aldrich

Merck KGaA
Sigma—Aldrich
Sigma—Aldrich

Merck KGaA
Sigma—Aldrich
Sigma—Aldrich
Sigma—Aldrich

Merck KGaA

Merck KGaA

Invitrogen by Thermo Fisher Scientific Inc.
Bio-Rad

Sigma—Aldrich
Sigma—Aldrich

Merck KGaA
Merck KGaA
Merck KGaA
Sigma—Aldrich

Fluka

Gibco by Thermo Fisher Scientific Inc.
Gibco by Thermo Fisher Scientific Inc.
Thermo Fischer Scientific

Stidzucker

Sigma—Aldrich

Sigma—Aldrich
Bauck GmbH

Sigma—Aldrich
Sigma—Aldrich
Invitrogen

Sigma—Aldrich

Merck KGaA
Merck KGaA
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Potassium chloride
Potassium hydroxide (KOH), 5 N
Pyruvat

Rhodamine-123
RNAprotect® Cell Reagent

RNAse free water
Rotenone
Sodium azide

Sodium Chloride
Sodium chloride (NaCl)

Sodium deoxycholate
Sodium fluoride (NaF)
Sodium hydroxide (NaOH), 1 N; 0,1 N

Sodium hydroxide pellets
Sodium hypochlorite solution
Sodium orthovanadate

Sodium pyruvate

Sodiumhydrogencarbonat NaHCO3
Succinate

Sucrose

SYTOX™ Green acid stain (5 mM)
Taurine
Triethanolamine

Tris(hydroxymethyl)-aminomethan
Triton X-100

Trypan blue

Trypsin-EDTA (0.05%)

TWEEN® 20
Urea

Yeast extract

5.1.4 Columns

Merck KGaA

Merck KGaA
Sigma—Aldrich
Sigma—Aldrich

Qiagen

Thermo Fisher Scientific
Sigma—Aldrich
Sigma—Aldrich

Merck KGaA
Sigma—Aldrich

Merck KGaA
Sigma—Aldrich
Merck KGaA

Merck KGaA
Carl Roth GmbH + Co. KG
Sigma—Aldrich

Sigma—Aldrich

Merck KGaA
Sigma—Aldrich

Carl Roth GmbH + Co. KG

Thermo Fisher Scientific Inc.
Sigma—Aldrich
Sigma—Aldrich

Merck KGaA

Merck KGaA

Sigma—Aldrich

Gibco by Thermo Fisher Scientific Inc

ChemCruz Bio-Connect B.V.
Merck KGaA

OXOID Limited

Table 5-4 lists all columns used for HPLC and preparative HPLC.

Table 5-4 Columns for HPLC and preparative HPLC.

Name

Kromasil 100 C18, 7 um, 250 x 20 mm

Supplier
MZ Analysentechnik
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Nucleosil® C18, 100-5, 125 x 3 mm Macherey Nage
guard-column Kromasil 50x20 mm, 100 C18,7  MZ Analysentechnik
pm

guard-column Nucleosil® C18, 100-5, 8 x 3 mm Macherey Nage

5.1.5 List of Kits
Table 5-5 lists all kits used.

Table 5-5 Kits used.

Description Company

iScript™ cDNA-Synthesis Kit Invitrogen (Thermo Scientific)
RNeasy Mini Kit (250) Qiagen

Turbo DNA-free TM-Kit Thermo Scientific

5.1.6 Media for fungi
Malt extract agar (MEA)

Table 5-6 Malt extract agar.

Component Medium Concentration (g L )
D-(+)-glucose monohydrate 4.0

malt extract 10.0

yeast extract 4.0

Agar-Agar I5¢g

dd H>O 1L

The medium was autoclaved at 121 °C for 20 min prior to use and then poured into Petri dishes.

YMG 6.3

Table 5-7 YMG-6.3.

Component Medium concentration (g L )
D-(+)-glucose monohydrate 4.0

malt extract 10.0

yeast extract 4.0

dd H>O 1L

The pH was adjusted to 6.3, and the medium was autoclaved at 121 °C for 20 min prior to use.
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ZM % medium

Table 5-8 ZM ¥ medium

Component Medium concentration (g L 1)

water-soluble components

Molasses 5
D-(+)-glucose monohydrate 1.5
Sucrose 4
d-mannitol 4
Ammonium sulfate 0.5

The water-insoluble components were weighed
separately into the respective Erlenmeyer flasks
and then filled up with water-soluble compo-

nents.

water-insoluble components

Edamin® K 0.5
Oatmeal 5
Calcium carbonate 1.5

The medium was autoclaved at 121 °C for 20 min prior to use. The water-insoluble components
were weighed separately into the respective Erlenmeyer flasks and then filled with water-solu-

ble components.

5.1.7 Buffers, solutions, and media for cell culture and experiments

Ultrapure water was used for the preparation of all buffers, solutions and media (Milli-Q, Mil-

lipore, Billerica, USA), which will be referred to as H>O below.

115




Experimental Part

Tris buffer

Table 5-9 Tris buffer.

Chemical concentration (g L 1)
Tris 2.42
H>O 1L

The pH was adjusted to 7.4 at 4 °C with HCI (1 N).
Phosphate buffer saline (PBS)

Table 5-10 PBS

Chemical Amount for 1 L
DPBS (10x) 100 mL
H»O. 900 mL

HBSS buffer

Table 5-11 HBSS buffer.

Chemical concentration (g L 1)
HBSS 9.5

HEPES 2.4

CaCl,2H,O 0.147

CgS04-7H20 0.246

The substances were dissolved in 1.0 L H20 and adjusted to pH 7.4 at 37 °C using HCl (1 N) and
NaOH (1 N).
Trypan blue solution (0.4 %)

Table 5-12 Trypan blue solution.

Chemical Concentration (g 0.1 L 1)
Trypan blue 0.1
PBS (1x) 100 mL

Trypan blue was dissolved in 100 mL of PBS (1x).
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Cell culture medium for SH-SY5Y-MOCK and SH-SY5Y-APPg9s5 cells

Table 5-13 Cell culture medium.

Chemical concentration
DMEM 500 mL

FCS 10 %
Hygromycin B 0.3 mg/mL
Sodium pyruvate 5mL

NEAA S5mL
Pen/Strep 60 U/mL
Vitamins SmL

The indicated volumes are required to produce full cell culture medium. For the production of re-
duced cell culture medium, the FCS content was lowered to 2 %. The cell culture medium was

stored at 4 °C.

Freezing medium

Table 5-14 Freezing medium.

Chemical
FCS 50 %
DMSO (sterile filtered) 10 %

Freezing medium was stored at -20 °C.

Buffers for the determination of citrate synthase activity
Tris HCI buffer (1.0 M)

Table 5-15 Tris HCI buffer (1.0 M).

Chemical Concentration (g 0.1 L 1)
Tris 12.114 g
H>O 100 mL

The pH was adjusted to 8.1 with HCI (37 %)
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Triethanolamine HCI buffer (0.5 M)

Table 5-16 Triethanolamine HCI buffer (0.5 M).

Chemical
Triethanolamine 8.06¢g
H-O 100 mL
EDTA 186.1 mg
The pH was adjusted to 8.0 with HCI (37 %)
Triton X 100 (10 %)
Table 5-17 Triton X 100 (10 %).
Chemical
Triton X-100 10g
H-O 90 mL
Oxalacetate solution (10 mM)
Table 5-18 Oxalacetate solution (10 mM).
Chemical concentration
Oxalacetate 5.94 mg
Triethanolamine HCI buffer (0.1 M) 4.5 mL
DTNB solution (1.01 mM)
Table 5-19 DTNB solution (1.01 mM).
Chemical
DTNB 3.6 mg
Tris buffer 9 mL
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Citrate synthase reaction medium

Table 5-20 Citrate synthase reaction medium.

Chemical

DTNB 0.1 mM
Triton-X-100 10 %
Oxalacetic acid 10 mM
Acetyl coenzyme A 12.2 mM

K-Lactobionat stock solution

Table 5-21 K-Lactobionat stock solution

Chemical
K-Lactobionat 3583 ¢
H>O ad 200 mL

The pH was adjusted to 7.0 with KOH.

MIRO05

Table 5-22 MIRO0S.

Chemical

EGTA 0.5 mM
MgCl, - 6 H20 3mM
K-Lactobionat 60 mM
Taurine 20 mM
Sucrose 100 mM
BSA 1 g/l
H>O ad 11

The pH was adjusted to 7.1 at 30 °C with KOH (5 N), and MIR05 was stored at -20 °C.
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Lysis buffer

Table 5-23 Lysis buffer 1.

Chemical

EDTA 1 nM
Triton X-100 0.5 %
NaF 5 mM
PBS (1x) ad 250 mL

Table 5-24 Lysis buffer 2.

Chemical

Urea 6M
Sodium pyrophosphat 2.5 mM
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
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5.1.8 Buffers, media and solutions for Caenorhabditis elegans cultivation

and experiments

Stock solutions

Table 5-25 Stock solutions for C. elegans cultivation and experiments.

Component concentration solvent

CaClz IM dd H20
Carbenicillin 25 mg/mL 50% Ethanol
Cholesterol 5 mg/mL >99,5% Ethanol
MgSO4 IM dd H20
KH>PO4 IM dd H20

KOH 5SM dd H,O

Bleach solution

Table 5-26 Bleach solution.

Component Weighing-in for 1.5 mL total volume
dd H>O 0.5mL
NaClO (12% CI) 0.5mL
NaOH (5 N) 0.5mL

Ethanol: TWEEN® 20 (92:8 v/v)

Table 5-27 Ethanol: TWEEN® 20 (92:8 v/v) solution.

Component Weighing-in for 100 mL total volume
Ethanol (>99,5%) 92 mL
TWEEN® 20 8 mL
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NaCl-Pepton

Table 5-28 NaCl-Pepton solution.

Component Weighing-in for 400 mL total volume
Pepton from Casein 05¢g

NaCl 06¢g

dd H>O ad 400 mL

2x yeast extract tryptone (YT)-medium

Table 5-29 2x Yeast Extract Tryptone (YT)-Medium.

Component Weighing-in for 200 mL total volume
2x YT-Medium (pulver) 62¢g
dd H>O ad 200 mL

Nematode Growth Medium (NGM)

Table 5-30 Nematode growth medium.

Component Weighing-in for 10 mL total volume
CaClL (1 M) 10 uL

Cholesterol (5 mg/mL in Ethanol) 10 uL

Carbenicillin 10 uL

KH>PO4 (1 M, pH=6,0) 250 pL

MgSO4 (1 M) 10 uL

NaCl-Pepton-Solution 9.72 mL

NGM-agar

Component Weighing-in for 375 mL total volume
Agar—Agar 6.4 ¢

Pepton from Casein 09¢g

NaCl l.lg

The components are dissolved and the solution autoclaved (121 °C, 15 min). To cool down to
60 °C, the NGM agar is stored in a water bath. After reaching the desired temperature, the

following components are added:
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CaClL (1 M) 375 uL
Cholesterol (5 mg/mL in Ethanol) 375 uL
Carbenicillin (25 mg/mL) 375 uL
MgSOs4 (1 M) 375 uL
KH2PO4 (1 M, pH=6,0) 9,375 mL
Nystatin-Suspension 9,375 mL

The NGM agar was then filled into Petri dishes (92 x 16 mm) in a suit of 9 mL each. After the
NGM agar hardened, it was stored at 4 °C. The maximum storage time of the NGM agar is 3

months. The maximum storage time of the NGM agar is 3 months.

Coating of the NGM agar plates with OP50

A total of 600 pL of an E. coli OP50 day culture was spread on each NGM agar plate using a
pipette. Using a disposable L-shaped spatula, this bacterial suspension is evenly distributed on
the agar. These plates are dried under a fume hood for approx. 1 hour. The OP50-NGM agar
plates were then stored at room temperature for a maximum of one week. The cultivation of

Op-50 is described below.

M9 buffer

Table 5-31 M9-buffer solution.

Component Weighing-in for 400 mL total volume
KH>PO4 12¢g

Na2HPO4 24¢

NaCl 20¢g

dd H>O ad 400 mL

The salts are shaken until they have dissolved. The solution is then autoclaved (121 °C, 15
min). After cooling the buffer, the following ingredient is added under semisterile conditions:

MgSO4 (1 M) 4mL
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M9-TWEEN® 20-buffer

Table 5-32 M9-TWEEN® 20-buffer.

Component Weighing-in for 400 mL total volume
MO-buffer 400 mL
TWEEN® 20 4 mL

The substance TWEEN® 20 is added to the M9 buffer under semisterile conditions using a
serological pipette. The MO-TWEEN® 20 buffer was stored at room temperature.

Tris buffer (20 mM)

Table 5-33 Tris buffer.

Component Weighing-in for 500 mL total volume
Tris 12¢g
dd H>O ad 500 mL

Isolation buffer

Table 5-34 Isolation buffer.

Component Weighing-in for 500 mL total volume
Sucrose 5l4¢g

TES 0573 g

EGTA 0389 ¢

dd H>O 400 — 480 mL

The substances are completely dissolved in a 500 mL Schott bottle with a stirring
fish on the magnetic stirrer. The pH value of the solution is adjusted to 7.2 using
KOH (5 N). The solution is then transferred to a volumetric flask.

dd H,O ad 500 mL
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5.1.9 Software

Table 5-35 Software used.

Name/Version
CLARIOstar

CLARIOstar MARS
GraphPad Prism
OROBOROS® DatLab
R3.6.1

Bio-Rad CFX Manager 3.1
Bio-Render

FIJT (ImageJ 1.53¢)
Simple Neurite Tracer 3.1.4
PyMOL v2.4+

AutoDock Vina v.1.2.0.

LigPlot+ v.4.5.3

5.2 Methods

5.2.1 Strain maintenance

For strain maintenance, agar plates were inoculated with Hericium erinaceus. Here, malt extract
agar plates were used. The agar plates were each inoculated with approximately 1 cm? piece of
agar well covered with mycelium, and the lid was sealed with parafilm. After a growth phase
of 12 days in the incubator at 24 °C, the plates were stored at 4 °C in the refrigerator. Hericium
erinaceus (FU70034, isolated from basidiocarp tissue) was obtained from InterMed Discovery

(IMD) Natural Solutions, Dortmund, Germany.

5.2.2 Preculture inoculation
Basidiomycetes were cultured submerged in YM6.3 medium (Table 5-7). A well-grown agar
piece (approximately 1 cm?) was transferred to a 250 mL Erlenmeyer flask containing 100 mL
of culture medium. The cultures were then homogenised with an Ultra-Turrax for approxi-

mately 15 s at 10 « 10° U-min! and incubated on a shaker at 24 °C and 150 rpm in darkness.

Supplier

BMG LABTECH GmbH

BMG LABTECH GmbH

Statcon GmbH

OROBOROS Instruments GmbH

Bio-Rad Laboratories Inc.
https://biorender.com/

NCBI

NCBI

PyMOL by Schrodinger

Center for Computational Structural Biology
(CCSB)

Thornton Group;

European Bioinformatics Institute
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After a growth period of seven days, these cultures were homogenised and used to inoculate

the main cultures.

5.2.3 Main cultures inoculation

The precultures were homogenised with an Ultra-Turrax for approximately 15 s at 10 « 103 U-
min™!. The main culture medium (ZM"? medium) (40 % of the total filling volume of an Erlen-
meyer flask) was inoculated with the corresponding preculture (1 mL preculture per 10 mL
main culture medium), and the flasks were cultivated on the shaker at 24 °C and 150 rpm under

exclusion of light for 9 days.

5.2.4 Checking for contamination

Contamination was routinely checked by observing the growth of the culture and the appear-
ance of the medium. Contamination by yeasts and/or bacteria would have resulted in turbidity

of the culture medium. In addition, a microscopic check was carried out.

5.2.5 Extraction of the fungal culture

Samples, comprising mycelium and growth medium (median 32.8 g/400 mL), were homoge-
nized using an agitator bead mill for 10 minutes at 3500 rpm. The fungal culture was extracted
once with ethyl acetate in a 1:1 ratio. The organic phase was decanted and dried over sodium
sulphate. If the samples were freeze-dried, 20 g were mixed with 100 mL ethyl acetate and
stirred for two hours and filtered. It was then transferred to a 50 mL round bottom flask and
concentrated to dryness using a rotary evaporator at 240 mbar and a bath temperature of 40 °C.
The residue was taken up by careful resuspension in 1 mL acetonitrile. Prior to HPLC analysis,
the extract of the culture supernatant was membrane filtered with a syringe filter (Chromafil®
PET-45/15 MS, pore size 0.45 um, Macherey-Nagel, Diiren). For the ethanolic mycelium ex-
tract, 20 g of freeze-dried sample was mixed with 200 mL 70 % ethanol, stirred for 24 h on a
magnetic stirrer, super sonicated for 2 h and filtered. It was then transferred to a 50 mL round
bottom flask and concentrated to dryness using a rotary evaporator at 40 mbar and a bath tem-
perature of 50 °C and then freeze-dried. Ethanolic mycelium extracts of Hericium erinaceus
are used for research due to their ability to efficiently extract and preserve bioactive compounds,
their solubility, ease of use, and safety. These factors make them ideal for studying the thera-

peutic potential of Hericium erinaceus in various health conditions, such as neurodegenerative
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diseases and cognitive decline. Moreover, it has been reported that ethanolic extracts are effec-
tive in extracting erinacines (Chang et al., 2016; Friedman, 2015; Kawagishi et al., 1994; K.-F.
Lee et al., 2014).

5.2.6 HPLC

High-performance liquid chromatography (HPLC) is a widely used analytical technique that
separates and quantifies individual components within a mixture. The basic principle of HPLC
involves passing a liquid sample through a column packed with a stationary phase (typically a
porous solid material) under high pressure. A mobile phase (solvent) is used to facilitate the
flow of the sample through the column. The different components in the sample interact differ-
ently with the stationary phase, which leads to their separation based on their physicochemical
properties, such as polarity, size, or charge (Neue, 2006).

The first step in HPLC analysis is acquiring a chromatogram that represents the detector's re-
sponse over time, with peaks corresponding to separated compounds. Baseline correction algo-
rithms are then applied to eliminate drift or noise, enhancing the accuracy of the signal. Next,
algorithms are used to identify and integrate peaks in the chromatogram, and the area under
each peak is calculated, which is proportional to the compound concentration. To identify the
compounds, their retention times are compared to known reference standards are used.

The HPLC parameters used for the analysis of erinacine C (MERCK HPLC) is listed in Table
5-36. Table 5-37 shows the gradient used.

Table 5-36 HPLC method parameters.

Component Model/Parameter

Guard column CC 8/3 Nucleosil® 100-5 C18, Macherey-
Nagel

Columns CC 125/3 Nucleosil® 100-5 C18, Macherey-
Nagel

Injection volume 10 uL

Eluent A ACN

Eluent B dd H>O

Flow rate 0,6 mL min’!

Data aquisition D-7000 HSM

Wave length 210 nm with DAD
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Table 5-37 HPLC Gradient for the separation

time [min] A [%] B [%]
0 30 70

15 50 50

16 50 50

23 100 0

38 100 0

43 30 70

47 30 70

5.2.7 Preparative HPLC

Preparative HPLC is focused on the separation and purification of compounds from complex

mixtures at a larger scale. This method utilizes larger column dimensions and higher flow rates,

enabling the collection of larger quantities of purified compounds for further analysis or use.

Preparative HPLC is often employed in pharmaceutical development, natural product isolation,

and chemical synthesis to obtain sufficient amounts of pure compounds for structural charac-

terization (Guiochon et al., 2006). The principles of separation in both HPLC and preparative

HPLC are comparable. The preparative HPLC method used for the isolation of erinacine C is

listed in Table 5-38. Table 5-39 shows the gradient used. The retention time for collecting eri-

nacine C was determined based on previous experiments aimed at achieving a clear separation.

Table 5-38 Method parameters for preparative HPLC.

Component

Model/Parameter

Guard column

Columns

Eluent A
Eluent B
Flow rate
Temperature

Wave length

CC 50/20 mm Nucleosil®, 100 C18, 7 um
CC 250/20 Nucleosil® 100-7 C18, Macherey-
Nagel

ACN

dd H20

10 mL min™!

Room temperature

210 nm
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Table 5-39 Gradient for preparative HPLC for separation.

Time [min] A [Y%] B [%]
0 30 70

15 50 50
22.5 95 5

47 95 5

5.2.8 Nuclear magnetic resonance spectroscopy (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful analytical technique used to
study the structure and dynamics of molecules. NMR is based on the interaction of atomic nu-
clei with an external magnetic field, and it is commonly employed in various fields such as
chemistry, biochemistry, pharmaceuticals, and materials science.

The underlying principle of NMR involves the absorption and re-emission of electromagnetic
radiation by atomic nuclei in a strong magnetic field. When placed in a magnetic field, certain
nuclei (e.g., 'H, 13C) with a non-zero spin can absorb energy at specific frequencies, causing
them to transition between energy levels. The energy absorbed and the resulting NMR signals
depend on the chemical environment of the nuclei, which provides information about the mo-
lecular structure and interactions (Keeler, 2010).

Thirty milligrams of the evaporated sample were dissolved in CDCl; and transferred into an
NMR tube. NMR spectra were recorded on a Bruker Avance 111 400 MHz NMR spectrometer.
The data were collected and processed by TOPSPIN software (Bruker) running on a PC with
Microsoft Windows 10. The NMR experiments were performed using Bruker standard pulse
sequences and parameters. Chemical shifts are reported in ppm (5 scale) using the solvent signal
as the standard and coupling constants (J) in Hz. Chloroform-d; + 0.03 % TMS was purchased
from Acros Organics, Geel, Belgium. The NMR spectra were evaluated with help of Prof. Tati-
ana Zhuk and Prof. Andre Fokin.

5.2.9 High-resolution mass spectrometry (HR-MS)

High-resolution mass spectrometry (HR-MS) is an analytical technique used to accurately

measure the mass-to-charge ratio (m/z) of ions derived from molecules in a sample. HR-MS is
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widely employed in various fields such as proteomics, metabolomics, pharmaceuticals, envi-
ronmental analysis, and forensics, due to its high sensitivity, selectivity, and resolving power.

HR-MS operates by ionizing the molecules in a sample and measuring the time it takes for the
ions to travel through a mass analyser, which separates them based on their m/z values. High-
resolution mass spectrometers can differentiate ions with very similar m/z values, enabling the
precise determination of molecular formulas and the identification of unknown com-

pounds(Watson & Sparkman, 2008).

High-resolution mass spectrometry was carried out using an ESI-MS Micro-TOF by Bruker.
The sample was dissolved in acetonitrile and injected into the device. Parameters for measuring
were adjusted as follows: Voltage TOF 2400 V; lon Polarity: positive; dry temperature: 180 °C;
Nebuliser 0.4 bar; dry gas 4 1/min. The measurement was carried out by Steffen Wagner from
the OC-Analytics platform. The results were analysed with Brucker Daltonics Data Analysis
3.4.

5.2.10 Cell lines
The SH-SYS5Y cell line was used for the experiments. This was originally provided by A. Eckert

(Basel, Switzerland). Two variants of SH-SYS5Y were used in this work: control cells without
specifically increased APP and Af production (SH-SY5Y MOCK) and a model of AD in which
the synthesis of these proteins is increased (SH-SY5Y APPgos). The subtypes show similarities
in morphology but show differences due to the additionally transfected coding region of human

ApSPP (ApPPsos) or a corresponding empty vector (pCEP4).

5.2.10.1 Thawing cells

The cells, which were frozen at -80 °C, were carefully thawed in a water bath at 37 °C. The
cells were then resuspended in medium in a 50 mL Falcon tube and centrifuged (750% g, 5 min).
After discarding the supernatant, the pellet was dissolved in 11 mL of full medium. The cell
suspension was transferred to a cell culture flask and rinsed multiple times. The culture was
then incubated for at least 24 hours (37 °C, 5% CO») until the first passage of the cells could be

performed.

5.2.10.2 Cultivation and splitting of cells

The cultivation of SH-SY5Y cells was carried out in cell culture flasks under sterile conditions

(37 °C, 5% COz). To optimise the growth conditions, the flasks were split approximately twice
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a week to achieve a maximum of 80% growth. The cells were used for experiments in splits
four to 15, and then a new unit of cells was taken into culture. For splitting, medium and PBS
were heated to 37 °C in a water bath. The cell culture flask was transferred from the incubator
to the sterile workbench. The full medium was aspirated using a glass pipette after the cells
were washed with 10 mL of warm PBS for a maximum of one minute. One mL of trypsin-
EDTA was used to detach the cells from the bottom of the flask. For this purpose, the bottle
was carefully swivelled to distribute the protease on the cell lawn. As soon as cells were visible
in solution, 9 mL of fresh full medium was added to stop the protease activity. To separate the
cells, the cell suspension was then rinsed eight times. The suspension was diluted according to
the planned cultivation period by transferring an appropriate amount of the suspension into
fresh cell culture flasks in which 12 mL of the complete medium had previously been placed

(ratio 1:2 to 1:8). Then, cultivation was carried out for the planned period (37 °C, 5 % CO»).

5.2.10.3 Determination of the cell count

To determine a uniform and appropriate cell count for the experimental application, the cells of
an approximately 80% overgrown cell culture flask were counted in a Neubauer counting cham-
ber using the dye trypan blue. Trypan blue penetrates dead cells and stains them blue, whereas
vital cells have an intact membrane barrier. Due to the toxicity of the dye, counting of the cells
was performed immediately after mixing with the cells. After the cells were washed in PBS and
detached with trypsin, medium according to the experimental approach was used for resuspen-
sion. After rinsing, the cell suspension was centrifuged in a 50 mL cell culture tube (750x% g, 5
min). The supernatant was discarded, and the pellet was resuspended in 1 mL of medium. Ten
microliters of the suspension was transferred to a reaction tube containing 90 pL of preprepared
trypan blue. Subsequently, ten microliters of this cell-trypan blue suspension was injected into
the covered Neubauer counting chamber. All four counting chambers, each with 16 segments,
were counted under a light microscope, and the mean value was determined. When calculating
the cell count, both the total dilution (1:10%) and the chamber factor (1:10%) were taken into

account. The cell count was set to 10° cells per millilitre.

5.2.11 Cell treatment
Cells were incubated with concentrations from 0.01 pM to 1000 pM erinacine C or with a 0.01
pug — 100 pg/mL ethanolic Hericium erinaceus mycelium extract (both dissolved in DMSO) for
24 h after they reached confluence of 80 %. DMSO (1 %) was used as a control for erinacine C

and the ethanolic extract.
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5.2.12 Cell culture assay

In the following section, the principle and experimental stages of the assays used are described.

5.2.12.1 MTT Assay

Incubation of the cells

The cultivation and harvesting of the cells were carried out as described in section 5.2.10. After
the cell count was set to 10° cells/mL, the cell suspension was diluted again at a ratio of 1:5
with reduced medium (adjusted cell number: 2 x 10°). One hundred microliters of the cell sus-
pension was applied to a 96-well microtitre plate. The plate was then incubated for 24 hours
(37 °C, 5 % COy). After the incubation period, 1 pL of the effector was applied. The treatment
was carried out with the ethanolic extracts of Hericium erinaceus and pure erinacine C.
Measurement

After another 24 hours, the plate was centrifuged (750x g, 5 min, RT), and the supernatant was
carefully aspirated. Subsequently, 100 pL of the MTT solution (5 mg/mL in PBS) diluted 1:10
with reduced medium was applied per well, and the plate was incubated for 4 hours (37 °C, 5 %
COz). Then, 75 pL of the solution was removed and discarded. The formed formazan crystals
were dissolved in 50 uL. of DMSO, and the plate was incubated for another 10 min (37 °C, 5 %
COy). Afterwards, the absorbance of the MTT formazan at 540 nm and 37 °C could be deter-

mined in the plate reader.

5.2.12.2 Mitochondrial membrane potential (MMP) determination

Incubation of the cells

After harvesting the cells and adjusting the cell count to 10° cells/mL as described in section
5.2.10, the cells were seeded in a 24-well plate. For this purpose, 395 puL of reduced medium
was provided, and 100 pL of the cell suspension was applied to each well. The plate was then
incubated for 24 hours (37 °C, 5 % CO>). One day after seeding, 5 pL of the effectors were
applied for each group. One hour after the application of the effectors, 5 pL rotenone was added
to each of the designated wells. Rotenone inhibits complex I of the respiratory chain, resulting
in blocked ATP synthesis and reduced MMP (Perry, Norman, Barbieri, Brown, Harris, et al.,
2011). In the columns in which no rotenone or effector was applied, the volume was balanced
by the application of reduced medium.

Measurement

On day two after seeding, the plate could be prepared for MMP measurement. First, HBSS was
heated in a water bath to 37 °C, the pH was adjusted to 7.4. The salt solution was sterile filtered
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through a tip filter. R123 was mixed with sterile filtered HBSS 1:100, diluted again 1:50 and
stored in the absence of light. Per well, 10 pL of diluted R123 was applied (0.4 pM), and the
plate was incubated for 15 min (37 °C, 5 % COz). The cells were then washed with 500 pL
HBSS and centrifuged (750% g, 5 min). The supernatant was aspirated and discarded. The re-
maining cells were carefully resuspended in 500 pL fresh HBSS. Subsequently, the actual
measurement could be carried out in the plate reader at an excitation wavelength of 490 nm and

an emission wavelength of 535 nm (Stockburger et al., 2014).

5.2.12.3 ATP Assay

Incubation of the cells

The cultivation and harvesting of the cells were carried out as described in section 5.2.10. After
the cells were counted and the cell count was set to 10° cells/mL, the cell suspension was diluted
again in a new 50 mL Falcon tube at a ratio of 1:5 with reduced medium (set cell count: 2 x
10%). One hundred microliters of the cell suspension were applied to each 96-well microtiter
plate, and columns were left out for the ATP standard. The plate was then incubated for 24
hours (37 °C, 5 % COy).

One day after seeding, the cells could be treated with 1 pL of the effector. One hour later, 1 uL
rotenone was applied. The volume was adjusted in cells without treatment with reduced me-
dium. Twenty-four hours after application of the effectors, the ATP levels could be determined.
Measurement

Fifteen minutes before the end of the incubation period, the plate was removed from the incu-
bator and cooled to room temperature under the exclusion of light. After application of the ATP
standards, all wells loaded with cells were processed with the ATPlite Luminescence Assay
System. For this purpose, 50 pL of the lysis reagent was applied per well using a multichannel
pipette, and the plate was incubated in the dark (RT, 5 min). Subsequently, 50 uL. of the moni-
toring solution was added, air bubbles were removed, and the plate was incubated for an addi-
tional 40 minutes (RT, 15 min) until the ATP levels could be determined by bioluminescence

in the BMGLabtech Clariostar plate reader (Aabs = 490 nm, Aem = 535 nm).

5.2.12.4 Real-Time Reverse Transcription quantitative PCR (Real-Time RT—qPCR)

Principle

Reverse transcription quantitative polymerase chain reaction (RT—qPCR) enables the quantifi-
cation of nucleic acids. This method is used for the real-time detection and measurement of
products that are exponentially generated in each PCR cycle run and are proportional to the

amount of initial DNA (template) before the process (Arya et al., 2005). Through the use of
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temperature change effects, a cycle is composed of the following three phases: denaturation
(94 °C), annealing (55 °C) and elongation (72 °C). In a cycle, the strands of the template are
first separated in this way, the primers are hybridised, and the chain is elongated with the help
of the polymerase. At the end of a cycle, two identical copies are present (Miilhardt, 2013). For
detection and quantification the double-strand intercalating dye SYBR® Green was used (Arya
et al., 2005). Finally, a melting curve analysis is used to ensure that only the target sequence
has been amplified.

Incubation

In a 6-well plate, 1 mL of medium was added. The concentration of the cell suspension was
adjusted to 10° cells/mL, and 1 mL was added to each well. The plate was then incubated for
48 hours (37 °C, 5 % CO»). After 48 hours, the cells were treated with the effectors. First, the
existing medium was removed by suction and replaced by 1980 pL of fresh complete medium
and 20 pL of the effector. The plate was then incubated for an additional 24 hours (37 °C, 5 %
COz). On day 3, the cells were harvested. The cells were rinsed off in the well, and duplicates
were combined and transferred to a 15 mL Falcon tube. The cell suspension was centrifuged
(750% g, 5 min, 4 °C), and the supernatant was aspirated. The remaining cell pellet was resus-
pended in 300 uL. RNA protect and transferred to a 1.5 mL reaction vial, and the cells were
immediately chilled with nitrogen. The cells were stored at -80 °C.

Isolation of mRNA from cells

Isolation of mRNA from SH-SYSY cells was performed using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), and the mRNA was stored in RNAprotect® Cell Reagent at -80 °C until
processing. After thawing, the cells were centrifuged for 10 min at 300x g. The supernatant was
then removed, and the cells were homogenised in 350 pLL RLT buffer (+ 10 % f-mercaptoeth-
anol) using a cannula to rupture the cell structure. After the addition of 350 uL ethanol (70%),
the suspension was pipetted onto a RNeasy column and centrifuged for 30 s at 300x g. The
flow-through was discarded, and a wash step was performed in which 700 pL of RW1 buffer
was applied to the RNeasy column. After centrifugation for 35 s at 300x g, the flow-through
was discarded again, and two more washing steps with 500 uL RPE buffer each followed. After
the last wash step, the column was dry centrifuged at 300% g for 2 min. The collection tube was
discarded, and the column was placed in a fresh 1.5 mL reaction tube. To elute the mRNA, 50
puL RNase-free water was added to the filter and centrifuged at 300x g for 1 min. The concen-
tration and purity of the isolated RNA (1 pL undiluted) was determined with a NanoDrop One
(Thermo-Scientific) at 260 nm and 280 nm. The purity of the RNA was controlled by the quo-
tients A260/A280 (1.8-2.0) and A260/A230 (> 1.5).
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To exclude contamination with genomic DNA, an additional DNase digestion was carried out
with the Turbo DNA-free™ Kit. For this, 5 uL of 10x TURBO DNAse buffer and 1 uL TURBO
DNAse were added to 50 pL RNA (< 200 pg/mL). This was followed by incubation at 37 °C
for 25 min. At the end of the incubation period, 5 pL. of DNAse Inactivation Reagent was added
and incubated at room temperature for 5 min. This stopped the reaction. The samples were then
centrifuged at 300x g at RT for 90 s. The supernatant was removed, and the RNA concentration
was determined again on a NanoDrop One as described above. The mRNA was aliquoted ac-
cording to the determined concentration for cDNA synthesis (0.5 pg RNA per synthesis prep-

aration) and stored at -80 °C.

5.2.12.4.1 cDNA production

The cDNA was synthesised using the iScript™ c¢DNA Synthesis Kit (Bio-Rad, Munich). To
prepare the cDNA, the RNA aliquots were thawed and filled to 10 uL with RNAse-free H2O.
Ten microliters of master mix (5 pL RNase-free H>O, 4 pL 5x iScriptase Reaction Mix and
1 uL iScript Reverse Transcriptase) was then added to each sample. Incubation was then per-
formed in the TI00TM thermal cycler (Bio-Rad) (5 min at 25 °C, 20 min at 46 °C and 1 min at
95 °C, lid temperature 105 °C). The finished cDNA was stored in aliquots at -80 °C until further

use.

5.2.1242 Real-time quantitative PCR measurement

mRNA expression (gene expression) was measured by quantitative real-time PCR (qPCR) us-
ing target-specific primers on the CFX ConnectTM Real-Time System (Bio-Rad, Munich). For
this purpose, cDNA aliquots were diluted 1:10 with RNase-free H>O after thawing. Eight mi-
croliters of the master mix (5 pL SYBR Green Supermix, 1 uL diluted Primer Stock (2 or 4
uM), 2 uL. RNase-free H>O) was pipetted per well into a 96-well PCR plate (hard-shell). The
diluted cDNA was then added in a volume of 2 puLL per well in triplicate. RNase-free H,O served
as a control. The PCR plate was sealed with adhesive foil and incubated in the thermal cycler.

The cycling conditions for RT—qPCR are summarised in Table 5-40.
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Table 5-40 Cycle conditions for RT—qPCR.

Cycle phase Temperature [°C] Time
1. Initial denaturation 95 3 min
2. Denaturation 95 10s
3. Annealing 56-58 30s/45s
4. Elongation 72 29s
Number of cycles 45

Depending on the primer used, the primer concentration, annealing time and temperature may
vary. The relative quantification was followed by a melting curve analysis to detect primer
dimers or nonspecific annealing of the primers. The melting curve was recorded at a tempera-
ture increase from 65 °C to 95 °C with a heating rate of 0.5 °C/5 s over a period of 5 min.

The evaluation was carried out by means of the 2-AACq method using Bio-Rad CFX Manager
(Bio-Rad, Munich).
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Table 5-41 Primer sequence, size, and concentration.

Prod-
Concen-
uct
Primer Sequence Manufacture tration
size
[nM]
(bp)
p-Actin (ACTB) Fwd: 5-GGACTTCGAGCAAGA-  Biomol Ham- 234 200
GATGG-3’ burg,Germany
Rvs: 5"-AGCACTGTGTTGGCG-
TACAG-3’
Fwd: 5'-GGAA- Biomol Ham- 198 200
ATP-synthase delta GCTCCTCCTCAGCTTT-3’ burg, Germany
Rvs: 5'-
subunit
CAGGCTTCCGGGTCTTTAAT-3"
(ATP5D)
cAMP-responsive ele-  Fwd: 5-TGGAGTTGTTATGG- Biomol Ham- 169 100
ment-binding protein 1 CcATCCT-3 burg, Germany
(CREBI) Rvs: 5’-ATTTTCAAGCAC-
TGCCACTC-3’
Nuclear Respiratory Fwd: 5’-GTAACCCTGATGGCAC-  Biomol Ham- 183 200
Factor 1 (NRFI) TGTC-3’ burg, Germany
Rvs: 5°TCTG-
GATGGTCATCTCACCT-3’
Transcrip[ionfactorA Fwd: 5’-TCCCCCTTCAGTTTT- Biomol Ham- 189 200
(TFAM) GTGTA-3’ burg, Germany
Rvs: 5’-ATCAG-
GAAGTTCCCTCCAAC-3’
Glyceraldehyde-j’- Fwd: 5'-CTTT- Biomol Ham- 238 200
phosphate dehydro- GCCAACTTCCTTCTGC-3’ burg, Germany
genase Rvs: 5'-TTGATTTT-
GGAGGGATCTCG-3’
(GAPDH)
Phosphoglycerate ki- Fwd: 5"-CTGTGGGGGTATTT- Biomol Ham- 198 200
nase 1 GAATGG-3’ burg, Germany
(PGK1) Rvs: 5'-CTTCCAG-
GAGCTCCAAA-3’
NAD-dependent Fwd: 5’-TGTGGTAGAGCTT- Biomol Ham- 183 200

deacetylase sirtuin-1

(SIRTI)

GCATTGA-3’

Rvs: 5°-GCCTGTT-

GCTCTCCTCATTA-3’

burg, Germany
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5.2.12.5 Measurement of mitochondrial respiration

Principle

Mitochondrial respiration was investigated using the Oxygraph-2k system (Oroboros Instru-
ments, Innsbruck, Austria). 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. Sub-
strates and inhibitors of the individual complexes of the mitochondrial respiratory chain are
added selectively to measure the respiration of the complexes. This allows a statement about
the functionality of the complexes and the integrity of the respiratory chain in the cell. (Dieter

et al., 2022)

Incubation

Cell culture flasks with a confluence of 60-70 % were incubated with the respective substance (by
replacing the old cell culture medium with 9.9 mL of new cell culture medium (37 °C) and adding
100 pL of the respective substance or the solvent control). Cells were placed in the incubator for 24
hours.

Measurement

Before the measurement, 2.4 mL MIRO0S5 (37 °C) was added to each chamber and equilibrated
for approx. 30 min. For the measurement, MIR0S5 was completely removed and replaced by 2.4
mL cell suspension (4x10° cells/mL MIRO05) and equilibrated (endogenous respiration). Ulti-
mately, there were 8 x10° cells in each chamber.

After stabilising the endogenous respiration, the cells were permeabilised by the addition of
digitonin to make the membrane permeable to the substrates and inhibitors. This is followed by
the addition of the complex I substrates glutamate (10 mM) and malate (2 mM) (leak respiration
without ADP, leak (P/M)). The subsequent addition of ADP (2 mM) allowed the acquisition of
complex [ activity (KI). The capacity of oxidative phosphorylation (OXPHOS), i.e., the total
respiration of complexes I and II is determined by the addition of succinate, a substrate of com-
plex II. The addition of FCCP to saturation (0.5 uM steps) results in uncoupling of the respira-
tory chain from substrate addition, degradation of the MMP and restoration of the proton gra-
dient with full respiration of the respiratory chain by complex I to complex IV. In this way, the
maximum activity of the electron transfer system (ETS) can be recorded. Subsequently, rote-
none (0.5 uM), a complex I inhibitor, was administered to differentiate the respiration of com-
plex I from that of complex II. At this stage, uncoupled complex II activity can be detected. By
adding the ATP synthase inhibitor oligomycin (2 pg/mL), the proton gradient through the pro-
ton leak is slowed down. Complex III is subsequently inhibited by antimycin A (2.5 uM) and
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thus enables the measurement of residual oxygen consumption (ROX), oxygen consumption
without the involvement of mitochondrial respiration. Finally, cytochrome c oxidase (complex
IV) activity is measured by the administration of tetramethylphenylenediamine (TMPD) (0.5
mM), an artificial complex IV substrate, and ascorbate (2 mM) to obtain TMPD in the reduced
state. The addition of sodium azide (> 100 mM) inhibits the entire respiratory chain. The oxygen
concentration measured hereafter must be subtracted from the complex IV respiration, as these
values no longer originate from the activity of the respiratory chain. Furthermore, ROX was
subtracted from all respiratory activities. To ensure a sufficient supply of oxygen during the
measurement, the chambers were opened briefly in between. This was usually done after adding

oligomycin and ascorbate/TMPD. Figure 5-1 displays the above described steps.

Omy/Open/Close Azid/ Open/ Close
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Figure 5-1 Example of respiratory measurement (Oxygraph-2k). Oxygen consumption is shown in pink. Dig=

o

0,-Konzentration [uM]
[(jw,s)nowd] A 12d xni-20

Digitonin;, G+M= Glutamate and malate; ADP= Adenosine diphosphate; Suc=Succinate; Red=Rote-

none; Omy= Oligomycin; Ama=Antimycin;, A+T= Ascorbate + Tetramethylphenylenedia.

5.2.12.6 Citrate synthase (CS) activity measurement

Principle

Citrate synthase (CS) is localised in the mitochondrial matrix but is encoded in the nucleus.
Therefore, CS is commonly used as a quantitative marker for the content of intact mitochondria.
The CS assay is based on the irreversible conversion of DTNB with CoA-SH to TNB and CoA-
S-S-TNB, catalysed by the CS. The resulting TNB can be detected spectrophotometrically at
412 nm. The absorbance is recorded over 200 s in the spectrometer and increases linearly with
time. Plotting the absorbance against the measurement time allows the citrate synthase activity
to be determined. This in turn can be used to infer the number of intact mitochondria, making
CS activity a marker for mitochondrial mass (Larsen et al., 2012).

Incubation and Measurement

For the measurement, an aliquot of the solution for the respiratory measurements was used. The
solution was stored at -80 °C until the CS experiment.

Reaction mix:
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Table 5-42 Reaction mix and starting reagent for citrate synthase.

Chemical Volume for 1-well
ddH>O 80 uL
DTNB-solution 20 uL
Triton-X-100 5uL

Acetyl-CoA 5uL

Total 110 uLL

Starting reagent:

Chemical Volume for 1-well
ddH>O 40 uL

Oxalacetat 10 uL

Total 50 uL

CS was determined in the cells as follows: From the thawed samples, 40 pL was pipetted in
triplicate into a 96-well plate. Then, 110 uL of the reaction mix was added to each sample, and
the plate was incubated for 5 min at 30 °C in the plate reader. The starting reagent was also
tempered to 30 °C in a water bath at the same time. After 5 minutes, 50 puL of the starting
reagent was added to each sample, and then the plate was measured at an absorption wavelength
of 412 nm in the plate reader. ddH>O was used as a blank. The mean values of the triplets were
calculated. The specific activity was calculated with the following formula:

_ Ta _ Vweu
L g "VUp Vsample 'p

v= Specific citrate synthase activity [pmol/min/10° cells]; ra= Change in absorption rate per min; éB= Extinction coefficient

1%

of TNB at 412 nm and pH 8.1 [= 13,6 mM-1 cm-1]; vg= Stoichiometric equivalent of TNB in the reaction (=1); Vkiivette=
Volume of the reaction mixture in the well (=200 pL); Vsample= Volume of the sample in the well (40 puL); p= Mass concen-

tration or density of the cells in the sample (Protein concentration in mg/cm3, Cell density 10°x cm3).

5.2.12.7 Determination of neuronal outgrowth

Principle

Testing neuritogenesis or neuronal outgrowth is an assay for assessing the neuroplasticity ef-
fects of cells. Neuroplasticity is degrading in the brains of Alzheimer’s patients. For this assay,
neuronal outgrowth was excited with retinoic acid. Eventually, the neuronal cells are stained

and photographed, and the length of the neurons is assessed. To assess the effect of erinacine C
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on neurite growth in SH-SY5Y cells, hematoxylin-eosin staining of previously fixed cells was
performed. Haematoxylin has a deep blue—violet colour and stains nucleic acids. Eosin, on the
other hand, is pink and specifically stains proteins. In a typical tissue, nuclei thus appear blue,
while the cytoplasm and extracellular matrix are stained pink to varying degrees (Cardiff et al.,
2014).

Incubation of the cells

Cells were harvested from a Greiner flask and counted with a Neubauer counting chamber. The
cell suspension was diluted to yield 10° cells/mL. Cells were then seeded in transparent 6-well
plates with 1 mL DMEM and a microscopy cover slip coated with poly-L-lysine. After 24
hours, the medium was exchanged for reduced DMEM (3% FBS and other supplements iden-
tical to the cultivation medium). Furthermore, 10 uM retinoic acid was added to start the dif-
ferentiation of cells. After 5 days, the medium was changed to unsupplemented DMEM for the
remaining cultivation. Additionally, cells were treated with effectors or control solvent.
Measurement

After a total of 10 days, the medium was removed, and the cells were washed with 2 mL PBS
(1x). Cells were treated with 1 mL ROTI-Histofix ECO plus (Carl Roth, Germany, Karlsruhe)
for 20 min before being washed with 1 mL H2O. After this, cells were stained in 1 mL of acid-
ified haematoxylin solution for 1 min. Cover slips were removed from the well plate and rinsed
with tap water for 15 min. Cover slips were then dipped into eosin solution for 10 seconds
before being passed through several washing steps in the following order: H>O, 70 % EtOH,
90 % EtOH, 100 % EtOH, 100 % isopropanol and 100 % xylol. Finally, one drop of highly
viscous Permount (Carl Roth, Germany, Karlsruhe) was placed on a microscopy slide, and the
coverslip, cells facing down, was placed on top to completely embed cells within the mounting
solution. After preparation, slides were dried overnight at room temperature before analysis via
microscopy (Microscope: Axiphot, Zeiss, Camera and Objective, Software: LAS V4.6 (Leica
Application Suite).

Pictures were taken from moderately full areas of the sample to include at least 10 cells. From
these cells, the number and length of the longest neurite was determined using Mark Longair’s
Simple Neurite Tracer 3.1.4 plugin for ImagelJ. If neurites linked two cells together, the com-

plete neurite length was used.
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5.2.12.8 Molecular modelling

Molecular modelling is a computational technique used to study the structure, properties, and
behaviour of molecules and molecular systems. It plays a crucial role in various fields such as
drug design, materials science, and biochemistry. Molecular modelling is used in drug design
to predict the binding affinity and pose of small molecules (ligands) to their target proteins,
enabling the identification of potential drug candidates (Holtje et al., 2008).

For modelling, the structure of TrkB was downloaded from the RCBS Protein Data Bank
(https://www.rcsb.org). Here, the crystal structure of TrkB of Bertrand et al. was used (Bertrand
et al., 2012). The 3D structure of erinacine C was obtained from PubChem (PubChem CID:

10252378; wurl: https://pubchem.ncbi.nlm.nih.gov/compound/Erinacine-C) (S. Kim et al.,

2021). For modelling, AutoDock Vina was used. AutoDock Vina allows the modelling and
scoring of protein—ligand interactions (Trott & Olson, 2009). To display the protein—ligand
complex, PyMOL was used (Schrodinger LLC, 2015). To visualise the interactions of erinacine

C within the cavity of the TrkB-receptor, LigPlot+ was used (Wallace et al., 1995).

5.2.12.9 RNAseq

RNA sequencing (RNAseq) is a high-throughput method that enables the study of the transcrip-
tome, which represents the complete set of RNA molecules within a cell or tissue at a given
time. It provides insights into gene expression levels, alternative splicing, novel transcripts, and
non-coding RNA identification. RNAseq has become a powerful tool for investigating gene
expression changes, understanding regulatory mechanisms, and exploring disease pathogenesis
(Z. Wang et al., 2009).

The cells were treated the same way as for real-time RT—qPCR. However, the process was
stopped after DNase digestion. The samples were measured by Dr. Stefan Giinther at the De-
partment of CPI - DNA & RNA Technologies at the Max Planck Institute for Heart and Lung
Research in Bad Nauheim. The kit used is displayed in Table 5-43.
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Table 5-43 RNAseq Kit.

Kits Name

[lumina Kit
NextSeq™ 500 High Output
Kit (75 cycles)
GX24 DNA 5k/RNA/CZE LabChip
CLS138949
(GX24 pico RNA Reagent Kit CLS960012
VAHTS Stranded mRNA-seq Library Prep

Kit for Illumina
AmPure Beads XP
GX24 DNA X-Mark LabChip CLS145331

GX24 DNA NGS 3K Reagent Kit
CLS960013

5.2.12.10 Amyloid beta measurement

Principle

The determination of Af levels was based on the HTRF (Homogeneous Time Resolved Fluo-
rescence)) method and the HTRF-Amyloid-Beta 1-40 kit (Cisbio, Codolet, France). Two anti-
bodies that distinguish Af are used for this assay. One antibody is linked to a donor and the
other to the acceptor. When the two antibodies recognise the analyte, the donor emits fluores-
cence upon excitation, and the energy is transferred to the nearby acceptor, resulting in specific
delayed acceptor fluorescence. The donor fluorescence is also measured and related to the ac-
ceptor fluorescence. The cells were incubated in a cell culture flask with erinacine C for 24 h.
Measurement

The measurement followed the method published by Babylon et al. (Babylon et al., 2021). After
incubation for 24 h, the cells were collected and rinsed with PBS. Then, the cell suspension was
centrifuged (220% g, 5 min). The supernatant was discarded, and the cell pellet was resuspended
in 1.5 mL of PBS and protease inhibitor cocktail (Merck, Darmstadt, Germany). The suspension
was then centrifuged at 112x g for 5 min, and the supernatant was discarded. The cell pellet

was collected, and 600 pL of cell extraction buffer (Thermo Fisher Scientific, Waltham, MA,
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USA) was added and incubated for 30 min. The solution was then centrifuged at 13,000x g for
10 min. The supernatant was transferred to a new tube and stored at -80 °C. The supernatant
was thawed on ice and pipetted onto a 384-well plate (Greiner Bio-One, Kremsmiinster, Aus-
tria). An HTRF-Amyloid-Beta 1-40 kit (Cisbio, Codolet, France) was used to measure amyloid
[-protein concentration, and samples were processed according to the manufacturer's instruc-
tions. Optical density was then measured in the plate reader at emission wavelengths of 665 and

622 nm. Ap concentrations were normalised against protein content.

5.2.13 Caenorhabditis elegans
The strains CL2120 and GMC 101 were purchased from the Caenorhabditis Genetics Center
(CGO).

5.2.13.1 Escherichia coli OP 50 cultivation

E. coli OP50 serves as a food source for the nematodes. In the following, the storage and culti-

vation of the bacteria is described.

5.2.13.2 Escherichia coli OP50 overnight culture

Overnight culture of E. coli OP50 was prepared by inoculating 3 mL of 2x YT medium with 20
uL of E. coli OP50 glycerol culture in a cell culture tube under sterile conditions. The cell

culture tube was then cultured for 18 to 20 h at 37 °C and 30 rpm in a shaking incubator.

5.2.13.3 Escherichia coli OP50 Day culture

Two hundred millilitres of 2x YT medium was inoculated with an overnight culture containing
0.5 mL. The tubes were shaken for approximately 6 h at 37 °C and 300 rpm. Subsequently, the
day culture was divided into 50 mL centrifuge tubes, centrifuged at 3210% g for 8§ min and

resuspended in 5 mL YT medium. Storage is at 4 °C for a maximum of one week.

5.2.13.4 Glycerol culture of Escherichia coli OP50

Glycerol cultures are used for the long-term storage of bacterial strains. Therefore, 200 puL
glycerol was mixed with 800 pL of the overnight culture under sterile conditions. The suspen-
sion was then thoroughly mixed and aliquoted into reaction tubes of 20 pL each and stored at -

80 °C in the freezer.
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5.2.13.5 Culture of C. elegans

The cultivation of C. elegans was performed on OP50-NGM agar plates. The plates were stored
in a thermal cabinet at 20 °C protected from light. NGM agar, as well as the spread E. coli OP50
lawn, served as food sources. To maintain the culture, agar pieces containing nematodes are cut

from the plate and transferred to new OP50-NGM agar plates.

5.2.13.6 Age synchronisation of C. elegans

To ensure equal age of nematodes, they are synchronised by egg preparation. Using M9 buffer,
nematodes are washed from well-grown plates and transferred to a 15 mL centrifuge tube. The
nematodes were centrifuged twice at 440x g for 2 minutes at room temperature. The supernatant
was discarded, and the pellet was resuspended. Then, 1.5 mL of the bleach solution was added.
The tube was shaken until all nematodes had dissolved.

To separate bleach solution containing nematode residues from eggs, the suspension was cen-
trifuged at 3210x g for 2 min at room temperature, and the supernatant was discarded. The pellet
was resuspended in 10 mL of M9 buffer. Ten microliters of cholesterol (5 mg/mL in EtOH)
were added to this suspension. Finally, the suspension was placed in an overhead shaker and

incubated at 25 rpm and 20 °C overnight.

5.2.13.7 Separation of adult nematodes from larvae

For the separation of large quantities of adult nematodes (from 3000 nematodes), nylon nets
with a defined mesh size of 30 pm were used. The nematodes were placed on nylon nets in a
plastic frame, which was placed in a glass funnel on a 50 mL centrifuge tube. MO-TWEEN®
20 buffer was used to rinse the nylon net to separate the adult nematodes from the young ones.
The filter was transferred to a new 15 mL centrifuge tube, and the plastic holder was turned so
that the nematodes were on the lower side of the nylon net. The adult nematodes separated from

the larvae are then rinsed into the centrifuge tube with 15 mL M9-TWEEN® 20 buffer.

5.2.13.8 Adjusting the number of larvae

The larval suspension was centrifuged in two washes at 1,200x g for 2 minutes at RT, and the
supernatant was discarded. The larval suspension was adjusted to a concentration of 10 lar-

vae/10 puL with M9 using a counting chamber.
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5.2.13.9 Cultivation of Caenorhabditis elegans in OP50-NGM liquid medium.

For the NGM-OP50 liquid medium, the OP50 day culture was adjusted to an ODgoo on the
photometer of 1.0 + 0.1 with the NGM liquid medium.

5.2.13.10 Effector application and incubation

Effectors are applied on day four upon reaching the young-adult stage. The used effectors are
added to 10 % volume in the cell culture flasks by dispenser or serological pipette. The flasks
were incubated for 48 h in the dark at 20 °C and 150 rpm. The flasks were then used for the

respective experiments.

5.2.14 Assays for Caenorhabditis elegans experiments

5.2.14.1 Heat stress assay for lifespan measurement

SYTOX™ Green was used to measure heat stress. The fluorescent dye cannot pass through the
membrane of the nematodes and is only measurable when it intercalates with nucleic acids from
the cell nucleus. With the death of the nematodes, the dye can intercalate through the natural
apoptosis process. The time of death can be determined via the maximum fluorescence signal.

A population comparison was made using the Kaplan—Meier curve.

5.2.14.2 ATP Assay

No intact mitochondria are necessary for the measurement of the ATP concentration. Therefore,
the Balch homogeniser is set with a clearance of 8§ um. After the homogenisation step, the ho-
mogenate can be measured directly or stored intermediately at - 20 °C. The ATPlite Lumines-
cence Assay System was used for ATP measurement. After preparing the standard series, thaw-
ing the samples and preparing the AMR, the 96-well assay can be loaded. The plate was then
incubated for 5 minutes in the dark. ATP levels were determined by bioluminescence in a

BMGLabtech Clariostar plate reader (Aabs = 490 nm, Aem = 535 nm).

5.2.14.3 Measurement of protein concentration

In this experiment, the measuring principle is based on the reduction of Cu?* ions to Cu* ions
by proteins. This reaction is called the Biuret reaction. Here, the Cu" ions react with bicincho-
ninic acid (BCA) to form a dark purple complex. At a wavelength of 562 nm, the absorption
behaves linearly to the protein concentration over a wide concentration range. The measurement

of the protein concentration was repeated until two measured values showed a difference below
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0.01 mg/mL. The arithmetic mean is formed from these two values and is then used to normalise

the measurement results of the ATP concentration.

5.2.14.4 Quantification of ROS using fluorescent dyes

Loss of mitochondrial membrane potential and increased production of ROS are characteristics
of mitochondrial dysfunction that can be studied in live C. elegans nematodes using cationic
lipophilic fluorescent dyes, such as MitoTracker™ Red CM-H:Xros (Jonkman et al., 2020;
Nicholls & Ward, 2000; Perry, Norman, Barbieri, Brown, & Gelbard, 2011). The nematodes
were cultivated according to a standard protocol. One day before the planned experimental
evaluation, the MitoTracker red (MTR) stock solution (1 mM in 100% DMSO) was diluted
1:100 with sterile M9 buffer to an MTR working solution (10 uM in 1% DMSO). The working
solution was pipetted into the wells at a 1:10 ratio. The nematodes are incubated for 24 h to-
gether with the effector. The experiment took place the following day. The fluorescence micro-
scope is used to select the experimental group that is expected to have the highest level of
reactive oxygen species (ROS) or the highest mitochondrial membrane potential, and thus the
highest fluorescence intensity. Pictures were taken with A 531/593 nm. To paralyse the nema-
todes after washing and filtering, 200 pL of 20 mM levamisole was added, and the solution was
shaken. Images were taken of at least 30 nematodes. The experiments were repeated on three
different days to control for statistical variation. The semiautomatic interactive analysis was
performed with the open source program FIJI (Fiji Is Just ImageJ). The mean RFP fluorescence

intensities were subsequently evaluated statistically.

5.3 Statistical evaluation

The statistical evaluation was performed using GraphPad Prism version 9.0.1 and R statistical
software version 3.6.0. The data are mostly presented as boxplots, displaying median values
along with whiskers that indicate the minimum and maximum values for each plot. Kaplan-
Meier survival curves were used for visualizing and summarizing the survival experience of C.
elegans. By comparing the entire survival between the groups, the Mantel-Cox test was used to
evaluate the difference of survival distributions. Before applying parametric tests, the normality
of the data distribution was assessed using the Shapiro-Wilk test and visual inspection of Q-Q

plots. To test for differences between two measurement groups, an unpaired two-tailed t-test
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was employed for normally distributed data, while the non-parametric Mann-Whitney U test
was used for non-normally distributed data. For differences among more than two groups, a
one-way ANOVA with Dunnett's Multiple Comparison Test or False Discovery Rate (FDR)

adjustment was utilized. The significance level used for hypothesis testing was set at p < 0.05.
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8 Supplementary Information

8.1 Annotated KEGG PATHWAYS

The following figures show annotated KEGG PATHWAYS of SH-SY5Y-MOCK cells after

treatment with 1 uM erinacine C. This is to support the hormone-like effect hypothesis of eri-

nacine C visually.
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Figure 8-1 Annotated ESTROGEN SIGNALLING PATHWAY in KEGG in SH-SY5Y-MOCK cells after treatment

with 1 uM erinacine C. The regulated genes are highlighted in red.
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Figure 8-2 Annotated ALZHEIMER'S DISEASE PATHWAY in KEGG in SH-SY5Y-MOCK cells after treatment

with 1 uM erinacine C. The regulated genes are highlighted in red.
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Figure 8-3 Annotated PATHWAYS OF NEURODEGNERATIVE DISEASES in KEGG in SH-SY5Y-MOCK cells
after treatment with 1 uM erinacine C. The regulated genes are highlighted in red.
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Figure 8-4 Annotated AXON GUIDACE PATHWAYS in KEGG in SH-SY5Y-MOCK cells after treatment with 1
uM erinacine C. The regulated genes are highlighted in red.
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8.2 HPLC Chromatogram of ethanolic Hericium erinaceus ex-

tract

The chromatogram presented displays the ethanolic extract of Hericium erinaceus used in this
study. The analysis was conducted using the same parameters for erinacine C, as described in

chapter 5.2.6. Regrettably, erinacine C was not detected in the HPLC-DAD analysis.
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absorption at 210 nm
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0 10 20 30 40
time

Figure 8-6 Showing the ethanolic Hericium erinacues extract on an analytical HPLC-DAD.

MERCK HPLC (guard column: CC 8/3 Nucleosil® 100-5 C18; column: CC 125/3 Nucleosil® 100-5 C18) at 210
nm with the solvents acetonitrile and water and elution time of 21 minutes (left) after extraction without lyophi-
lization, (right) after extraction with lyophilization. The extraction was carried out using 70% ethanol. Detailed

parameters are found in chapter 5.2.6
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8.3 Collaborative Efforts with Master's Students in Conducting

Experiments

The experiments in this thesis were made possible by the collaboration of four master's students
who each contributed their time, energy, patience, and curiosity to the project. The following

list provides the names of the students and the specific experiments they were involved in.

Table 8-1 Overview of Experiments Conducted with the Assistance of Master's Students.
Highlighting High-Level Titles only.

Name Chapters and Experiments

Katharina Appel (01/20 — 09/20) Assisted in establishing the cultivation of
HER and HPLC analysis.

Lea Schiissler (11/20 — 02/22) 2.2 Effects of erinacine C on metabolic ac-

tivity in SH-SYS5Y cells

2.3 Effects of erinacine C on mitochondrial

membrane potential in SH-SYS5Y cells

2.4 Effects of erinacine C on ATP levels in
SH-SYS5Y cells

2.7 Effects of erinacine C on mRNA Ex-
pression in SH-SYSY cells

2.8 Effects of erinacine C on neurite growth

in SH-SY5Y cells

Nathalie Grimm (04/21 — 12/22) 2.12 Effects of ethanolic mycelium extract

in Caenorhabditis elegans

2.13 Comparative Analysis of ATP levels in
CL2122 and GMC101

2.14 Comparative Analysis of ROS levels in
CL2122 and GMC101

2.15 Effects of ethanolic mycelium extract

on ROS levels in GMC101
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Leonie Wach (04/21 — 09/22)

2.5 Effects of erinacine C on mitochondrial
respiration

2.6 Oxidative stress in SH-SYSY cells

2.9 Effects of erinacine C on AB1-40 levels

2.16 Effects of ethanolic mycelium extract

on viability in SH-SYS5Y cells

2.17 Effects of ethanolic mycelium extract

on ATP levels in SH-SYS5Y cells
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