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Abstract 
Department of Pharmacology and Toxicology at the Institute of Pharmaceutical and 

Biomedical Sciences 

 

Dr. rer. nat. 

 

The role of ANG and tRNA-derived fragments in aging, neurodegeneration and 
the pathophysiology of Alzheimer’s Disease. 

Marko Jörg 

 

Alzheimer's disease (AD) is the most common neurodegenerative disease, 

characterized by gradual cognitive decline and later dementia. About 15% of the over-

65s and over 50% of the over-80s are affected by AD worldwide. Despite intensive 

basic research, the pathogenesis of AD is only partially understood. This project 

focused on the expression of the ribonuclease angiogenin (ANG) and RNA 

modifications in aging, neurodegeneration, and AD development. Cellular functions 

and important signal pathways depend on numerous protein-coding and non-coding 

RNAs. In particular, tRNA is of major importance for this project due to its regulatory 

role in various cellular processes, such as the inhibition of apoptosis. Due to stress 

response, tRNA must be cleaved by ANG to induce this mechanism. This cleavage 

results in tRNA-derived fragments such as tiRNAs and tRFs. tiRNAs can inhibit the 

proapoptotic pathway. Western Blotting was used to determine ANG expression in 

different cell, animal, and human aging and AD models. In addition to that, tRNA 

modifications play a crucial role in RNA function and stability. So far, 150 different RNA 

modifications have been discovered, such as adenosine, cytosine, ribose methylation, 

or pseudouridine incooperation. The role of tRNA modifications in pathological aging 

and AD is unknown. Therefore, we used Liquid Chromatography with tandem mass 

spectrometry (LC-MS/MS) to determine whether tRNA modifications in cell and animal 

models contribute to mitochondrial defects following the dynamic changes in tRNA 

modifications pathological process of AD. The results of this thesis revealed age- and 

gender-dependent dysregulation of ANG and various changes in tRNA modifications 

in pathological aging and AD.
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Die Rolle von ANG und tRNA-abhängigen Fragmenten während des Alterns, 
der Neurodegeneration und der Pathophysiologie von Alzheimer.  

Marko Jörg 

 

Alzheimer Demenz (AD) ist die häufigste neurodegenerative Erkrankung, die 

durch einen Abbau der kognitiven Fähigkeiten gekennzeichnet ist und in einer 

späteren Demenz endet. Derzeit sind weltweit ca. 15 % der über 65-Jährigen und mehr 

als 50 % der über 80-Jährigen betroffen. Die Pathogenese von AD ist jedoch nur 

teilweise verstanden. In diesem Projekt liegt der Schwerpunkt auf der Expression der 

Ribonuklease Angiogenin (ANG) und RNA Modifikationen bei Prozessen der Alterung, 

Neurodegeneration und AD. Zelluläre Funktionen und wichtige Signalwege hängen 

von zahlreichen proteincodierenden und nichtcodierenden RNAs ab. Insbesondere die 

tRNA ist aufgrund ihrer regulatorischen Rolle, wie z. B. der Hemmung der Apoptose, 

von großer Bedeutung. Die tRNA wird als Folge einer Stressreaktion von ANG 

gespalten, was zu einer Bildung von tRNA Fragmenten wie tiRNAs und tRFs führt. 

tiRNAs sind in der Lage, den proapoptotischen Weg zu hemmen. Mittels der Methode 

des Western Blotting wurde die Expression von ANG bestimmt. Darüber hinaus 

spielen tRNA-Modifikationen eine entscheidende Rolle für die Funktion und Stabilität 

der RNA. Bisher wurden 150 verschiedene RNA-Modifikationen entdeckt, die Rolle bei 

der Alterung und AD ist noch nicht bekannt. Daher wurde die Flüssigchromatographie 

mit Tandem-Massenspektrometrie (LC-MS/MS) eingesetzt, um tRNA-Modifikationen 

in Zell- und Tiermodellen zu bestimmen und festzustellen, ob Veränderungen dieser 

zu mitochondrialen Defekten beitragen, um den dynamischen pathologischen Prozess 

von AD zu verfolgen. Die Ergebnisse dieser Arbeit zeigen eine alters- und 

geschlechtsabhängige Dysregulation von ANG sowie verschiedene Veränderungen 

von tRNA-Modifikationen im Alterungsprozess und bei AD.
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Chapter 1 
 

1. Introduction 
 

1.1. Aging and Alzheimers Disease 
 

1.1.1. Epidemiology 
Compared to earlier times, the population's average age continues to rise due to 

better medical care in many countries worldwide. The World Health Organization 

(WHO) has listed that more than 1 trillion people will be 60 years old or older in 2019 

[1]. According to forecasts, this number will increase to 1.4 billion people in 2030 and 

2.1 trillion in 2050 [1]. The global average age has also increased significantly within 

the last 6 years, from 66.8 years in 2000 to 73.4 years in 2019, when the last major 

WHO reports on aging was released [2]. If we look at Germany, life expectancy has 

also risen by around 2 years within 19 years. In 2000, the average age in Germany 

was 78.09 years, while in 2019, it was 81.72 years [2]. However, this medical progress 

also brings various problems, such as diseases in the elderly. Above all, the number 

of age-related dementia diseases will increase significantly. 

 

The term dementia includes various forms of the disease and generally stands for 

different diseases that progressively affect memory function and behavior [3]. 

Currently, about 50 million people worldwide are living with dementia. According to 

predictions, this number will triple to around 152 million by 2050 [4]. Approximately US 

$1 trillion is spent annually on dementia-related funding worldwide [4]. This number is 

expected to rise to about $2.8 trillion annually in the coming years through 2030 as the 

cost of treating and caring for patients becomes more expensive compared to previous 

times. Also, the number of worldwide dementia cases will increase [4,5]. Alzheimer’s 

Disease (AD) is the most common neurodegenerative disease, characterized by 

gradual cognitive decline and later dementia. About 15% of the over-65s and over 50% 

of the over-80s are affected by AD worldwide. According to estimates, around 36 

million people worldwide currently suffer from having AD or another type of dementia. 
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This number will rise to about 65 million by 2030 and by 2050 to around 115 million 

patients worldwide [5,6]. 

 

 

Figure 1. Neuropathological diagnoses causing cognitive impairment across the age spectrum. 

Modified from Knopman, D.S., Amieva, H., Petersen, R.C. et al. [7]. 

 

In 2017, the prevalence of developing AD in the European Union (EU) was at about 

5.05%. However, the trend shows a significant increase in the cohort of the elderly [4,6]. 

Dementia is also the most common cause of disability and need for long-term care in 

advanced age. Although it is difficult to diagnose dementia as a cause of death, many 

patients die four to six years after the diagnosis is announced, but it is often declared 

as a result of aspiration pneumonia [8]. In addition to the burden on patients, dementia 

naturally also poses an enormous challenge for family members, the healthcare 

system, and the affected individuals' care [3]. Despite intensive basic research, the 

pathogenesis of AD is only partially understood, and because of that, there is a lack of 

adequate diagnostics and treatment options. Due to the drastic predictions of the 

increase of AD cases in the coming years, WHO launched the "Global action plan on 

the public health response to dementia 2017-2025" in May 2017 to improve the lives 
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of patients and their families and to reduce the impact of dementia on society and 

countries [9]. 

 

1.1.2. Forms of Dementia 
The International Statistical Classification of Diseases and Related Health 

Problems is the world's most important classification system for all diseases for 

medical diagnosis and enjoys a high reputation published by the WHO. In May 2019, 

the 11th revision (ICD-11) was approved and thus replaced the old ICD-10 as of 

January 1st, 2022. According to the ICD-11 definition of dementia, dementia is an “[…] 

acquired brain syndrome characterized by a decline from a previous level of cognitive 

functioning. Memory impairment is present in most forms of dementia, but cognitive 

impairment is not restricted to memory (i.e., there is impairment in other areas such as 

executive functions, attention, language, social cognition, and judgment, psychomotor 

speed, visuoperceptual or visuospatial abilities). The cognitive impairment is not 

attributable to normal aging and significantly interferes with independence in the 

person’s performance of activities of daily living. The symptoms are not better 

accounted for by disturbance of consciousness, altered mental status, Delirium, 

Substance Intoxication, Substance Withdrawal, or another Mental, Behavioral, or 

Neurodevelopmental Disorder (e.g., Schizophrenia or Other Primary Psychotic 

Disorder, a Depressive Disorder). Based on available evidence, the cognitive 

impairment is attributed or assumed to be attributable to a neurological or medical 

condition that affects the brain, trauma, nutritional deficiency, chronic use of specific 

substances or medications, or exposure to heavy metals or other toxins” [10]. The 

currently valid guideline for treating dementia is the S3 guideline from 2016, which still 

refers to the ICD-10. It is described that dementia exists if the related symptoms are 

present for at least 6 months or more [11]. Diagnosis is further complicated by the 

presence of many different forms of dementia. The two most common forms are AD 

and vascular dementia.  

 

AD is the most common form of dementia as it accounts for 60-70% of all dementia 

cases. AD is characterized by gradual cognitive decline and leads to later dementia. 

Currently, about 15% of the over 65s and over 50% of the over 80s are affected by AD 

worldwide [5,6]. There are characteristic neuropathological and neurochemical changes 
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of the brain tissue, e.g., the formation of tau tangles in neurons and the deposition of 

amyloid-β (Aβ) plaques in and out of the neurons. However, whether these toxic 

deposits cause AD is highly controversial. The biggest risk factor for developing AD is 

aging itself [3–5]. AD can be classified into early-onset or familial AD (EOAD) and late-

onset or sporadic AD (LOAD). LOAD accounts for more than 95%, whereas EOAD 

accounts for only 1-5% of all cases [12]. In contrast to LOAD, EOAD occurs before the 

age of 65. In some patients, EOAD develops in the early 30s and 40s and often results 

in early death [13–17]. EOAD results from three mutations involved in Aβ metabolism 

that have been identified as causative factors for the development of AD [13]. The 

mutated genes include amyloid precursor protein (APP), presenilin 1 (PSEN1), and 

presenilin 2 (PSEN2) [14,18–20]. However, a large pedigree remains genetically 

unexplained [13,21–23]. In contrast to EOAD, the most common form of AD is LOAD, 

which typically develops after the age of 65 years [24,25]. Large-scale genome-wide 

association studies (GWAS) have associated more than 20 genetic loci with increased 

susceptibility to LOAD, which may be involved in the pathway of Aβ production and 

degradation. These include the gene apolipoprotein E4 (ApoE4) [13,26,27]. In addition to 

Apo4, the biggest risk factor for developing LOAD is aging. The aging process is 

characterized by various dysfunctions, such as an increase in reactive oxygen species 

(ROS) or a decrease in synapse number. These changes are likely triggered by 

mitochondrial dysfunction and various other factors [13,26–28]. 

 

The second most common form of dementia is vascular dementia [29]. Vascular 

dementia ranges from cognitive impairment to dementia [29]. Typical symptoms include 

mental slowness and problems with executive function and memory impairment, 

behavioral symptoms, and psychological symptoms such as anxiety and depression 

[29–32]. The symptoms or signs of vascular dementia that occur during the progression 

of the disease depend on the extent and location of the underlying cerebrovascular 

pathophysiology in each patient [29–32]. Overall, vascular dementias account for only 5-

10% of all dementias [29–32].  

Secondary dementia is also defined in the ICD-11. This disease often refers to 

nutritional deficiencies, chronic dependence on various substances or medications, or 

exposure to heavy metals and other toxins [10]. 
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1.1.3. Diagnostic of AD 
As defined in the ICD-11 and the S-3 guideline, dementia is present when the 

affected patients have related symptoms for longer than 6 months [10,11]. There are 

several options available for diagnosis. First and foremost, the Mini-Mental status test, 

the DemTect, the test for early detection of dementia with depression distinction, and 

the Montreal cognitive assessment test are considered the most appropriate cognitive 

tests [11]. The accurate diagnosis of the disease dementia is essential for the therapy 

of dementia and the adjustment of the progression of the disease. The Mini-Mental-

status test can be performed to get a first impression of the severity of dementia. Based 

on the score obtained there, a classification of dementia can be made. As soon as the 

cognitive tests have been evaluated and a performed anamnesis has additionally 

confirmed dementia, a differential diagnosis must be carried out in order to be able to 

determine the exact type of dementia [4,11,33]. Specific biomarkers can also be used to 

classify a present AD. These biomarkers are Aβ, tau, and hyperphosphorylated tau 

and can be detected in cerebrospinal fluid and blood. However, these biomarkers can 

be used to classify AD and monitor the therapeutic success during AD 

treatment [4,11,33]. It has been observed that during the progression of AD, the levels of 

the respective biomarkers change. Thus, as the disease progresses, the levels of Aβ 

in the cerebrospinal fluid decrease, while the levels of tau and hyperphosphorylated 

tau increase [4,11,33]. These pathophysiological changes occur at an early stage, where 

no cognitive changes can yet be detected [4,11,33]. This circumstance could be used to 

diagnose an incipient disease before the first symptoms appear and to start therapy as 

early as possible. In addition to laboratory diagnostic history, imaging may also be 

used. Specific Aβ or tau tracers can be imaged using positron emission tomography 

(PET) to diagnose or monitor AD progression in the brains of affected patients. In 

addition, SV2A radioligands are used to assess the density of neurons to analyze the 

progression of dementia. Magnetic resonance imaging (MRI) can also be used to 

determine the atrophy of both the whole brain and the hippocampus. However, the 

disadvantage of this method is that MRI can only be used to determine the success of 

therapy or the progression of the disease, not its shape. This problem results in up to 

30% of dementia cases being misdiagnosed. This fact represents a significant 

disadvantage for the therapeutic success of the treatment option used. For this reason, 

it is important to invest in new approaches to improve diagnosis [4,11,33]. 
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1.1.4. Mitochondria 
Based on the endosymbiont theory, our mitochondria are derived from 

archaebacteria, which prokaryotic cell precursors ingested over 2 billion years ago. In 

addition to their best-known function of ATP production and subsequent oxidative 

phosphorylation (OXPHOS), mitochondria also regulate Ca2+ homeostasis and are 

crucial in initiating apoptosis. 

 

1.1.4.1. Structure 

The mitochondrion is separated from the cytosol by two membranes, the outer 

(OMM) and the inner membrane (IMM), classified as double-membrane organelles, 

which have the intermembrane space (IMS) in between [34]. This IMM surrounds the 

mitochondrial matrix and forms cristae. Cristae are small invaginations in which the 

OXPHOS system is located. The composition of phospholipids, as well as the protein-

lipid ratio, differ significantly between OMM and IMM. In OMM, the protein-lipid ratio is 

approx. 50:50 [35], as OMM mainly consists of phosphatidylcholine, 

phosphatidylethanolamine, and pore-forming membrane proteins (porins). In addition, 

the OMM has a voltage-dependent anion channel (VDAC), which makes it permeable 

to ions and small molecules [35]. Larger proteins are imported into the mitochondrion 

by the translocase of the outer membrane (TOM) complex. No mitochondrial 

membrane potential (MMP) is built up at the OMM due to the porosity of the latter. In 

contrast to the OMM, the IMM has a protein-lipid ratio of about 75:25 [35]. Ions or other 

molecules can only pass through the IMM by membrane transport proteins selective 

for the ion or molecule. As a result of this ion selectivity, an MMP is built up at the IMM 

[36]. The IMM forms cristae as well. At this locus, oxidative phosphorylation takes place. 

Finally, the ion gradient formed at the IMM by various membrane protein complexes 

synthesizes ATP. As the only eukaryotic cell membrane, the IMM contains cardiolipin, 

a phospholipid synthesized in the mitochondria, which maintains the MMP and the 

function of several proteins in the mitochondrial respiratory chain [37]. Furthermore, 

mitochondria possess double-stranded circular DNA (mtDNA), which is maternally 

inherited. In contrast to nuclear DNA, mtDNA is not wrapped around histones [38,39]. 

Since mitochondria synthesize only a part of their required proteins themselves, they 

depend on the import of nuclear-encoded proteins by TOM and Translocase of the 

Inner Membrane (TIM) complexes [38,39]. 
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Figure 2. Structure of a mitochondrion. 

 

1.1.4.2. Function 

Mitochondria play a crucial role in different cellular mechanisms and regulatory 

pathways. The most important function of mitochondria is the cellular energy 

metabolism by generating ATP, as they are responsible for fatty acid oxidation, the 

Krebs cycle, and oxidative phosphorylation. Furthermore, they play an important role 

in inducing and regulating apoptosis.  

 

1.1.4.3. Oxidative Phosphorylation System (OXPHOS) 

As mentioned above, one of the major functions of the mitochondria is oxidative 

phosphorylation via the OXPHOS. This mechanism is unique by involving an interplay 

between mitochondrial and nuclear genome as a dual genetic control. Only a small 

fraction of polypeptides involved in the electron transport chain (ETC) are encoded b 

mtDNA. The majority of the subunits involved in ETC are encoded by the nuclear 

genome [40]. The ETC consists of four different transmembrane protein complexes 

(complex I-IV) and the mobile electron transport carriers ubiquinone and cytochrome c 

[41,42]. During ETC, the majority of a cell's ATP supply is generated. By comparison, 

another ATP-supplying mechanism is glycolysis in the cytosol of cells. This mechanism 

yields only two ATP per glucose molecule while the citrate cycle and oxidative 

phosphorylation are 36 molecules of ATP, 18 times higher ETC. The two molecules of 

pyruvate obtained from glycolysis are cleaved during oxidative decarboxylation to 

acetyl CoA and CO2. In this reaction, two electrons are bound to two molecules of 

NADH, which function as reduction equivalents. In the Krebs cycle, the oxidation of the 
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two molecules of acetyl CoA to CO2 then takes place step by step. Per acetyl CoA, 

one molecule of GTP (equivalent to one ATP) and five electrons bound to three NADH 

and one FADH2 are formed. With the help of the electrons from the NADH and the 

FADH2, the stepwise reduction of molecular oxygen to water occurs in the oxidative 

phosphorylation, whereby a proton gradient is built up at the IMM [42–44].  

 

 

Figure 3. Schematic representation of the respiratory chain, which builds up the membrane potential. 

Multiple redox reactions at complexes I-IV generate a proton gradient that drives ATP synthase. In the 

lower part of the Image schematic representation of the role of TOMs and TIMs in mitochondrial 

membranes. Involvement in protein import is shown on the left, and their involvement in signal 

transduction along the OMM is shown on the right. 

 

Redox complexes I, III, and IV are responsible for this reaction: complex represents 

NADH dehydrogenase, complex III represents cytochrome c oxidoreductase, and 

complex IV represents cytochrome c oxidase. In contrast to complexes I, III, and IV, 

succinate dehydrogenase (complex II) does not pump protons into the IMS but is 
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directly linked to the Krebs cycle and can use FADH2 as reduction equivalents. 

Electrons are transported between the individual complexes using mobile electron 

transport carriers ubiquinone and cytochrome c [41–43]. Transport of protons and 

electrons along the ETC results in a charge difference and a concentration difference 

at the IMM. The resulting charge difference of approx. 150 mV is expressed by the 

MMP m. In contrast, the proton gradient p generates a potential of about 30 mV. 

Together, the charge and concentration difference form a promotive force P of 180 

mV, which is used to synthesize ATP with the aid of the ATPase (complex V) [45].  

 

1.1.4.4. Mitochondrial Dynamics 

Mitochondria are highly dynamic cellular organelles that adapt to their 

environment while constantly changing. The proportion of mitochondrial mass in cells 

is crucial for energy balance and producing certain metabolic products such as 

succinate and lactate [46,47]. Depending on different situations such as stress or 

metabolic state, mitochondria can undergo fission and fusion events triggered by 

various fluids [48,49]. Fusion events of two mitochondria by their OMM are mainly 

controlled by GTPases mitofusin-1 and -2 (MFN 1 and MFN 2) proteins, whereas fusion 

of IMMs is regulated by optic atrophy protein 1 (OPA1). OPA1 also regulates the 

formation and structure of Christae and ETC. The fusion of two or more mitochondria 

enables the exchange of metabolites and mtDNA and increases the energy efficiency 

of the cell. Mitochondrial fusion occurs primarily when resources within the cell are 

scarce. In contrast, mitochondrial fission events increase the storage capacity of the 

cell and occur during times of increased resource supply. The process of Fission is 

controlled by dynamin-related protein 1 (DRP1), dynamin 2 (DYN2), and DRP1 

receptor proteins mitochondrial fission 1 protein (FIS1), mitochondrial fission factor 

(MFF), and mitochondrial dynamics proteins (MiD) 49 and MiD51. The event of fission 

results in an increase in mitochondrial number leading to increasing levels of 

mitochondrial-derived ROS (mtROS). Damaged mitochondria are digested via 

autophagosome to prevent the uncontrolled formation and toxic effects of mtROS 

[46,50]. 
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Figure 4. Schematic representation of fusion and fission and degradation of damaged fragments by 

an autophagosome. 

 

1.1.4.5. Apoptosis and cell death 

In addition to the already mentioned functions of ATP generation, mitochondria 

also play a crucial role in regulating cell survival and cell death. Apoptosis, the 

programmed cell death, is a physiological feature and occurs during development, as 

a defense mechanism, or as a result of aging. Intrinsic and extrinsic stimuli can activate 

apoptosis. Based on these stimuli, the activation of apoptosis can be separated into 

the intrinsic pathway and the extrinsic pathway. The intrinsic pathway is controlled by 

members of the BCL-2 protein family and the release of mitochondrial proteins [51,52]. 

Intrinsic apoptotic stimuli are ROS, DNA damage, growth factor withdrawal, and many 

more stressors. In response to these intrinsic stimuli, BCL-2 associated X, apoptosis 

regulator (BAX), and BCL-2 homologous antagonist/killer (BAK1) are activated by pro-

apoptotic BH3 only proteins. BAX and BAK1 oligomerize during the activation inducing 

outer mitochondrial membrane permeabilization (MOMP). MOMP is considered as the 

point of no return for the induction process of apoptosis. MOMP leads to the release of 

IMS proteins cytochrome c and second mitochondria-derived caspase activator 



Chapter 1. Introduction 

11 

(SMAC or DIABLO). The release of cytochrome c leads to the formation of the 

apoptosome complex. This complex is formed by cytochrome c, apoptotic protease-

activating factor 1 (APAF1), ATP, and procaspase-9 resulting in the activation of 

caspase-9 (Cas-9). Subsequently, Cas-9 activates caspases 3 and 7, which finally 

initiates apoptosis [51,52]. The extrinsic pathway is activated by external stimuli leading 

to the activation of the cell death receptor, finally causing apoptosis [51,52]. 

 

 

Figure 5. (A) Representation of the extrinsic pathway via the death receptor FAS. (1a) Binding the 

ligand to FAS leads to activation (1b) and cutting of pro-caspases 3 and 7 activating them (1c). (B) 
Representation of intrinsic pathway. (2a) A cellular stimulus ensures the binding of BAX to the outer 

membrane. This stimulus is followed by oligomerization of BAX and BAK to form pores in the outer 

membrane (2b), cytochrome c, and pro-apoptotic factors diffuse through these from the 

intermembrane space into the cytosol resulting in a drop of the membrane potential. (2c) The 

assembly of APAF1, Casp-9, and cytochrome c leads to apoptosome formation. This proteolytically 

activates Casp-3 and Casp-7, which start apoptosis inside the cell. (2d) XIAP and other anti-apoptotic 

factors are blocked by SMAC and other factors (2e). The breakdown and destabilization of the double 

membrane structure allow mitochondrial DNA and other matrix components to enter the cytosol. As 

DAMPs, they initiate different cellular pro-inflammatory signaling cascades (2f). 
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1.1.4.6. Mitochondrial motility 

One of the key features of mitochondria is the so-called mitochondrial motility 

which ensures the meeting of mitochondria to fuse and the transporting to sites of high 

energy demand. As a result, mitochondrial locomotion is critical for the quality control 

of mitochondria. Mitochondria uses microtubules to carry through the cells transported 

by motor proteins kinesin 1 and dynein. Kinesin 1 transports mitochondria anterograde 

(away from the soma), and dynein transports them retrograde (towards the soma) [53–

55]. They also move to a limited extent bound to myosin on actin filaments, where 

myosin transports both anterograde and retrograde in contrast to kinesin and dynein. 

The microtubule or actin filament transport requires energy generated by ATP 

hydrolysis of motor proteins [53–55]. 

 

1.1.5. Process of Aging and its role in neurodegeneration 
The aging process is one of the most critical factors in the pathogenesis of AD 

and is characterized by various dysfunctions, such as an increase in ROS or a 

decrease in synapse number. These changes are likely triggered by mitochondrial 

dysfunction and various other factors [13,26–28]. These changes mainly lead to loss of 

memory, loss of neuronal plasticity, altered gene expression, altered DNA repair, and 

mitochondrial dysfunction and mainly affect the prefrontal cortex and the hippocampus, 

which also play an important role in AD [56]. 

 

1.1.5.1. Loss of Memory and cognitive decline  

Starting with memory loss, it is striking that in adult life, working memory, short-

term recall, and in general, the speed of processing information continues to decrease 

[56–60]. In these age-related changes, activation of the prefrontal cortex and the 

hippocampus plays an important role. After a task, it was shown that areas that typically 

showed particularly high activity in young adults showed significantly reduced activity 

as they aged, using magnetic resonance imaging and positron emission tomography 

studies [56,61,62]. When performing memory tasks, hippocampal activation is also 

significantly reduced in aged adults compared to young adults [56,63]. To some degree, 

this age-related memory loss is normal, but it transitions to a pathological state at a 

certain point. Here, the degree of impairment and the speed of cognitive decline is 
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crucial. Structurally, memory loss can also be evidenced by a loss of volume in the 

affected area, which can occur to a certain degree due to age but can develop into 

severe atrophy in AD [56,63,64]. 

 

1.1.5.2. Loss of neuronal Plasticity and long-term potentiation (LTP)/long-term 

depression (LTB) 

In addition to these cognitive impairments, a loss of neurons and synaptic 

plasticity occurs. In this process, the cortex and the hippocampus are again mainly 

affected [56,65], but a reduction in white matter density can also be measured [56,64,66]. 

Precisely this reduction in density correlates with changes in executive function, short-

term recall, and the general speed of processing information [56,64]. The density of 

synapses also decreases with aging, especially in the frontal cortex and the 

hippocampus [56,67,68]. Another important aspect is the influence of these changes on 

long-term potentiation (LTP) and long-term depression (LTB). Impaired induction and 

maintenance of LTP have been observed in many studies [56,69–72]. This synaptic 

plasticity is mainly dependent on the regulation of neuronal calcium fluxes and the 

calcium-mediated signaling pathway. Altered calcium homeostasis in the aged brain 

also contributes to altered synaptic plasticity [56,73]. One study showed an increase in 

voltage-activated calcium influx in rat hippocampal CA1 neurons. This change is 

associated with increased L-type calcium channels [56,73]. In addition to this, calcium 

buffering capacity may be affected in aged brains, increasing intraneuronal calcium 

levels [74]. This is likely due to decreased immunoreactivity of the neuronal calcium 

buffer protein calbindin 1 in cholinergic and cortical neurons and decreased mRNA 

expression of calbindin 1, various calcium channel subtypes, and the crucial signaling 

protein calmodulin 1. Therefore, these changes may contribute to altered calcium 

homeostasis and synaptic plasticity during aging [56,74,75]. It also increases the 

vulnerability of neurons to a variety of other toxic influences. However, gene expression 

of various other proteins may also change during aging. 

 

1.1.5.3. Defective DNA repair system 

Another important aspect is the altered DNA repair, which constantly decreases 

during aging. This results mainly in oxidative DNA damage such as 8-oxoguanines, 

which can be increasingly detected in aged brains [56,75–78]. These arise mainly from 
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ROS generated by aged mitochondria. The DNA repair complex immediately repairs 

these changes in young brains, whereas these persist in the aged brain [56,75–78]. This 

process can lead to the silencing of genes responsible for processes such as synaptic 

plasticity and mitochondrial function in the aged brain. These processes can also 

progress to cognitive decline and even neurodegenerative disease [56,75–78]. 

 

 

Figure 6. Oxidative DNA damage in brain aging. 

 

1.1.5.4. Mitochondrial dysfunction 

Probably the most important factor in aging is the development of mitochondrial 

dysfunction, which contributes significantly to the progression of the aging process. 

This is particularly affected by postmitotic tissues such as the brain and muscle [56,79]. 

Due to insufficient ETC, there is decreased ATP synthesis and thus the generation of 

mtROS as a byproduct. The healthy mitochondrion is normally protected against 
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endogenous ROS by antioxidant defense mechanisms such as cytochrome oxidase 

and manganese superoxide dismutase [56]. 

 

 

Figure 7. Impact of mitochondrial aging in cellular functions [56]. 

 

However, these mechanisms undergo alteration during aging, making them less 

effective and thus making mitochondria more vulnerable. This results in greater 

damage to the mitochondria, which leads to the production of mtROS, triggering a 
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circulus vitiosus. This ultimately ends in the development of mitochondrial dysfunction. 

Mitochondrial DNA is also increasingly damaged when triggered by the resulting 

increased ROS levels [56,80–84]. These mutations may contribute to altered transcription 

and replication of mitochondrial DNA, which also reduces the activity of respiratory 

chain enzymes, resulting in dysfunction of these [56,83–85]. This damage, in turn, 

generates ROS, extending the damage. Another consequence of mutations mtDNA is 

the formation of misfolding and aggregated proteins, which can accumulate in the brain 

over a prolonged period of time, as autophagy and ubiquitin-proteasome pathways 

may also be disrupted in old age [56]. This can lead to toxic deposits, leading to the 

development of neurodegenerative diseases [56]. 

 

1.1.6. Pathophysiology of AD 
AD is a neurodegenerative disease characterized by the loss of neurons, 

especially in the brain areas of the hippocampus and the cortex, and a loss of memory 

function, behavioral changes, and personality changes. The disease has been known 

for over 120 years, but a cause has still not been found, with only theories and 

explanations circulating. So far, it is known that misfolded proteins accumulate in the 

brain of affected patients and, as a consequence, lead to inflammation, oxidative 

damage, and finally to neuronal loss [4,33,86]. August Alzheimer already discovered such 

changes in the brain of Auguste Deter, the first Alzheimer's patient [4,33,86]. Both there 

and in further histological examinations of postmortem brain tissue from patients 

diagnosed with AD, senile plaques consisting of Aβ and neurofibrillary tangles of 

hyperphosphorylated tau could be found [4,33,86]. These changes are mainly found in 

the brain regions of the hippocampus and the cerebral cortex, which are particularly 

affected by AD [4,33,86]. How these two histopathological hallmarks play a role as a 

causative factor in the pathogenesis of AD remains unclear. In EOAD, homozygotic 

risk genes (APP, PSEN1, PSEN2) have already been identified, enhancing the 

production of Aβ and, therefore, levels of Aβ [87–89]. Therefore, one of the first theories 

trying to explain the cause of AD was the amyloid cascade hypothesis. The generation 

of Aβ results from the cleavage of the APP. APP is a Type I transmembrane protein 

frequently expressed in the mammalian brain, and it is typically cleaved by α-, β-, and 

γ-secretases resulting in different cleavage products. 
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Figure 8. Amyloid cascade hypothesis. 

 

The cleavage can be distinguished into two major pathways: amyloidogenic and anti-

amyloidogenic [87–89]. The amyloidogenic pathway leads to the synthesis of the peptide 

Aβ; meanwhile, the anti-amyloidogenic pathway processes APP without synthesizing 

Aβ [87–89]. In the anti-amyloidogenic pathway, Aβ formation is already avoided during 

the first steps. This circumstance is because the α-secretase cuts APP directly within 

the corresponding Aβ sequence, thus preventing its formation. The degradation 

products of α-secretase are extracellular soluble APP (sAPP) α and the 

transmembrane carboxy-terminal fragment (CTF) α. Subsequently, the resulting CFTα 

fragment is cleaved by γ-secretase, resulting in the two degradation products p3 and 

the APP intracellular domain (AICD) [87–89]. In the amyloidogenic pathway, however, 

cleavage of APP occurs by β-secretase. The most abundant secretase in neurons is 

β-secretase β-site cleaving enzyme 1 (BACE1). This β-secretase cuts above the Aβ 

sequence, giving rise to sAPPβ and the transmembrane CFTβ. The latter still contains 

the complete sequence of Aβ and is therefore important for further processing. For 

continued degradation, the enzyme γ-secretase is required.  
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Figure 9. APP processing in human neuronal cells. 

 

This enzyme is a larger protease complex consisting of four subunits, which contain 

PSEN1 and PSEN2 in their active catalytic domain. This domain is crucial for the 

enzyme's function and, therefore, explains why mutations in one of the two genes 

increase γ-secretase activity and thus result in increased Aβ production, promoting the 

formation of EOAD. In the following process, CFTβ is now degraded by γ-secretase 

into extracellular Aβ and intracellular AICD. The Aβ formed is between 36 and 43 

amino acids long, depending on where the γ-secretase cut CFTβ [87–89]. Depending on 

the length, mainly two forms of Aβ are relevant for AD development: Aβ1-40 and Aβ1-

42. Especially soluble oligomers of Aβ1-42 have particularly harmful and AD-promoting 

effects [87–89]. Moreover, these soluble oligomers of Aβ1-42 are particularly prone to 

aggregation because they contain hydrophobic domains, which can bind monomers to 

form plaques [87–89]. These intracellular Aβ oligomers can trigger several other 

neurotoxic cascades, ranging from synaptic dysfunction, the induction of oxidative 

stress, the development of mitochondrial dysfunction, hyperphosphorylation of tau, and 

neuroinflammation [90]. Aβ additionally impairs synaptic plasticity over time, triggered 

by suppression of long-term potentiation (LTP) and promotion of long-term depression 

(LTD). These changes lead to significant impairment of learning and memory function 
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in affected patients [91,92]. Moreover, the major pathway of neuronal oxidative stress is 

the Aβ-mediated impairment of the mitochondrial OXPHOS system, leading to 

increased ROS formation [93,94]. In addition, senile Aβ plaques contain various metal 

ions such as copper, iron, and zinc, which, when bound to Aβ, induce the formation of 

further ROS [94,95]. Aβ itself also triggers an increase in intracellular ROS levels, 

promoting oxidative stress and activation of microglia, e.g., macrophages in the CNS 

[94,96]. Moreover, Aβ increases the toxicity of its partner tau by promoting the 

conversion of tau to its toxic product, hyperphosphorylated tau. It also promotes the 

proliferation of neurofibrillary tangles (NFTs). These NFTs cause neuronal lesions, 

which promote the toxicity of Aβ, thus initiating a circulus vitiosus [97–99]. Furthermore, 

because Aβ and APP are localized to the mitochondrial membrane, they impair 

mitochondrial function by interfering with the import of nuclear-encoded mitochondrial 

proteins. This effect leads to membrane depolarization, a decrease in ATP 

concentration, increased ROS concentration due to impairment of OXPHOS, and 

altered mitochondrial morphology and motility [93,94,100]. The activation, as mentioned 

earlier, of microglia by Aβ causes them to migrate to and phagocytose Aβ plaques in 

the brain. Aβ promotes the development of a neurotoxic subtype of microglia that 

increases the release of proinflammatory cytokines, causing further tissue damage and 

promoting disease progression [101–103]. In summary, these Aβ-related mechanisms 

contribute to the loss of neurons and thus to the progression of AD. Another important 

fact is that the gene for APP is located on chromosome 21, resulting in a tendency to 

form higher levels of APP in patients with down syndrome trisomy 21 [104]. Also, several 

other genes relevant for oxidative stress and mitochondrial dysfunction are located on 

the same chromosome, leading to typical age-related mitochondrial deficits but at a 

much younger age in down syndrome patients [104–106]. These findings lead to the Aβ 

cascade hypothesis suggesting slow accumulation of Aβ containing plaques and 

soluble highly toxic low molecular weight Aβ as a major causative pathomechanism of 

AD for the development of EOAD and LOAD. The described amyloid cascade 

hypothesis resulted from preclinical data from transgenic cell and animal models 

[105,107]. The simple conclusion of science was that removing Aβ oligomers, fibrils, and 

plaques was considered the first option for treating AD. However, this hypothesis was 

very quickly invalidated, as no correlation could be found between plaque density in 

the brain and the presence and severity of clinical symptoms [105,108,109]. In this model, 

aging was neglected as an important factor for LOAD [105,108,109]. Based on the amyloid 
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cascade hypothesis, many drugs were developed (e.g., aggregation inhibitors, 

inhibitors of secretases that produce Aβ from its precursor protein APP, antibodies to 

eliminate Aβ, or enhanced production of antibodies by vaccination), all of which failed 

because they neither improved symptoms nor addressed the cause. In some cases, 

they even exacerbated the predominant symptoms [105,110,111]. In fact, some very older 

adults have been shown to have significantly elevated Aβ levels in the brain but have 

not shown symptoms of dementia [105,112,113]. In contrast, a group of patients showed 

typical signs of neurodegeneration with or without the typical symptoms of dementia 

long before Aβ plaques could be detected. Vaccination against Aβ also largely 

eliminated the Aβ oligomers but failed to halt the progression of the disease [105,114,115]. 

Based on these findings, the relatively simple amyloid cascade hypothesis was 

considered to have failed, especially concerning the development of new drugs to treat 

AD. For this reason, other aspects related to clinical symptoms as well as progressive 

neurodegeneration were included. One important aspect was the connection with 

mitochondrial dysfunction, which will be discussed later [105,116–121]. 

 

Since the simple amyloid cascade hypothesis had failed and was quickly rejected as 

the only explanation, the presence of hyperphosphorylated tau fibrils was discussed. 

Tau is an important protein mainly associated with microtubules and is mainly found in 

the axons of neurons in the CNS. The primary role of tau is usually to ensure the 

assembly and stability of microtubules [122–124]. In addition, tau is essential for neuronal 

morphology and the transport of organelles, vesicles, and proteins. Phosphorylation of 

tau is a central feature of this function and the decay process in tauopathies. When tau 

is additionally phosphorylated at residues Ser262 and Ser214, hyperphosphorylated 

tau leads to detachment from microtubules and aggregation into NFTs [122–124]. The 

phosphorylation of tau leads to a loss of physiological function of tau, disruption of 

axonal morphology, impaired axonal transport, and, in addition, neuronal decline. 

These changes could be observed in AD patients and other tauopathies. The lack of 

microtubule stabilization additionally leads to synaptic dysfunction characterized by a 

loss of synaptic plasticity. Furthermore, impairment of mitochondria by disruption of 

tau-triggered OXPHOS has been demonstrated, leading to altered mitochondrial 

dynamics as well as mitophagy [125–128]. The resulting mitochondrial dysfunction 

enhances the neurotoxicity of hyperphosphorylated tau and thus also contributes 

significantly to the development and progression of AD.  
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Figure 10. Tau pathophysiology. 

 

However, whether these toxic deposits cause AD is highly controversial. The biggest 

risk factor to develop AD is aging itself. The aging process is characterized by various 

dysfunctions, such as increased ROS or decreased synapse number. These changes 

are likely all triggered by mitochondrial dysfunction. For this reason, the mitochondrial 

cascade hypothesis was proposed about 20 years ago by Swerdlow et al. as an 

alternative to the failed amyloid cascade hypothesis [105,110,129,130]. The CNS is 

profoundly affected during aging by a decline of several physiological abilities, 

including sensory, motor, emotional, or cognitive functions [105,131]. Aging brain cells 

also experience increasing amounts of oxidative stress, perturbed energy metabolism 

and homeostasis, accumulation of different damaged proteins, lesions in their nucleic 

acids leading to an impaired function of signaling mechanisms, and altered gene 

expression in the cell - all of these aspects of aging that cannot be stopped cause 

mitochondrial perturbations. During aging, mitochondria become less efficient because 

of decreased activity of complex I and III, leading to enhanced mitochondrial production 

of ROS, impaired mitochondrial fission, and fusion, altered mitophagy, reduced Ca2+ 

buffering capacity, and an increased accumulation of mitochondrial DNA (mtDNA) 

mutations [105,131,132].  
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Figure 11. The Mitochondrial cascade hypothesis of aging and AD. The hypothesis is driven by 

genetic, environmental, and individual factors, mitochondrial dysfunction associated with elevated free 

radical (ROS) production cumulates in susceptible patients over many years, regulated by the 

individual balance between ROS production and the activity of the antioxidant defense system, 

including the activities of antioxidant enzymes. The biological aging process, which begins in animals 

and men around midlife, leads to an imbalance between ROS production and ROS detoxification and 

elevated levels of ROS and oxidative damage. Gender, ApoE4 state, and lifestyle are important other 

individual factors. This process is self-accelerating as ROS will further damage mitochondria, which 

will respond with a further elevation of ROS. Elevated ROS production reaches a critical level where 

Aβ (soluble, oligomers) production increases due to ROS-mediated β-secretase and γ-secretase 

activation. Aβ, in turn, will further increasingly impair mitochondrial function leading to synaptic 

dysfunction, the first sign of neurodegeneration as neurons are most sensitive to a deficit of energy 

(ATP) supply. At a critical concentration, Aβ itself will aggregate to fibrils and finally to plaques which 

are rather extracellular trash than disease-relevant histopathological alterations. This scenario 

suggests that Aβ still has a causative role in the pathophysiological cascade of AD but is probably not 

the only major player. This can easily explain that Aβ deposits do not correlate with early signs of 

neurodegeneration or impaired cognition [105,107–109,133]. 
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These alterations in mitochondrial functions reveal mitochondria's role as critical 

regulators of programmed cell death in the aging brain. Therefore, abnormalities in 

mitochondrial function and oxidative stress are also important in the pathogenesis of 

AD, according to the consensus in the scientific community [105,121,134]. Mitochondrial 

dysfunction caused by increased ROS concentrations enhances the production of 

neurotoxic Aβ, setting in motion a circulus vitiosus that accounts not only for 

mitochondrial dysfunction per se but also for the toxic effects of Aβ and the resulting 

aggregation of Aβ into extracellular plaques [105,135,136]. Importantly, it was found in 

postmortem brains of AD patients that mitochondrial dysfunction and reduced 

bioenergetics occur early in pathogenesis preceding the development of plaque 

formation and thus repeatedly reinforcing the progression of AD. The mitochondrial 

cascade hypothesis by Swerdlow et al. assumes mitochondrial dysfunction as one of 

the major pathomechanisms in AD development, which slowly occurs during aging 

[105,110,129,130]. The most important aspects of the mitochondrial cascade hypothesis 

relate to the early stages of mitochondrial dysfunction triggered by the combined 

effects of oxidative stress due to aging and mildly elevated oligomeric intracellular Aβ 

levels caused by genetic and individual risk factors. Thus, the hypothesis starts long 

before pronounced Aβ deposits begin to form [105]. It can be said that the scientific 

evidence for the mitochondrial cascade hypothesis in dementia, especially in LOAD, is 

much better supported by numerous data from cell models, animal studies, and various 

tissues of AD patients while comparing the amyloid cascade hypothesis established at 

the beginning of AD research. The hypothesis could be further supported if drug 

treatment reduced mitochondrial dysfunction, thereby significantly improving cognitive 

impairment starting from the normal process of aging, through Mild Cognitive 

Impairment (MCI), to far advanced AD disease [105,137].  

 

In addition to this hypothesis, other risk factors for AD development are present. 

Besides aging, and gender, genetic disposition also plays an important role. In the 

female brain, decreased production of neuroprotective estrogens leads to an increased 

impact of aging and thus to severe mitochondrial deficits and earlier onset of 

neurodegeneration compared with male individuals [105,138]. This increases the 

prevalence to develop AD in the aged female population. Besides aging and mutations 

in APP, PSEN1, and PSEN2 genes, the apolipoprotein E (Apo E) genotype is also one 

of the most important risk factors for the development of sporadic AD. In humans, three 
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major isoforms of the Apo E genes occur (E2, E3, and E4). The Isoform Apo E4 is 

suggested to impair the antioxidative defense system, resulting in increased ROS 

levels, altered expression of the respiratory chain complexes, reduced mitochondrial 

respiration, and early signs of neurodegeneration [105,139–142]. These effects of Apo E4 

are associated with an increased risk of developing AD [105,139–142].  

 

The previously discussed hypotheses highlight the complexity of AD's pathophysiology 

and the resulting difficulty in developing appropriate treatment strategies. Not without 

reason, more than 120 years after the disease became known, there is still no effective 

therapy, and final clarification of the development of the disease found, and it requires 

further intensive scientific research to close this knowledge gap as soon as possible to 

be able to treat AD soon. 

 

1.2. The Ribonuclease Angiogenin 
 

1.2.1. Structure, localization, and function of human Angiogenin  
Human angiogenin belongs to the major gene superfamily, which exclusively 

expresses secreted ribonuclease (RNase) in vertebrates. Previously, the family was 

named pancreatic RNase superfamily because the prototype of this family was the 

bovine pancreatic RNase A [143,144]. Other members of this RNase superfamily are 

RNase 1 (pancreatic ribonuclease), RNase 2 (eosinophil-derived neurotoxin), RNase 

3 (eosinophil cationic protein), RNase 4, RNase 6 (k6), RNase 7 and RNase 8 [145,146]. 

As part of the RNase A superfamily, human ANG is a 14kDa large monomeric nuclear 

protein consisting of 123 amino acid residues that can induce neovascularization 

[147,148]. ANG was originally discovered as a tumor-derived angiogenic factor in human 

colon adenocarcinoma cells [147]. ANG stimulates endothelial cell proliferation and is 

furthermore required for the angiogenic activity of vascular endothelial growth factor 

(VEGF) and fibroblast growth factor-2 (FGF-2) [146,149]. In this process, ANG stimulates 

ribosomal RNA (rRNA) transcription in the nucleus of the cells and thus acts 

synergistically with VEGF and FGF-2 to increase protein synthesis for the formation of 

new blood vessels [146,150]. Another effect associated with cancer is the indirect 

activation of PI3-kinase and Akt kinase pathways in endothelial and bladder cancer 
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cells [146,151–153]. In addition to these effects, ANG has the same catalytic properties as 

RNase A and predominantly cuts at the 3' end of pyrimidine. The cutting mechanism 

is based on transphosphorylation or hydrolysis [154–156]. Also known as RNase 5, ANG 

is the 5th member of the RNase A superfamily group [148]. The crystal structure of 

human ANG reveals that it has a catalytic triad in the active site (residues H13, K40, 

and H114) and three distinct functional sites [156,157]. The specific functional sites can 

be divided into a receptor-binding domain, a nuclear localization sequence (NLS), and 

the described catalytic site. The receptor-binding site is located in the region from K60 

to N68. However, this domain interacts with a receptor still unknown today [144,158]. 

Under normal circumstances, ANG binds to its cell surface receptor and is internalized 

and translocated to the nucleus. The process is mediated by the NLS domain located 

between residues M30 and G34 [144,159,160]. The actual ribonuclease activity originates 

from the active site where the catalytic triad is located (H13, K40, and H114) [8]. All 

three sites are required for the functions of ANG. Compared to other ribonucleases, 

ANG has a relatively weak ribonuclease activity, which is of great importance for the 

process of angiogenesis [154,161].  

 

 

Figure 12. (A) Crystal structure of human Angiogenin at 1.35 Å resolution [162]. (B) Crystal structure of 

ANG in complex with its physiological inhibitor RNH1 [163]. 
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In the state of rest, ANG is present in the nucleus bound to its natural inhibitor 

ribonuclease/angiogenin inhibitor 1 (RNH1) [164]. RNH1 usually binds to all pancreatic 

RNase A superfamily members to inhibit them. RNH1 has been shown to bind 

especially strongly to ANG, thereby inhibiting its RNase activity [165]. This strong 

binding is caused by forming a salt bridge between Asp435 of RNH1 and Lys40 in the 

active site of ANG [163]. The resulting ANG-RNH1 complex has a dissociation constant 

of ~1 fM, making it one of the strongest known noncovalent bonds observed in 

biochemistry [166]. In addition to its inhibitory function on ANG, RNH1 also has functions 

independent of ANG, such as acting as an oxidation sensor in human cells [166,167].  

Besides its function in neovascularization, ANG also plays a crucial role in stress 

response and protecting cells. As a result of stress, ANG translocates from the nucleus 

to the cytoplasm and dissociates from RNH1 resulting in the cleavage of cytoplasmic 

tRNAs into tRNA halves (tiRNAs). These then bind to mitochondrially released 

cytochrome c inhibiting the pro-apoptotic signal pathway and the caspase 3 activity 

[168]. ANG primarily cuts the tRNA in the anticodon loop region to generate two tiRNAs 

(3’-tiRNA and 5’-tiRNA). This process is strongly dependent on RNA modifications, as 

these regulate the degradation of the tRNA by ANG. One example is the RNA 

modification 5-methylcytosine (m5C) located in the variable loop region at positions 

48/49/50, which plays an important role in regulating the cleavage of tRNAs [169] and 

will be discussed in detail in section 1.3.6. RNA modifications. ANG can also initiate 

the formation of stress granules (SGs), which have protective properties in the case of 

acute damage, but neurotoxic effects in the case of chronic damage.  

 

 

Figure 13. Role of RNA modifications in the regulation of tRNA cleavage. 
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A sequence similarity network (SSN) generation reveals that human ANG, rat ANG, 

and mouse ANG cluster together (Fig. 14). A SSN allows visualization of protein 

sequences grouping most related proteins together in clusters [170]. This considers a 

relation between these three proteins because of sequence similarity. It can be 

concluded that the function of ANG is similar in all three organisms. This information is 

of particular importance as it ensures the comparability of the function of ANG and thus 

the results obtained in this work. 

 

 

Figure 14. Sequence similarity network of ANG in various organisms. Clusters show similarities 

resulting in the same predicted function. Light red color implicates ANG in various organisms. Red 

color implicates human, mouse, and rat ANG labeled with arrows. Brown color indicates several other 

proteins.  

 

Under normal circumstances, ANG is present as a monomer in the cell. However, 

some pancreatic RNase A superfamily members are also known to form domain-

swapped dimers or larger oligomers [171–174]. This process results from a three-

dimensional domain swapping (3D-DS) mechanism [175]. These dimers or oligomers 

have additional functions apart from the monomer [176]. However, the enzymatic 

function of ANG remains still active even with the dimer [174]. 
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Figure 15. Cellular functions of human ANG. 

 

In 2006, the Greenway group was able to identify seven different ANG variants that 

are directly related to the disease ALS, which leads to a loss of ribonuclease activity 

[177,178]. Subsequently, in a US study, additional ANG mutations were found to also 

lead to loss of function [179]. In 2011, ANG variants similar to those in ALS were also 

discovered in the neurodegenerative disease Parkinson's disease (PD) [180]. PD is 

characterized by progressive loss of dopaminergic neurons, mainly in the substantia 

nigra pars compacta [146]. Since PD is also a progressive neurodegenerative disease, 

it is reasonable to assume that there is also an alteration in the function or mutation of 

ANG in AD. Another change described in the studies was that some ANG variants 

inhibit the transport of ANG and the nucleus and destabilize the protein itself [146,178,179]. 

However, the ANG variants mainly showed an insufficient neuroprotective effect in 

many of these studies. Considering this finding, it is obvious that neurodegeneration 
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itself is enhanced in all neurodegenerative diseases due to the absence of this effect. 

A recent study has already detected ANG mutations in familial cases of AD [181]. 

Interestingly, ang1 knock-out mice do not develop neurodegeneration, demonstrating 

a link between ANG and neurodegeneration [182]. In summary, the data suggest that 

ANG has an important neuroprotective role in the CNS but is also critical in developing 

neurodegenerative diseases such as ALS, PD, or AD [146]. 

 

1.3. RNA and small non-coding RNAs (sncRNA) as novel and unique 
regulators of stress responses  

 

1.3.1. General about RNA 
Ribonucleic acids are small chains of nucleotides, similar to DNA but mostly 

single-stranded, which usually form polynucleotides, but there are exceptions in which 

short regions of complementary base pairs can form a so-called refold. Both have in 

common that the respective nucleobases are linked with ribose and phosphate 

residues. The individual organic bases of RNA are cytosine, guanine, adenine, and 

uracil, which replace thymine in DNA complementary to adenine. As already 

mentioned, ribose forms a nucleotide with a phosphate residue and the respective 

organic base. Ribose differs from DNA in that instead of a hydrogen atom, a hydroxyl 

group is present at the 2' position. This difference results in RNA being significantly 

more unstable than DNA since the hydroxyl group is more sensitive to hydrolysis 

[183,184]. Both secondary and tertiary structures can also occur in RNA. The most 

common secondary structures are hairpin and stem-loop structures. These loop 

structures are formed by intramolecular base pairing within the RNA. The presence of 

a tertiary structure is also possible, which is particularly important for tRNA since it can 

only fulfill its function through this structure [183,184]. The synthesis of RNA occurs during 

transcription by RNA polymerase (RNAP).  
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Figure 16. The general structure of RNA. 

 

However, a preinitiation complex must first form, consisting of transcription factor IID 

(TFIID). TFIID is composed of TATA-binding protein (TBP) and TBP-associated factors 

(TAFs). TBP recognizes and binds to the TATA-binding box, whereas TAFs bind to 

promoters lacking the TATA-binding box [185]. Subsequently, TFIID is stabilized by 

another factor (TFIIA) at the promoter. To bind RNAP, TFIIB is now associated with 

the previously formed complex. Together with TFIIF, RNAP binds to the promoter 

sequence, and subsequently, TFIIE allows docking of TFIIH, which has helicase and 

protein kinase activity, so that the helicase can now unwind the DNA strand. The 

protein kinase activity of TFIIH phosphorylates specific regions, the carboxy-terminal 

domain (CTD), which leads to the disruption of the connection between the promoter 

and the preinitiation complex after synthesizing the mRNA [185,186]. Following this 

process, initiation begins by binding the DNA to the catalytically active site of RNAP. 

Now, nucleotides are successively incorporated with the cleavage of pyrophosphate, 

and the mRNA strand complementary to the DNA is synthesized [185–188]. After the 

insertion of four nucleotides, the complex detaches from the promoter due to ATP 

deficiency in the TFIIH subunit, and a 5' cap sequence is inserted to protect the RNA 

from degradation and mark it for splicing. From the eleventh nucleotide inserted, the 

elongation phase begins, during which RNAP synthesizes the mRNA strand 
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complementary to the DNA [185,186,189]. The RNA synthesis always takes place in the 

5'→3' direction. A transcription terminator completes the synthesis.  

 

 

Figure 17. Processing of RNA. 

 

In eukaryotes, this consists of an interplay between specific nucleotide sequences and 

various termination factors, although this mechanism is not yet fully understood [185]. 

The product resulting from transcription is a pre-mRNA containing non-coding regions 

(introns) and coding regions (exon). The splicing process removes the introns from the 

pre-mRNA, resulting in the final mRNA. Splicing can occur at the spliceosome, a large 

complex composed of RNA and proteins. Splicing also involves other important 

processes such as capping and tailing. Capping involves the addition of a 7-

methylguanosine (m7G) to the 5' end of the RNA strand, which stabilizes the RNA 
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during translation. During tailing, a 150-200 nucleotide long poly-A tail is inserted [190]. 

Another possibility of splicing is self-splicing and alternative splicing. In 1989, the Nobel 

Prize was awarded for discovering self-splicing, as it was seen that some RNA 

molecules could splice themselves. Accordingly, a distinction is made between group 

I and group II introns. Group I introns form a complex secondary structure consisting 

of 9 loops [190]. In contrast to group I introns, group II introns are located in 

mitochondrial genes. The splicing mechanism is strongly reminiscent of classical 

splicing of pre-mRNA, leading to the assumption that classical splicing evolved from it 

[190,191]. Alternative splicing was also discovered very early in an IgM gene [192]. In some 

cases, certain exons are skipped (exon skipping), or other splice sites are used [190–

192]. This mechanism allows the synthesis of many proteins from just a single gene, 

thereby greatly increasing the variability of protein formation. Depending on the RNA's 

function, different RNA classes can be distinguished. The best known is the already 

mentioned mRNA, which is responsible for protein biosynthesis. In the following, some 

RNA types with their function are listed in tabular form:  

 

Table 1. Classification of different RNA types with their respective function. 

RNA Abbreviation Function 

antisense-RNA  asRNA Regulation of genexpression [193] 

circular RNA circRNA Regulation of miRNA pathway [194] 

heterogeneous nuclear RNA hnRNA precursor of mRNA (also called 

pre-mRNA) [195] 

micro RNA miRNA Regulation of cellular processes, 

e.g., apoptosis [196] 

ribosomal RNA rRNA Involved in ribosome assembly 

and catalytic effect in peptide 

bond formation [197] 

small interfering RNA siRNA RNA interference [191] 

small nuclear RNA snRNA Splicing activity [191] 

long noncoding RNA lncRNA >200 nucleotides without 

regulatory function [198] 

transfer RNA tRNA Translation [199] 
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Since new RNA is constantly being synthesized, RNases are used to degrade old RNA. 

The cleaved monomers can then be used for the synthesis of new RNA. The length of 

the poly-A tail at the 3' end is crucial here, as it is degraded further and further until the 

RNA is finally degraded [200].  

 

 

Figure 18. Various types of RNA synthesized in cells. 

 

The development of new mRNA-based COVID-19 vaccines has given another 

enormous boost to the importance of RNA, especially in the media. This again 

highlights the importance of RNA research in understanding the pathogenesis as well 

as developing new therapies for the treatment of various diseases. 

 

1.3.2. tRNA 
Cellular functions and important signal pathways depend on numerous protein-

coding and non-coding RNAs. Especially tRNAs are very important in different 

mechanisms in the human body. Mature tRNAs are noncoding RNAs consisting of 73-

90 nucleotides (nt). They form a characteristic cloverleaf secondary structure, and “L” 

shaped tertiary structure [201,202]. The first structure was published in 1695 by Robert 
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Holley's research group at Cornell University in Ithaca, NY (USA). It was the structure 

of yeast tRNA, more precisely tRNAALA, which already contained modified nucleosides 

[202].  

 

 

Figure 19. (A) The basic structure of tRNA. (B) Crystal structure of yeast phenylalanine tRNA at 

1.93 Å resolution [203]. 

 

The characteristic cloverleaf secondary structure consists of an acceptor stem 

(includes 3' CCA tail), a thymidine (T) domain consisting of the T arm and the T loop, 

the variable (V) loop, the anticodon (AC) domain consisting of the AC arm and the AC 

loop, and a dihydrouridine (D) domain consisting of the D arm and the D loop [201]. 

Besides ribosomal RNA (rRNA), the most common non-coding RNA group is tRNA. 

The ratio here is ~80% to 4% [204,205]. 

 

The well-known function of tRNA is to transmit the correct amino acid to the 

corresponding codon of the mRNA during translation via the base triplet of its 

anticodon. Thus, they form an important interface between nucleic acids and proteins 

during ribosomal protein biosynthesis, e.g., they act as a type of adapter [206,207]. Each 

tRNA is loaded with an amino acid at its 3' end to fulfill this function. The related 
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aminoacyl-tRNA synthetase mediates this reaction. These enzymes represent a class 

that is further subdivided into two classes based on the different origins of the catalytic 

center [208]. Each tRNA has a so-called anticodon loop with the corresponding 

anticodon to bind to the mRNA. The anticodon consists of a trinucleotide sequence 

located at positions 34, 35, and 36. There is a complementary codon on the mRNA. 

The codon consists of 3 nucleobases complementary to an anticodon of the tRNA. As 

a result, the tRNA loaded with the corresponding amino acid binds precisely at a 

specific position on the mRNA, allowing specific proteins to be synthesized. 

 

 

Figure 20. Process of translation at ribosomal complex regulated by tRNA. 

 

The genetic triplet code provides for a total of 64 permutations for 20 amino acids plus 

stop codons. As a result of redundancy, several codon boxes correspond to identical 

amino acids [204]. In this case, a so-called isoacceptor tRNA decodes the codons in 

one box, while other isoacceptors are needed to decode the same amino acid in other 

boxes. Isoacceptor tRNAs are thus tRNAs that are chemically different but are acylated 

by the same amino acid. Due to the degeneracy of the genetic code, isoacceptor 

tRNAs are required [209,210]. The number of aminoacylated isoacceptor tRNA may 
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influence the rate of translation, which may influence protein folding [204,211,212]. If the 

isoacceptor tRNAs are subdivided once again, isodecoders are obtained. Isodecoder 

tRNAs have the same anticodon sequence but originate from different genes. The 

sequence outside the anticodon can also be altered, e.g., by point mutations [204,213]. 

This specificity depends primarily on aminoacyl-tRNA synthetase, e.g., on this enzyme 

loading the correct amino acid onto the 3' end of the tRNA. If this is not the case, an 

incorrect amino acid can be incorporated, which in turn can lead to misfolded or 

functionless proteins. In addition, the function of the proteins can change so that 

diseases such as cancer can develop [206,208].  

 

 

Figure 21. Aminoacylation of tRNA. 

 

However, tRNAs are also important in some other processes, such as cellular signaling 

pathways, stress response, or regulation of apoptosis. In order to fulfill its functions, a 

tRNA must first undergo various aging processes. The tRNA and other non-coding 

RNAs genes are transcribed in eukaryotes by polymerase III. This produces a 

polycistronic transcript further processed by various nucleases [204,214,215]. Polycistronic 

transcriptome refers to mRNA segments encoded by multiple consecutive genes on 

the DNA [216]. In the first step of tRNA maturation, the 5'-leader sequence of the 

precursor tRNA is removed by the endonuclease RNase P. The 5'-leader sequence of 

the precursor tRNA is removed by the RNase Z enzyme. In parallel, removing the 3'-

pendant sequence by the enzyme RNase Z matures the 3'-end. In addition, a non-

templated CCA tail is removed by the nucleotidyltransferase CCase [215,217–219]. Some 

eukaryotic and archeal tRNA precursors contain introns spliced during aging by 

specific tRNA splicing enzymes. There is no correlation between tRNA splicing and 

mRNA splicing [204,220]. 
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Figure 22. The maturation process of tRNA. 

 

There are about 500 tRNA genes in the human genome, decoding 61 codons. About 

50% of the human tRNA genes contribute to less than 1% of their respective isodecor 

pools [204,221]. Variations in isodecoder tRNA gene expression have little effect on 

mature tRNA content but are involved in regulating tRNA-derived fragments [222]. 

 

1.3.3. tRNA derived fragments in stress response and neurodegeneration 
Research efforts have largely focused on microRNA (miRNA), a unique class of 

small, non-coding RNA (sncRNA) that post-transcriptionally regulate gene expression. 

They do this by binding to their target mRNAs' untranslated region (3'-UTR). 

Interestingly, more recently, it emerged that fragments derived from transfer RNAs 

(tsRNA) constitute a new class of small, non-coding RNA that play a crucial role in the 

regulation and resolution of cellular stress responses. The tsRNA can be divided into 

two subgroups: on the one hand, tRNA-derived stress-induced RNA halves (tiRNA) 

and, on the other hand, even smaller fragments, named tRFs [204,223]. tRNA can inhibit 

apoptosis by binding to released, cytotoxic mitochondrial protein cytochrome c. This 

binding suppresses downstream signal transduction cascades and cell death [168,204]. 

Furthermore, oxidative stress, heat shock, UV radiation, hypoxia, and starvation trigger 

the formation of tiRNAs or tRFs [168,204,224–228]. tiRNAs are formed by ANG-induced 

cleavage of mature tRNA. ANG cleaves in the region of the anticodon loop, resulting 

in two halves of the tRNA, each 31-40 nt long [229]. The resulting halves are further 

divided into 5'- and 3'-tiRNAs, depending on whether the anticodon loop has a 3'- or 

5'-end [204]. The difference between normal tRNAs and tiRNAs is, first, the size of the 

molecules, and second, the different binding capacity to mitochondrial released 
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cytochrome c. tiRNAs bind to cytochrome c more strongly than normal tRNAs. The 

cleavage of the tRNAs is induced by ribonuclease ANG, which is released due to 

oxidative stress. As a result of stress, ANG translocates from the nucleus to the 

cytoplasm and dissociates from RNH1 resulting in the cleavage of cytoplasmic tRNAs 

into tiRNAs. These then bind to mitochondrially released cytochrome c, inhibiting 

apoptosis [204,229]. However, by inhibiting the translation initiation factor eIF4F, tiRNAs 

inhibit protein translation and regulate stem cell differentiation. Under physiological 

conditions, tiRNAs protect cells against stress-induced apoptosis and thus may have 

an important role in the response of cells to stress conditions [204]. tRFs have a length 

of 14-30 nt and are thus significantly smaller than tiRNAs. Depending on the site where 

the tRNA or tiRNA is cut, different tRFs with different lengths are produced. A first 

rough subdivision results in a total of three subclasses: 3'U tRFs (tRF-1), 3' CCA tRFs 

(tRF-3) and 5' tRFs (tRF-5) [204,230,231]. These much smaller fragments are formed by 

the further degradation of tRNA or tiRNA by the enzymes ANG, Dicer, or others in the 

RNase superfamily. Dicer is an RNase III family enzyme whose best-known function 

is to initiate the RNA interference (RNAi) pathway and degrade long double-stranded 

RNA (dsRNA) into short dsRNA molecules. In addition, Dicer can also degrade various 

other RNAs, including tRNAs. Typical of Dicer-induced degradation is that the size of 

the resulting products is in the range of ~20-30 nt [230]. tRF-1 is initially formed by 

another enzyme, RNase Z, also known as tRNA-3' endonuclease ELAC2. tRF-5 are 

formed by degradation in the D-loop region by RNaseP. tRF-3 are formed by 

degradation in the T-loop region [204,230,231Both tRF-5 and tRF-3 have a 5'-phosphate 

and a 3'-hydroxyl end and can both be cleaved by the Dicer protein complex [228,230,232–

235]. In particular, tRF-3, produced by the cleavage of tRNA(Gln), depends on Dicer 

[230,232,233]. Recent studies have shown that tRF, which derives from tRNA(Gln), performs 

functions similar to miRNA [228]. According to current scientific knowledge, tRFs are 

involved in regulating gene expression and protein translation and therefore play an 

important role, especially in the development of disease. Recent studies show an 

important involvement of tRFs in cancer development [204,228,236–238]. 
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Figure 23. ANG induced cleavage of tRNA. 

 

There is strong evidence that tsRNA production is an important component in healthy 

and diseased nervous systems [239]. Some studies show that tsRNA is actively 

secreted by neurons and other cell types [204,240,241]. In a study by Hogg et al. 2020, 

basal release of tiRNAs in human SH-SY5Y neuroblastoma cells was shown to be 

dependent on secretion into extracellular vesicles [242]. However, the final mechanism 

of the release of tsRNAs has not been precisely elucidated. The individual functions of 

tsRNAs are also extremely diverse. In addition to the already explained inhibition of 

apoptosis, they range from the regulation of translation and gene expression to the 

control of inflammatory processes [204]. It is also known that tsRNA can inhibit protein 

translation. Specific tiRNAs resulting from stress-induced ANG degradation have been 

shown to inhibit protein translation independently of phosphorylation of eukaryotic 
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translation initiation factor 2a (eIF2a) [229]. Specific 5'-tiRNAs containing a terminal 

oligoguanine (TOG) are required, e.g., 5'tiRNAAla or 5'-tiRNACys. These tiRNAs can 

form a G-quadruplex (G4). This complex then binds to the HEAT domain of eIF4G and 

impairs scanning of the 40S ribosome. This mechanism triggers a translational arrest, 

and the formation of SGs immediately follows [204,227,243–246]. This mechanism is thought 

to protect the integrity of the polyribosome complex and thus also promote neuron 

survival [243,246,247]. Another role is attributed to tsRNA in the regulation of gene 

expression. Certain tRFs have been shown to interact with human Argonaute proteins 

(AGO1-4). AGOs are involved in many critical cellular processes and may also mediate 

gene silencing [248]. In addition, they are important proteins of the RNA-induced 

silencing complex [204,228]. Human AGO1-4 are structurally very similar. The best 

described of these proteins is Ago2, as it is the only protein in its family with mRNA 

slicing activity [249,250]. However, tsRNAs can regulate gene expression even without 

interaction with AGO. One study showed that inhibition of tRF-5c by Gly-GCC leads to 

a significant change in gene regulation in embryonic stem cells [204,238]. One of the most 

important roles is the control mentioned above of the apoptotic cascade by tiRNAs. 

tiRNAs can inhibit the pro-apoptotic signaling cascade [204]. A stress stimulus, such as 

oxidative stress or heat shock, leads to increased expression of ANG. This cleaves 

tRNAs at the anticodon site (positions 34-37), resulting in 5'- and 3'-tiRNAs. 5'-tiRNAs 

can interact with cytochrome c by forming a ribonucleoprotein complex [168,229]. This 

inhibits the formation of apoptosis and the subsequently connected caspase 3 and thus 

protects the cell. The protective effect thus mediated by ANG has also been observed 

in several studies [245,251,252]. It is suggested that tsRNAs are also involved in 

inflammatory responses, as the concentration of tRF-5 in human monocytes was 

significantly increased after inflammation [253]. Initial studies have shown that certain 

tsRNAs can interact with Toll-like receptors, which are important for antigen 

recognition. This interaction triggers a powerful inflammatory response from T helper 

cells and cytotoxic T cells [204,254]. 

 

1.3.4. Role of tiRNA in the generation of stress granules 
Another important function is the impact of tiRNAs on SG formation. SGs belong 

to the family of RNA granules and play a crucial role in processes such as mRNA 

metabolism and the control of translation. They are also associated with many 

diseases such as cancer and neurodegeneration [255–259]. SGs average 200-400 nm in 
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size but range from 100 nm to 1,000 nm depending on stress conditions. Typically, 

SGs contain polyadenylated mRNAs, poly(A)-binding protein (PABP) and intracellular 

T cell antigen 1 (TIA1) [255,260,261]. The formation of these SGs is critically dependent 

on the phosphorylation of the  subunit of eIF2a. This fact allowed the first correlation 

between the function of SGs and mRNA translation [261]. In addition, it is now known 

that the main components of SGs are messenger RNP complexes (RNP), mRNAs, 

and associated translation initiation factors. SGs thus contain all the information 

required for the synthesis of proteins necessary for the cell's survival under stress 

conditions [255,262,263]. In SGs, there are important mRNPs that contain untranslated 

transcripts, which then form so-called SG nuclei to form new SG nucleators and thus 

further SGs [262,264]. However, the most important property of SGs is their dynamism to 

respond quickly to stressful conditions and regress quickly when the stress is removed 

[255]. There must always be an equilibrium of SGs between the cytosol and the cell 

nucleus to ensure this dynamic. Individual proteins then serve as a transporter to 

transport the SGs from the nucleus to the cytosol or back again. If this balance is no 

longer present, the degradation of SGs can be disturbed so that they accumulate and 

develop pathological effects [255]. The assembly of SGs first begins with the perception 

of cellular stress. Then, translational arrest is triggered, followed by phosphorylation of 

eIF2a [264]. However, the formation of SGs is not exclusively dependent on eIF2a, in 

which case 5'-tiRNA acts as a mediator for the formation of SGs [227]. 5'-tiRNAAla 

initiates the packing of stalled translational complexes in SGs by binding to Y-box 

binding protein 1 (YBX-1) [247]. The same mechanism has already been demonstrated 

in PC-12 cells under oxidative stress [204,225]. Another important regulator of SGs is the 

mammalian target of rapamycin (mTOR). mTOR has various functions, e.g., cell 

metabolism regulator [255,265–267]. Under stress conditions, mTOR is inactivated, leading 

to the formation of the eIF4E-4E-BP complex. This association leads to the formation 

of RBPs and ultimately to the synthesis of SGs [255,265–268]. Another important 

checkpoint is represented by GTP, the initiator methionine tRNA (tRNAiMet), and the 

ternary complex with eIF2 [255,269]. Upon stress, eIF2a kinases are activated in 

response. These kinases play a key role in the stress response by participating in a 

system that monitors intracellular and extracellular signals to regulate cellular 

translation [270]. In total, four different eIF2a kinases can be activated by different forms 

of stress: general controllable non-compressible kinase 2 (GCN2), PKR-like ER kinase 

(PERK), protein kinase R (PKR), and heme-regulated eIF2a-kinase (HRI). GCN2 has 
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the main function of monitoring the level of charged tRNAs and nutrient stress; PERK 

is responsible for the level of unfolded proteins and ER stress; PKR monitors the 

presence of viral RNA, and HRI permanently checks the presence of heme [255,271–274]. 

As a result of activating one of the above kinases, charged tRNAiMet are attached to 

untranslated mRNAs. This attachment and accumulation of untranslated mRNA then 

lead to the formation of SGs [255,270,275]. In this context, the cascade via eIF4 has been 

considered as one of the potentially most important possible pathways for the 

development of SGs in neurodegenerative diseases because it is known that the RNA 

helicase eIF4A, the initiation factor eIF4B, and eIF4E can form protein interactions with 

tau and the TAR DNA-binding protein 43 (TDP43) [255,276–279].  

 

Another important point is that the biology of SG in neurons is different from that in 

dividing cells. Cells respond much faster to stress than neurons do [260]. However, the 

life cycle of SG is also of particular importance for the development of diseases. Under 

normal, healthy conditions, this can be divided into 5 phases. Phase 1 represents the 

basal level, e.g., the initial state. In this phase, all proteins involved in SG formation 

(e.g., RBPs, TIA1, TDP43) perform their normal function in the nucleus or cytoplasm. 

In phase 2, nuclear RBPs are translocated from the nucleus to the cytoplasm 

subsequently disperse. Next is SG nucleation (phase 3), in which nucleated TBPS 

(e.g., TIA1, G3BP1) assemble to form a SG. The maturation of the SG takes place in 

phase 4. In this step, secondary RBPs (RBPs that are not essential for the first step of 

SG formation) are incorporated into the SG. An example of a secondary RBP is 

ataxin 2 (ATXN2). After phase 4, SGs can now fully fulfill their function. Phase 5 then 

initiates the degradation of the SG, including transporting soluble RBPs back into the 

nucleus to restore the basal stage [255,280–283]. However, SG accumulation occurs if this 

particular phase 5 is disturbed or altered. The SGs formed in response to an acute 

stress state are now no longer transported back to the nucleus, accumulating in the 

cytoplasm. The persistent SGs can now aggregate into larger aggregates and form 

pathological SGs that promote a chronic stress state. In these pathological SGs, 

proteins such as TDP43, which already play a role in neurodegenerative diseases, are 

now much more abundant. This disturbs the balance between the baseline state and 

the acute stress response because there is no longer any reverse transport [255,282,283]. 

For this reason, RBPs can also be divided into normal RBPs exclusively involved in 

the acute stress response (e.g., TIA1) and RBPs that play a role in both the acute and 
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chronic pathological stress response [255]. One approach explaining why SGs are no 

longer dispersed is to hypothesize TDP43 forming insoluble gels. In an acute stress 

situation, TDP43, like several other RBPs, translocates from the nucleus to the 

cytoplasm to participate in the formation of SGs. With increasing stress, the dynamics 

of SGs and TDP43 decrease, leading to the formation of non-liquid gels [255,284,285]. In 

addition, phosphorylated TDP43 can interact with other SGs and form larger SG 

aggregates in the cytoplasm [255,284,285]. The TDP43 aggregates formed can inhibit, 

e.g., splicing [286]. An interaction with tau is also very likely, as several studies have 

shown that tau aggregates colocalize with SG RBPs [276,287]. It is also known that tau 

interacts strongly with mRNA, a main component of SGs. mRNA can modulate the 

folding pathways of tau [288]. The detailed mechanism behind this reaction is still 

unclear [289,290]. Recent studies have shown that tau undergoes a process of liquid-

liquid phase separation (LLPS). The same mechanism could also be observed in 

RBPs. Interestingly, this process is significantly enhanced and intensified in the 

presence of RNA [291]. Tau needs both RBPs and RNA to enter this process. Studies 

have shown that tau cannot interact with SGs without the presence of either 

component [276,292,293]. 

 

However, other signaling pathways can also lead to the development of 

neurodegenerative diseases associated with SGs. In particular, activation of the 

immune system in the form of inflammation is known to play a role in 

neurodegenerative diseases. It has been shown that deletion of RBP TIA1 leads to an 

extremely potent release of cytokines from immune cells. This particularly affects the 

cytokine tumor necrosis factor (TNF) [294,295]. In summary, the literature suggests an 

RBP cascade hypothesis [255]. This hypothesis states that the disease mechanisms 

leading to neurodegeneration associated with RBPs are due to a biochemical pathway 

divided into three levels. The first level includes all extracellular factors that have 

neurodegenerative properties, such as increased levels of oligomeric Aβ. The second 

or middle level is the intracellular toxic mediators, hyperphosphorylated tau and 

TDP43. Thus, these proteins mediate the effects previously induced at level 1. The 

third and lowest level of this central cascade comprises the RBPs. These mediate the 

translational stress responses triggered at the previous levels and initiate the formation 

of SGs. In the final stage of maturation, the involvement of a huge number of RBPs 

occurs. If mutations now occur in the RBP genes, this leads to neurodegenerative 
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diseases such as ALS. These persistent stress factors lead to a chronification and 

persistence of SGs, which in turn amplify the pathophysiology of neurodegenerative 

diseases and interact, for example, with TDP43 and tau [255,296–302]. 

 

1.3.5. tRNA fragments in aging and neurodegenerative diseases 
Since aging itself is one of the most important risk factors for developing 

neurodegenerative diseases that cannot be circumvented, the study of the alteration 

of tsRNAs during this very process is an important topic. Initial studies have 

demonstrated an age-dependent change in the expression of 5'-tiRNA in mouse 

serum. Also, the respective levels of the different 5'-tiRNAs were either increased or 

decreased at different stages of aging [204,303,304]. There are also initial starting points 

for research into neurodegenerative diseases. In 2006, the Greenway group was able 

to identify seven different ANG variants that are directly related to the disease ALS, 

which leads to a loss of ribonuclease activity [177,178]. Subsequently, in a US study, 

additional ANG mutations were found to also lead to loss of function [179]. In 2011, ANG 

variants similar to those in ALS were also discovered in the neurodegenerative disease 

Parkinson's disease (PD) [180]. Since almost all of these mutations result in a loss of 

ribonuclease activity of ANG, it suggests that the resulting stress response is also 

impaired [204]. Thus, the absence of 5'-tiRNAs would abolish the inhibitory effect on the 

pro-apoptotic signaling cascade, including inhibition of caspase 3 activity and the 

neuroprotective function of ANG per se. Since an alteration has already been 

demonstrated in ALS and PD, it is evident that both ANG and tsRNA play an important 

role in developing neurodegenerative diseases [180,204].  

 

1.3.6. RNA modifications 
In addition, tRNA modifications play a crucial role in RNA function and stability. 

So far, 170 different RNA modifications have been discovered, such as adenosine and 

cytosine methylation such as m1A, m6A, m5C, and ms2i6A or ribose methylation or 

pseudouridine incooperation. The m1A adenosine methylation is particularly common 

in tRNA [305]. The majority of all RNA modifications are present on tRNAs. In general, 

tRNA modifications are simple chemical changes at individual bases. The most 

common modification is methylation [306]. These changes in tRNA are thought to 

improve biochemical and biophysical stability and the scaffold of tRNA [307,308]. The 
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absence of some essential tRNA modifications reduces structural stability, which in 

eukaryotes is monitored by at least two independent signaling or degradation pathways 

[204,309–311]. In these cases, the sum of collective stabilizing modifications has a 

protective effect of preventing tRNA degradation. Individual modifications can also 

prevent degradation by specific tRNases [312]. A unique example, which will also play 

a role in the other part of this work, is the methylation of cytidine, which leads to the 

modification m5C. m5C is located at positions 47, 48, 49, or 50 of matured tRNAs, 

preventing ANG-mediated degradation. This is possible because m5C is located near 

or at the cleavage site of the tRNA for ANG [169,313]. m5C is also an optimal example to 

illustrate the influence of RNA modifications on the formation of tsRNA. Other ribose 

methylations such as Am, Cm, Gm, and Um are also thought to play a role under stress 

conditions. These modifications may directly affect the catalytic mechanism of RNase 

and are therefore also considered as possible candidates for influencing the 

biogenesis of tRNA fragments [204,312]. In the context of this work, this regulatory effect 

of RNA modifications on tRNA cleavage is of particular importance. 

 

 

Figure 24. Position and function of m5C in human tRNA. 
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Modifications can also occur in the anticodon region. These occur mainly at positions 

34 and 37, which are also responsible for the accuracy and speed of mRNA decoding 

[169,204,313]. It has been shown that these modifications are generated by many serial 

enzymatic conversion steps and are usually very bulky [204,314,315]. Recent research 

results have shown that an increased number of mutations can be found in the genes 

for human tRNA-modifying enzymes. It could be shown that such mutations often lead 

to diseases mainly affecting the CNS [314,316–322]. In terms of the proportion of genes 

responsible for RNA modifications in the human genome, genes encoding enzymes 

for human tRNA modifications account for a total of 2% of the human genome [314]. 

The epitranscriptome is characterized by more than a hundred chemical marks on 

cellular RNA to regulate the transcripts' activities. There are molecules called readers 

to recognize these RNA modifications at specific transcript regions. These reactions 

are catalyzed by effectors that can deposit and remove these modifications. This group 

of proteins is collectively known as RNA-modifying proteins (RMPs) and is further 

subdivided into three distinct groups: “writers”, “readers”, and “erasers”. "Writers" are 

enzymes that chemically label RNA; “erasers” remove them again; and “readers” 

selectively recognize and bind to certain specific chemical RNA modifications leading 

to producing a cellular response. An example of this represents Cdk5 regulatory 

subunit-associated protein 1 (CDK5RAP1). The “writer” of ms2i6A is known as a tRNA-

specific modification that regulates efficient mitochondrial translation and energy 

metabolism. CDK5RAP1 is also linked to human diseases, especially AD and breast 

cancer. In general, these proteins modulate RNA metabolism and functions, affecting 

cell fate and cell differentiation. The insertion of an RNA modification by one of these 

enzymes affects RNA metabolism, including RNA processing, splicing, 

polyadenylation, editing, structure, stability, localization, translation initiation, and gene 

expression [323]. RNA modifications represent a code that can be altered by stress 

during aging and neurodegeneration. In summary, it is clear how important RNA 

research is for further research into diseases and the development of new drugs to 

treat them. 
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Figure 25. Effect of RNA modification writer CDK5RAP1 on cellular function. 

 

1.4. Objectives of this scientific work 
Even about 120 years after Alois Alzheimer and Auguste Deter were the starting 

point in the discovery and the beginning of AD treatment and research, there is still no 

exact pathophysiology and therapy available. As mentioned above, it was assumed 

that Aβ was the main cause of AD for many years. However, the ate alone hypothesis 

was quickly disproved by clinical trials attempting to reduce levels and plaques of toxic 

ate, which failed. It is, therefore, all the more surprising that the first anti-Aβ antibody, 

aducanumab® 2021, was approved by the FDA in the USA. However, here, there is 

some controversy about the study situation, which is why the EMA refused to approve 

the drug due to the unclear data on its efficacy [133,324,325]. Because of this failure, it 

quickly became clear that there must be other factors contributing to the development 

of AD. An important milestone was the establishment of the mitochondrial cascade 

hypothesis by Swerdlow et al. in 2004 [110,129,130]. In this hypothesis, the presence of 

mitochondrial dysfunction, including the generation of ROS and the resulting damaging 

effects on other mitochondria and neurons, was postulated for the first time. Based on 

this consideration, another important risk factor for the development of mitochondrial 
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dysfunction and thus AD came to the fore, namely aging itself. Various effects 

characterize the aging process, but first and foremost by a disturbed DNA repair 

system and the development of mitochondrial dysfunction. For this reason, the focus 

of research is no longer on Aβ or tau alone but rather on new approaches that can 

provide a further step toward effective therapy or causal research. The protein ANG 

provides a completely new approach in this field, as first alterations have already been 

discovered in other neurodegenerative diseases such as PD and ALS [146,180,245,326–

329]. However, there is still no study exploring the expression of ANG during aging and 

AD. For this reason, this work determined the expression of ANG in central tissues 

such as the brain and peripheral tissues. Peripheral tissues are of particular 

importance, as studies have shown that central tissues and peripheral tissues show 

alterations in AD [330–337]. This question will be addressed in detail in this work. Due to 

the tRNA degradative function of ANG, the focus is also on tRNA modifications that act 

as regulators of ANG-induced degradation. Especially due to the development of 

mRNA vaccines against COVID-19, the research field of RNA has gained special 

attention. More and more causes of diseases can be traced back to changes in RNA. 

Again, little to nothing is known in the field of neurodegeneration, as studies have 

largely focused on PD and ALS. For this reason, this work additionally investigated 

tRNA modifications and RNA modifications of the resulting fragments in relation to the 

process of aging and the development of AD to provide a completely new approach in 

the study of the development of AD.  

 

In summary, the objectives of this scientific work are as follows: 

1. determination of the expression of ANG in different cell models 

2. determination of the expression of ANG in different central and peripheral 

tissues in animal models as well as in human postmortem samples in order to 

investigate age-dependent and AD-specific effects 

3. determination of tRNA modifications in cellular and animal models to investigate 

age-dependent and AD-specific effects. 
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Chapter 2 

 

2. Material and Methods 
 

2.1. Materials 

2.1.1. Consumable and Instruments 
 

Table 2. Consumables and Instruments 

Name Manufacturer 

µ-Dish 35 mm, high Glass Bottom Ibidi 

10 mL Gilson-Style Graduated Macro Tip Starlab 

96-Well-Plate (black) Greiner bio-one 

96-Well-plate (white) Corning 

ACCU-Jet Pro Brand 

AG245 Analytic Balance Mettler Toledo 

Agilent 1260 Infinity Agilent Santa Clara, CA, USA 

Agilent 6460 Triple Quadrupole mass 

detection system 

Agilent, Santa Clara, CA, USA 

Autoclave Fedegari Autoclavi 

Biowave S2100 UV/Vis Diode Array 

Spectrophotometer 

WPA 

Buffer Tank and Lid Bio-Rad Laboratories Inc. 

Cell scraper 28 cm Greiner Bio One 

CELLSTAR® Cell Culture Dishes 

(60/15 mm, 100/20 mm) 

Greiner Bio One 

CELLSTAR® Tubes (15 mL, 50 mL) Greiner Bio One 

Centrifuge Function line Heraeus Instruments 

Centrifuge Mini Star silverline VWR 

Centrifuge Universal 320R Hettich Centrifuges 

Coulter Counter Beckman Coulter 

Cryo-Vial 2 mL Thermo Fisher Scientific 
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Cytometer according to Neubauer 

Marienfeld 

Lauda-Königshofen 

Digital dual timer C5080 TFA Dostmann 

Direct-Q® 3UV Merck Millipore 

drying chamber Hotmaker 2000 Heraeus Instruments 

Duran Bottles (2 L, 1 L, 500 mL, 250 mL, 

100 mL) 

Schott 

EZ-Vac Vacuum Manifold Zymo Research 

Falcon Tube 50 mL, 15 mL Greiner bio-one 

Fiber Pads Bio-Rad Laboratories Inc. 

FlexStation 3 Molecular Devices 

Fom/B50 Autoclave Fedegari Autoclavi SPA 

Freezer FORMA 900 Series Thermo Fisher Scientific 

Freezing container Nalgene®  Thermo Fisher Scientific 

Gel blotting sheets GB003 GE Healthcare 

Gel Releasers Bio-Rad Laboratories Inc. 

IKAMAG™ RET IKA-Werke GmbH 

Imager FUSION Pulse TS Vilber 

Incubator Hera Cell Heraeus Instruments 

KIMTECH Science Tissues Kimberly-Clark 

Labofuge 400R Centrifuge Heraeus Instruments 

Laminar Airflow Bench HERAsafe Heraeus Instruments 

Laminar Airflow Bench Lamin Air Heraeus Instruments 

Latex gloves VWR 

Liebherr MediLine Liebherr 

Liquid nitrogen freezing container 

LS3000 

Taylor Wharton 

MaxQ™ 4000 Benchtop Orbital Shaker Thermo Fisher Scientific 

Microtube (0.5 mL, 1.5 mL, 2 mL) Sarstedt 

Miele Professional PG 8583 Miele 

Millipore Direct-Q 3UV Merck Millipore 

Mini Cell Buffer Dams Bio-Rad Laboratories Inc. 

Mini Gel Holder Cassette Bio-Rad Laboratories Inc. 
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Mini Star Microcentrifuge VWR 

Mini Trans-Blot©Cell Bio-Rad Laboratories Inc. 

Mini-PROTEAN Casting Stand Bio-Rad Laboratories Inc. 

Mini-PROTEAN Clamps Bio-Rad Laboratories Inc. 

Mini-PROTEAN Comb, 10-well Bio-Rad Laboratories Inc. 

Mini-PROTEAN Comb, 15-well Bio-Rad Laboratories Inc. 

Mini-PROTEAN Short Plates Bio-Rad Laboratories Inc. 

Mini-PROTEAN Spacer Plates Bio-Rad Laboratories Inc. 

Mini-PROTEAN Tetra Electrode 

Assembly 

Bio-Rad Laboratories Inc. 

Multi Pipette M4 Eppendorf 

Multichannel Pipette Discovery Abimed 

Nalgene Dewar flask Thermo Fisher Scientific 

Nitril gloves VWR 

Nitrile gloves VWR 

Nunclon cell culture flask Nunc 

Nunc™ EasYFlask™ Cell Culture Flasks 

(25 cm2, 75 cm2, 175 cm2) 

Thermo Fisher Scientific 

PB3002 DeltaRange Mettler Toledo 

pHenomenal® pH 1100L VWR 

PIPETMAN Classic (P20, P100, P200, 

P1000) 

Gilson 

Pipette tips 1000 µL, 200 µL, 10 µL Sarstedt 

Pipettes 1000 µL, 200 µL, 20 µL Gilson, Middleton & Labnet International 

Pipettes 1000 µL, 200 µL, 20 µL Eppendorf 

Polycarbonate Baffled Culture Flasks Thermo Fisher Scientific 

Potter S B. Braun Biotech International 

PowerPac™ HC Power Supply Bio-Rad Laboratories 

PVDF membrane Thermo Fisher Scientific 

Refrigerator  Liebherr 

Rocking Platform VWR 

Roller Bio-Rad Laboratories 

SafeSeal Tips Premium 1000 µL steril Biozym Scientific 
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Scale AG245 Mettler Toledo 

Serological pipette (2 mL, 5 mL, 10 mL, 

25 mL) 

Sarstedt 

Serological pipette 25 mL, 10 mL, 5 mL Sarstedt 

Shaker Orbit LS Labnet 

Sterilization tape for autoclaves A. Hartenstein 

Super PAP Pen Daido Sangyo 

SuperFrost™ Microscope Slides Thermo Fisher Scientific 

SynergieTM Fusion RP C18 Phenomenex, Torrance, USA 

TC-Plate 6 Well Sarstedt 

Tetra Cooling Unit Bio-Rad Laboratories 

TipOne® Tips (20 µL, 200 µL) steril Starlab 

Tissue embedding cassetts Kartell Spa 

Transmitted light microscope Motic AE20 

Motic 

Wetzlar 

UNIVERSAL 320R centrifuge Andreas Hettich GmbH 

Visitron Spinning Disc microscope Visitron 

Volumetric flask 100 mL Simax 

Vortexer VortexGenie 2 Bender & Hobein 

Vortex-Genie 2 Scientific Industries 

Water bath type 3044 Koettermann 

Water Bath WNB 22 Memmert 

Waterbath Memmert 

Z2 Coulter Particle Count and Size 

Analyzer 

Beckman Coulter 

 

2.1.2. Computer Software 
 

Table 3. Computer Software 

Name Description 

Agilent Mass Hunter 10.0 Agilent, Santa Clara, CA, USA 

BioRender Sciences Suite Inc. 

Cytoscape V5 Cytoscape Consortium 



Chapter 2. Materials and Methods 

53 

FIJI 2.3.0/1.53f Open Source 

Microsoft Excel 16.57 Microsoft 

Microsoft PowerPoint 16.57 Microsoft 

Microsoft Word 16.57 Microsoft 

Molecular Devices Flex Software Wokingham, Berkshire, United Kingdom 

Perseus 1.5.0.9. Jürgen Cox and Mathias Mann, MPI 

Munich 

PRISM Graph Pad 9.2.0. Graph Pad Software 

 

2.1.3. Chemicals, Reagents & kits  
 

Table 4. Chemicals, reagents and kits 

Productname Manufacturer 

0.05% Trypsin EDTA Thermo Fisher Scientific 

2-Mercaptoethanol Sigma-Aldrich 

2-Propanol ROTISOLV® HPLC Carl Roth 

30% Acrylamid Mix Carl Roth 

Acetic acid Carl Roth 

Acetonitrile Honeywell Riedel-deHae:n 

Albumin Fraction V, protease-free Carl Roth 

AmershamTM ECLTM Prime Western Blotting 

Detection Reagent 

GE Healthcare 

Ammonium persulfate Thermo Fisher Scientific 

Ammoniumacetate Thermo Fisher Scientific 

Ampicillin Thermo Fisher Scientific 

BactoTM Agar Becton Dickinson 

BactoTM Tryptone Becton Dickinson 

Benzonase®  Sigma Aldrich 

Bio-Rad Protein Assay Dye Reagent 

Concentrate 

Bio-Rad Laboratories Inc.  

Boric acid ≥99.5% Sigma-Aldrich 
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Calcium chloride dihydrate ≥ 99%, Ph. Eur., 

USP 

Carl Roth 

Chloroform ≥99.5% Sigma-Aldrich 

cOmplete Tablets, Mini EASYpack Roche 

COULTER ISOTON II Dilutent Beckman Coulter 

Dihydro Ethidium bromide (DHE) Thermo Fisher Scientific 

Dihydrorhodamine (DHR) Thermo Fisher Scientific 

di-Sodium hydrogen phosphate dihydrate 

≥99.5% 

Carl Roth 

DMEM, high glucose, GlutaMAXTM Thermo Fisher Scientific 

DMEM, high glucose, GlutaMAXTM, no 

phenol red 

Thermo Fisher Scientific 

DMEM, high glucose, no glutamine Thermo Fisher Scientific 

DMEM, high glucose, no glutamine, no 

phenol red 

Thermo Fisher Scientific 

Dimethyl sulfoxide (DMSO) ≥99.8%, Carl Roth 

Effectene® Transfection Reagent QIAGEN 

Escherichia coli ISTD Thermo Fisher Scientific 

Ethanol ≥99.5%, Ph.Eur., extra pure Carl Roth 

Ethanol ≥99% Fisher Chemical 

Ethanol 99.5% Ph. Eur. Carl Roth 

Ethylenediamine tetraacetic acid (EDTA) 

disodium salt dihydrate ≥99% 

Carl Roth 

FastAP Thermo Fisher Scientific 

Fetal bovine serum (FBS) Thermo Fisher Scientific 

G-418 Roche 

GenEluteTM HP Plasmid Midiprep Kit Sigma-Aldrich 

GeneRuler Ultra Low Range DNA Ladder Thermo Fisher Scientific 

GlutaMAX™ Supplement (100x) Thermo Fisher Scientific 

Glycine ≥99% Carl Roth 

Glycogen, RNA grade Thermo Scientific™ 

Hydrochloric acid 37% VWR Chemicals 

Hydrogen peroxide 30% Sigma-Aldrich 
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Hygromycine B Thermo Fisher Scientific 

Isoflurane-Piramal Piramal Critical Care Deutschland 

GmbH 

Magnesium chloride hexahydrate ≥99% Carl Roth 

MEM Non-Essential Amino Acids Solution 

(100X) 

Thermo Fisher Scientific 

MEM Vitamins Solution (100X) Thermo Fisher Scientific 

Methanol ≥99.9% Fisher Chemical 

Mini Protease Inhibitor Cocktail Roche 

Sodiumdeoxycholate Merck 

Sodiumpyruvate Thermo Fisher Scientific 

Novex® TBE-Urea Sample Buffer Invitrogen 

Nuclease P1 from Penicillium citrinum Thermo Fisher Scientific 

Nuclease-free water Life Sciences 

Opti-MEM Thermo Fisher Scientific 

PAGERulerTM Prestained Protein Ladder Thermo Fisher Scientific 

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 

Pentostatin ≥95% Sigma Aldrich 

Phenylmethyl sulphonyl fluoride (PMSF) 

≥99% 

Carl Roth 

Phosphodisterase Thermo Fisher Scientific 

Polyethylene glycol alkylphenyl ether 

(Triton-X 100) 

Carl Roth 

Polysorbate 20 (TWEEN® 20) Carl Roth 

Potassium chloride ≥99.5% Carl Roth 

Potassium dihydrogen phosphate Merck 

RNase ZapTM Invitrogen  

Rotenone Thermo Fisher Scientific 

ROTI® Zol RNA Carl Roth 

Roti®Load 1 (reducing) 4X Carl Roth 

Rotiphorese® Gel 30 (37,5:1) Carl Roth 

ROTIPHORESE® Sequencing Gel Diluent Carl Roth 

Saccharomyces cerevisiae ISTD Thermo Fisher Scientific 
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Snake venom phosphodiesterase from 

Crotalus adamanteus 

Worthington 

Sodium chloride VWR Chemicals 

Sodium dihydrogen phosphate monohydrate 

≥98% 

Carl Roth 

Sodium Dodecyl Sulfate Thermo Fisher Scientific 

Sodium hydroxide pellets Carl Roth 

Sodium Pyruvate (100 mM) Thermo Fisher Scientific 

SYBR™ Gold Invitrogen™ 

TEMED ≥99% Carl Roth 

Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich  

Tris hydrochloride SERVA Electrophoresis 

Tris-(hydroxymethyl)-amino methane 

≥99.9% (Tris) 

Carl Roth 

Urea Carl Roth 

ZR small-RNATM PAGE Recovery Kit Zymo Research 

 

2.1.4. Antibodies 
 

Table 5. Primary Antibodies 

Antibody Dilution Catalog no. Manufacturer 

Rabbit polyclonal Anti-ANG 1:1000 ab139947 Abcam 

Rabbit monoclonal Anti-GAPDH WB: 

1:10000 

ab181602 Abcam 

 

Table 6. Secundary Antibodies 

Antibody Dilution Catalog no. Manufacturer 

Goat Anti-Mouse HRP WB: 

1:5000 

31430 Thermo Fisher 

Scientific 

Goat Anti-Rabbit–Peroxidase 

conjugated 

WB: 

1:10000 

A0545 Sigma-Aldrich 
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2.1.5. Buffers and solutions 
 

0.5M EDTA 

EDTA x 2 H2O  23.26 g 

Purified H2O    100 mL 

Adjust pH 8.0 using NaOH. 

 

0.1% TWEEN® 20/PBS-CMF 

TWEEN® 20   50 µL 

PBS-CMF   ad 50 µL 

 

0.5% Triton X 100/PBS 

Triton X    250 µL 

PBS-CMF   49.750 mL 

 

1.5M Tris pH 6.8 

Tris    121.1 g 

Purified H2O   800 mL 

 

1M Tris-HCl pH 7.4 

Tris    121.1 g 

Purified H2O   800 mL 

HCl 37%   adjust to pH 7.4 

Purified H2O    ad 1 L 

Control pH and autoclave.  
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1.5M Tris pH 8.8 

Tris    121.1 g 

Purified H2O   800 mL 

HCl 37%   adjust to pH 8.8 

Purified H2O    ad 1 L 

Control pH and autoclave. 

 

10% Ammonium persulfate (APS) solution 

APS     100 mg 

2-Propanol    1 mL 

 

10% Urea solution 

Urea     20 g 

Purified H2O   200 mL 

Heat until Urea is completely dissolved. 

 

10X Running buffer pH 8.45 for Western Blotting 

Tris    30.2 g 

Glycine   144 g 

20% SDS   50 mL 

Purified H2O   ad 1 L 
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10X Transfer buffer for Western Blotting 

Tris    30.3 g 

Glycine   144 g 

Purified H2O   ad 1 L 

Autoclave. 

 

10X Tris Borate EDTA (TBE) buffer 

Tris     108 g 

Boric acid   55 g 

0.5M EDTA   20 mL 

Purified H2O   ad 1 L 

 

10X Tris Buffered Saline (TBS) buffer 

Tris    24.2 g 

NaCl    87.8 g 

Purified H2O   ad 1 L 

 

1M NaCl 

NaCl    292 mg 

Purified H2O   5 mL 

 

1M NaOH 

NaOH    40 g 

Purified H2O   ad 1 L 
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1X Running buffer for Western Blotting 

10X Running buffer  100 mL 

Purified H2O   900 mL 

 

1X TBE Running buffer 

10X TBE buffer  100 mL 

Purified H2O   900 mL 

 

1X Transfer buffer for Western Blotting 

10X Transfer buffer  100 mL 

Methanol   200 mL 

Purified H2O   700 mL 

 

20% SDS solution 

SDS    20 g 

Purified H2O   ad 100 mL 

Adjust pH 7.2 using HCl 37%. 

 

5% Bovine serum albumin (BSA) Blocking solution for Western Blotting 

BSA    25 g 

0.1 TBST buffer  500 mL 

 

5% Bovine serum albumin (BSA) antibody dilution buffer for Western Blotting 

BSA    25 g 

0.1 TBST buffer  500 mL 
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Phosphate buffered saline without Ca2+ and Mg2+ (PBS-CMF) 

NaCl    8 g 

KCl    0.2 g 

Na2HPO4   1.5 g 

K2HPO4   0.2 g 

Purified H2O   ad 1 L 

Autoclave.  

 

Phenylmethylsulfonyl fluoride (PMSF) 100 mM 

PMSF    175 mg 

2-Propanol   10 mL 

 

Protease Inhibitor solution 

Mini Protease Inhibitor  1 tablet 

Purified H2O   1 mL 

 

Radioimmunoprecipitation assay (RIPA) buffer 

1M Tris-HCl, pH 7.4  1.25 mL 

1M NaCl   3.75 mL 

Triton-X100   250 µL 

Sodiumdeoxycholate 125 mg 

20% SDS   125 µL 

0.5M EDTA   250 µL 
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Stripping solution for antibody removal 

20% SDS   10 mL 

0.5M Tris (pH 6.8)  12.5 mL 

2-Mercaptoethanol  0.8 mL 

Purified H2O   77.5 mL 

 

TBST 0.1% 

10X TBS   100 mL 

TWEEN® 20   1 mL 

Purified H2O   ad 1 L 

 

TBST 0.5% 

10X TBS   100 mL 

TWEEN® 20   5 mL 

Purified H2O   ad 1 L 

 

Tris-EDTA buffer 

Tris    1.21 mg 

EDTA    370 mg 

Purified H2O   ad 1 L 
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2.1.6. Cell culture media 
 

Full medium transfected SH-SY5Y cells 

DMEM GlutaMAX®  500 mL 

FBS 50 mL 

Hygromycine B 3.4 mL 

Penicillin / Streoptomycin 5.7 mL 

MEM Vitamin Solution (100X) 5 mL 

MEM Non- Essential Amino Acids (100X) 5 mL 

Sodiumpyruvate 5 mL 

 

Reduced medium transfected SH-SY5Y cells 

DMEM GlutaMAX®  500 mL 

FBS 10 mL 

Hygromycine B 3.4 mL 

Penicillin / Streoptomycin 5.7 mL 

MEM Vitamin Solution (100X) 5 mL 

MEM Non- Essential Amino Acids (100X) 5 mL 

Sodiumpyruvate 5 mL 
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Reduced medium for live cell imaging of transfected SH-SY5Y cells 

DMEM, high glucose, no glutamine, no 

phenol red 
500 mL 

GlutaMAXTM supplement (100x) 10 mL 

FBS 10 mL 

Hygromycine 3.4 mL 

Penicillin / Streoptomycin 5.7 mL 

MEM Vitamin Solution (100X) 5 mL 

MEM Non- Essential Amino Acids (100X) 5 mL 

Sodiumpyruvate 5 mL 

 

Full medium untransfected HEK293 cells 

DMEM, high glucose, no glutamine 500 mL 

FBS 50 mL 

Penicillin / Streoptomycin 60 U/mL (= 5.7 mL) 

 

Full media HEK APPwt+sw 

DMEM, high glucose, no glutamine 500 mL 

FBS 50 mL 

Penicillin / Streoptomycin 60 U/mL 

G-418  

 

Cell freezing media 

Full medium 95% 

DMSO 5% 
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2.1.7. Cell lines 
 

2.1.7.1. Human Embryonic Kidney 293 cells 

Human Embryo Kidney 293 (HEK293) cells are immortalized cells derived from 

embryonic kidney cells of a female human fetus exposed to sheared fragments of 

adenovirus type 5 DNA [338]. For all experiments we used HEK293 untransfected (ut), 

HEKK APPwt, and HEK APPsw cells. HEK APPwt, and HEK APPsw stably 

overexpress either wildtype APP (wt) or the Swedish mutation (K640/n671L, APPsw). 

Cells are characterized by different Aβ1-40 loads increasing from HEK ut to HEK 

APPwt and sw. While HEK APPwt represents a model for sporadic AD and HEK 

APPsw serves as a model for late sporadic AD, HEK ut were used as control cells 

[94,100,339]. HEK293 cells (HEK ut, HEK APPwt, HEK APPsw) were kindly provided by 

the research group of Prof. Dr. rer. nat. Walter. E. Müller (Goethe University, Frankfurt). 

 

2.1.7.2. SH-SY5Y cells 

SH-SY5Y cells are human neuroblastoma cells. SH-SY5Y cells are thrice cloned 

human neuroblastoma cells, a subline of SK-N-SH. It was originally isolated in 1970 

from a metastatic bone tumor of a 4-year-old girl. SH-SY5Y cells were stably 

transfected with the human APP695 gene on a pCEP4 vector to design a model for 

the disease state of an early form of LOAD. This provides mild levels of Aβ1-40. These 

mutants carry an additional copy of human wt APP695 gene. Therefore they are called 

SH-SY5Y APPwt cells. To develop a comparable corresponding control cell line, SH-

SY5Yut was stably transfected with an empty pCEP4 vector (SH-SY5Y Mock) [340,341]. 

The SH-SY5Yut cell line is from the American Type Culture Collection (ATCC) and was 

kindly provided by the research group of Prof. Dr. rer. nat. Christian Behl (University 

Medical Center, Mainz). 
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2.1.8. Animals 
 

2.1.8.1. C57BL/6J 

Wildtype C57BL/6J were obtained from our animal pool or purchased from the 

Translational Animal Research Center (TARC) in Mainz, Germany. Wildtype mice were 

3 and 12 months of age. All animals were sex-mixed. 

 

2.1.8.2. 5X FAD (B6SJL) 

5X FAD mice express human APP and PSEN1 transgenes. APP and PSEN1 are 

expressed with different mutations, Swedish (K670N/M671L), Florida (I716V), and 

London (V717I) mutations for APP and M146L and L286V for PSEN1. First, amyloid 

plaques occur at about 3 months of age, leading to a range of cognitive and motor 

deficits. Transgenic mice were about 3 to 12 months old. All animals were sex-matched 

[342]. 5X FAD mice were kindly provided by the research group of Prof. Dr. rer. nat. 

Christina Endres (University Medical Center, Mainz). 

 

2.1.8.3. Overview of all animals used during this work 

 

Table 7. List of all animals used during this study. 

Mouse ID Sex Age [weeks] genetics 
615.1 f 43 wt 

615.2 f 43 wt 

616.1 m 43 tg 

616.2 m 43 tg 

617.1 m 43 wt 

618.1 m 43 wt 

618.2 m 43 tg 

619.2 f 43 tg 

620.1 m 43 wt 

621.2 f 43 tg 

634.1 m 24 tg 

635.2 f 17 tg 
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638.1 m 17 wt 

638.2 m 20 tg 

638.3 m 20 tg 

642.1 f 17 tg 

642.2 f 17 tg 

643.4 m 16 tg 

644.3 f 16 tg 

644.4 f 16 tg 

644.5 f 16 tg 

645.1 m 19 wt 

645.1* m 19 wt 

647.1 m 17 wt 

647.4 m 17 wt 

AP1.392 m 63 tg 

AP1.418 m 52 wt 

AP1.422 m 51 tg 

AP1.422* m 51 tg 

AP1.424 m 46 tg 

AP1.425 f 46 wt 

AP1.426 f 42 wt 

AP1.428 f 42 wt 

FRI-0031 m 52 wt 

FRI-0032 m 52 wt 

FRI-0034 m 52 wt 

FRI-0035 f 52 wt 

FRI-0036 f 52 wt 

FRI-0041 m 52 wt 

FRI-0049 f 48 wt 

FRI-0050 f 48 wt 

LUT-DCV8 f 13 wt 

LUT-DCV9 f 13 wt 

LUT-DCW0 f 13 wt 

LUT-DCW1 f 13 wt 

TAR-V190 f 48 wt 

TRC1 f 47 wt 
TRC2 f 47 wt 
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TRC3 m 22 wt 
TRC4 m 22 wt 
TRC5 m 22 wt 
TRC6 m 22 wt 
TRC7 m 22 wt 
TRC8 f 22 wt 
TRC9 f 22 wt 
X817 f 10 wt 

Y131 m 12 wt 

Y132 m 9 wt 

Y215 F 9 wt 

 

2.1.8.4. Euthanization of mice 

All mice were euthanized using cervical dislocation or inhalation of narcotic 

isoflurane. After euthanization, appropriate tissue was dissected and stored in liquid 

nitrogen briefly.  

 

2.1.8.5. TgF344 rats 

The rats used in this study were TgF344-AD animals. These animals express 

human APP with the Swedish mutation and human PSEN1 with the d-exon 9 mutation, 

resulting in 2.6 times more human APP and 6.2 times more human PSEN1 being 

expressed in the brain compared to total protein levels [343]. The rats show an age-

dependent increase in detergent-soluble and detergent-insoluble Aβ 40 and Aβ 42 

levels at 6-26 months of age. The Aβ 40/Aβ 42 ratio also increases with age in the 

soluble fraction, whereas it decreases in the insoluble fraction. Aβ plaques occur 

primarily in the hippocampus and cortex, but to some extent also in the striatum and 

cerebellum of animals. In addition, plaque-associated neurotic dystrophies can be 

observed. Tau pathology has also been observed in TgF344-AD rats. An advantage of 

the model is that the number of neurons in the hippocampus and cortex is comparable 

to the number of neurons in wt rats at the same age between 6-26 months [343]. Rats 

were kindly provided by the research group of Prof. Dr. rer. nat. Jochen Klein (Goethe 

University, Frankfurt). 
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Table 8. Rats used in this study. 

sex genetic Age [months] 

m wt 6 

m wt 6 

m tg 6 

m tg 6 

f wt 6 

f wt 6 

f tg 6 

f tg 6 

m wt 15 

m wt 15 

m tg 15 

m tg 15 

f wt 15 

f wt 15 

f tg 15 

f tg 15 

 

2.1.9. Human brain samples 
In order to receive the samples, a detailed application had to be submitted to the 

Netherland Brain Bank (NBB) based in Amsterdam. This application was approved, 

and our project was given project number 1341. In total, we received 32 human 

cerebral cortex samples, some of which were supplied as cryo bags or cryovials. All 

samples were from the superior frontal gyrus (gfs and 4). This part of the cerebral 

cortex is also associated with AD [344,345].  
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Figure 26. Human brain. Dissected areas were gfs3 and gfs4 (arrows). Yellow color indicates superior 

frontal gyrus. 

 

We obtained 14 female and 6 male AD cortexes and 6 female and 6 male non-

demented control subjects. In this way, we covered a broad cohort of different 

individuals. The age of all patients ranged from 71 to 102 years, which leads to an 

average of 83.5 years. BRAAK stage was between 3 and 6 in all subjects. Care was 

also taken to keep postmortem delay (PMD) as low as possible. A PMD of 4-7 h could 

be maintained in our case. All values can be found for each individual in Tab 16. 

 

Table 9. Characterization of Human brain samples. 

NBB 
No. 

sex age braak amyloid pmd weight diagnosis region 

2009-
009 

f 88 5 C 06:45 1148 Alzheimer's 

disease 

superior 

frontal gyrus 

2009-
009 

f 88 5 C 06:45 1148 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-
042 

f 86 5  05:50 1090 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-
062 

f 81 6  05:30 1015 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-
062 

f 81 6  05:30 1015 Alzheimer's 

disease 

superior 

frontal gyrus 



Chapter 2. Materials and Methods 

71 

2017-

078 

f 88 4  10:00 1052 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

092 

f 72 5  06:10 1035 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

092 

f 72 5  06:10 1035 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

102 

f 98 5 C 06:05 1090 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

156 

f 87 4  03:25 1193 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

156 

f 87 4  03:25 1193 Alzheimer's 

disease 

superior 

frontal gyrus 

2019-

085 

f 76 4  05:00 1120 Alzheimer's 

disease 

superior 

frontal gyrus 

2019-

085 

f 76 4  05:00 1120 Alzheimer's 

disease 

superior 

frontal gyrus 

2019-

085 

f 76 4  05:00 1120 Alzheimer's 

disease 

superior 

frontal gyrus 

2010-

011 

m 80 4 C 04:00 1288 Alzheimer's 

disease 

superior 

frontal gyrus 

2010-

011 

m 80 4 C 04:00 1288 Alzheimer's 

disease 

superior 

frontal gyrus 

2014-

010 

m 78 5 C 05:55 1275 Alzheimer's 

disease 

superior 

frontal gyrus 

2017-

157 

m 86 4  04:50 1295 Alzheimer's 

disease 

superior 

frontal gyrus 

2018-

090 

m 97 5  05:10 1120 Alzheimer's 

disease 

superior 

frontal gyrus 

2019-

059 

m 74 5  13:00 1555 Alzheimer's 

disease 

superior 

frontal gyrus 

2012-

042 

f 83 2 B 06:03 1030 Non-demented 

control 

superior 

frontal gyrus 

2014-

014 

f 90 3 B 06:05 1255 Non-demented 

control 

superior 

frontal gyrus 

2015-

027 

f 76 2  04:45 1140 Non-demented 

control 

superior 

frontal gyrus 



Chapter 2. Materials and Methods 

72 

2017-

131 

f 71 2  06:15 1175 Non-demented 

control 

superior 

frontal gyrus 

2019-

036 

f 85 3  06:50 1190 Non-demented 

control 

superior 

frontal gyrus 

2019-

079 

f 84 3  07:50 1345 Non-demented 

control 

superior 

frontal gyrus 

2009-

096 

m 92 4 C 08:25 1117 Non-demented 

control 

superior 

frontal gyrus 

2012-

067 

m 102 3 A 05:00 1124 Non-demented 

control 

superior 

frontal gyrus 

2015-

033 

m 93 0 A 07:40 1155 Non-demented 

control 

superior 

frontal gyrus 

2017-

016 

m 72 2  04:20 1385 Non-demented 

control 

superior 

frontal gyrus 

2018-

105 

m 86 3  06:45 1340 Non-demented 

control 

superior 

frontal gyrus 

2019-

029 

m 87 3  06:20 1275 Non-demented 

control 

superior 

frontal gyrus 

 

2.1.10. Adult Changes in Cohort (ACT) study 
The Adult Changes in Thought (ACT) study was initiated in 1994 and conducted 

as a prospective longitudinal cohort study. Individuals of 65 years or older were 

selected for this study. At baseline, patients were asymptomatic, meaning they had no 

cognitive impairment and were therefore classified as not having dementia. Other 

criteria for dementia included microvascular brain injury (mVBI) and Lewy body 

disease (LBD). Over time, individual patients were then classified into the dementia 

group or, if a diagnosis of AD was present, into that group. A total of 4690 subjects 

were recorded [346]. As part of this study, RNA sequencing datasets from 107 brains, 

including 377 samples from cortical grey (parietal and temporal) and white matter 

(parietal) and hippocampus was collected to perform another study named Aging, 

Dementia and TBI study. This study was used to determine the alteration and 

expression of ANG in clinical patient datasets. This study is a detailed neuropathologic, 

molecular, and transcriptomic characterization of brains of control and TBI exposure 

cases from a unique aged population-based cohort from the Adult Changes in Thought 

(ACT) study and is available for the public on the web. 
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2.2. Methods 
 

2.2.1. Cell culture 
 

2.2.1.1. Splitting and seeding cells 

When splitting the cells, the old medium was first discarded. HEK293 cells could 

be rinsed directly with fresh medium from the surface, whereas the more adherent SH-

SY5Y cells had to be washed with ice-cold PMS-CMF to remove excess FBS. 

Subsequently, 0.05% trypsin was added, and the cell culture flask was incubated at 

37°C for 5 min in the incubator. As soon as the SH-SY5Y cells detached from the 

surface, they were rinsed off with fresh medium and resuspended. Both cell lines were 

then centrifuged at 1,000 g for 5 min at room temperature. The supernatant was 

discarded, and the resulting pellet was resuspended in fresh medium. Then, 200 µL of 

each cell solution was diluted in 9.8 mL of Coulter isotone, and the cell number was 

determined using the Beckman Coulter Counter. The result was indicated in cells per 

mL. 2.5x106 SH-SY5Y Mock cells, SH-SY5Y APPwt cells, HEK293 ut, HEK APPwt, 

and HEK APPsw cells were seeded for regular weekly maintenance into a 175 cm2 cell 

culture flask. HEK293 cells were grown in modified Dulbecco-Eagle medium , 

supplemented with 10% heat-inactivated FBS, 50 units/mL penicillin/streptomycin 

solution, and 400 lg/mL G-418, SH-SY5Y cells were grown in modified Dulbecco-Eagle 

medium (modified with GlutaMAX®), supplemented with 10% heat-inactivated FBS, 

50 units/mL hygromycin B, 60 units/mL penicillin/streptomycin, 5 mL MEM vitamin 

solution (100X), 5 mL nonessential amino acids (100X), and 5 mL sodium pyruvate. 

All cell lines were grown at 37°C in a humidified incubator containing 5% CO2 until 80% 

confluency was reached. 

 

2.2.1.2. Freezing cells 

Two days before freezing, 1x106 HEK293 and SH-SY5Y cells were grown in a 

100 mm cell culture dish to 80-90% confluency. After 48h, cells were washed and 

resuspended with 4 mL of appropriate media. 2 mL of the cell suspension were put 

into a 2 mL cryovial containing 20 µL DMSO to protect the cells from the fast freezing 

process. 2 days after storage at -80°C cells were transferred to liquid nitrogen tank for 

long term storage.  
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2.2.1.3. Thawing cells 

The cryotube with the desired cells was taken out from the liquid nitrogen tank 

and smoothly thawed in hands. Once the cell suspension began to thaw, the whole 

suspension was transferred to 9 mL of appropriate cold full medium. After 

centrifugation (1,000 g, 5 min, room temperature), the cell pellet was resuspended in 

prewarmed (37°C) full medium and seeded into a fresh cell culture flask. The next day, 

old medium was replaced by new prewarmed (37°C) medium to remove dead cells for 

further growth. 

 

2.2.2. Bioinformatic analysis of ACT study 
We received an introduction from the Core Facility Bioinformatics of the Institute 

of Molecular Biology (IMB) Mainz for the bioinformatics analysis. The RNAseq data 

was downloaded for ANG, and the ZIP file was unpacked. The age, etc., could then be 

assigned to each patient and the data set analyzed. The datasets were divided into the 

following age groups: 75-80, 81-85, 86-89, 90-94, and 95-99. On this basis, the age 

dependence of ANG expression can be re-examined. In this study, samples were taken 

from the cortex and hippocampus. Samples from the cerebellum were not taken. 

Because the cohorts were too small to separate male and female individuals, they were 

analyzed together in the subsequent analysis. 

 

2.2.3. Generation of sequence similarity network 
The SSN was created using the Cytoscape V5 program. The Pfam pathway 

PF00074 was used as the protein family. The cut-off of the alignment score was 

adjusted to 60 to obtain better separation of the individual clusters. The color design 

was selected based on the function of the proteins. All ANG proteins in various 

organisms were stained in light red, human ANG, mouse ANG, and rat ANG were 

stained in red, and all other proteins were stained in brown. Finally, the SSN was 

exported as an image. 
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2.2.4. Western Blotting 
 

2.2.4.1. Protein extraction 

48h before extraction, 1x106 cells were seeded in 100 mm cell culture dish. On 

the day of extraction, cells were placed on ice for a short time. The medium was then 

removed, and the cells were washed with ice-cold PBS-CMF. Subsequently, 200 µL of 

a RIPA-PMSF mixture (100:1) was added dropwise to the cells. Tissue was handled 

equally, except for the amount of RIPA buffer. After cervical dislocation, cerebellum, 

prefrontal cortex, and hippocampus were briefly dissected from each mouse, frozen 

directly in liquid nitrogen, and stored at -80°C. Depending on the tissue size, 200-1000 

µL of RIPA was used. After incubation for 15 min on ice, the cells were scraped off with 

a cell scraper, and the lysate was transferred to a pre-cooled Eppendorf tube. Tissue 

was still placed on ice. After additional incubation of 30 min on ice, tubes were 

centrifuged (10,000 g, 10 min. at 4°C) and the supernatant was withdrawn, and the 

pellet was discarded. From this supernatant, 20 µL were collected for the Bradford 

assay, and the remainder was mixed with protease inhibitor at a ratio of 10:1.1 and 

aliquoted for later use. 

 

2.2.4.2. Bradford Protein Assay 

The Bradford assay was used to quantify unknown protein concentrations from 

protein extracts. Coomassie G-250 is the dye used for this assay. Through binding to 

proteins, a color shift of Coomassie G-250 was detected. Unbound Coomassie G-250 

has an absorbance maximum of 470 nm, while the absorbance of bound Coomassie 

G-250 shifts to a maximum of 595 nm. This change in absorbance is determined 

photometrically. Since the amount of Coomassie G-250 is proportional to that of 

proteins, the exact concentration can be calculated from this. According to Bradford, a 

calibration grade was first performed using 1000 µg/mL BSA solution to determine 

standard protein concentration. For this purpose, 125 mg BSA was dissolved in 100 mL 

purified H2O and diluted in a series of dilutions. This is shown in the following table. 
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Table 10. Preperation for Bradford calibration curve. 

Stock Composition Concentration [µg/mL] 

0 125 mg BSA ad 100 mL H2O 1000 

A 32 µL stock 0 + 1598 µL H2O 20 

B 800 µL stock A + 800 µL H2O 10 

C 800 µL stock B + 800 µL H2O 5 

D 800 µL stock C + 800 µL H2O 2.5 

E 800 µL stock D + 800 µL H2O 1.25 

 

Protein extracts were prepared as follows: 20 µL of protein extract was collected from 

the supernatant of samples, and 1980 µL of H2O was added to each preparation 

(1:100). 80 µL of 1:100 solution was added to 720 µL into a new Eppendorf tube 

(1:1000). Finally, 200 µL of Biorad dye was added to each solution and incubated for 

5 minutes in the dark. In addition, a blank (1000 µL H2O) and a zero reference (800 µL 

H2O + 200 µL Biorad dye) were prepared. The absorbance was determined 

photometrically at 595 nm and 470 nm. 

 

2.2.4.3. SDS Page and Western Blotting 

Whole cell extracts were fractionated by 12% SDS-Polyacrylamide gel 

electrophoresis. The gel consisted of a running and a stacking gel.  

 

Running gel 

H2O     1625 µL 

30% acrylamide mix  2000 µL 

1.5M Tris (pH 8.8)   1300 µL 

20% SDS solution   25 µL 

10% APS soluition   50 µL 

TEMED    2 µL 
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Stacking gel 

H2O     1370 µL 

30% acrylamide mix  340 µL 

1.5M Tris (pH 8.8)   260 µL 

20% SDS solution   10 µL 

10% APS soluition   20 µL 

TEMED    2 µL 

 

Before casting the gels, the glass plates first had to be cleaned with ethanol to remove 

any troublesome fatty stains. They were then assembled in a special apparatus. First, 

the running gel was prepared. For this purpose, 4 mL of the corresponding mixture 

was pipetted between each glass plate and covered with approximately 1 mL of 

isopropanol. This served to remove excessive air bubbles. After polymerizing the gel, 

the isopropanol was discarded and rewashed with purified H2O. The components of 

the stacking gel were then pipetted together, 2 mL of each was poured over the existing 

running gel, and the comb was inserted. After about 30 min, the gel was polymerized 

and wrapped in wet wipes for storage at 4°C. The samples were prepared by thawing 

and vortexing them shortly. Extracted proteins were dissolved in 18 µL of water and 6 

µL of 4X Roti®Load 1. Incubation was performed for 5 min at 85°C. Meanwhile, the 

running chamber was prepared, and the gel comb was removed. 20 µL of the protein 

solution was added to each gel pocket. 6 µL PageRulerTM prestained protein ladder 

was used as a marker. Electrophoresis was performed at 80V until proteins reached 

the end of the separating gel. The voltage was then increased to 120V. Electrophoresis 

was stopped before the PageRulerTM prestained protein ladder reached the running 

gel's end. After protein extracts were fractionated by 12% SDS-Page, they were 

transferred to a polyvinylidene difluoride (PVDF) membrane at 4°C for 1h using a 

transfer apparatus. For this, the PVDF membrane was first activated in methanol and 

then rehydrated in H2O. The transfer sandwich was assembled in a special holder 

consisting of (in order from bottom to top): fiber pad, filter paper, membrane, gel, filter 

paper, fiber pad. The transfer was performed at 4°C for 1h at 100 V. Membranes were 

incubated for 1h at room temperature with 5% BSA to block non-specific binding. 
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Afterward, membranes were washed three times with 0.5% TBST (1st 15 min., 2nd 

10 min., 3rd 5 min.). This was followed by overnight incubation at 4°C with a primary 

antibody that binds specifically to a sequence at the target protein. Antibodies are listed 

in section 2.1.4. Antibodies. The primary antibody was diluted to desired concentration 

in 5% BSA solution. After overnight incubation, membranes were washed thrice for 10 

min using 0.5% TBST and incubated with a horseradish peroxidase-conjugated 

secondary anti-mouse or anti-rabbit antibody for 1h. After three additional washing 

steps with 0.5% TBST, membranes were developed with AmershamTM ECLTM Prime 

Western Blotting Detection Reagent according to the manufacturer’s protocols. 

 

2.2.4.4. AmershamTM ECLTM Prime Western Blotting Detection Reagent  

Solution A and B were mixed in equal parts to develop the Western blot 

membranes. Depending on the size of the membranes, 200-1000 µL of the mixture 

was added to each membrane. After an incubation period of 5 minutes, the membranes 

were analyzed using the Vilber Fusion TS FX imager. The following settings were 

chosen as setup: 

 

Table 11. Set up for Fusion FX Imager. 

Variable Set up 

Lightning Prime 

Time Auto 

Tray 4 

 

The amount of protein could be quantified by determining the band intensity using a 

peroxidase reaction with resulting luminescence.  

 

2.2.4.5. Stripping the membrane 

Stripping was performed to remove the antibodies from the membrane. The 

stripping solution was preheated to 50°C, and the membrane was incubated with the 

stripping solution at 50°C for 30 min. After incubation, the membranes were washed 

twice with 0.5% TBST. An image was developed using the AmershamTM ECLTM Prime 
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Western Blotting Detection Reagent and the Vilber Fusion TS FX Imager to determine 

complete antibody removal. 

 

2.2.4.6. Analysis of the membranes 

The images obtained from the Vilber Fusion TS FX imager were analyzed using 

Fiji ImageJ. Each individual band was marked, and the intensity of each was 

determined. The obtained intensity values were set to the standard GAPDH and 

converted to percent. The final plots were made using Graph Pad Prism 9.2.0. 

 

2.2.5. LC-MS/MS Analysis 
 

2.2.5.1. RNA extraction 

RNA extracts were isolated using phase separation. Tissue samples for RNA 

extraction were mixed with 1 mL ROTI®Zol RNA, and the tissue was homogenized 

using a Squisher. Cells were seeded 48 h prior to extraction and should have an 80% 

or above confluency. Again, 1 mL of ROTI®Zol RNA was added, and cells were 

detached from the culture plate using a cell scraper and transferred to a new 

Biosphere® SafeSeal Tube 1.5 mL. The cell suspension was also homogenized using 

a squisher. After adding Roti®Zol, 200 µL chloroform was added and incubated for 10 

min. at room temperature, followed by a centrifugation step (10,000 rpm, 15 min., 4°C). 

The colorless upper phase (which contains RNA) was then transferred to a new 1.5 

mL Biosphere® SafeSeal Tube containing 1µL glycogen, RNA grade. 100% 2-

Propanol was added to precipitate RNA, followed by 10 min. incubation at room 

temperature and centrifugation (10,000 rpm, 15 min., 4°C). The supernatant was 

carefully transferred to a new 1.5 mL Biosphere® SafeSeal tube and washed once with 

70% ethanol. After centrifugation (13,000 rpm, 10 min., 4°C), the supernatant was 

removed, and the RNA pellet was resuspended in RNAse free H2O. The content of 

RNA was determined using fluorescent spectrometry. 
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Figure 27. Phase separation at RNA extraction. 

 

2.2.5.2. ZR small-RNATM PAGE Recovery Kit 

RNA was then separated by size using an 8M TBE-Urea gel electrophoresis, and the 

individual bands of tRNA, tiRNA, and tRFs were excised from the gel using a scalpel. 

The excised fragments were purified using the ZR small-RNATM PAGE Recovery Kit 

(Zymo Research) according to the manufacturer's protocol. After the RNA was 

extracted from the gel pieces, the concentration of the RNA was again determined 

using the NanoDrop One®. Each of the brain areas was then pooled in its respective 

group to increase RNA concentration. 

 

2.2.5.3. Overnight nucleoside sample digestion 

400-750 ng of RNA samples were used for digestion to the nucleoside level. For 

digestion, 0.6 U nuclease P1 from p. citrinum , 0.2 U snake venom phosphodiesterase 

from c. adamanteus, 2 U FastAP (to remove remaining phosphatases), 

10 U benzonase, 200 ng pentostatin in 25 mM ammonium acetate buffer (pH 7.5) was 

added to the purified RNA in a total volume of 50 µL and incubated overnight at 37°C 

protected from light.  

 

2.2.5.4. LC-MS/MS analysis of RNA modifications 

100 ng were used per injection. 50 ng of 13C stable isotope-labeled nucleosides 

was added to digested RNA samples. The internal standard dilution (ISTD) was a long-

lasting stock mixture of 50 ng/µL Saccharomyces cerevisiae and Escherichia coli. The 

internal standard was prepared by mixing 5 ng of s. cerevisiae and e. coli. 1.1 µL ISTD 

was added to 50 µL of the digested sample. All measurements were performed on an 

Agilent 1260 Infinity LC coupled to an Agilent 6460 Triple Quadrupole mass detection 
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system. The separation of the nucleosides was conducted on a SynergieTM Fusion RP 

C18 column (S-4 µm, 80A, column size 250x 2.0 mm I.D.) from Phenomenex. The 

column oven was set to 35°C. For analysis, a gradient method NUCS5 was used. This 

method was defined by the following conditions: Phase A containing acetonitrile (CAN) 

starting at 0%. After 10 min., Phase A was increased to 8% ACN and then to 40% ACN 

in 10 min. Equilibration time was another 10 min. Phase B contained freshly prepared 

5 mM NH4OAc buffer (pH 5.3). If needed pH value was adjusted using HOAc. The flow 

rate was set to 0.35 mL/min. UV trace was recorded in a multiple wavelength detector 

(MWD) at 254 nm at an attenuation of 1000 mAU. The sample rate was set to 2.5 Hz. 

All prepared samples were injected via EJS ESI source in positive ion mode to the 

mass spectrometer. Various parameters were defined for conduction of measurement 

listed below: Capillary current 5400 nA, gas temperature 350°C, sheath gas 

temperature 345°C, sheath gas flow 10.0 L/min, gas flow 8 L/min, Nebulizer 50.0 psi, 

Corona voltage 0V. A first test run was used to get correct elution times. Mass 

spectrometry dynamic Multiple Reaction Monitoring (MRM) was programmed to their 

appropriate elution time window, adding +/- 6 min for each modification. A wide range 

of 13C-labeled and their counterparts were measured during 1 run. 

 

2.2.5.5. Data analysis 

All data were extracted and analyzed using the following programs: Extraction of 

UV trace area and relative quantification of ion chromatograms of the MRM was done 

in Agilent Mass Hunter Qualitative Analysis 10.0 for canonical nucleosides C, U, G, 

and A. UV-A was used for data analysis. For relative quantification integration of 

respective peaks, providing area under the curve (AUC) was performed. Only peaks 

with normal distributed peaks and a signal-to-noise ratio of 5 in at least one of several 

samples were further used for heatmap analysis. Signals of 12C AUC were normalized 

on their respective 13C internal standard AUC calculating their ratio. This ratio was then 

normalized to the subtraction of UV-A of 13C internal standard and UV-A of 12C sample 

signal. For heatmap creation and statistical analysis, all values were applied in Perseus 

1.5.0.9. Software (Jürgen Cox and Mathias Mann, MPI Munich). Data were normalized 

using a normalization filter. This filter divided each row by its mean. Normalized data 

were then opened in Graph Pad PRISM 9.2.0 to generate cluster-driven heatmaps.
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Chapter 3 

 

3. Expression of ANG 
Under normal conditions, ANG is located in the nucleus and is bound to its 

physiological inhibitor RNH1. Only after it is released from this does ANG enter the 

cytosol, where it can cleave tRNA into tRNA halves and fragments. Subsequently, the 

5'-tiRNAs can inhibit the pro-apoptotic signaling pathway. This mechanism protects 

cells from excessive apoptosis and is therefore particularly interesting for further 

research on aging and neurodegenerative diseases.  

Various organs and tissues were dissected to investigate the expression of ANG. 

These included the brain, there the areas of the cerebellum, cerebral cortex, and 

hippocampus to investigate the expression of ANG in central tissues. However, since 

some studies have found peripheral changes during aging or the development of AD, 

peripheral tissues such as the liver, heart, lung, and kidney were also used. This 

allowed us to investigate whether the expression of ANG also changes from the CNS 

compared to the periphery and whether this is an age-dependent or an AD-specific 

effect. To address this question, ANG expression was first determined in a cell model 

and then in mouse and rat models. Finally, human postmortem brain samples were 

examined again, and the expression of ANG was also determined. 

 

3.1. Cellular levels of ANG in human cell lines 
 

3.1.1. Expression of ANG in HEK293 cells and SH-SH5Y cells 
 

3.1.1.1. Expression of ANG under physiological conditions 

To determine the expression of ANG, we used well-characterized HEK293 cells. 

HEK APPwt and HEK APPsw cells were used as AD models. HEK APPwt and HEK 

APPsw stably overexpress either wildtype APP (wt) or the Swedish mutation 

(K640/n671L, APPsw). Cells are characterized by different Aβ1-40 loads increasing 

from HEK ut to HEK APPwt and sw. While HEK APPwt represents a model for sporadic 
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AD and HEK APPsw serves as a model for late sporadic AD, HEK ut were used as 

control cells [94,100,339]. Additionally, human SH-SY5Y cells were used as a neuronal 

cell model. SH-SY5Y cells stably transfected with an empty pCEP4 vector were used 

as control (Mock), and Aβ 1-40 producing SH-SY5Y cells (APPwt) were used as LOAD 

model [347–349]. Compared to the HEK293 model, the SH-SY5Y model is characterized 

by a lower Aβ1-40 load. The following experiments were performed to check the impact 

of AD, especially Aβ1-40 loads, on ANG expression. To verify this approach, the 

expression of ANG was first checked under physiological conditions, e.g., without 

treating the cells with a stressor. This allows determining the basal level of ANG in the 

existing cell model, which has not yet been described in the literature. If one goes by 

the theory, a significant increase in ANG levels in APPwt and sw cells would be 

expected since ANG is upregulated during stress conditions. Due to increased levels 

of Aβ1-40, a potent stress factor is present. The analysis was performed by WB.  

 

 

Figure 28. Expression of ANG in HEK293 cells and SH-SY5Y cells. Data are expressed as 

mean ± SEM; student’s unpaired t-test (*p <0.05). n = 9. n = 1 is equivalent to 1 protein extraction. 
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Surprisingly, a significant reduction of ANG expression could be determined in the 

HEK293 APPwt cells. The expression was only 59.83% compared to the control 

HEKut. In the APPsw cells, however, only a slight trend could be detected, but no 

significance due to the greater scatter of the results.  

In contrast, a significant increase in ANG levels was determined in SH-SY5Y APPwt 

compared with the control SH-SY5Y mock group. At 208.15%, the measured values 

were more than twice those of SH-SY5Y Mock cells.  

The confluence of the 96-well plate was determined optically before both experiments 

to ensure a homogeneous distribution of cells and an equal number of cells in each 

well. In the next step, in addition to the physiological conditions, the expression levels 

of ANG were determined upon treatment with rotenone to verify the impact of stress 

factors 

 

3.1.1.2. Expression of ANG under the treatment of complex I inhibitor rotenone 

Following the results obtained previously, the question was raised as to how the 

expression of ANG behaves when mitochondrial dysfunction is additionally induced by 

the addition of a stressor such as rotenone. Rotenone belongs to the retinoid family 

and occurs naturally in legumes having toxic effects.  

 

Figure 29. Mechanism of action of rotenone inhibiting complex I of ETC. 
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Rotenone is an inhibitor of complex I of the mitochondrial respiratory chain. It inhibits 

mitochondrial electron transport at nicotinamide adenine dinucleotide 

(NADH):ubiquinone oxidoreductase, which usually transports 4H+ into the 

intermembrane space and transfers 2e- to complex II. In this process, NADH is typically 

reduced to NAD+. This mechanism induces mitochondrial dysfunction. As a result of 

Rotenone treatment, mitochondria appear fragmented, spherical, and no longer exhibit 

the tubular, cohesive network seen in untreated cells [94]. Since mitochondrial 

dysfunction was also found in AD, this model can be used to test the impact of stress 

factors on ANG expression. In this experiment, the cells were incubated for 6h with 

5 µM rotenone. The period of 6h was chosen because changes at the protein level can 

only be expected after this incubation period due to the duration of translation [350]. The 

concentration of 5 µM Rotenone was previously determined by cell viability assay and 

determined to be the best concentration to use. After the incubation period of 6h, 

proteins were isolated from cells, and WB analyzed expression. The intensity of ANG 

bands was correlated using GAPDH as an internal standard. 

 

Figure 30. Expression of ANG under treatment with 5 µM rotenone. The results not treated with 

Rotenone have been included in the graph for completeness. Data are expressed as mean ± SEM; 

student’s unpaired t-test (*p <0.05; **p <0.01, ***p <0.001, ****p <0.0001). n = 8-9. n = 1 is equivalent 

to 1 protein extraction. 
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After analyzing the data, a significant reduction in ANG expression was determined in 

all three cell lines. Compared to the control, the levels were 72.75% in HEKut, 40.58% 

in APPwt, and 47.68% in APPsw. Also, compared to the physiological conditions, the 

obtained results of the expression levels of ANG are again about 20% lower. It was 

ensured that the decreased expression levels were not due to a lower cell number 

caused by the loss of cells during washing steps.  

In SH-SY5Y cells, protein levels of ANG were significantly altered compared to the 

control. All cell lines showed a significant increase in ANG levels. SH-SY5Y Mock cells 

treated with 5 µM rotenone showed an increase to 137.20% and SH-SY5Y APPwt to 

190.53% compared to control. Surprisingly, treatment of cells with 5 µM rotenone at 

an incubation time of 6h led to an increase in ANG levels compared to the HEK293 cell 

model. There, the same treatment leads to a decrease in ANG expression. The 

confluence of the 96-well plate was determined optically before both experiments to 

ensure a homogeneous distribution of cells and an equal number of cells in each well.  

 

3.1.2. Discussion 
Experimental determination of ANG expression in HEK293 cells revealed a 

decrease in APPwt cells and no change in APPsw cells (Fig. 28 ). This result is initially 

rather surprising because ANG is normally released during a cell's stress response. 

The presence of Aβ induces oxidative stress in both cell models, which, following this 

theory, should increase the expression of ANG. Surprisingly, however, the opposite is 

observed, vigorously decreasing ANG levels in APPwt cells. This could be due to 

several reasons. On the one hand, it could be that the level of oligomeric Aβ 1-40 in 

the cell model is not sufficient to activate ANG sufficiently strongly. On the other hand, 

it could also be that there is a permanent downregulation of ANG due to the 

permanently present mutations and the resulting permanent chronic stress that Aβ 1-

40 triggers in this model. Such downregulation is also described in the literature for 

other proteins, as stress can inhibit the initiation of translation and, thus, the proteins' 

formation [351,352]. Several proteins are downregulated at the genetic level during a 

stress response to allow the cell to focus on synthesizing important proteins for 

survival [353,354]. The observation also supports this chronic stress theory that APPsw 

cells, which have significantly higher Aβ 1-40 levels due to their mutation, show no 

change in ANG expression than controls. Therefore, the cell model APPwt represents 
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a model for MCI, while APPsw represents a model for early form of LOAD. This 

suggests that under prolonged chronic stress, such as is present upon exposure to Aβ, 

the cell downregulates its proper protective mechanism, and thus apoptosis may be 

induced to a greater extent. This suggestion is further supported by the results of the 

analysis of HEK293 cells treated with 5 µM rotenone for 6 hours (Fig. 30). The long 

incubation time ensured that changes at the mRNA level were also possible. It can be 

clearly seen that all cell models, HEKut and the APPwt and APPsw mutants, showed 

a significant decrease in ANG levels instead of an expected increase. The expression 

of ANG was even more significantly reduced in the mutants than in the HEK ut cells 

that did not exhibit Aβ loading. However, it is also evident that the sustained stress 

induced by the complex I inhibitor rotenone causes downregulation of ANG.  

Looking now at the expression of ANG in the human SH-SY5Y mock cells and SH-

SY5Y APPwt, it is evident that it is significantly increased in the mutants (Fig. 28). This 

can be explained by the fact that the levels of Aβ1-40 are significantly lower compared 

with the mutants of the HEK293 cell model [340,341]. Therefore SH-SY5Y APPwt 

represents a cell model for initial sporadic AD [341]. As a result, the cellular stress level 

is significantly lower, and ANG continues to be produced at increased levels during the 

stress response. If one follows the hypothesis that ANG is downregulated or no longer 

upregulated during chronic stress, a reduction or at least no change in ANG expression 

should be observed when SH-SY5Y cells are treated with 5 µM rotenone. This is 

exactly what was found experimentally (Fig. 30). Although ANG expression increases 

in the control cell line SH-SY5Y Mock, it is significantly lower than the SH-SY5Y APPwt. 

There is also no increase in the SH-SY5Y mutant treated with rotenone compared to 

the untreated APPwt. Only a significant increase in the levels of ANG compared with 

the SH-SY5Y Mock has been determinable, but this also occurred in the cell model 

without rotenone treatment and is therefore not relevant. This result also supports the 

hypothesis that the expression of ANG is reduced or unchanged upon chronic 

exposure to a stressor and that the protective response of the cell is absent, leading 

to increased apoptosis. Exposure to 5 µM rotenone for 24 h was not performed 

because initial preliminary experiments showed that a large proportion of the cells were 

apoptotic after this incubation period, and thus protein extraction was no longer 

possible. 
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3.2. Expression of ANG in different tissues of mice. 
 

3.2.1. Age-dependent expression of ANG in aged mice  
The biggest risk factor to develop AD is aging itself. The aging process is 

characterized by various dysfunctions, such as increased ROS or a decrease in 

synapse number. These changes are likely all triggered by mitochondrial dysfunction, 

leading to neurodegeneration. A total of 20 wt C57BL/6J mice were recruited to analyze 

how the expression of ANG behaves in an aging model. Young 3-month-old mice were 

used as controls, and 12-month-old mice were used as the aged group to be studied. 

This experiment was used to analyze whether there is a dependence between the age 

of the animals and the expression of ANG. The animals used are listed again under 

section 2.1.8. Animals in Table 7. All animals were euthanized by cervical dislocation. 

Hippocampus, cerebral cortex, and cerebellum were then immediately dissected and 

snap-frozen in liquid nitrogen. Proteins were isolated from all tissues, followed by 

determination of ANG expression by WB.  

 

3.2.1.1. Expression of ANG in mouse brain tissue 

First, the expression of ANG in the brains of aged male mice was examined. A 

total of 12 young 3-months-old animals were used as young controls, and 8 old 12-

months-old animals were used as aged cohorts. Using this model, it was possible to 

obtain an indication of the age dependence of ANG expression during aging itself in 

male and female individuals. Especially in females, AD development is more frequent 

in old age than in males of the same age. According to US and European reports, 

women account for two-thirds of all known clinical AD cases [355]. Various hypotheses 

try to explain this difference. In addition to the influence of estrogens, the longer 

lifespan of women also plays a role since aging itself represents one of the greatest 

risk factors [356]. 

 

First, significantly altered levels of ANG were determined in all brain areas (Fig. 31) of 

male mice. In the hippocampus, expression was reduced to 24.10%, in the cerebral 

cortex to 39.32%, and in the cerebellum to 45.94%. A clear dependence of ANG levels 

based on age can be deduced based on the determined changes. 
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Figure 31. Expression of ANG in mouse male brain tissue. (A) Expression of ANG in mouse 

cerebellum. (B) Expression of ANG in mouse cerebral cortex. (C) Expression of ANG in mouse 

hippocampus. (D) Dissected brain areas. Data are expressed as mean ± SEM; student’s unpaired t-

test (*p <0.05; **p <0.01, ***p <0.001, ****p <0.0001). n = 8-12. n = 1 is equivalent to 1 animal. 
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Figure 32. Expression of ANG in mouse female brain tissue. (A) Expression of ANG in mouse 

cerebellum. (B) Expression of ANG in mouse cerebral cortex. (C) Expression of ANG in mouse 

hippocampus. (D) Dissected brain areas. Data are expressed as mean ± SEM; student’s unpaired t-

test (*p <0.05; **p <0.01, ***p <0.001). n = 3-7. n = 1 is equivalent to 1 animal. 
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Second, a significant alteration in ANG expression was determined in the female mice 

in all dissected brain areas. In the cerebellum, the levels were only 48.12% (Fig. 32 A), 

in the cerebral cortex, 47.74% (Fig. 32 B), and in the hippocampus, 35.72% (Fig 32 C) 

compared to the 3-month-old young control. Thus, a reduction of ANG levels in all brain 

areas used is also seen in the female individuals, just as in the males.  

 

3.2.1.2. Determination of the expression of ANG in additional organs of aged and 

transgenic mice 

From all animals, the organs heart, lung, liver, and kidney were dissected again 

to verify whether the effects were observed in section 3.2.1.1. Expression of ANG in 

mouse brain tissue occurs only centrally in the brain or peripherally. Also, in the 

following section, transgenic mice have already been studied here to provide a link to 

the AD dependent effect and to study AD specific effects in central tissues. Again, all 

animals were euthanized by cervical dislocation, and the corresponding organs were 

subsequently snap-frozen in liquid nitrogen. Proteins were then extracted from all 

organs, and WB determined ANG expression. 

 

3.2.1.2.1. Expression of ANG in Liver of male and female mice. 

In general, the liver plays an important role for ANG since it is an essential organ, 

which usually is mainly responsible for the metabolism and detoxification of various 

substances in the human body. For this reason, it is of particular interest to determine 

whether the effects previously found can also be observed in the liver periphery. 

 

Initially, the discovery of another band during the evaluation of the WB was striking. 

This band originates from the presence of the ANG dimer, which could be detected for 

the first time in the liver compared to the brain samples. As the monomer, the dimer 

continues to possess ribonuclease activity [174]. The expression of ANG in the m yWT, 

m yTG, m oTG, f yWT, f yTG, f oTG shows no significant alterations compared to the 

respective control. However, a slight but not significant decrease in ANG levels was 

observed in the m oWT. Such a trend can also be observed in the f oWT, but it is 

insignificant. Looking now at the results of the expression of the ANG dimer, no 

significant change can be seen in the cohort of m yWT, m yTG, m oWT, m oTG, f yWT, 
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and f oTG. In contrast, a significant increase in ANG level was observed in f yTG and 

f oWT compared with the respective control. Especially in f oWT, the increase is again 

more pronounced than in f yTG. 

 

 

Figure 33. (A) Expression of ANG Monomer and (B) ANG Dimer in mouse liver tissue. Data are 

expressed as mean ± SEM; one-way ANOVA (*p <0.05; **p <0.01, ***p <0.001). n = 2-12. n = 1 is 

equivalent to 1 animal. Blank bars represent male individuals. Striped bars represent female 

individuals. Abbr.: ctl.: control, m yWT: male young wildtype, m yTG: male young transgenic, m oWT: 

male old wildtype, f yWT: female young wildtype, f yTG: female young transgenic, f oWT: female old 

wildtype, f oTG: female old transgenic. 

 

3.2.1.2.2. Expression of ANG in heart of male and female mice. 

Second, the determination of ANG expression was not possible because no ANG 

could be detected during the illumination of WB. Different concentrations (20 µg – 80 

µg) of protein extract were tested, resulting in no ANG expression in heart tissue. This 

result also matches broad expression analyses of the human proteome, in which the 

expression of ANG was determined by RNAseq and was also barely detectable 

compared to other organs [357]. 
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Figure 34. (A) Expression of ANG monomer and (B) ANG Dimer in mouse heart tissue. Abbr.: ctl.: 

control, m yTG: male young transgenic, m oWT: male old wildtype, f yTG: female young transgenic, f 

oWT: female old wildtype, f oTG: female old transgenic. 

 

3.2.1.2.3. Expression of ANG in lung of male and female mice 

Third, expression levels of ANG were determined in lung tissue.  

 

Figure 35. (A) Expression of ANG monomer and (B) dimer in mice lung. Data are expressed as 

mean ± SEM; one-way ANOVA (*p <0.05; **p <0.01, ***p <0.001, ****p <0.0001). n = 2-10. n = 1 is 

equivalent to 1 animal. Blank bars represent male individuals. Striped bars represent female 

individuals. Abbr.: ctl.: control, m yWT: male young wildtype, m yTG: male young transgenic, m oWT: 

male old wildtype, f yWT: female young wildtype, f yTG: female young transgenic, f oWT: female old 

wildtype, f oTG: female old transgenic. 
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No alterations are detected in m yWT, m yTG, m oWT, m oTG, f yWT and f oWT in 

ANG monomer compared to the respective control. An increased tendency could be 

detected in f yTG. A significant increase could be determined in f oTG compared to the 

respective old control. The same tendency could be determined in ANG dimer. No 

alterations in ANG expression are determined in m yWT, m yTG, m oWT, m oTG, f 

yWT, and f oWT. F yTG shows a small tendency of increased ANG levels. A significant 

increase in expression of ANG dimer was detected in f oTG. 

 

3.2.1.2.4. Expression of ANG in kidney of male and female mice 

Fourth, expression levels of ANG were determined in kidney tissue. No 

alterations in the ANG monomer were detected in m yWT, m yTG, m oWT, m oTG, f 

yWT, and f o WT compared to the respective control. A decreased tendency could be 

detected in f yTG, and f oTG. No alterations in the ANG dimer could be detected. Only 

a slight decreased trend in f yTG, and f oTG can be seen. 

 

Figure 36. (A) Expression of ANG monomer and (B) dimer in mice kidney. Data are expressed as 

mean ± SEM. one-way ANOVA, n = 2-8. n = 1 is equivalent to 1 animal. Blank bars represent male 

individuals. Striped bars represent female individuals. Abbr.: ctl.: control, m yWT: male young 

wildtype, m yTG: male young transgenic, m oWT: male old wildtype, f yWT: female young wildtype, f 

yTG: female young transgenic, f oWT: female old wildtype, f oTG: female old transgenic. 
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3.2.1.2.5. Comparison of Expression of ANG in mouse organs 

 

Table 12. Overview of ANG expression in all dissected mouse organs. Arrows show significant 

changes, arrows in brackets show non-significant trends. 

 Organ m yWT m yTG m oWT m oTG f yWT f yTG f oWT f oTG 

M
on

om
er

 Liver ↔ ↔ (↓) ↔ ↔ ↔ (↓) ↔ 

Heart - - - - - - - - 

Lung ↔ ↔ ↔ ↔ ↔ (↑) ↔ ↑ 

Kidney ↔ (↓) ↔ ↔ ↔ (↓) ↔ (↓) 

D
im

er
 

Liver ↔ ↔ ↔ ↔ ↔ ↑ ↑ ↔ 

Heart - - - - - - - - 

Lung ↔ ↔ ↔ ↔ ↔ ↔ ↔ ↑ 

Kidney ↔ ↔ ↔ (↑) ↔ ↔ ↔ ↔ 

 

3.2.2. AD-dependent dysregulation of expression of ANG in transgenic mice 
Since the results obtained previously refer only to the process of aging, the next 

step was to use an AD model, which allowed us to study the impact of AD on the 

expression of ANG. We obtained transgenic (tg) 5X FAD mice for this experiment, also 

known as Tg6799 strain. This is a widely used mouse model because it has many AD-

related phenotypes and shows the disease's early and aggressive appearance.  

 

The aged animals were also included in all assays to create better comparability for 

completeness. In all cases, the results are described in 3.2.1.1. Expression of ANG in 

mouse brain could be confirmed again. All young transgenic animals (yTG) were 

referred to the young control (3-month-old animals), the old transgenic animals (oTG) 

to the respective old control (12-month-old animals). In all transgenic animals, a 

tendency or, in some cases, a significant effect can be observed for ANG. A tendency 

toward increasing ANG levels could be observed in the cerebellum of both young 

males (yTG, Fig. 37 A) and old male transgenic animals (oTG, Fig. 37 A). Interestingly, 

an exactly opposite effect is observed in the comparable female samples (female yTG 

and oTG, Fig. 37 B). In the female yTG animals, even a significant decrease in ANG 

expression is observed compared to the control. In contrast, the old female transgenic 
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cerebellum samples show no change in ANG expression but only a tendency to 

decrease.  

 

Figure 37. Expression of ANG in murine male and female brain tissue. (A) Expression of ANG in male 

mouse cerebellum. (B) Expression of ANG in female mouse cerebellum. (C) Expression of ANG in 

mouse male cerebral cortex. (D) Expression of ANG in mouse female cerebral cortex. (E) Expression 

of ANG in mouse male hippocampus. (F) Expression of ANG in mouse female hippocampus. Data are 

expressed as mean ± SEM; one-way ANOVA (*p <0.05; **p <0.01, ***p <0.001). n = 3-7. n = 1 is 

equivalent to 1 animal. Abbr.: ctl.: control, yTG: young transgenic, oWT: old wildtype, oTG: old 

transgenic. 
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The cerebellum was chosen as a negative control for the experiment because there is 

largely no association with AD in this brain area. In contrast, no change in the cerebral 

cortex is observed in male yTG (Fig. 37 C) and female yTG (Fig. 37 D). Interestingly, 

however, a significant change is observed in the old animals. A significant decrease in 

the expression of ANG was observed in the cortex of male oTG. In contrast, the cortex 

of female oTG surprisingly shows a significant increase in ANG expression levels 

compared to the respective control. Also, male and female oWT show significantly 

decreased expression of ANG. In the hippocampal region, a significant decrease in 

ANG expression is observed in male yTG (Fig. 37 E). An equal but nonsignificant 

change is also observed in male oTG (Fig. 37 E). In contrast to the male transgenic 

animals, a significant increase in ANG expression of female mice was observed in oTG 

(Fig. 37 F). The female yTG only shows a slightly increased tendency, but it is 

nonsignificant. Thus, it was found that significant effects were observed in the cerebral 

cortex and hippocampus brain regions relevant to AD. Interestingly, these effects are 

also exactly opposite in gender in most cases. Such gender-specific effects are 

particularly interesting.  

 

3.2.3. Sex dependent differences of ANG expression in different brain areas of young 

and old transgenic mice. 

Against the background that the exposure of women to AD is significantly higher, 

it is worthwhile to compare the expression of ANG values in the different brain areas. 

Comparing the male and female results, it quickly becomes clear that partly opposite 

effects can be observed. The expression of ANG is decreased in male yTG but 

increased in female yTG, looking at the levels in the hippocampus. Surprisingly, the 

levels in the cerebellum are also exactly opposite, e.g., they were increased in male 

yTG and decreased in female yTG. In the cerebral cortex, however, the values were 

the same. Surprisingly, in all aged animals, the differences in males and females are 

not observed. In aged tg animals, a sex-specific effect is again observed. In male oTG, 

ANG expression is decreased in both hippocampus and cortex but increased in the 

cerebellum. In female oTG, just the opposite is observed. 
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Table 13. Overview of Expression of ANG in different sex. Arrows show significant changes, 

arrows in brackets show non-significant trends. Abbr.: Hip: hippocampus, Cx: cerebral cortex. 

 yWT yTG oWT oTG 

 Hip Cx Cere Hip Cx Cere Hip Cx Cere Hip Cx Cere 
♂ ↔ ↔ ↔ ↓ ↔ (↑) (↓) ↓ ↔ (↓) ↓ (↑) 

♀ ↔ ↔ ↔ (↑) ↔ ↓ (↓) ↓ ↓ ↑ ↑ (↓) 

 

3.2.4. Discussion 
After determining ANG expression in aged individuals, a significant decrease in 

ANG levels was observed in both males and females. In the brain area of the 

hippocampus, cerebral cortex, and cerebellum, this effect was observed in all animals. 

All aged animals were 12 months old. A mouse ages about 25 times faster than a 

human [358]. Concerning the total life span of a laboratory mouse, the total survival 

curve already decreases dramatically at this stage. For this reason, this model is 

perfectly suitable as an aging model. The aging process also leads to various cellular 

changes in mice and generally represents the greatest risk factor for developing 

neurodegenerative diseases such as AD. Declining cognitive performance, decreased 

mitochondrial function, increased ROS levels, and generally slowed cellular processes 

are classic changes associated with aging. These processes also lead to persistent 

stress in the cells, as the antioxidant system, for example, is significantly less active. 

Due to these aging processes, it has already been described in the literature that 

protein biosynthesis is inhibited [359]. This could be an explanation for reduced ANG 

levels. If one revisits the hypothesis from the beginning of this section, which states 

that ANG expression is downregulated during chronic stress, this also applies in this 

case. Persistently elevated ROS levels and altered mitochondrial function up to 

mitochondrial dysfunction lead to chronic stress response in the body and trigger an 

increased occurrence of apoptotic processes in the cells of various tissues. In neurons, 

such a process then leads to the process of neurodegeneration, which in the long term 

leads to the development of neurodegenerative diseases such as AD. Since the 

expression of ANG is reduced in the hippocampus and cerebral cortex, which are 

particularly affected in AD, it can be assumed that the neuroprotective effect of ANG is 

lost due to reduced ANG levels [329,360]. As a result, pro-apoptotic signaling is no longer 

inhibited by cleavage of tRNA and the derived fragments but may now be enhanced 
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by activating caspase 3 and 9. The consequence is an additional pro-

neurodegenerative mechanism which, as a consequence of the process of aging, 

further enhances this progression.  

Considering the results of the experiments with brain tissue in the 5X FAD mice, many 

statements can be made. First of all, the 5X FAD model is one of the most striking AD 

models of all since the animals show first symptoms already at the age of 3 months, 

which progress rapidly over time. For this reason, brain samples were taken both at 

the onset of the first symptoms, at 3 months of age, and 12 months of age. This 

provides an AD model covering both early and late AD forms. Both young and aged wt 

C57BL/6J mice served as controls. Among all results, in both yTG and oTG, the 

cerebellar brain area behaves opposite to the hippocampus and cerebral cortex in all 

sexes. The cerebellum is used as a negative control, as little to no influence of AD is 

described here. This makes the resulting significance of the results more important 

since this affects all samples. In this experiment, however, the complexity of the 

disease AD became clear once again, as even effects between the individual sexes 

could be determined. In the yTG animals, it is immediately evident that ANG expression 

in males is exactly the opposite of that in females. The males show significantly 

decreased ANG levels in the hippocampus, while the females show an increased 

tendency. This would imply that the protective effect of ANG in the hippocampus is 

absent in males, and neurodegeneration is enhanced in this area. On the other hand, 

females should have increased protection against neurodegeneration, according to 

these results. The increase could be because more Aβ was present in the individuals 

than in the corresponding males. However, it is clear that not only this one mechanism 

is involved in neurodegeneration in the development of AD. The prevalence of AD is 

generally higher in females than in males. This is mainly due to the influence of 

estrogens and the overall more extended life expectancy of women [355]. Since aging 

is one of the most important factors, it could be that the influence of mitochondrial 

dysfunction and increased ROS levels prevails, and neurodegeneration is triggered 

over time. This sex-specific effect is also found in the cerebellum, where expression 

varies within each sex on the one hand but also, on the other hand, differs in 

comparison. In the 12-month-old oTG animals, this trend is again confirmed. Here, the 

same results were obtained as in the yTG. Only an effect in the cerebral cortex was 

added here, also sex-specific. Here, too, the hypothesis established earlier applies. 

Another point could be that, as in ALS and PD, a loss-of-function mutation is also 
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present in ANG [179,328,361]. This would mean that ANG no longer has ribonuclease 

activity, no matter how highly expressed. Since this mechanism has already occurred 

in other neurodegenerative diseases, likely, this is also the case in AD. Initial studies 

have already identified ANG mutation in AD patients, but its function or effect remains 

still unclear [361]. Subsequently, it would be interesting to study 24-month-old animals 

to determine whether the permanent chronic stress caused by Aβ in TG animals leads 

to reduced ANG expression, as shown in the cell model. However, this is almost 

impossible because many mice die naturally before this age. However, this experiment 

demonstrated an AD-specific effect on ANG expression, especially in females. 

Since the previously obtained results were all from central tissues, it is even more 

interesting to see if these changes also occur in the periphery. Starting with the liver, 

strikingly, both male oWT and female oWT showed a decrease in ANG expression in 

the ANG monomer. Just as in the brain areas hippocampus, cerebral cortex, and 

cerebellum, age-related dysregulation also occurs. A clear trend can be seen in 

females, but this change is not significant. These results support the earlier hypothesis 

that age-related cellular changes lead to a significant decrease in ANG expression. 

This implies that in addition to the lack of neuroprotective effect in old age, the 

apoptosis inhibitory effect on the liver cells may also be absent. This would also support 

the aging process in peripheral tissues and further progression induced by 

mitochondrial dysfunction and increased ROS levels. ANG dimer's expression also 

shows a significant change, but only in females. However, these results are consistent 

with those of previous studies, in which the expression of ANG was also frequently 

upregulated in yTG and oTG. However, further studies are needed here, as the ANG 

dimer is largely unexplored; only the ribonuclease activity, which remains conserved, 

is known [174].  

Finally, significant peripheral changes in ANG expression were found in the liver and 

lung. However, no change could be detected in the kidney, and no ANG was detectable 

at all in the heart. These peripherally found effects show that there are not only central 

changes in the brain. This is particularly interesting since changes such as 

mitochondrial dysfunction have already been found in lymphocytes of AD 

patients [331,332,334,336,362,363]. New possibilities arise from this result, e.g., involvement 

of ANG in the pathophysiology of AD, and histological tissue analysis of the periphery 

may allow early determination of a change with disease onset.  
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The next interesting step for analysis would be the blood analysis, as it has already 

been described that peripheral changes such as mitochondrial dysfunction and 

increased ROS levels in AD patients have already been observed in 

lymphocytes [331,332,334,336,362,363]. 

 

3.3. Expression of ANG in rats  
 

3.3.1. ANG Expression in rat hippocampus and cerebral cortex 
To investigate the previously observed changes also in a different model, we 

used the TgF344-AD rat model. The rats show an age-dependent increase in Aβ40 

and Aβ42 levels at 6-26 months. An advantage of the model is that the number of 

neurons in the hippocampus and cerebral cortex is comparable to the number of 

neurons in wt rats at the same age between 6-26 months [343]. A total of 16 animals 

were recruited for ANG expression analysis. From each sex, 2 wt and 2 tg animals 

were used at 6 and 15 months of age, respectively. This ensures that the 

pathophysiology of AD is just beginning in the young model.  

 

In Fig. 38 A and B, the expression of ANG in the hippocampus of male and female rats 

is shown. A significant increase in ANG levels was observed in aged male transgenic 

animals (oTG) compared with the wildtype. No alterations were observed in all other 

cohorts. In female rats, no change in ANG expression was also detected. A significant 

increase in ANG levels was detected in the cerebral cortex of male young transgenic 

rats (yTG) (Fig. 38 C) compared with the control. The increase in oTG in the 

hippocampus is at least a trend but not significant. In the cortex of female rats, as in 

the hippocampus, no altered ANG expression is found in all cohorts. 
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Figure 38. Expression of ANG in rat brains. (A) Expression of ANG in hippocampus of male rats (B) 
Expression of ANG in hippocampus of female rats (C) Expression of ANG in cerebral cortex of male 

rats (D) Expression of ANG in cerebral cortex of female rats. Data are expressed as mean ± SEM; 

student’s unpaired t-test (*p <0.05). n = 2. n = 1 is equivalent to 1 animal. Abbr.: ctl.: control, yTG: 

young transgenic, oWT: old wildtype, oTG: old transgenic. 
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Table 14. Expression of ANG in TgF344- and wt rats. Arrows show significant changes, arrows 

in brackets show non-significant trends. Abbr.: Hip: hippocampus, Cx: cerebral cortex. 

 yTG oWT oTG 

 Hip Cx Hip Cx Hip Cx 
♂ ↔ ↑ ↔ ↔ ↑ (↑) 

♀ ↔ ↔ ↔ ↔ ↔ ↔ 

 

3.4.2. Discussion 
Compared to the 5X FAD mouse model, the TgF344 AD model represents a 

much weaker relation to the progression of AD because the levels of Aβ 1-40 are much 

lower. For this reason, the model cannot be directly compared with the very strongly 

progressive 5X FAD mouse model. Also, only 2 animals per cohort were obtained, 

which reduces comparability. It is also striking that the previously sex-specific effects 

found in both the 5X FAD and the human model are not present. This could be because 

of the different model used for this experiment. No alterations in expression have been 

determined in both the hippocampus and cerebral cortex in females. In males, a 

significant increase has been observed in the hippocampus in oTG and the cortex in 

yTG and a trend in oTG. However, to what extent these results fit into the thesis stated 

at the beginning is difficult to say because of the small n number. Small outliers are 

also repeatedly observed in the mouse and human samples. In the case of rats, due 

to the number of only 2 animals, no exact mean value can be calculated and further 

analyses still have to be performed. 

 

3.5. Human brain tissue samples 
 

3.5.2. Expression of ANG in human cortical brain tissue 
To further investigate the previously obtained results, the next logical step was to 

study human samples from elderly and AD patients. The Netherland Brain Bank (NBB), 

based in Amsterdam, provided the samples. In total, we received 32 human cerebral 

cortex samples. We obtained 14 female and 6 male AD cortexes and 6 female and 

male non-demented control subjects. In this way, we covered a broad cohort of 

different individuals. In this experiment, the influence of both AD and aging on ANG 
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expression was investigated. All AD patients were compared with the non-demented 

control group.  

 

Fig. 39 shows the expression of ANG monomers (region A and C) and ANG dimers 

(region B and D). Surprisingly, for the ANG monomer, the results of the mouse 

experiments could be confirmed in both male and female patients, especially regarding 

the sex differences. This refers to the expression of the ANG monomer, as the dimer 

could not be detected in the mouse model. In the cohort of AD patients, a significant 

reduction in the expression of the ANG monomer was observed in the cortex (Fig. 39 

A). In contrast, the ANG dimer (Fig. 39 B) showed only a trend toward decrease 

compared with the nondemented control. In contrast, the female patients showed a 

significant increase in the expression of the ANG monomer in the cortex compared 

with the nondemented control subjects (Fig. 39 C). ANG dimer expression also showed 

a significant increase in ANG levels (Fig. 39 D). Thus, an exactly opposite effect was 

observed in the female patients concerning the expression of the ANG monomer and 

the ANG dimer compared with the male individuals.  
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Figure 39. Expression of ANG monomer and ANG dimer in human brain tissue. (A) Expression of 

ANG in cerebral cortex of male and (B) female brain tissue. Data are expressed as mean ± SEM; 

student’s unpaired t-test (*p <0.05). n = 5-8. n = 1 is equivalent to 1 human individuum. 

 

To explore the aging effect, "non-demented controls" were used and divided into two 

groups according to age, each with a difference of about 10 years. The younger control 

group served as the control, and the older group served as the cohort to be analyzed. 

Analysis of the ANG monomer and dimer was again performed using WB. 
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Figure 40. Expression of ANG monomer and ANG dimer in aged human brain tissue. (A) Expression 

of ANG in cerebral cortex of male and (B) female brain tissue. Data are expressed as mean ± SEM; 

student’s unpaired t-test (*p <0.05). n = 3-5. n = 1 is equivalent to 1 human individuum. 
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Fig. 40 shows the analysis of the aged brains. In the cerebral cortex of the male 

patients, there is no significant change in the expression of the ANG monomer and the 

dimer, but a decreasing trend (areas A and B) is detectable. This is consistent with the 

decrease in ANG levels in the older cohort as observed in the mouse model. In 

contrast, a significant decrease in the expression of the ANG monomer can be 

observed in female patients (area C). The ANG dimer also shows no significant change 

but, as in the male individuals, a trend toward reduced ANG levels (area D). 

 

3.5.3. Age-dependent reduced expression of ANG in human hippocampus and 
cortex brain samples from human Aging, Dementia and TBI study 

Last, we analyzed RNA sequencing datasets from 107 brains, including 377 

samples from cortical grey (parietal and temporal) and white matter (parietal) and 

hippocampus, to determine the alteration and expression of ANG in clinical patient 

datasets from the Aging, Dementia, and TBI Study. After the analysis, the RNAseq 

datasets were divided into the following age groups: 75-80, 81-85, 86-89, 90-94, and 

95-99. On this basis, the age dependence of ANG expression can be re-examined. 

 

 

Figure 41. Expression of ANG in different aged cohorts. (A) Dysregulation of ANG during aging in the 

human cerebral cortex and hippocampus. (B) Mean values of ANGs expression in cerebal cortex and 

hippocampus. Data are expressed as mean ± SEM; student’s unpaired t-test (*p <0.05). n = 3-5. n = 1 

is equivalent to 1 human individuum. 

 

The expression of ANG in the cerebral cortex decreases significantly over time in older 

groups (Fig. 41). The ANG level in the oldest group of 95-99 years was only 52.04% 
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compared to the respective control group. A decreasing trend is also observed in the 

hippocampus, but it is not significant. Again, the results obtained here strengthen the 

thesis that ANG expression decreases with age. 

 

3.5.4. Discussion 
Analysis of human cortical brain samples confirmed the results obtained in the 

experiments with aged and 5X FAD mice. In the male individuals, as in the 5X FAD 

animals, a significant reduction was confirmed in the cerebral cortex, whereas in the 

females, a significant increase in ANG expression was detected (Fig. 39 A, C). 

Surprisingly, the effect of age-related dysregulation of ANG could also be determined 

experimentally (Fig. 40 A, C). These results also confirm the hypothesis made at the 

beginning of this work that the expression of ANG is influenced by aging processes 

and during the progression of AD. Exactly what these factors are cannot be said at this 

time. What is clear is that the effect is not only caused by Aβ plaques or 

hyperphosphorylated tau tangles. This claim can be confirmed because a reduction in 

ANG expression was observed equally in both male-aged and 5X FAD animals. Since 

the 5X FAD animals had significantly increased levels of Aβ1-40 compared with 

naturally aged animals, a sole influence of this stressor is unlikely. The results of the 

human brain samples confirm this, as there were patients with and without Aβ plaques 

in the male individuals. Aging itself is an important factor as processes such as 

mitochondrial dysfunction and increased ROS concentrations continue to progress. An 

additional stressor such as Aβ could promote this progression but is not solely 

responsible. The observation that upregulation was found in female 5X-FAD mice, and 

human individuals confirm this consideration. Therefore, it cannot be excluded that the 

presence of Aβ plaques further enhances this process. Since the expression behaves 

differently in the female individuals, it must be assumed that AD influences the 

expression otherwise, the results here would also have to be similar to those in the 

older cohort. The results also confirm previous research findings in the literature that 

Aβ alone is not responsible for AD development but may play a role. The failure of 

various antibodies to reduce Aβ plaques further confirms this. Thus, other factors must 

combine with Aβ plaques, hyperphosphorylated tau, and the aging process itself to 

trigger such a severe progressive disease [364,365].  
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However, this study highlights the impact of aging on the dysregulation of ANG 

expression. In both the aged mouse and aged human models, a reduction in 

expression was observed in all cohorts across sexes. This hypothesis is again clearly 

supported by the analysis of the ACT study results. In this study, RNAseq data were 

evaluated to analyze the expression of various proteins. When analyzing the 

expression of ANG throughout different cohorts, which were subdivided by age, a 

significant decrease in ANG expression can be observed, as in the cortical brain 

samples we analyzed (Fig. 41). This trend could also be observed in the hippocampus, 

supporting the hypothesis, as the results were obtained in independent experiments. 

The involvement of the ANG dimer should also not be ignored since little is known 

about its role. Since the formation of an ANG dimer requires the aggregation of two 

ANG monomers, the possibility of interaction with other proteins should not be ignored. 

However, further research is needed in this area as no results are known in the 

literature. Also, the possible increased or decreased interaction of an ANG dimer with 

tRNA during stress-induced degradation should be further explored. The previously 

observed sex-specific effects in the AD cohort could also be found again, so that 

female individuals always behave in the opposite direction to males. This also confirms 

the sex differences known in the literature, especially the increased expression of AD 

in females due to, e.g., estrogen-specific effects or longer life expectancy [356]. 

Thus, cross-model dysregulation of expression was found to be age-specific, on the 

one hand, and gender- and AD-specific, on the other, in a large-scale cohort of diverse 

individuals. 
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Chapter 4 

 

4. Analysis of RNA modifications 
It is now known that many diseases are directly related to changes at the RNA 

level. An emerging area is the study of tRNA and its fragments. These play a major 

role in translation, among other things, but also in many other regulatory mechanisms 

at the cellular level. In particular, during stress responses, various RNAs are up- and 

down-regulated to respond rapidly to the body's response. For example, it is known 

that tRNA can be cleaved into two halves, known as tiRNAs, when triggered by ANG. 

These two tiRNAs are thus able to inhibit cytochrome c-induced apoptosis. This leads 

to a neuroprotective effect. For this mechanism, an equilibrium of tRNA-derived 

fragments is crucial. If too many tiRNAs are present, this leads to an increased stress 

response, triggering apoptosis [204]. This example shows how close the body's 

protective and pathological reaction could be. However, in the case of a stress reaction, 

the tiRNAs can also form the previously treated SGs and pack them with mRNA. These 

mRNAs then contain the information for the proteins that are important for the cell's 

survival [204,255]. In addition to tiRNAs, there are also smaller fragments, the so-called 

tRFs. These are formed when a tiRNA is further degraded by ANG or Dicer [204]. These 

small fragments have now been widely linked to cancer because they interact with the 

tumor suppressor gene p53 [366]. Their role in neurodegenerative diseases is not yet 

known. Another factor that plays a major role is the formation of various RNA 

modifications. These can be, for example, modifications in the form of methylations. 

However, this can lead to the function of the corresponding RNA, in our case a tRNA, 

being completely lost or becoming a different one. An example of this is the 

modification m5C. Methylations within the variable loop of tRNAs at position C48/49/50 

mediated by NSUN2 protect tRNAs against the stress-induced cleavage by ANG. 
Lacking the RNA modification m5C at position C48/49/50 leads to a tight binding by 

ANG, resulting in an accumulation of 5’-tRNA-derived small fragments [313]. On this 

background, we examined tRNAs, tiRNAs, and tRFs for their changes in both cells and 

animal models and analyzed their patterns. All of this shows that RNA research has 

played an increasingly important role not only since the onset of the SARS-CoV-2 

pandemic. However, it has gained renewed attention as a result of mRNA vaccines. 
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4.1. Analysis of tRNA modifications in HEK293 cells 
 

4.1.1. tRNA, tiRNA and tRFs 
First, the known HEK293 cell model consisting of HEKut, HEK APPwt, and HEK 

APPsw was analyzed to determine RNA modification changes.  

 

 

Figure 42. RNA Modifications in different tRNA-derived fragments in HEK293 cells. (A) Modification 

pattern in tRNA. (B) Modification pattern in tiRNA. (C) Modification pattern in tRF. Data are expressed 

as mean; n = 3 technical replicates. Each row was normalized by its mean. 
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A clear pattern becomes apparent in the tRNAs in Fig. 42 A. Both the HEKut control 

cells and the APPsw mutant show an increased number of tRNA modifications. In 

contrast, the APPwt cells show a rather low occurrence of modifications. This pattern 

is also comparable to the expression levels of ANG in the HEK cell model in section 

3.1.1. Expression of ANG in HEK293 cells and SH-SY5Y cells, where a U-shape can 

also be seen as the APPwt cells express less ANG. Strikingly, the modification m5C, 

which normally leads to increased degradation of tRNA by ANG when it is not present, 

is downregulated mainly in the control cell line. In contrast, this modification tends to 

be downregulated in both AD models wt and sw. In contrast, the modification pattern 

of tiRNA is much less pronounced. Depending on the tRNA half-formed, the 

modification may not be present to explain that finding. Nevertheless, a slight 

modification pattern can also be seen in the tiRNAs. Again, both the control cell line 

HEKut and the AD cell line APPsw show more modifications than the MCI model 

APPwt. In contrast, the modification pattern of the tRFs is different. Most of the 

modifications are seen in the HEKut cells, decreasing from the APPwt to the APPsw 

cells. This can be explained by the fact that the tRFs correspond to only the size of a 

quarter of the tRNAs, which means that some modifications may not be detected at all. 

Nevertheless, the modification patterns are clearly visible, especially for the tRNAs. 

 

4.1.2. Discussion 
A clear pattern is immediately apparent looking at the results of the tRNA 

modifications. If instead of a heat map, one were to insert a bar graph showing the 

strength of expression of a modification on the y axis, a "U-shape" would be seen. This 

pattern was already observed in the analysis of ANG expression in HEK293 cells in 

section 3.1.1. Expression of ANG in HEK293 cells and SH-SY5Y cells. There, too, the 

expression of ANG was significantly lower in the APPwt mutant, whereas the control 

HEKut and the other mutant APPsw showed stronger expression. To some extent, this 

pattern is also found in the tRNA modifications. Again, it is striking that the mutant 

APPwt has significantly fewer tRNA modifications than the other two cell lines. There 

is hardly any difference between the control and the mutant APPsw, which shows 

significantly increased levels of Aβ. Because of that, an AD-specific effect can be 

excluded. However, it is well worth looking at the mutant APP wt. Almost all 

modifications recorded on the tRNA are more or less slightly pronounced, e.g., they 

range from 0.0-2.2. For this reason, with one exception, no individual modification can 
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be singled out and a statement made about the effect of the modification. However, 

the modification m5C is interesting. This modification is located at position C48/49/50 

and in the literature is said to have the task to prevent the degradation of the tRNA 

triggered by ANG and thus to prevent a predominant cleavage of the tRNA and is thus 

used as a prime example for the influence of tRNA modifications on regulatory 

processes of the RNA. Exactly this modification m5C is now most pronounced in the 

mutant APP wt. This would imply that in APPwt cells, the degradation of tRNA by ANG 

is increasingly prevented. However, if we look at the results obtained, it is precisely in 

this mutant that ANG expression is at its lowest [169,313]. Compared to the other 

modifications, m5C is also less expressed in the APPsw mutant. It is known in the 

literature that the absence of m5C leads to an accumulation of 5'-tiRNAs, which in turn 

inhibit protein translation and lead to enhanced apoptosis [169,313]. Even if the 

expression of ANG is significantly lower in APP wt, it could be that there is an 

accumulation of 5’-tiRNAs, especially in the APPsw cells, and thus apoptosis is 

induced to a greater extent. This would fit with the general observation that it is 

precisely here that m5C is poorly expressed, and the mutants are strongly prone to 

apoptosis. The analysis of the RNA modifications of the tiRNAs fits this hypothesis. 

Admittedly, no clear pattern is detectable here because not all modifications are 

present on the respective halves. However, it is striking that the m5C levels increase, 

especially in the APPsw mutants. This could, of course, indicate an increased presence 

of this modification or an accumulation of 5’-tiRNAs. Even if m5C is theoretically less 

expressed, an increased presence of tRNA halves would indicate this modification as 

increased. However, since this is not experimentally testable, this is only an 

assumption. Therefore, modifications in tRFs are also difficult to evaluate since no 

statement can be made about which fragment is dominantly present. 

 

4.2. Analysis of tRNA modification in an AD mouse model 
After analyzing the cell model, an aged and AD mouse model was used, and the 

RNA modification changes were determined in young and old mice. The model used 

is the same as that used for ANG expression analysis. 5XFAD mice were also recruited 

in this experiment. RNA modifications were analyzed using LC-MS/MS.  
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4.2.1. RNA Modifications in young mice 
To analyze RNA modification changes in young mice, 4 animals were recruited 

at a time. Again, the cerebellum, cerebral cortex, and hippocampus were used for 

analyzation of RNA modifications by LC-MS/MS.  

 

 

Figure 43. Heatmaps of tRNA fraction in young mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 43 shows the tRNA changes in young mice's cerebellum, cerebral cortex, and 

hippocampus. It can be seen that the pattern of the cerebellum (Fig. 43 A) is different 

from that of the cerebral cortex and hippocampus. No clear pattern is seen there; only 

isolated changes stand out, but the majority are present in a balanced manner. On the 

other hand, in the cerebral cortex, it is noticeable that almost all modifications are 

downregulated in the wt males. However, more RNA modifications are present 

compared with wt females. An AD-specific effect can also be detected between the wt 

and AD males. No difference could be detected between the wt and AD females. It is 

striking that the modification m5C is only extremely weakly expressed in all individuals. 

Thus, in the cerebral cortex, on the one hand, a sex-specific effect and, on the other 

hand, an AD-specific effect could be detected in the male individuals. A difference 

between wt males and wt females is first apparent in the hippocampus. In wt females, 

most tRNA modifications are significantly more abundant. In particular, the modification 

m5C is significantly increased compared to males. An increase is also detectable in the 
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male AD cohort compared with the wildtype. A decrease in all modifications can be 

seen in comparing wt and AD females in the AD model. 

 

 

Figure 44. Heatmaps of tiRNA fraction in young mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 44 shows RNA modifications of tiRNAs in 3-months old mice. It can be clearly 

seen that the pattern in cerebellum tissue is different compared to the cerebral cortex 

and hippocampus. Comparing wt males with AD males, it is noticeable that in the wt 

individuals, there are more modifications. In the females, exactly the opposite can be 

seen. There are fewer modifications in the wt females than in the AD females. In the 

cerebral cortex, however, the modifications of the wt females are strongly increased. 

In all other individuals, these are at a relatively equal level. In the hippocampus, too, 

all modifications are more pronounced in the wt females than in the other individuals. 

Only in the AD female are the modifications still slightly more present than in the other 

individuals. There is no real difference between wt and AD males. 
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Figure 45: Heatmaps of tRF fractions in young mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 45 shows the RNA modifications in tRFs of young mice in the cerebellum, cerebral 

cortex, and hippocampus. In the cerebellum, a pattern is noticeable in which the 

females have more apparent modifications than the other individuals. There are more 

modifications in the AD females than in the wt females. More modifications can be 

seen in the wildtype in the male individuals. The strong modification pattern in the AD 

male specimens in the cerebral cortex is noticeable. In all other individuals, there are 

hardly any modifications. However, in the hippocampus, the modifications are most 

pronounced in the wt males. The AD males, on the one hand, show hardly any 

modifications. A gender-specific effect can also be seen in the wt females, where the 

modifications are weaker than the wt males. On the other hand, in AD individuals, only 

a few modifications are present. 

 

4.2.2. RNA Modifications in old mice  
To analyze RNA modification changes in old mice, 4 animals were recruited at a 

time. Again, the cerebellum, cerebral cortex, and hippocampus were used for 

analyzation of RNA modifications by LC-MS/MS.  

 

When looking at the tRNA modifications, apparent differences become visible here. 

Different modification patterns between males and females in the cerebellum are 
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visible. There are fewer modifications in the wt males than in the wt females. The same 

results can be determined for AD individuals. Again, there are fewer modifications in 

the AD males than in the AD females. There is also an effect as changes within a group 

(wt or AD) increase, looking at individuals among themselves. 

 

 

Figure 46. Heatmaps of tRNA fraction in old mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Looking at tRNA modifications in the cerebral cortex, it is clear that there is an apparent 

AD effect. There are comparatively few RNA modifications in both male and female wt. 

However, this changes in individuals with AD. There, an increase in RNA modifications 

can be seen. There is a tendency for AD females to have slightly more tRNA 

modifications comparing both AD males and AD females. In the hippocampus, both 

sex- and AD-specific effects could be analyzed. The wt males show an increased 

amount of RNA modifications compared to the wt females. However, an apparent effect 

is also seen within one sex. Both females and males show more RNA modifications in 

the respective AD individuals compared to the wt control.  
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Figure 47. Heatmaps of tiRNA fractions in old mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Compared with tRNA modifications, fewer modifications are observed in tiRNAs, but 

this is due to the bisection of tRNA. In the cerebellum, differences are seen between 

wildtype and AD animals. Slightly more modifications occur in wt males than in wt 

females. A decrease in modifications is also detectable between wt males and AD 

males. In contrast, a slight increase in the number of modifications is seen in wt 

females compared to AD females. However, there is no difference between the wt and 

AD females in the cerebral cortex. In contrast, however, there is an effect between the 

wt and AD males. In the hippocampus, wt and AD females again behave very similarly, 

and in this case, wt and AD males also behave similarly. Both show similar modification 

patterns between wt and AD in their respective sexes. However, this highlights a 

difference between the two sexes when comparing wt males and females and AD 

males and females. In both cases, there are more modifications in females than in 

males. 
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Figure 48. Heatmaps of tRF fractions in old mice brain. (A) Modification pattern in cerebellum. (B) 
Modification pattern in cerebral cortex. (C) Modification pattern in hippocampus. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 48 shows the results of the analysis of RNA modifications in tRFs. It is striking that, 

again, as with the tiRNAs, significantly fewer modifications are seen than the tRNAs. 

Only the Am, and m2A modifications are partially increased, indicating some 

degradation of the samples. Otherwise, no clear pattern of RNA modifications can be 

seen, as almost all modifications are close to 0. 

 

4.2.3. Discussion 
The analysis of RNA modification changes in the tRNA of aged mice again allows 

a variety of conclusions. Looking first at the hippocampus, it is clear that a sex-specific 

effect can be observed. Comparing both the wt and AD samples, it is clear that females 

generally have fewer modifications in each case. Thus, again an effect is visible that 

was already seen with the expression of ANG. Again, special attention is paid to the 

modification m5C to establish an ANG connection. As mentioned earlier, lower 

expression of m5C leads to increased accumulation of 5’-tiRNAs, which triggers an 

enhanced stress response, including increased apoptosis, especially in the 

hippocampus and cerebral cortex [313]. This same modification is reduced in the 

hippocampus in females in both individuals with and without AD. These observations 

correlate with the expression of ANG in 5X-FAD mice. There, increased ANG levels 

were found in female oTG. This suggests that ANG may enhance the degradation of 

tRNAs and induce enhanced apoptosis by accumulating 5’-tiRNA. This may further 

explain additionally why significantly more female individuals develop AD. The 
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enhanced apoptosis triggered in this way would lead to increased neurodegeneration 

in hippocampal neurons. This observation does not apply directly to the cerebral cortex 

since this is also a different brain area. There, increased levels of m5C are found in AD 

males and females. One could conclude that cortical neurons in m5C deficiency are 

better protected against the excessive apoptosis triggered by ANG. However, this 

mechanism is not the only one leading to neurodegeneration. Surprisingly, m5C levels 

are reduced in the corresponding wt animals, e.g., in older animals, ANG might 

degrade more tRNAs, leading to accumulation of 5’-tiRNAs, resulting in inhibited 

translation and enhanced apoptosis. This could be a factor that would further drive the 

aging process even if ANG expression was reduced in the aged model. However, it is 

also clear that further analysis is needed to support this theory. However, looking at 

the generality of the changes, an evident AD effect was detected. While only a few 

changes are strongly pronounced in the cerebral cortex of male and female wt patients, 

the corresponding changes in RNA modifications are much more pronounced in the 

AD cohort. The RNA modifications of the tRNAs in the cerebellum were also analyzed. 

Again, the cerebellum behaves differently than in the experiments before. There, the 

modifications are more pronounced in females than in males. Since the cerebellum, at 

least so far, plays no known role in AD, it can be used as a negative control. 

The results of the RNA modification analysis of the tiRNAs and the tRFs of young mice 

are much more difficult. There are some patterns in tiRNA and tRF. Especially the 

increased amount of wt female tiRNA in cerebral cortex and hippocampus is 

noticeable, suggesting a sex-specific effect like it is found many times during that study. 

This could also be the case in hippocampus tRFs while there is a difference between 

wt male and female. Also, the RNA modification analysis results of the tiRNAs and the 

tRFs of old mice are much more difficult. A clear statement cannot be made since 

almost no modification is significantly increased. It can be seen that it is only slightly 

expressed in all tiRNAs and the tRFs looking at the modification m5C. This could be 

partly because the modification is formed so little or partly because the half or fragment 

containing m5C is significantly less present. The problem with modifications on tiRNA 

and tRFs is that it is even impossible to determine which exact fragment is present 

because of the method. A mixture of 5’- and 3’ tiRNAs or one of each fragment could 

be higher concentrated. Another problem is, especially for tRFs, that it is not possible 

to cut out only tRFs but only an area in which they occur during the method. These 

circumstances make it difficult to formulate precise hypotheses. For this reason, the 



Chapter 4. Analysis of RNA modifications 

121 

focus was on tRNA modifications since this methodological problem does not exist 

here. 

 

4.3. Analysis of RNA modifications in the TgF344-AD rat model 
To investigate the previously observed RNA modification changes also in a 

different model, we used the TgF344-AD rat model. An advantage of the model is that 

the number of neurons in the hippocampus and cortex is comparable to the number of 

neurons in wt rats at the same age between 6-26 months [343]. 

 

4.3.1. RNA modifications in young and old wildtype and TgF344-AD rats 
different brain regions 

A total of 16 animals were recruited for RNA modification analysis by LC-MS/MS. 

From each sex, 2 wt and 2 tg animals were used at 6 and 15 months of age, 

respectively. This ensures that the pathophysiology of AD is just beginning in the young 

model. In the older model, the manifestations of the disease are already well advanced. 

 

 

Figure 49. Heatmaps of tRNA fractions in young and old rats brain. (A) Modification pattern in 

cerebellum of young rats. (B) Modification pattern in cerebellum of old rats. n = 3 technical replicates. 

Each row was normalized by its mean. 
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Fig. 49 A and B show the tRNA modifications of young and old wildtype and TgF344-

AD rats in the cerebellum. The difference between young and old animals is striking. 

In the 15-month-old animals, no differences are seen between wt and AD and male 

and female. In contrast, a clear pattern of change is evident in the young animals. 

Between wt males and wt females, an apparent increase of the modification pattern 

could be detected. An effect within the males can also be seen as the modification 

pattern in the AD model increases. Within the female sex, only a slight decrease in 

tRNA modifications can be seen. In contrast, no real difference can be seen in the 15-

month-old animals. A more or less identical pattern could be detected in all animals 

with small variations. The degradation markers Am and m3U are not very pronounced 

in both cohorts, which is why one can speak of a good RNA quality. 

 

 

Figure 50. Heatmaps of tRNA fractions in young and old rats brain. (A) Modification pattern in cerebral 

cortex of young rats. (B) Modification pattern in cerebral cortex of old rats. n = 3 technical replicates. 

Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 50 shows the tRNA modification pattern in the cerebral cortex of young and old 

wildtype and TgF344-AD rats. Again, it is striking that the modification pattern is lost in 

the aged model, and no difference can be detected between the different groups 

consisting of wt males/females and AD males/females. Only the wt males show a 
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minimally reduced modification pattern, but this difference is minimal. In contrast, there 

are more effects in adolescent rats. The degradation markers Am and m3U also initially 

show low values, from which it can be concluded that no degradation of RNA has 

occurred. A sex-specific difference could also be detected in young animals. Wt males 

show a significantly higher modification pattern, e.g., the individual changes are more 

distinctive than wt females. The wt females show a less pronounced pattern for all 

modifications. The situation is similar for the male and female AD samples. Again, the 

male AD samples show a stronger modification expression than the female AD 

samples. A slight reduction was also found in the AD samples comparing the wt male 

and AD male cohort, but this difference is much less distinctive than the gender 

variations.  

 

 

Figure 51. Heatmaps of tRNA fractions in young and old rats brain. (A) Modification pattern in 

hippocampus of young rats. (B) Modification pattern in hippocampus of old rats. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 51 shows the tRNA modifications in the hippocampus of young and old wildtype 

and TgF344-AD rats. In contrast to the cerebellum and cortex, the presence of a 

modification pattern is directly evident. Comparing wt and AD males, an increase in 

modifications was found in the AD model. A slight increase in modifications is observed 
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in the female wt animals, even within the male cohort. A much clearer pattern is seen 

in the young 6-month-old rats. A clear sex-specific effect was observed. Compared to 

the males, the females always show a significantly increased occurrence of all 

mutations. A difference within the cohort of females is also striking. In the female wt 

samples, m5C is more pronounced than in the AD model. m5C is normally present to 

protect tRNA from degradation by ANG. In both young and old animals, the 

degradation markers Am and m3U are again low to moderately expressed, indicating 

no degradation in the samples. 

 

 

Figure 52. Heatmaps of tiRNA fractions in young and old rats brain. (A) Modification pattern in 

cerebellum of young rats. (B) Modification pattern in cerebellum of old rats. n = 3 technical replicates. 

Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

After the tRNA modifications, the modifications were determined on the obtained tRNA 

fragments. First, the tiRNAs were analyzed for their RNA modifications. No clear 

pattern can be identified in the cerebellum of old animals after analyzing the RNA 

modifications. The modifications are slightly more distinctive in the female samples 

than in the corresponding male cohort, but these differences are small and only affect 

single modifications. No difference could be found between the male wt and the male 

AD cohorts. Similarly, only a minimal increase in the expression of the modifications is 
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observed in the female wt and AD samples. However, in the young, 6-month-old 

animals, a significantly increased number of RNA modifications is observed in the male 

wt samples. Again, it is striking that m5C is upregulated and downregulated in all other 

cohorts. The degradation markers are largely downregulated in all samples. Only in 

the wt male is Am strongly upregulated, but since m3U is not increased, it can be 

assumed that little or no degradation has occurred. 

 

 

Figure 53. Heatmaps of tiRNA fractions in young and old rats brain. (A) Modification pattern in 

cerebral cortex of young rats. (B) Modification pattern in cerebral cortex of old rats. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

The changes in tiRNA in the cortex do not show a consistent pattern in the aged 15-

month-old rats. I is clearly upregulated in the wt female samples. In addition to these 

two stronger modifications, only one basic pattern is evident between AD males and 

AD females, with AD females showing lower modification levels than males, but none 

of the modifications stands out here. There is no apparent difference between wt males 

and wt females; only minor differences could be detected. For example, m3C and m5C 

are minimally more prominent in females, while Gm and Am are more prominent in 

males. A slight sex-specific difference was observed in the young 6-month-old rats. 

Expression of the modifications was stronger in the female wt samples than in the male 
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wt samples. In addition, two modifications, m7G and m2A, stood out clearly in the 

female wt samples. In contrast, there is no difference between the male and female 

AD samples, except for the increase in m2A in the female AD samples. One of the 

young animals' degradation markers (m3U) is slightly increased, whereas Am is not. 

However, Am is slightly increased in the older animals, whereas m3U is not. 

 

 

Figure 54. Heatmaps of tiRNA fractions in young and old rats brain. (A) Modification pattern in 

hippocampus of young rats. (B) Modification pattern in hippocampus of old rats. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

The tiRNA modifications in the hippocampus of 15-month-old rats show a modification 

pattern. This is not as distinctive as for tRNA, which is also due to its cleavage, but it 

can be seen. There is an increase in modifications from wt males to AD males. There 

is little difference between wt males and wt females and between wt females and AD 

females. There is also a slight decrease in the magnitude of the changes while 

comparing AD males to AD females. In contrast, a slight pattern of RNA changes is 

again seen in the young, 6-month-old mice. It can be seen that the female samples 

have more RNA modifications than the corresponding male samples during the 

comparison of male and female wt samples. Queuosine (Q) is also more distinctive in 
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the female wt samples than in all other samples. In contrast, the m2A modifications are 

highly expressed in all samples except the female AD sample. 

 

 

Figure 55. Heatmaps of tRF fractions in young and old rats brain. (A) Modification pattern in 

cerebellum of young rats. (B) Modification pattern in cerebellum of old rats. n = 3 technical replicates. 

Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

Fig. 55 shows the RNA modifications of the smallest tRNA-dependent fragments. In 

15-month-old rats, no real difference between cohorts is evident. Only in isolated cases 

are modifications upregulated, such as in AD male I, AD female Gm, wt female Gm, 

and wt males Cm and I. Am, one of the degradation markers is also increased in almost 

all samples except the male control group. A pattern of modifications is evident in the 

6-month-old young rats. A clear sex-specific effect was observed. RNA modifications 

are more distinctive in the male wt and male AD cohorts than in the corresponding 

female cohort. Again, the m5C modification is more present in the wt males and AD 

males than in the female samples. Am, one of the degradation markers is increased in 

the male samples in the young cohort. 
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Figure 56. Heatmaps of tRF fractions in young and old rats brain. (A) Modification pattern in cerebral 

cortex of young rats. (B) Modification pattern in cerebral cortex of old rats. n = 3 technical replicates. 

Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

In the cerebral cortex Fig. 56 of old 15-month-old rats, most RNA modifications are 

detected in cohort wt female. In all other cohorts, only isolated modifications occur that 

do not show a specific pattern. The modifications decrease while comparing wt females 

with AD females. Only m6A and I are still detectable. There is no difference between 

wt males and AD males. The RNA modifications are most distinctive in the young, 6-

month-old animals, especially in the wt males. Again, the m5C modification is the most 

distinctive. In the remaining cohorts (female wt animals, male AD animals, and female 

AD animals), few modifications are detectable, except m2A in the samples from female 

AD animals. In the old animals, one degradation marker (Am) is slightly increased in 

all samples. In young animals, this is the case only in the wt males. The other 

degradation marker, m3U, is not increased in all samples. 
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Figure 57. Heatmaps of tRF fractions in young and old rats brain tissue. (A) Modification pattern in 

hippocampus of young rats. (B) Modification pattern in hippocampus of old rats. n = 3 technical 

replicates. Each row was normalized by its mean. Abbr.: wt: wildtype, AD: Alzheimer’s Disease. 

 

In the hippocampus of 15-month-old rats, m62A was mainly detectable in the female 

samples. There, too, m62A is increased and, in the female AD samples, additionally I 

and Gm. Within the male cohort, there is no difference in the modification pattern. In 

all samples, the modification Am is present. In the young, 6-month-old rats, ms2i6A is 

increased in the female wt samples, and all other modifications are at approximately 

the same level. There is a slight increase from male to female, but this effect is minimal. 

No difference is observed between all other cohorts. Degradation markers are also low 

in young animals. 

 

4.3.2. Quality control of all samples using RNA integrity (RINe values) 
The samples were again applied to the Agilent TapeStation system to check the 

quality of the RNA. The values determined there are referred to as RINe values. In the 

range of 7.0-9.0, the RNA is said to be of excellent quality. A small amount of each 

sample was applied to a TapeStation gel and analyzed with the system. The RINe 

values obtained were then evaluated.  
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Figure 58. Representative TapeStation Profiles of total RNA from (A) hippocampus, (B) cerebral 

cortex, and (C) cerebellum. 

 

Fig. 58 A-C  shows all RINe values obtained, including gel images and chromatograms. 

The quality of the RNA can be checked using these two variables. Any deviation toward 
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the poor quality of the sample would be evident in both the chromatogram and the gel 

image. In all cases, the RINe value is between 7.8-9.0 and thus in the excellent range. 

It can therefore be assumed that the RNA is of very good quality. 

 

4.3.3. Discussion 
When analyzing the tRNA modifications of rat brains, a pattern in the 

hippocampus of young 6-month-old rats is directly apparent. Thus, a sex-specific effect 

is evident. Again, the m5C modification is conspicuous. Here, the expression of this 

modification is very low in both male and female AD subjects. This again supports the 

hypothesis that the absence of m5C leads to enhanced inhibition of protein translation 

and apoptosis induced by the accumulation of 5’-tiRNAs in hippocampal neurons. This 

observation was compared with the old 15-month-old rats. As observed previously, 

m5C levels are reduced in AD females. These observations are also found in the 

cerebral cortex of young 6-month-old rats. Again, m5C is less pronounced in males and 

females, but this effect is stronger in females. This effect is also seen in the old rats, 

but almost all modifications are reduced. These results complement each other and 

support this hypothesis mentioned above. For completeness, the modifications of 

cerebellar tRNAs were also determined. As in the previous analyses, the modification 

pattern was different. However, it must be said that also in the cerebellum, especially 

in the young rats, the levels of m5C are significantly lower compared to the other 

modifications. The most interesting brain area in these results is certainly the 

hippocampus. 

The analysis of the modifications of the tiRNAs and tRFs is, as already before with the 

mice, clearly more difficult, since again it cannot be said exactly which fragment is 

present in which quantity, possibly influencing the results. However, in these samples 

it is evident that the modification m5C is reduced in both young and old rats in both the 

hippocampus and the cortex in the tiRNAs. Since this modification occurs on the 5’-

tiRNA half, it can be assumed that at least the detection of this modification is correct 

since it is also consistent with the results of the analysis of the modifications of the 

tRNAs. The same applies to the m5C values for the tRFs. However, it must be added 

here that the group of tRFs is very heterogeneous, and no statement can be made 

based on the heat maps alone about the extent to which fragment is present or the 

cellular consequences of the absence of this modification. If we focus on the RNA 
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modifications of the tRNAs, since we can assume that only tRNAs are analyzed due to 

the methodology used, it can be stated that various RNA modifications change in the 

course of the aging process. Thus, the pattern of modifications present in young 

animals is lost with age in the cerebellum and the cerebral cortex. Only in the 

hippocampus, an evident change was detected. This change mainly affects the AD 

male cohort; all other cohorts behave as in the other brain areas where the 

modifications equalize in strength. The quality of the samples is confirmed by the RINe 

values obtained, which were all determined during quality control. In order to be able 

to make a clear statement about the changes in the tiRNAs and tRFs, further 

experiments and analyses must be performed.
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Chapter 5 
 

5. Conclusion and future perspective 
In this thesis, we investigated how the expression of ANG changes during aging 

and under the influence of AD and how these processes affect RNA modifications of 

tRNAs and tRNA-dependent fragments. Different cell and animal models and human 

brain samples were used to investigate this hypothesis. Initially, the changes in the 

expression of ANG were analyzed. As discussed in Chapter 3, specific dysregulations 

of ANG expression could be determined regarding both age-dependence and sex-

specific AD effects. Most significant is the age-specific reduction of ANG during the 

process of aging, which could be detected in both animal and human models. This 

dysregulation suggests that ANG-induced inhibition of apoptosis, triggered by 

cleavage of tRNA, may no longer usually proceed, and increased apoptosis may occur. 

If this process occurs in neurons, the process of neurodegeneration is inevitable. Since 

this process could be determined in male and female individuals, it was even more 

surprising to find sex-specific effects in animal and human AD models. In all brain areas 

strongly affected by AD, such as the hippocampus and cortex, significant increases in 

ANG expression could be determined in both female yTG and oTG. This shows a 

clearly common effect compared to the male individuals and reveals the unique impact 

of gender in AD. As described in Chapter 3, females are significantly more frequently 

affected by AD. Since the expression of ANG significantly influences the degradation 

of tRNA and thus the synthesis of tRNA-dependent fragments, the following point was 

the analysis of RNA. Here, particular attention was paid to modifications of the tRNA, 

since changes can lead to altered binding of ANG, which can affect the synthesis of 

the tRNA-dependent fragments. Here it becomes evident what mass of data and thus 

also perspectives the analysis of RNA modifications provides. This thesis mainly 

focused on the m5C modification, as it is directly related to ANG binding to different 

tRNAs. The analysis of m5C revealed some partly sex- but also AD-specific 

modifications, which may lead to altered binding of ANG to the affected tRNA and, 

consequently, the apoptosis inhibitory effect. This process is localized in neuronal 

cells, leading to progressive neurodegeneration. This fact once again highlights the 

importance of changes at the RNA level, especially RNA modifications, in the 

development of diseases in general and neurodegenerative diseases in particular AD. 
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However, more fundamental research is needed to gain further important insights. 

However, the results obtained in this thesis represent an entirely new starting point in 

the search for the cause of AD. This opens up various possibilities for the future, such 

as using RNA modifications as biological markers in AD development. In particular, the 

development of mRNA-based Covid-19 vaccines has shown that therapies using this 

molecule are possible and successful. Especially due to the diversity of RNA, it is 

exciting as a target and as a therapeutic agent. Especially from the point of view of 

individualized therapy, RNA can make a huge step towards curing various currently 

still incurable diseases, such as AD. With the progress of research, more and more 

RNA-based therapies and causes of diseases will be discovered in the future. Also, 

the changes in the expression of ANG, both age- and sex-specific, contribute to 

advancing the search for AD's cause since it is the process of aging itself that 

represents the greatest risk factor for the development of AD. Hopefully, the results 

obtained in this thesis will reveal new targets for AD treatment and gain new insights 

into the complex pathomechanism involved in aging, neurodegeneration, and AD.
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