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1. Introduction 

1.1 General Introduction 

Our society is changing at an increasing rate, presenting our healthcare system with ever 

greater challenges. Due to demographic change and the resulting increase in a cohort of 

people with increasing life expectancy, age-specific diseases in particular are on the rise. 

One of these age-specific diseases is Alzheimer disease (AD). 

 

AD has now been placed on the WHO priority list of global health problems. Since its 

first description in 1906, there is still no cure for it [1]. AD is the most common form of 

dementia [2] and currently affects about 1.73% of the population in the European Union 

where by 2050 this number is expected to increase to 2%, totaling over 14.2 million 

people [3]. AD is characterized by a progressive loss of memory and language skills, 

personality and behavior changes and a reduced quality of life [2]. Neuropathological 

hallmarks of AD include the presence of amyloid beta (Aβ) which mainly accumulates 

extracellularly leading to plaque formation and intracellularly hyperphosphorylated tau 

protein [4, 5]. Furthermore, AD leads to impaired glucose metabolism [6] and increased 

reactive oxygen species (ROS) production, which in turn leads to increased oxidative 

stress and its consequences [7, 8]. One main reason for oxidative stress and another 

hallmark of  of the disease is mitochondrial dysfunction (MD) [9]. Since there is no cure 

yet, it is necessary to delay the symptoms as long as possible or even prevent them from 

occurring. One such approach is physical activity, in which the performance of physical 

activity is negatively associated with the occurrence of AD [10, 11]. Another way would 

be to use pharmacaceutials, which tries to target different points namely the amyloids, the 

tau protein or the neuroinflammations. Although great progress is being made in 

understanding AD in this area, only a few of them achieve approval [12]. As a third way, 

the focus is on nutrition in the prevention or therapy of AD. Secondary plant compounds 

in particular play a decisive role here, including polyphenols and flavonoids [13–15], but 

also vitamins and minerals, which can also be called biofactors play a central role [16].  
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1.2 Alzheimer Disease  

 General 

AD was first described by Alois Alzheimer in 1906. However, it took more than 70 years 

for AD to be declared a common cause of dementia and the leading cause of death among 

those suffering from it [17]. Dementia refers to a variety of clinical syndromes and 

heterogeneous disorders of the brain, in which AD takes the most common form [18, 2]. 

Dementia is characterized by memory loss, language problems, difficulties in coping with 

problems and other impairments in cognitive abilities [2]. These difficulties are due to 

damage or loss of nerves and neurons in the part of the brain where cognitive functions 

reside. In AD, not only these areas are affected, but also those in which the basic functions 

of the body, such as walking or swallowing, are laid out [19].  

There are 50 million people living with dementia in the world (as of 2018). This number 

will nevertheless triple by the year 2050 [20]. In Germany, 1.7 million people are 

currently living with dementia (as of 2021), a large proportion of whom have AD [21].  

The prevalence of getting AD increases with age, >65 years the mean prevalence in 

Europe increases to 8.5% [21]. The proportion of people with AD and dementia is higher 

in women than in men, which may be mainly due to the longer life expectancy of women 

[22]. 

 

 Pathology 

AD can be divided into two the main categories, sporadic late-onset AD (LOAD) and 

familial AD (FAD) [23]. While symptoms of sporadic generally appear between the ages 

of 60-65 years [19], familial AD is characterized by the onset of symptom before the age 

of 60 years [24]. In isolated cases, familial AD may also begin before 30 years of age 

[23]. The main genetic factor for LOAD is apolipoprotein E (ApoE) on chromosome 19, 

which has three variants: E2, E3 and E4. The most common form is E3. Individuals with 

the E4 form have a generally higher risk and those with E2 have a decreased risk for AD 

[24]. The greatest risk factor for LOAD is aging, which is the most common form of the 

disease [23]. 

Both sporadic and familial AD are associated with impaired Aβ homeostasis [24, 25]. 

The main cause of amyloid plaques is the elimination of amyloid precursor protein (APP) 

[25]. APP is an integral membrane protein and is expressed in many tissues, especially in 

the synapses of neurons. It plays an important role in many biological activities, such as 
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neuronal development, signaling and intracellular transport. The most abundant form of 

APP in the brain is APP695, which is produced mainly by neurons [26]. This form differs 

from the other longer APP forms in that the ectodomain lacks a protease inhibitor 

sequence [27]. Normally, APP is cleaved close to the membrane by an extracellular 

protease called α-secretase. This releases a soluble fragment, sAPPα. A second cut is 

made through a complex within the membrane by a γ-secretase. The subunit of this 

secretase is a presenilin protein encoded by either presenilin (PS) 1 or 2. Presenilins are 

a family of related transmembrane proteins that form the subunits of the gamma-secretase 

protein complex [28]. The second cut releases an intracellular peptide, the amyloid 

intracellular domain and a small residual peptide. The pathway carried out by α-secretase 

is referred to as the non-amyloid pathway; no plaques are formed in this case [29]. In 

other situations, a pathogenic form may occur. The extracellular cut may occur slightly 

further away from the membrane. This process is carried out by a protease, the β-

secretase. This is followed by the cutting of the γ-secretase. The amino acid fragment that 

remains between the two cuts is the amyloid-β [29]. This processing results in Aβ-

peptides with 37 - 43 amino acids, where Aβ42 is considered to be more neurotoxic 

[27].This pathway is also referred to as the amyloid pathway, both shown in Figure 1. 

 

Figure 1: Illustration of the amyloid and non-amyloid pathway. On the left side, the non-amyloidicenic pathway is 

shown. Here, the amyloid precursor protein (APP) is cut by the α-secretase. This results in the formation of a soluble 

fragment (sAPPα). The amyloidogenic pathway is shown on the right. Here, a cut is first made further away at the 

membrane by β-secretase, followed by another cut by γ-secretase.  This produces the amyloid-beta (Aβ) fragment. 

Created with Biorender.com 



4 

 

In addition to Aβ homeostasis, the formation of hyperphosphorylated tau (hTau) is also 

discussed in the context of AD. The tau protein serves the stability of axonal microtubules 

in the brain and is involved in the growth and regulation of axons. The binding of tau 

occurs via post translational modification by phosphorylation [30]. Once neurofibrillary 

tangles (NFTs) form from tau, they form a possible further basis for the development of 

AD [31]. The accumulation of phosphorylated and aggregated tau has since been 

suspected to cause AD and tautopathies [32, 33]. Hyperphosphorylation of tau renders it 

insoluble, reduces its affinity for microtubules and causes it to self-associate with filament 

structures [23]. Once hTau is present, it is more resistant to protease-induced degradation 

[24]. There is some overlap of tau aggregation and Aβ toxicity. While NFTs correlates 

with axonal transport loss and AD progression, it is not accompanied by neuronal loss. 

The resulting Aβ plaques and NFTs condition lesions in brain areas involved in learning 

and memory. These include the hippocampus, amygdala and frontal, temporal and 

parietal lobes [23, 32, 30]. 

1.3 Macro- and Micronutritions 

Since there is still no cure for AD despite abundant efforts, the focus is on prevention and 

symptomatic therapy. In addition to exercise and sport, nutrition and the supplementation 

of certain nutrients have emerged as a possible starting point. Nutrition can be broadly 

divided into macro- and micronutrients. Macronutrients are divided into carbohydrates, 

fats and, proteins.  The macronutrients protein, fat and carbohydrates provide energy and 

important components for our body. Protein consists of a collection of linked amino acids; 

fat consists of glycerol and fatty acids; and carbohydrates consist of either 

monosaccharides or their linkage into chains. These linkages can be hydrolyzed in the 

human intestine or are resistant to it, which makes them dietary fiber. A combination of 

these substances is necessary to maintain our health. [34]. By combining the proportions 

of macronutrients and omitting certain ones, a wide variety of diets can be created. All of 

these affect our health and health status in many ways. Certain diets can influence our 

sleep [35], reduce our cardiovascular risk [36], prevent obesity [37] and certain diseases 

[38], influence the immune system [39] and even prevent neurodegenerative diseases 

[40–42]. Micronutrients, on the other hand, are essential cofactors for the maintenance of 

metabolic functions, but do not provide any energy themselves. These include vitamins, 

minerals and trace elements [43]. Three micronutrients that were in the focus of the 
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current dissertation are highlighted below, including folic acid, magnesium-orotate and 

vitamin B6, as shown in Figure 2. 

 

Figure 2: Chemical structure of (A) magnesium-orotate, (B) folic acid and (C) vitamin B6 

 

 Folic Acid 

Folic acid (Fol) is a water-soluble synthetically produced substance, chemically 

composed of the structures of L-glutamic acid and pteroic acid, which in turn is derived 

from para-aminobenzoic acid. Folic acid is the synthetically produced variant with only 

one glutamate residue, whereas the term folate covers all forms with different numbers 

of glutamate residues [44, 45]. Folate is found in a variety of foods, including vegetables, 

especially green vegetable varieties, peas, seafood and cereals. Foods with the highest 

content are spinach, liver, asparagus and sprouts [46]. The daily amount of folate that 

should be ingested is 400µg [47]. In the human body, folate functions as a coenzyme in 

carbon transfer in the synthesis of nucleic acids and in protein metabolism [48, 46, 47]. 

One of the most important reactions that cannot take place without folate is the conversion 

of homocysteine to methionine in the synthesis of s-adenosyl-methionine, an important 

methyl donor. Another dependent metabolic pathway, without which cell division would 

not be possible, is the methylation of deoxyuridylate to thymidylate in the formation of 

DNA [46]. As described above, deficiencies in micronutrients lead to the occurrence of 

certain diseases. There seems to be a correlation between high homocysteine or low folic 

acid levels and the occurrence of dementia or Alzheimer's disease [49–53]. Elevated 

homocysteine level could negatively impact the brain through multiple mechanisms, 

including cerebrovascular ischemia leading to neuronal cell death, activation of tau 

kinases leading to tangle deposition and inhibition of methylation reactions [54]. 

However, it appears that supplementation with folic acid, while reducing homocysteine 

levels in some studies, has no effect on cognitive function or the incidence of AD [55–
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58]. There is conflicting conjecture as to whether and how folate affects the progression 

of AD. Although, it appears that a deficit of folate is associated with the onset of AD. 

Further research is needed to investigate the effect of folate on AD pathology.   

 

 Magnesium 

Magnesium (Mg) is the second most abundant mineral in the human body after calcium.  

It occurs naturally in many foods including green leaves, nuts, cerals, and cores. 

Furthermore, Mg is added to many foods or offered as a dietary supplement for addition. 

In this context, some health claims are made for Mg, such as “reduction of tiredness and 

fatigue “ or „contribution to normal psychological functions” to name a few [59]. Mg-

Ions (Mg2+) are important cofactors for more than 300 enzymes that control various 

biochemical reactions, including protein synthesis, nerve and muscle functions and blood 

glucose control [60, 61, 46]. The content of Mg in the body is about 25g, with a large part 

bound in the bones, only about 1% is present outside cells [62, 63]. The daily intake of 

Mg should be 300mg/d for women and 350mg/d for males [64] and plant foods, including 

green vegetables, legumes and cereals are good sources of it [61, 60]. Magnesium 

deficiency is rather rare in our latitudes, however, the supplementation of Mg may help 

in the improvement of some diseases. There is hardly a medical problem in which Mg 

does not seem to play a role. High blood pressure can be lowered by a few points with 

the administration of Mg [65, 66] and there is a correlation between diets high in Mg and 

a reduced risk of diabetes mellitus type 2. One explanation for this could be the 

relationship between the role of Mg in the glucose metabolism [67, 68]. Furthermore, Mg 

is involved in the bone metabolism [69] and supplementation is positively related to bone 

density [70]. However, the evidence for these findings is relatively thin and the data is 

inconclusive and largely relates to retrospective studies, so further intensive research on 

the topic is needed. 

 

Mg also may affect AD, although the mechanism is not yet fully understood. In mice, 

chronic undersupply with Mg has been shown to affect memory [71], whereas in a rat 

model of AD, supplementation with Mg resulted in improvement.[72]. There also appears 

to be evidence that cognitive function is improving in patients with dementia [73]. Since 

Mg is involved in many important metabolic pathways especially for neuronal properties, 

supplementation of Mg lowered Aβ in an AD mouse model while improving memory 
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[74]. Low levels of Mg have also been found in various tissues of AD patients [75, 76], 

it therefore seems to be some correlation between the prevention and the occurrence of 

AD and the supply or administration of Mg. 

 

 Vitamin B6 

Vitamin B6 (Vit B6) is a water-soluble vitamin found in many foods, for instance fish, 

beef liver and other organ meats, potatoes and other starchy vegetables, and fruit. Vit B6 

is an umbrella term for six different vitamins including pyrodoxine, an alcohol and 

pyridoxal, an aldehyde. In addition, there are two coenzyme active forms of Vit B6, 

pyridoxal 5' phosphate (PLP) and pyridoxamine 5' phosphate (PMP) [47, 77]. The 

coenzyme form of Vit B6 has numerous metabolic tasks and is involved in over 100 

enzyme reactions, most of which are found in protein metabolism [47]. Furthermore, Vit 

B6 is essential for cognitive development, as it is involved in the synthesis of 

neurotransmitters and keeps homocysteine levels in the body at a normal level [46]. The 

daily recommended dose of Vit B6 is 1.6mg [78]. The highest amount are found in fish, 

beef liver, potatoes and starchy vegetables [46, 47]. Vit B6 deficit is rather rare and often 

occurs in a combination of low levels of other B vitamins [46]. Since the undersupply 

occurs rather rarely, supplementation for the prevention of certain diseases is discussed. 

Vit B6 has been shown in some studies to reduce the risk of cardiovascular disease by 

lowering homocysteine levels [44, 79], although the majority of studies have found no 

effect [80, 81]. Poor Vit B6 supply is suspected to play a role in cognitive decline, while 

high supply is associated with improved results in memory tests [82, 83]. However, there 

are no studies that show a direct correlation between Vit B6 supplementation and AD or 

its improvement of AD symptoms. It is often discussed whether the administration of B 

vitamins, Vit B6 usually in combination with other B vitamins, lowers homocysteine 

levels and thus leads to an improvement of symptoms [84, 85]. Whereby this is discussed 

controversially [55, 86].  

 

1.4 Plant Secondary Metabolites 

Besides micronutrients, many other substances are present in our food playing an 

important role for human physiology, including secondary plant ingredients. Plant 

secondary metabolism is defined as a term for metabolic pathways and small molecule 

products that are not essential for the survival of the organism. Among the most important 
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groups of substances are phenols, terpenes and nitrogen-containing compounds with 

which plants can interact with their environment [87]. They serve to defend against 

pathogens (iridoids, canabinoids), to repel herbivores (tannins, alkaloids), to protect 

against UV radiation (carotenoids, flavnoids, anthocyanins), to attract pollinators 

(monoterpenes) [87–90]. For humans they are especially discussed because of their 

possible health-promoting properties [91, 92]. Among the important secondary plant 

compounds discussed here are the alkaloid caffeine (Cof), the diterpenes cafestol (CF) 

and kahweol (KW) and the flavonoid hesperetin (HstP), shown in Figure 3.   

 

 

Figure 3: Chemical structure of (A) caffeine, (B) kahweol, (C) cafestol and (D) hesperetin 

 Caffeine 

Caffeine (Cof) is a methylxanthine alkaloid and the most widely consumed psycho-

stimulant worldwide [93]. It is found in over 60 plants and is present in everyday 

beverages such as coffee, tea, energy drinks, soft drinks and cocoa [94, 95]. A typical 

source of caffeine is coffee. An average cup of coffee has about 100 - 120mg of caffeine, 

depending on the preparation method, size, type and duration [96]. After oral intake, Cof 

is absorbed in the stomach and the small intestine within 30 minutes to about 99%. Cof 

reaches its peak in the bloodstream after 30 - 45 minutes [97]. Cof has a structural 

similarity to adenosine, which allows it to act antagonistically on the adenosine receptor. 

This gives caffeine its psychotropic and anti-inflammatory properties [98]. Due to its 
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lipophilic nature, Cof can be readily absorbed and cross barriers, including the blood-

brain barrier. Regular consumption of increased amounts of Cof is associated with 

tolerance development [99].   

It has been shown that consumption of moderate amounts is suspected to reduce AD risk 

compared to non-coffee drinkers, with a consumption around two cups a day [100, 101]. 

In animal models, Cof administration reduced Aβ deposition in the brain, as well as 

lowering Aβ1-40 and Aβ1-42 levels [102, 103]. Similarly, Aβ elimination in the mouse 

model was significantly increased by the administration of Cof [104]. Not only the 

biomarkers improved, but also the cognitive abilities [102, 103]. Other beneficial effects 

associated with AD include reduced oxidative stress, improved antioxidant capacity and 

lower AD prevalence in individuals with ApoE4 allele [99].  

 

 Cafestol 

Cafestol (CF) is a naturally occurring diterpene in Arabica and Robusta coffee beans. 

Diterpenes consist of four isoprene units and belong to the group of tetracyclophetanes 

known as kauranes [105]. An average cup of coffee contains 3 - 4 mg of CF. The 

preparation must be based on a non-filtering method, as is the case with "French press" 

or "Turkish coffee” [106]. CF is thought to have anti-inflammatory, anti-angiogenic and 

anti-tumorigenic properties. It could be shown that CF has an increasing effect on the 

LDL level [107]. In cell experiments, CF demonstrated influences on the biochemical 

reaction pathways of transcription factors such as nuclear factor k-light-chain-enhancer 

of activated B cells (NF-KB) and on the upstream signaling cascade mitogen activated 

protein kinase (MAPK). The anti-inflammatory effect of CF is primarily mediated by the 

gene cyclooxygenase-2, which catalyzes prostaglandin E2 production [108]. As CF 

relates to AD, there are no studies to date that address this issue. 

 Kahweol 

Kahweol (KW) belongs to the diterpenes and occurs naturally in Arabica coffee beans. It 

is considered a potent antioxidant with cytoprotective activity [105]. Compared to CF, 

KW differs in structure by an extra double bond [107]. There are 3 - 6 mg of KW in an 

average cup of coffee. Compared to CF, KW has a slightly higher bioavailability [106]. 

KW is also thought to have anti-inflammatory, anti-angiogenic and anti-tumorigenic 

properties. Like CF, KW also has an increasing effect on LDL levels [107]. The effect 
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induced by KW involves the transcription factor nuclear factor E2-related factor (Nrf-2) 

as well as the signaling cascades phosphoinositide 3-kinase (PI3K)/Akt and p38 MAPK. 

By means of this signaling cascade, in which the phase 2 enzyme detoxification is also 

activated, KW can have an influence on bioenergetics and mitochondrial dynamics [109, 

110]. In cell experiments, KW was able to significantly reduce the externally added cell 

stress by means of hydrogen peroxide and thus protect the cell [109]. As with CF, there 

have been no studies on the relationship between AD and KW, or on its beneficial effects 

on AD. 

 

 Hesperetin 

Hesperetin (HstP) belongs to the class of flavonoids called flavones and is found in the 

peels of citrus fruits, such as grapefruits or oranges [111]. Hesperetin is derived from 

the hydrolysis of its aglycone, hesperidin (hesperetin 7-rhammnoglucoside). HstP is a 

bioactive molecule that can act in multiple ways in the body. HstP has a lipid-lowering 

effect that despite feeding a high fat diet in a rat model, cholesterol and triacylglyceride 

levels decreased. Furthermore, the activities of HMG-CoA reductase and acyl-CoA 

cholesterol acyltransferase were decreased [112]. In addition to the lipid-lowering effect, 

HstP had a positive effect on the function of the heart in mouse models, where it protects 

against hypertension, fibrosis and dysfunction [113]. That HstP might not affect the lipid 

profile and blood pressure in randomized clinical trials is probably due to its quite low 

bioavailability, which is 15% [114, 115]. In an in vitro model, it was shown that HstP can 

cross the blood-brain barrier and is therefore a good molecule that can act on processes 

in the brain [116]. HstP is a very effective antioxidant [117, 118] and shows its abilities 

especially in the cell model. Here HstP protects cells from induced oxidative stress by 

hydrogen peroxide and thereby has a neuroprotective effect [119]. In addition, HstP was 

shown to protect cells from oxidative stress by several mechanisms, including receptor-

mediated actions. HstP activates tropomyosin receptor kinase A and the estrogen 

receptor, which stimulate PGC-1α expression [120]. PGC-1α is an important factor for 

mitochondrial biogenesis and is known to protect against apoptosis, oxidative damage 

and Aβ-induced neurotoxicity [121]. With reference to AD, HstP shows that in rats 

induced AD by icv-STZ, memory recall and consolidation of recognition memory 

improved. So did the levels of antioxidative enzymes and glutathione. In this study, HstP 

in pure form was compared to a nanoform, with the nanoform performing better [122]. 
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Nanoparticles are smaller than 1000nm, but larger than 100nm. Nano-sized formulations 

are particularly suitable for substances that are difficult to dissolve. Furthermore, the size 

of these newly formed compounds can increase the bioavailability of otherwise poorly 

available substances. Nanoparticles can increase the stability and absorption of secondary 

plant compounds. At the same time, the nanoform protects against too early degradation 

of the substances and thus prolongs their stay in the bloodstream [123, 124]. 

 

1.5 Mitochondria and Energy Metabolism 

All the substances mentioned above have some effect on our metabolism. One of these 

effects concerns the energy metabolism (Figure 4). For this, the mitochondria are 

responsible, which will be described in more detail in the current chapter. Mitochondria 

have been known to produce energy from nutrients through oxidative phosphorylation for 

more than 50 years [125]. They are found in all eukaryotic cells and occupy at least 20% 

or more of the volume of the cell. The endosymbiont theory states that an ancestor of the 

mitochondrion evolved from an α-eukaryotic cell and was taken up by a host cell [125]. 

To protect itself from the outside world, the eubacterial progenitor cell repaired the host 

cell, thereby producing energy, which in turn was used by the host cell to grow. Thus, 

more than 1.5 billion years ago, a synergy occurred between the two cells [126].  

 Structure and Function 

Mitochondria are independent cell organelles, which are half a micrometer to a few 

micrometers in size. They are dynamic organelles, constantly changing through fission 

and fusion [127]. Mitochondria occur in large networks or as individual oval 

compartments. Their size and number depends on the amount of energy required by the 

cell [128]. Mitochondria are characterized by a double membrane system. The outer 

mitochondrial membrane faces the cytosol and the inner mitochondrial membrane faces 

the matrix. The inner membrane is also called cristae [129]. The intermembrane space is 

the mitochondrial compartment located between the two membranes [129]. Within the 

mitochondrial matrix, the important metabolic pathways such as the β-oxidation of fats, 

the pyruvate dehydrogenase and other enzymes of the citrate cycle are anchored here. 

Further, the inner membrane is home to the complexes of the respiratory chain. These are 

important for the production of the energy carrier ATP [128]. 
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Mitochondria have been primarily referred to as the "powerhouse of the cell" for a long 

time due to oxidative phosphorylation (OXPHOS), which produces energy needed for the 

cell. This is to the fact that mitochondria produce more than 90% of a cell's ATP 

requirements [130]. In addition, it is now recognized that mitochondria are also involved 

in other numerous physiological processes. These include ATP generation, ROS 

formation, intracellular calcium homeostasis and apoptosis. Furthermore, mitochondria 

provide important biomolecules for the cell [24].  

The mitochondrion has its own genome, which comprises only 37 genes, 13 of which are 

responsible for protein synthesis of the respiratory complexes. The remaining proteins 

important for the mitochondrion are encoded by the nucleus of the cell. They are 

synthesized in the cytosol of the cell and imported post-translationally into the 

mitochondrion [128, 126]. 

 

 Glycolysis 

Glycolysis is the first step of energy production from glucose metabolism performed by 

all prokaryotic and eukaryotic cells. This metabolic pathway proceeds in several steps, 

with one mole of glucose being metabolized into two moles of pyruvate. Glycolysis takes 

place in the cytosol of the cell [131]. In aerobic cells, pyruvate is further metabolized 

stepwise to CO2 via the tricarbon acid (TCA) cycle [132]. This enables the cell to produce 

reducing equivalents, which are used in OXPHOS for ATP generation [133].  

Another way of metabolizing pyruvate is reductive conversion to organic acids or 

alcohols [132]. This is done by anaerobic cells. Those cells further metabolize the 

resulting pyruvate to lactate. This effect also occurs in aerobic cancer cells and is called 

the Warburg effect [134].  Compared to OXPHOS, glycolysis produces only two moles 

of ATP, which seems relatively small compared to up to 28 moles of ATP. However, 

glycolysis proceeds much faster and thus enables a constant energy supply even in the 

case of a backlog in the TCA [133]. 

 

 Tricarboxylic Acid Cycle 

The citrate cycle, also known as the TCA cycle or Krebs cycle, is a biochemical cycle 

that occurs within the mitochondrial matrix [135]. Within this cycle, which consists of 

eight steps, citrate is first consumed and then regenerated. The TCA enables the 
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connection of all important metabolic pathways from carbohydrates, proteins and fats. 

The final product of these degradation pathways is acetyl-CoA [135]. The speed-

determining enzyme is citrate synthase. By catalyzing the condensation of oxaloacetate 

and acetyl-CoA to citrate, it represents the first and most important step [136]. Acetyl-

CoA enters the TCA and is oxidized, producing the reduction equivalents NADH/H+ and 

FADH2 [136]. These two eventually transfer electrons to the mitochondrial respiratory 

chain to initiate OXPHOS [135].  

The TCA holds another important role in providing metabolic intermediates for 

gluconeogenesis, transamination, deamination and lipogenesis [137]. 

 

 Oxidative Phosphorylation 

The place where most energy is produced in the form of ATP is oxidative phosphorylation 

[127]. Here, an electrochemical gradient is established with the help of four complexes, 

which is used at the fifth complex to generate ATP [24]. The electron transport facilitated 

by complexes I, III and IV is coupled to proton transport. This transport conditions the 

proton gradient known as the mitochondrial membrane potential (MMP) [138]. Complex 

II does not transport protons and thus is not involved in the assembly of the MMP. The 

individual redox-active complexes (complex I - IV) transfer electrons up to the final 

acceptor, oxygen, to form water [135]. The reduction equivalents used (NADH/H+, 

FADH2) act as electron donors in the respiratory chain. The reduction equivalents 

originate from a variety of diverse metabolic pathways. These include glycolysis, citrate 

cycle, β-oxidation, pyruvate dehydrogenase complex and some degradation products of 

amino acids [138].  

The first and largest complex of the electron transport chain (ETC) is NADH 

dehydrogenase (complex I). This complex transfers two electrons from NADH to the 

cofactor flavin mononucleotide, which in turn transfers them to ubiquinone via iron-sulfur 

clusters. During this electron transfer, four protons are transported from the mitochondrial 

matrix into the intermembrane space [139, 126]. This complex is responsible for about 

40% of the total MMP and is thus indispensable for MMP assembly [140].  

Complex II is called succinate dehydrogenase and is the smallest complex of the 

respiratory chain. This complex enables electron transfer from FADH2 to succinate, 

which is thereby oxidized to fumarate. During this process, no protons are transported 

into the intermembrane space [139, 128, 126].  
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The third complex is cytochrome c reductase and further transfers the electrons of 

complexes I and II to cytochrome c (complex III). Reoxidation of ubiquinone releases 

two electrons, which originate from complex I and II. The transport of ubiquinone to 

cytochrome c occurs in two steps. First, one electron is transferred to cytochrome c, via 

cytochrome c1, with the help of an iron-sulfur cluster. Meanwhile, the other electron is 

used to oxidize ubihydroquinone. This reaction is also called the Q cycle. In the Q cycle, 

electrons are transferred through two ubihydroquinone oxidation centers. For each 

electron transferred, two protons are translocated across the mitochondrial membrane 

[126, 128, 139].  

At complex IV, the cytochrome c oxidase, electrons are transferred to molecular oxygen. 

Oxygen is the final acceptor and is eventually reduced to H2O with four electrons [138]. 

At the same time, four protons of the matrix are pumped to the cytoplasmic side of the 

inner mitochondrial membrane [126, 141]. This step can lead to the formation of ROS 

[142]. These include superoxide, hydrogen peroxide and HO compounds generated from 

them [139]. ATP generation is made possible by the last complex, ATP synthase 

(complex V). Here, the energy of the proton gradient is used to bind phosphate to ADP 

in an energy-rich manner. ATP synthase consists of an F0 and an F1 subunit. While the 

F0 subunit represents a proton channel and ensures the reflux of protons, the F1 subunit 

can use this energy flux by means of conformational changes to generate ATP [128, 126, 

141]. 
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Figure 4: This figure shows aerobic and anaerobic glycolysis from glycolysis to oxidative phosphorylation in simplified 

form. A) shows the glycolytic degradation of glucose through several degradation steps to pyruvate. This pyruvate is 

degraded in B) in the tricarboxylic acid cycle (TCA) to the reducing equivalents. These are metabolized in C) by 

oxidative phosphorylation, producing ATP at the end. D) Represents the anaerobic pathway in which lactate is produced 

at the end. Created with Biorender.com 

 Reactive Oxygen Species 

Oxygen, which is essential for life, is also converted to a small extent into reactive oxygen 

species (ROS), with superoxide anions, hydrogen peroxides and hydroxyl radicals being 

the most common representatives [143]. Mitochondria, in addition to providing energy, 

in the form of ATP, are also the largest cause in the generation of ROS [144]. In addition 

to mitochondria, there are a variety of other internal sources, such as NADPH oxidase, 

cytochrome P450, endoplasmic reticulum, peroxisomes and lysosomes. Exogenous 

sources include ultraviolet light, radiation, xenobiotics and other environmental 

factors [145].  

In order to degrade or detoxify ROS, cells possess various defense mechanisms, which 

include enzymes as well as non-enzymatic antioxidants, such as glutathione, vitamins C 

and E, polyphenols and many more. The most important enzymes are superoxide 

dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX) [146, 145]. 

Accordingly, a balance between ROS production and the antioxidant defense mechanisms 

designed for it is elementary. If this balance is disturbed, the accumulation of ROS can 
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be harmful to humans and contribute to the development of various diseases, including 

AD [147, 145, 148].  

In higher organisms, as mentioned at the beginning, the mitochondria are one of the main 

producers of ROS due to the respiratory chain localized in them [149]. Eleven 

mitochondrial points have been identified where electrons are donated to oxygen, 

producing superoxide and/or hydrogen peroxide during substrate oxidation [150].  These 

are mainly found at complexes I and III [151]. In complex I, the production of superoxides 

is dependent on the reaction of oxygen with reduced FMN. The ratio of reduced to non-

reduced FMN is determined by the ratio of NADH to NAD+ [152]. If the respiratory chain 

is inhibited by damage, mutation, or a build-up of NADH due to low ATP consumption, 

the NADH/NAD+ ratio increases and superoxide production occurs [144]. Complex III 

also produces superoxides, but these are rapidly converted to hydrogen peroxide. 

Inhibition of complex III appears to be the major cause of superoxide production. As soon 

as the binding of ubiquinone to the inner mitochondrial membrane, or the transfer of 

electrons in the Q cycle, is inhibited, increased ROS production occurs within complex 

III [148]. 

Potential toxic effects of ROS include DNA, RNA and protein [153]. In addition to 

proteins, the lipid membrane of cells is also attacked. This leads to lipid oxidation, in 

which further radicals are generated, resulting in a chain reaction and oxidation of further 

lipids within the membrane [128]. In particular, mitochondrial DNA (mtDNA) is also 

affected. mtDNA is ten times more damaged by ROS than nuclear DNA. This results in 

an increased mutation rate of mitochondrial DNA. One possible reason for this is the 

absence of histones, as well as the relative proximity of the mtDNA to the mitochondrial 

membrane [154].  

Despite all negative effects, ROS also have positive physiological properties without 

which cells could not be [155, 153]. ROS function as signaling molecules to regulate and 

maintain normal physiological functions by interacting mainly with cysteine residues of 

proteins. This results in changes in protein function that affect transcription, 

phosphorylation and other important signaling events and/or alter metabolic fluxes and 

reactions in the cell by changing enzymatic properties [156–158]. In addition, ROS are 

required for the proliferation of cells [159, 157] as well as for the immune response. 

Release of the proinflammatory cytokines interleukin, tumor necrosis factor α and 

interferon β is required for the immune response [160, 161].  
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One consequence of unbalanced production and degeneration of ROS is the above-

mentioned AD, which is related to mitochondrial dysfunction, which can be promoted by 

ROS. This connection will be discussed in the next chapter. 

 

 Link Between Mitochondrial Dysfunction and Alzheimer Disease 

Since its formulation in 1992, the "amyloid cascade hypothesis" has dominated the field 

of AD. This hypothesis is based on the following two assumptions: The formation of extra 

neuronal senile plaques by Aβ-peptides and the presence of a mutation of the precursor 

protein APP. Due to the failure of all human clinical phase III trials, this hypothesis has 

increasingly fallen into the background [162, 163]. In 2004, a new hypothesis was put 

forward to explain the occurrence of sporadic AD. The so-called "mitochondrial cascade 

hypothesis" describes that mitochondrial dysfunction (MD) is the primary trigger of a 

cascade of events that ultimately leads to sporadic, late-onset AD [164, 162]. MD is an 

early-onset feature of AD in which almost all mitochondrial functions are affected [165, 

9, 162].  

This is reflected in decreased glucose metabolism at baseline and decreased glucose 

consumption are the first signs and a sensitive parameter to detect cognitive changes and 

functions [6]. The decrease in glucose metabolism is due to the reduced expression of 

coding subunits of the ETC. Furthermore, the activity of key enzymes of oxidative 

metabolism is reduced [166, 167]. The limited function of the ETC underlies the decline 

of complexes I and IV. This leads to a decrease in membrane potential and ATP 

production [168, 169]. These defects in turn lead to an increase in oxidative stress, 

resulting in mutations within the mtDNA, which is an early symptom of AD [170]. These 

defects in the mtDNA lead to reduced transcription of the important mitochondrial 

proteins and thus damage the function of the mitochondrion [171, 172]. This in turn 

causes more ROS, which simultaneously promotes the transcription of pro-inflammatory 

genes and the release of cytokines, such as interleukin-1, -6 or TNF-α. This leads to the 

loss of neurons and therefore more ROS, which, in combination with neuroinflammation, 

promotes the production of Aβ [173]. As a result, there is a cascade of inflammatory 

responses, increased oxidative stress and mitochondrial dysfunction, resulting in cell 

death and AD [174, 175]. 

AD is characterised by an imbalance of Aβ production and degradation. The question 

here is whether Aβ triggers mitochondrial dysfunction or whether mitochondrial 
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dysfunction triggers Aβ imbalance. Inhibition of cytochrome oxidase promotes 

amyloidgenic fragmentation of APP and that Aβ inhibits cytochrome oxidase [176–178]. 

For the sporadic late forms, the available data suggest that amyloidgenesis follows 

mitochondrial dysfunction [179]. In LOAD MD is more widespread than Aβ deposition, 

thus MD cannot be explained by Aβ alone [180]. 

Swerdlow et al. write that the mitochondrial cascade is only applicable to LOAD. They 

propose that dysfunction and mitochondrial ROS overproduction are a link between the 

mitochondrial cascade hypothesis in sporadic AD and the amyloid cascade hypothesis. 

The mitochondrial hypothesis and the amyloid cascade hypothesis differ in that LOAD is 

triggered by mitochondrial dysfunction. Furthermore, the increased Aβ production in 

LOAD could represent a compensatory event occurring in response to primary 

mitochondrial pathology, whereas Aβ production in FAD is exclusively a toxic 

phenomenon [179]. 
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2. Aim of this work 

The improvement and delay of neurodegenerative diseases is an important field in the 

scientific community. The difficulty that arises with a neurodegenerative disease such as 

AD is that there is no effective therapy, so it is important to take preventive measures 

early and at an early stage of the disease to delay the disease as long as possible. 

 

Opportunities to support this are lifestyle changes, physical activity and a healthy diet. It 

is important to use substances that are available to everyone and that can be found in our 

daily diet. For this purpose, the substance hesperetin, which is found in citrus fruits and 

the juices made from them, has proven to be a suitable cannidate. The micronutrients 

magnesium and folic acid, which are found in many foods, as well as coffee, one of the 

world's most commonly consumed beverages, have been repeatedly discussed as possible 

candidates for preventive interventions.  

 

Based on this, a total of four publications have emerged dealing with these substances 

and their effect on mitochondrial dysfunction, Aβ levels, oxidative stress and glycolysis 

in an early cell model of AD. In publication one, the effect of hesperetin was investigated. 

Study two examined the effects due to magnesium orotate and folic acid. Study three 

focused on the substances most commonly found in coffee, caffeine, kahweol and 

cafestol. Each of the investigated substances affected one field of early AD, so in study 

four we investigated a cocktail of all substances to see if all three fields were addressed 

simultaneously. 

 

The aim of this work is to present a collection of possible potentially effective ingredients 

and to discuss them in the context of early AD and to put them in a context that was not 

possible in the previous publications. 
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4. Discussion 

On the following pages, the data collected in the individual studies are discussed in the 

context of three major subfields. All studies presented herein, essentially addressed the 

three major sub-areas of mitochondrial dysfunction, Aβ symptomatology and glycolysis. 

For this purpose, each study used a different flavonoid, micronutrient, alkaloid or 

diterpene found in food. To check whether these substances also trigger the same effects 

in combination or perhaps even address all three major topics, a combination of the active 

compounds tested before was  investigated  as so called “super cocktail” (SC) in study 

number four. A brief overview of the respective results can be found in Table 1.  

All experiments were performed in the same SH-SY5Y cell model of early AD [181] 

(LIT). SH-SY5Y were cloned from a SK-N-SH [182, 183] derived from a bone marrow 

biopsy of a 4-year-old suffering with neuroblastoma [182]. SH-SY5Y cells are a cells  

widely used today to demonstrate neuronal function and neurotoxicity [181, 184]. The 

cells we used were transfected with the human APP695 gen. This leads to increased levels 

of Aβ and other restrictions, which affect the mitochondria and result in a dysfunction 

which is not only described by us but also by others [184–187].  

 

Table 1: Overview of the experiments discussed in this paper and their respective effects.  

[188] HstP MgOr + Fol Cof + KW + CF SC 

ATP level ↑ - ↑ ↑ 

OXPHOS - - - ↑ 

ROS ↓ - - - 

Aβ level - ↓ - ↓ 

Lactate - ↓ - - 

Pyruvate - - ↑ - 

L/P Ratio - - ↓ - 

Source [186] [189] [190] [188] 
↑ = significant increase; ↓ = significant decrease; - = no significant change; L/P = lactate-pyruvate-ratio; 

concentration of tested substances were HstP (10 µM), MgOr (200 µM), Fol 10 µM), Cof (50 µM). KW (1 

µM), CF (1 µM) and SC (all concentration combined) 

 

4.1 Micronutrients and Secondary Plant Constituents Against Mitochondrial 

Dysfunction 

Mitochondrial dysfunction is one of the core issues in the development of AD, as 

described earlier and is characterized by a decrease in ATP [168, 169, 191]. In our studies, 

the first starting point when examining the effects on AD in the cell model was that of 
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ATP levels. ATP levels are not only a marker for how well the cell produces energy, they 

are also a marker for cell viability [192, 193].  

Our studies showed that, with the exception of MgOr, Fol and Vit B6, all the substances 

we used increased ATP levels compared to the control in SH-SY5Y-APP695 cells. The SC 

also increased the ATP levels when compared to the control. However, the values did not 

reach those of the medium control, which suggests that the large number of substances 

and solvents used behaved in a contraindicated manner, which was, however, 

compensated for in comparison with the SC control.   

The increased ATP levels by HstP cannot be explained by changes within the 

miochondrial markers we tested, such as complex activity or mitochondrial mass. The 

other markers altered in AD will be discussed later. Furthermore, there are few to no 

sources that address the effects of HstP and ATP levels in the context of AD. Biesemann 

et al. have shown that HstP could increase ATP levels by 33%, but they refer to a model 

of muscle cells, so a comparison to neuronal cells is challenging. The authors attribute 

this to increased complex activity and decreased ROS levels [194]. The increase of ATP, 

as in Bisemann et al., due to reduced ROS levels could also occur in our case, this point 

will be discussed in the next chapters.  

Next, we tested MgOr and Fol in our SH-SY5Y-APP695 cell model. With the combination 

of MgOr and Fol, there were no changes in ATP levels. Mg and Fol are important 

micronutrients for ATP synthesis [195, 196]. Deficiencies of these nutrients leads to a 

decrease in ATP production [196, 197]. These deficits are also evident in AD, in which 

Mg and Fol levels are found reduced in brain tissues of patients [76, 75, 49, 51]. However, 

our cell model is not one in which there is a deficit of Mg and Fol. The medium of the 

cells is sufficiently enriched with Mg and Fol. The amount we have additionally 

administered to the cells does not seem to have had any effect on the total concentration, 

which is why the additional amount probably did not lead to an increase in ATP levels. 

Next, we tested effects of Cof, KW, and CF as a combination (KCC) on ATP levels, 

which significantly increased them. Interestingly, the ATP increasing effect of KCC 

seems to come from the two diterpenes, as Cof alone had no effect. A higher dose of 

caffeine also had no effect, which would confirm that in our model the effect is not 

mediated by Cof but by KW and CF. This is shown by the fact that KW and CF alone 

significantly increased ATP levels. In the context of our results, Cof is able to increase 

ATP content, so Cof resulted in increased ATP content in smooth muscle cells [198] and 

in HepG2 cells [199]. Katsuragi et al. suggested than a higher energy potential caused an 
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acceleration of ATP synthesis by affecting the Ca2+ signaling cascade [198]. Riedel et al. 

shows that a higher energy charge potential occurs after caffeine exposure. This suggests 

an energy recovery by attenuation of the energy consuming signaling pathways. [199]. 

Since there is currently no literature describing the effects of the diterpenes on ATP levels, 

we are the first to describe the effects individually and in combination in a SH-SY5Y cell 

model of AD.  

 

To explain the enhanced ATP levels in some cases, we measured OXPHOS after 

incubation with the individual substances or with the SC. The OXPHOS is a pathway 

where ATP is produced, so an increase in the activity of the complexes could result in an 

increase in ATP [127, 128].  

Among our tested substances, only SC had a significant effect on endogenous cellular 

respiration. The combination of MgOr, Fol and SC showed increased activity regarding 

the individual complexes of the respiration chain compared with the control, however the 

observed effects were not statistically significant. However, the increased ATP values 

cannot necessarily be explained by the improved or non-existing improvement in 

complex activity.   

In AD, impairment of complexes I and IV in particular occurs, resulting in a lower 

membrane potential, leading to lower ATP levels [200, 163]. We [186] and Rhein et al. 

[185] have also shown this to be the case in the same cell model that we used, in which 

the complexes of the respiratory chain are present in reduced activity. 

HstP, through its ROS protective effect, as described in more detail later in the chapter, 

probably ensured that the respiratory chain was less impaired and thus contributed more 

to the increase in ATP levels. Biesemann et al. comes to a similar conclusion, since 

incubation with HstP leads to an increase in complex respiration but also to an increased 

expression of respiratory complex genes [194]. However, the statements must be 

considered with caution since this is a completely different model and therefore a 

comparison can be difficult. It is possible that Nrf-2 plays a role in the increased activity 

of the complex by HstP. Reduction of Nrf-2 results in decreased MMP, decreased ATP 

levels and impaired mitochondrial respiration [201]. HstP is able to activate the NrF-2 

pathway [202, 203] and thus contribute to an improved OXPHOS.   

Fol and MgOr also slightly increased the complex activity compared to the control. This 

effect could be due to the Aβ-lowering effect of MgOr and Fol, which will be described 
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in more detail in the following chapter. As a result, the complexes of OXPHOS could 

operate better. However, this did not result in an increase in ATP levels. 

The combination on Cof, CF and KW had no effect on OXPHOS and tended to have 

higher respiration than the combination by the control. There is evidence suggesting 

increased OXPHOS by caffeine, however it is hypothesized that this is due to increased 

mitochondrial mass [204]. This could not be shown in our experiment, as the 

mitochondrial mass – measured as citrate synthase activity -  remained unchanged 

compared to the control, but it is also possible that this is due to the administration of the 

combination. In further studies, KW incubation was able to protect the OXPHOS activity 

of SH-SY5Y cells from an added stressor. Administration of KW alone did not cause any 

change, but was able to maintain the complex activity of I and II in the presence of H2O2 

and methylglyoxal [109, 110]. 

The administration of SC significantly increased endogenous respiration. Furthermore, 

the respiration of the individual complexes was increased compared to the control and the 

leak respiration was reduced. This could be an indication for a lower ROS production, 

which occurs during leak respiration [144]. Possible reasons for the increased respiration 

could be the effects arising from the individual compounds. Activation of the Nrf-2 

pathway by HstP, or reduction of Aβ levels by MgOr and Fol, would be a possible option. 

This could reduce the impairment of complexes by Aβ. The increased respiration would 

be a possible reason for the increased ATP levels observed by the combination with the 

cocktail. 

 

One reason for the increased ATP levels may be a reduction in the damaging effects 

caused by ROS. Mitochondria are the main reason for the formation of ROS [144] 

because of the respiratory chain and are therefore also particularly susceptible 

respectively worthy of protection. ROS is generated during transport, in the process 

electrons escape and interact with molecular oxygen to form superoxide at the flavin 

mononucleotide site of complex I and the Q-cycle of complex III, which are the main 

sources of superoxide and hydrogen peroxide in mitochondria [205]. 

Here, HstP in particular has been shown to be an effective protector against ROS, with 

incubation with HstP significantly reducing ROS levels in our cell model. In a transgenic 

mouse model, HstP significantly reduced ROS levels in certain brain regions. At the same 

time, HstP counterbalanced the decreased Nrf-2 and heme oxygenase-1 (HO-1) protein 

expression after administration of lipopolysaccharide (LSP) [206]. Nrf-2 is a factor 
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responsible for the expression of antioxidant, anti-inflammatory and detoxifying proteins. 

HO-1 and its products have beneficial effects by protecting against oxidative damage, 

regulating apoptosis, modulating inflammation and contributing to angiogenesis. On the 

other hand, disturbances in HO-1 levels are associated with the pathogenesis of some age-

related diseases such as neurodegeneration or cancer [207]. The antioxidant effect by 

HstP could be confirmed by Kheramed et al. who used an AD-induced rat model in which 

the administration of HstP significantly increased the activity of antioxidant enzymes and 

thus reduced the effects of oxidative stress [122]. It has been shown that flavonoids, of 

which HstP is a family member, can increase the expression of Nrf-2 and HO-1 to 

enhance the antioxidant effect [208]. HstP related hesperidin increases cellular 

antioxidant via ERK/Nrf2 signalling the cellular antioxidant defense capacity and the 

content of antioxidant enzymes such as CAT, SOD and GST by oxidative stress [209]. 

Activation via the Nrf-2 pathway was also confirmed in HepG2 cells. Here, oleic acid 

triggered overproduction of ROS was induced. HstP increased the activity of antioxidant 

levels by activating the Nrf-2 pathway and was able to reduce the induced oxidative stress 

[203]. In a study by Ikram et al., injection of Aβ1-42 into the brain of rats induced a 

neurodegenerative disorder similar to AD. Administration of HstP, which activated the 

Nrf-2 pathway, also attenuated the ROS production and oxidative stress induced by the 

injection [202]. In addition to Nrf-2, HstP also affects the NF-kB signaling pathway. 

NF-κB is a redox-regulated transcription factor that regulates inflammatory responses and 

cell injury [210]. NF-κB induces the expression of proinflammatory cytokines (IL-1, IL-

6, TNF-α), COX-2, iNOS, vascular adhesion molecules [210]. From a functional 

perspective, Nrf-2 antagonizes NF-κB signaling. Nrf-2 inhibits oxidative stress-mediated 

NF-κB activation by decreasing intracellular ROS levels [211]. HstP shows exactly the 

same effect in mouse and cell models by activating Nrf-2 and suppressing Nf-kB [203, 

202]. HstP appears to obtain its antioxidant properties via the upregulation of antioxidant 

enzymes. These are facilitated by the activation and expression of the NrF-2 and HO-1 

pathways and down regulation of Nf-kB. This minimizes the effects of ROS, which in 

turn may explain the ATP-enhancing effect of HstP.  

Fol and MgOr were also evaluated for the effect on ROS. Here, the single administration 

of Fol or MgOr increased the ROS levels compared to the control. The administration of 

the combination was also higher than the control. The combination reached the same 

levels as the single dose of Fol. In contrast to our results, in an HT22 cell model treated 

with Aβ25-35, ROS levels and apoptosis were significantly decreased by the administration 
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of Mg. Likewise, in the APP/PS1 mouse model used in the same study, NOX4, the marker 

responsible for oxidative stress, was decreased by Mg administration [212]. Presumably, 

suppression of the PI3K/Akt pathway results in increased occurrence of oxidative stress 

and apoptosis. This effect could be reduced by the administration of Mg [212]. The 

PI3K/Akt pathway is an important cellular signaling pathway that plays a central role in 

mediating cell apoptosis [213]. ROS production induced suppression of PI3K/Akt 

signaling pathway leads to cell apoptosis in cell model [214]. Another study showed that 

inhibition of apoptosis was correlated with ROS-mediated PI3K/Akt signalling in a 

streptozotocin-treated INS-1 cell model [215].  

Fol showed no effect on ROS levels in our experiments. In contrast, Bagherieh et al. 

demonstrated in HepG2 cells that incubation with Fol significantly reduced ROS levels 

previously induced with palmitate. The authors suggested that this effect occurs via the 

NF-kB pathway [216]. In SH-SY5Y cells cultured in folate-free medium, supplementation 

with Fol decreased the previously increased ROS levels. ROS levels were triggered by 

Aβ [217]. However, these results are difficult to compare with ours, because this is a 

deficit model, which is not the case in ours. In a study by Dhitavat et al., incubation with 

Fol in differentiated SH-SY5Y5 cells reduced the effect of Aβ-induced enhancement 

[218]. In PIG1 cells, Fol reduced oxidative stress induced by H2O2. Here, oxidative 

protection was shown to be induced by activation of the Nrf-2 pathway. As soon as this 

pathway was switched off, the oxidative protection was no longer present [219]. Also, 

Fol was able to reduce lead poisoning by activating the Nrf-2 pathway in rats, which had 

elevated ROS levels and reduced antioxidant enzyme levels due to lead poisoning [220]. 

MgOr and Fol, similar to HstP, also seem to induce their antioxidant potential via 

activation of the Nrf-2 pathway, PI3K/Akt pathway and suppression of the Nf-kB 

pathway, respectively. At least as far as the literature is concerned. In our experiments 

there was no ROS reducing effect. 

 

Besides HstP, Fol and MgOr, we investigated the effects of Cof, CF, KW, or the 

combination KCC on ROS levels in SH-SY5Y cells. There was no impact on ROS levels 

except for the single dose of CF, which was significantly increased. In contrast to our 

experiments, Cof significantly reduced the effect of aluminium incubation and Aβ25-35 in 

a SH-SY5Y cell model by Giunta et al. Here, the administration of Cof blocked the Nf-kB 

signaling pathway and thus decreased apoptosis and ROS production [221]. Similar 

effects were observed in a C57BL/6N mouse model injected with LPS. Administration of 
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LPS increased ROS levels and expression of Nf-kB. Furthermore, it reduced the 

expression of Nrf-2 and HO-1. Daily injection of Cof reduced ROS levels and Nf-kB 

expression and increased Nrf-2 expression [222]. The coffee diterpenes kahweol and 

cafestol also show ROS inhibitory properties in the literature. KW was able to cushion 

the ROS formation by the neurotoxin 6-hydroxydopamine in SH-SY5Y cells. At the same 

time, KW upregulated HO-1 expression and induced PI3K activation, which induces the 

Nrf-2 pathway and thereby affects ROS formation [223]. Similarly, Fürstenau et al. 

demonstrated that KW in SH-SY5Y cells reduced oxidative stress induced by H2O2. The 

effect was abolished when the transcription of Nrf-2 and the expression of HO-1 were 

prevented and PI3K/Akt was blocked. This indicates that KW also exerts its oxidative 

protection via the PI3K/Akt and Nrf2/HO-1 axis [109]. Similar results were also shown 

by Oliveira et al. Here, SH-SY5Y cells were also protected from ROS, which were not 

damaged by H2O2 but by methylglyoxal. The protective effect of KW was found to be 

mediated by the PI3K/Akt and Nrf-2 pathway [110]. Like KW, CF shows its antioxidant 

properties via activation of the Nrf-2 pathway and expression of HO-1. Cells were 

incubated with urotensin-II, an initiator of ROS and pre-treatment with CF reduced this 

effect [224]. In our case, the incubation of CF significantly increased ROS levels, but had 

no effect on the combined administration of KCC. It is possible that KW and CF played 

off each other, which is why the ROS levels remain similarly high as in the control. 

Overall, KW is considered to have a higher antioxidant potency than CF, as it is more 

sensitive to electrophilic influences and oxidizing reactions due to the extra double 

bond [107].  

It was interesting for us to see how a combination of all the substances we tested affected 

the ROS levels in SH-SY5Y cells and whether the ROS reducing effect of HstP also 

mattered here. It was shown that the ROS levels of the cocktail did not. Thus, could not 

reach its potential. It is possible that the number of substances leads to the fact that no 

ROS reducing effect has occurred.  

In addition, it would be interesting to see whether the activation of the Nrf-2 pathway, the 

expression of HO-1 and the reduction of Nf-kB described in the literature can also be 

detected in our model by our compounds. These pathways are not addressed resulting in 

the lack of ROS lowering effect in our experiments.  In conclusion, the increased ATP 

levels of HstP may have resulted from the reduction of ROS levels, possibly via the Nrf-

2 pathway or the suppression of Nf-kB. For all other substances, other factors and 

signalling pathways may have been involved. 



118 

 

 

4.2 Flavonoid, Micronutrients, Caffeine and Diterpenes Against the Amyloid Beta 

Cascade 

In addition to MD, Aβ levels are also repeatedly associated with the occurrence of AD. 

However, according to Swerdlow et al. it is not entirely clear whether the MD is caused 

by the Aβ levels or whether the MD leads to an overproduction and a poor clearance of 

Aβ [179, 180]. Nevertheless, the appearance of Aβ is associated with the occurrence of 

AD [24, 25]. In the context of this, we have examined Aβ1-40 in all studies and Aβ1-42 in 

some studies. Aβ1-40 is the soluble form, whereas Aβ1-42 tends to aggregate and form 

plaques [225]. The latter is considered the more neurotoxic of the two [226].  

In our study, incubation of HstP of SH-SY5Y cells did not alter Aβ1-40 levels. In contrast, 

there is evidence in the literature that HstP affects the deposition of Aβ. Administration 

of HstP significantly decreased expression elevation of APP, β-site amyloid precursor 

protein cleaving enzyme 1 (BACE1) and Aβ in mice and in an HT22 cell model [202]. It 

has been shown that BACE1 levels and activity are increased under AD and stress 

conditions. BACE1 is the rate determining enzyme and the first enzyme in Aβ production 

[227, 228]. In a study by Lee et al. it was shown that HstP acts as a non-competitive 

inhibitor against BACE1. Thus, HstP could inhibit the production of Aβ and therefore act 

as a preventive and therapeutic agent against AD [229]. In a model using APP/PS1 mice, 

administration of hesperidin significantly reduced Aβ deposition and plaque-associated 

APP expression in mouse brain [230]. In this study, hesperidin is used instead of HstP, 

but hesperidin is largely broken down into hesperetin in the small intestine and colon. 

Thus, it is possible that some of the results from hesperidin studies may be transferred to 

HstP, but only those in which hesperidin is absorbed through the digestive tract. [231–

233]. One interesting aspect would be to find out whether HstP also suppresses BACE1 

expression in our cell model or whether this effect does not occur, which is why the Aβ 

lowering effect is absent. However, the data on HstP is relatively scarce and few have 

investigated the effects on Aβ levels, most studies have focused at AD and the resulting 

oxidative stress, where HstP has shown its potential. 

 

In contrast to HstP, MgOr, Fol and their combination ID63 have significant effects on Aβ 

symptomatology. All substances were able to lower Aβ1-40 levels. MgOr, Fol and Vit B6 

as a single substance lowered Aβ1-42 levels and the combinations even lowered sAPPα 
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levels. Similar results can be found in the literature. Li et al. found that administration of 

Fol at concentrations as we used (10µM) significantly decreased Aβ production in N2a-

APP cells. The authors suggest that the effect is due to the stimulation and expression of 

DNA methyltransferases (DNMT) [234]. A study by Guo et al. indicated that 

hyperacetylation of histones and DNMT-dependent hypomethylation mediate the 

activation of stress-related signaling pathways in SH-SY5Y cells, leading to increased 

expression of APP, PS1 and BACE1 genes and consequent overproduction of Aβ [235]. 

Fol could modulate the activity of DNMT to ameliorate Aβ production. In an APP/PS1 

mouse model, the administration of Fol significantly reduced Aβ levels and the 

expression of APP and PS1 genes. Furthermore, the application of Fol significantly 

increased DNMT activity compared to the control diet, which again supports the 

hypothesis that Fol influences DNMT activity and thereby Aβ production [236]. These 

results are confirmed by an HT-22 cell model in which Fol administration increased 

DNMT activity. Moreover, Fol significantly decreased the increased expression of APP 

and PS1 induced by incubation with Aβ oligomers. Guo et al. suggested that Fol induced 

methylation potential-dependent DNMT activity, which then methylated and silenced 

APP and PS1 [237].  

Tian et al. also demonstrated in an APP/PS1 mouse model that Fol administration 

decreased Aβ1-42 levels but not Aβ 1-40 levels [238]. We could not demonstrate these 

results because in our cell model, both levels were significantly decreased by Fol 

administration. In addition, Tian et al. Aβ wrote that protein expression of BACE1 

decreased and concomitantly that of ADAM9 and ADAM10, important α-secretases of 

the ADAM family (disintegrin and metalloproteases), could be increased [238]. Again, 

we were unable to establish these results. In our case, there was decrease in sAPPβ, but a 

significant decreased in sAPPα levels. However, on the one hand, we tested a combination 

of MgOr and Fol and on the other hand, we are dealing with a different model. In addition, 

we suspect that the lowered sAPP levels are due to the lowered APP processing itself, 

which in turn lowered the sAPPα and sAPPβ levels. It must be kept in mind that sAPPα 

is 100 times higher than sAPPβ [239, 240]. Nevertheless, it can be concluded that in both 

Tian et al. and us Fol has an effect on Aβ production, but probably via different pathways. 

Incubation with MgOr decreased both Aβ1-40 and Aβ1-42 levels in our studies. In contrast 

Li et al. showed in their APPswe/PS1dE9 mouse model that increasing Mg levels in mice 

resulted in a small plaque deposition in the brain of the mice, but no change in both Aβ 

monomers. However, increasing Mg levels led to decreased BACE1 expression, which 
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in turn resulted to decreased sAPPβ production. The authors suggest that this is due to a 

restoration of the BDNF/TrkB signaling pathway [74]. Activation of BDNF/TrkB 

pathways result in suppression of BACE1 expression and thereby decreased Aβ 

production [241]. In Na2 neuroblastoma mouse cells, high doses of Mg decreased Aβ1-42 

production, but not Aβ1-40 and a lack of Mg resulted in a significant increase in both Aβ 

monomers. Furthermore, incubation of different concentrations of Mg lowered sAPPβ 

levels and increased sAPPα levels [242]. Magnesium-l-threonate was also able to 

significantly reduce Aβ1-42 levels in APP/SP1 mice [212]. The authors hypothesize that 

the lowering of ROS levels may have led to a concomitant lowering of Aβ levels, as 

excessive ROS levels can lead to abnormal production of Aβ [243]. We could not observe 

this phenomenon, because in our case the Aβ1-42 levels are lowered, but the ROS levels 

are unaffected. It is possible that the Aβ lowering effect is not controlled by down-

regulation via BACE1, since there was no reduction in sAPPβ levels. Thus, it seems that 

in our example another mechanism is responsible for the lowered Aβ values. This 

assumption applies both to the individual substances and to the combination of them. 

Possibly, the effect of a reduction of the general APP levels is related, which in turn would 

also explain the decrease of sAPPα. 

Other substances we investigated on the Aβ levels were the combination of Cof, KW and 

CF. There was no change in Aβ levels. For the dipertenes KW and CF, there is no 

literature available that examines the effects of either on Aβ processing. For Cof, 

however, there is some literature that show different results than our experiments. Cao et 

al. showed in their study that acute but also chronic administration of caffeine reduces 

Aβ production in transgenic mice. Acute administration of caffeine reduced Aβ levels in 

the brain and intestinal fluid of old and young mice. Long-term administration in old mice 

caused a decrease in plasma Aβ levels and a decrease in soluble and brain Aβ deposition. 

Furthermore, higher plasma caffeine levels were associated with a higher decrease in Aβ1-

40 in aged mice [244]. Similar results are shown by Arendash et al. whereby an 

administration of 1.5mg caffeine, which is somewhat equivalent to the dose of 500 mg or 

5 cups of coffee for humans, lowered Aβ1-40 as well as Aβ1-42 levels. This was achieved 

by significantly reducing the expression of BACE1 and PS1 in the caffeine-treated mice. 

The Aβ lowering effect was further confirmed in SweAPP Na2 cells, where there was a 

caffeine dose-dependent decrease in both Aβ monomers [102]. Not only in mice that have 

been given caffeine during their lifetime, but also in old mice that suffer from AD-typical 

limitations, there is an Aβ-reducing effect. Here not only the cognitive ability was 
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improved but also the Aβ deposits in the brain by over 40% reduce as well as the Aβ1-40 

and Aβ1-42 levels. This was probably achieved by reduced BACE1 and PS expression, 

which were influenced by the cRAf-1/NfkB pathway [103]. Using SH-SY5Y cells, it was 

shown that methylxanthine, which includes caffeine, could significantly reduce Aβ levels. 

In particular, caffeine increased activity of α-secretase and decreased that of β-secretase. 

This was made possible by an improvement in the protein stability of ADAM10 and a 

reduction in the expression of BACE1 and APP. This had the effect of significantly 

decreasing Aβ1-42 deposition by caffeine [97]. The study situation in humans is somewhat 

difficult, there are only a few studies that explicitly deal with the Aβ level. Gardener et 

al. could show that a high baseline coffee consumption over 126 months is associated 

with a lower Aβ accumulation [245]. Similar results were obtained by Kim et al., who 

showed that a lifetime consumption of more than two cups of coffee per day significantly 

reduced Aβ positivity in non-demented elderly adults compared to those who consumed 

less than two cups per day [246]. Comparisons of these studies with the others from the 

cell or mouse models is difficult because here the beverage coffee itself was consumed 

and not the single substance caffeine was observed. Coffee as a beverage contains a large 

number of bioactive substances, many of which can have a positive effect on neuronal 

diseases such as AD [247]. Furthermore, only the Aβ levels as a whole were investigated 

without focusing on the individual monomers. Even though we did not show any effect 

on Aβ levels by our substitutes in our model, there seems to be a decrease in Aβ levels 

by caffeine. This happens in most cases via the suppression of BACE1, PS1 and/or APP 

expression, as well as via an activation of ADAM expression. This results in an increased 

α-secretase or decreased β-secretase activity and thus a reduction of Aβ monomers and 

the deposition of Aβ. It would be interesting to know whether the effects addressed would 

have been achieved by caffeine alone in our cell model, since we only studied the 

combination. It is possible that the effects of the individual components negate each other, 

as there are no studies on the effects on the Aβ values of KW and CF. 

As with the mitochondrial studies, we were interested in what would happen if we 

combined all of our tested substances into one cocktail and tested it for the Aβ effect. We 

found that the SC significantly lowered Aβ1-40 compared to the control. Considering the 

SC results, there is an additive effect on Aβ1-40 levels. Of our tested substances, only 

MgOr and Fol had the potential to significantly lower Aβ levels, but in combination as 

SC, all substances lowered Aβ levels. Indeed, all our tested substances show the same 

potential in the literature. The subsequent question is, whether the effect we observed is 
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due to the combination of MgOr and Fol alone or do all substances reach their potential. 

It is possible that the additive effect results in a suppression of BACE1 and APP 

expression and a greater reduction in β-secretase activity than we have seen from MgOr 

and Fol. For this, the pathways described in the literature for the individual substances 

would have to be investigated. It would be necessary to see which of the substances 

addresses which pathway in order to examine these in the cocktail. Although most 

substances address the same pathway, there are subtle differences that would have to be 

considered in more detail. However, this is beyond the scope of this work, but offers 

potential for future investigations. Moreover, a possible correlation between the Aβ 

reduction described in the literature and the resulting reduction of ROS [8, 248] could not 

be shown in our experiments. Although the Aβ levels were reduced by the SC, the ROS 

values remained unchanged. Possibly, the combination of all substances contributed to a 

reduction of the Aβ levels and did not have a negative but also not beneficial effect on 

the ROS levels. The absence of ROS lowering effect is probably due to the large number 

of substances administered. 

 

4.3 Secondary Plant Constituents and Micronutrients and their Role in 

Supporting Glycolytic Metabolism in Alzheimer Disease 

For brain activity, glucose is the primary source of energy. Because of this, impaired 

glucose metabolism is thought to be associated with neurodegenerative diseases [249]. 

Glycolysis is used to obtain energy from glucose by breaking it down to pyruvate. While 

this step is anaerobic, further processing of pyruvate can be either anaerobic or aerobic. 

In aerobic glycolysis, pyruvate is first converted to acetyl-CoA and then further oxidized 

to carbon in the citrate cycle. Most energy is stored in the form of FADH2 and NADH, 

which is used in oxidative phosphorylation to produce ATP [250]. Lactate, in turn, is the 

end product of anaerobic glycolysis catalyzed by lactate dehydrogenase (LDH). Lactate 

is considered an important bioenergetic metabolite produced in the absence of oxygen by 

fermentation or in the presence of oxygen by aerobic glycolysis. The latter is also known 

as the Warburg effect. Lactate can be used by cells as an oxidative substrate [251]. Lactate 

is the link between the glycolytic and aerobic metabolic pathways [250].  

At the onset of AD, patients who are at high risk of developing AD usually show 

impairments in cerebral metabolism before they show signs on neuropsychological or 

imaging studies [252]. In patients with severe AD, the cerebral glucose utilization is 
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reduced by 45% [253]. This is also reflected in the utilization ratio, with patients with AD 

onset showing a 2:1 utilization ratio between glucose and alternative sources, whereas 

comparably aged control subjects have a 29:1 ratio, whereas young control subjects use 

glucose exclusively, corresponding to a 100:0 ratio [254]. The impairment cannot be 

attributed to loss of brain matter or electrophysiological abnormalities. Abnormalities in 

the brain include deficiencies in several enzyme complexes involved in mitochondrial 

oxidation of substrates for energy production, including the pyruvate dehydrogenase 

(PDH) complex. Further, it can be hypothesized that the impairment of glucose oxidation 

in the brain interacts with an impaired supply of oxygen and glucose to the brain [252].  

Two substances play a crucial role in glucose and energy metabolism, lactate and 

pyruvate. LDH-produced lactate seems to have a higher position within energy 

metabolism. It is assumed that lactate serves as a metabolite to conserve glucose in 

neurons. At the same time, lactate serves to promote neuronal energy production, 

modulate neuronal excitability and facilitate memory formation [255, 256]. However, 

elevated lactate levels are also associated with negative consequences. Elevated levels 

have been found in the brains of aged mice [257, 258] and in AD patients [259]. 

Furthermore, there is evidence from meta-analysis that pyruvate levels are lowered on the 

other side [260]. Mitochondrial dysfunction leads to a change from aerobic respiration to 

glycolytic metabolism in the brain of mice. This causes a change in LDH gene expression 

and an increase of lactate in the brain [258].  

In our studies, HstP did not change the lactate values compared to the control, but slightly 

increased the pyruvate values. Possibly, the MD present in our cells could be attenuated 

by HstP, which leads to a change in glucose processing. This leads to an increase in 

pyruvate values, which could possibly result in an increase in ATP values at the end. The 

MD results to a change in the LDH-A to LDH-B ratio and thus to increased lactate and 

decreased pyruvate values [258, 257]. It would be interesting to investigate in further 

experiments whether similar changes occur in our cell model or whether HstP has an 

influence on these changes.  

In contrast to HstP, the combination of Fol, MgOr and also Vit B6 significantly lowered 

the lactate values, but had no significant effect on the pyruvate values. It is assumed that 

both substances have an effect on glycolysis, particularly in relation to the Warburg effect. 

Not only cancer cells or tumor cells try to make a change from oxidative phosphorylation 

to anaerobic glycolysis, the so-called Warburg effect, but also nerve cells can undergo 

this change, especially if they are affected by Aβ [261–263]. To counteract the harmful 
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effect by Aβ, neurons seem to increase the expression of LDHA and PDK1, which makes 

them more resistant to the neurotoxic effect of Aβ [263, 264]. Inhibition of LDHA and 

PDK1 expression leads to a decrease in resistance and increased susceptibility to Aβ 

toxicity [265]. This effect was also observed in our experiments, where incubation with 

Fol and MgOr resulted in increased expression of LDHA and PDK1 compared to the 

control. A switch from oxidative phosphorylation to more glycolysis via the Warburg 

effect leads to an increase in lactate levels, which is produced when glucose is 

metabolized [266]. However, we were not able to determine this effect, since the lactate 

values were lowered. There is no literature dealing with the effects of MgOr and Fol on 

glycolysis and the Warburg effect, respectively, in the AD cell model, so we hypothesize 

our own. The incubation with both substances had the advantage that the Aβ levels were 

significantly reduced, which enabled the cells to decrease the energy production from 

anaerobic glycolysis and to focus more on oxidative phosphorylation. This can be 

observed on the one hand in the slightly increased respirometry data and on the other hand 

in the significantly decreased lactate values. Thus, the cells no longer have to protect 

themselves from Aβ toxicity with the Warburg effect. Nevertheless, the expression of 

LDHA and PDK1 remained elevated, possibly to maintain protection for some time. 

As well as Fol and MgOr, Cof, KW and CF or their combination KCC had effects on 

glycolytic metabolism. There were no significant changes in lactate values, but a 

significant increase in pyruvate values due to KW and KCC. Regarding the ratio of lactate 

to pyruvate, all but CF were able to significantly reduce the ratio in favor of pyruvate 

compared to the control. Ensuring pyruvate generation is a high priority, as pyruvate can 

not only be oxidized to lactate in a low-oxygen environment, but also generally converted 

to glucose (gluconeogenesis), alanine (alanine transaminase), or oxaloacetate (pyruvate 

carboxylase) when cellular demand requires it. In general, neurons have an increased 

pyruvate demand due to a high energy turnover [267, 268]. Significant deviations in 

pyruvate concentration, as documented in the experiments, indicate a relevant influence 

on pyruvate metabolism [269]. Pyruvate can act as a scavenger, protecting neurons from 

oxidative damage. In several studies, increased pyruvate levels significantly attenuated 

the damaging effect of the stressor, H2O2 [270–272]. Furthermore, it is assumed that 

pyruvate in particular also protects mitochondria from oxidative stress [270, 273] and 

could thus counteract an MD. In addition, pyruvate can induce an anti-inflammatory 

effect by down-regulating the Nf-kB pathway, as well as a variety of pro-inflammatory 

proteins [274, 275]. The protection against ROS could not be demonstrated in our 
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experiments, as the ROS levels were not altered by the incubations. Therefore, the 

increased ATP levels cannot be explained by this effect. Additionally, the increase in 

pyruvate did not lead to an increased OXPHOS, as there was no change in the 

respirometry data. Thus, the increase in ATP can be explained by an increased glycolysis. 

This is supported by the lactate to pyruvate ratio (L/P), as studies have shown that an 

increase in L/P is associated with an increase in NADH/NAD+. Therefore, in our 

experiments, a decreased ratio of NADH/NAD+ corresponding to L/P should be present 

[250]. A shift in this ratio could affect glycolysis, as the regeneration and maintenance of 

NAD+ is dependent on glycerol-3-phosphate dehydrogenase. Therefore, a decrease in the 

NADH/NAD+ ratio could lead to an increase in glycolysis [250, 276]. This could explain 

the ATP increase and increased pyruvate level shown in our study. However, this 

hypothesis would still need to be supported by sufficient experiments investigating the 

NADH/NAD+ ratio. 

As a final point, the cocktail was examined for the effects of glycolysis. Here, there was 

an increase in lactate levels due to incubation, with a simultaneous decrease in pyruvate 

levels and an L/P in favor of lactate. These values indicate that the SH-SY5Y cells 

undergo increased anaerobic glycolysis, which explains the lower pyruvate and increased 

lactate values. The SC, like MgOr and Fol, decreased Aβ levels but did not have the same 

effects as MgOr and Fol on lactate and pyruvate levels. Furthermore the Warburg effect 

seems to be inhibited by SC, although more lactate is produced which rather indicates 

that the cells perform more anaerobic glycolysis. However, there is no decrease in 

OXPHOS, which would indicate increased energy production due to the Warburg effect. 

The increased anaerobic glycolysis can possibly be explained by the altered L/P ratio, 

which can lead to an increased NADH/NAD+ ratio. This, in turn, would suggest an 

increase in anaerobic glycolysis. Incubation with SC leads to increased OXPHOS, which 

together with increased anaerobic glycolysis could explain the increased ATP levels. It is 

possible that ATP gain from the increased OXPHOS is not sufficient, so additional ATP 

must be generated via anaerobic glycolysis, which would explain the increase in both 

metabolic pathways and altered lactate level. This could be due to the administration of 

the different solvents, as the ATP in the control are considerably lower than in the medium 

control. The SC seems to compensate this effect to a certain extent. Which is why the 

cells upregulate both OXPHOS and anaerobic glycolysis to provide sufficient ATP as 

compensation. The decreased pyruvate levels due to the SC could be a result of both of 

these increased metabolic rates as it results in more pyruvate being consumed.  
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5. Summary/Zusammenfassung 

 

5.1 Summary 

One advance that mankind has achieved over time as a result of medical and technical 

progress is increasing life expectancy. However, this is also accompanied by an increase 

in age-related diseases. One of these is Alzheimer's disease (AD), which is associated 

with the loss of physical and cognitive abilities as well as personality changes. To date, 

there is no cure for AD. Since symptoms do not appear until later in life, it is important 

to find a way to delay symptomatology as much as possible in advance and to take 

preventive or supportive measures. 

 

AD is characterized, among other things, by changes in three major areas, including 

mitochondrial dysfunction (MD) with a decrease in ATP and a change in the respiratory 

chain. Impaired amyloid-beta (Aβ) processing and alterations in glycolytic metabolism.    

It has been shown that physical activity, as well as nutrition, can prevent certain diseases, 

including AD. With this in mind, this work investigated the effects of hesperetin (HstP) 

from orange peel, magnesium orotate (MgOr) and folic acid, as well as the constituents 

caffeine, kahweol, and cafestol found in coffee, on the early symptoms of AD. 

 

Almost all compounds were shown to significantly increase ATP levels in the SH-SY5Y-

APP695 cell model. Specifically, HstP was able to decrease the levels of reactive oxygen 

species. MgOr and Fol, in particular, altered Aβ-processing and lowered the levels. 

Coffee constituents affected glycolytic metabolism and led to an increase in aerobic 

glycolysis. Each of the groups of compounds acted on a different area of AD. To check 

whether a combination of all substances (cocktail) addressed all areas, this cocktail was 

also tested for its effect. It was found that ATP levels were increased and Aβ levels were 

decreased. There were no effects on any other areas.  

 

In summary, although there is no cure for AD, certain substances can positively influence 

the disease and have a preventive effect. This makes them promising agents that deserve 

further research.  
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5.2 Zusammenfassung 

Ein Fortschritt, den die Menschheit im Laufe der Zeit durch den medizinischen und 

technischen Fortschritt erreicht hat, ist die steigende Lebenserwartung. Damit einher geht 

jedoch auch eine Zunahme altersbedingter Erkrankungen. Eine davon ist die Alzheimer-

Krankheit (AD), die mit dem Verlust körperlicher und kognitiver Fähigkeiten sowie mit 

Persönlichkeitsveränderungen einhergeht. Bis heute gibt es keine Heilung für AD. Da die 

Symptome erst in späteren Lebensabschnitten auftreten, ist es wichtig, bereits im Vorfeld 

einen Weg zu finden, die Symptomatik so weit wie möglich hinauszuzögern und 

präventiv bzw. unterstützend zu wirken. 

Die AD ist unter anderem durch Veränderungen in drei großen Bereichen 

gekennzeichnet, darunter die mitochondriale Dysfunktion (MD) mit einer Abnahme des 

ATP und einer Veränderung der Atmungskette. Die gestörte Amyloid-beta (Aβ)-

Prozessierung und Veränderungen im glykolytischen Stoffwechsel.    

Es hat sich gezeigt, dass durch körperliche Bewegung, aber auch durch die Ernährung 

vorbeugend gegen bestimmte Krankheiten, darunter auch AD, vorgegangen werden kann. 

Vor diesem Hintergrund wurde in dieser Arbeit untersucht, wie sich Hesperetin (HstP) 

aus Orangenschalen, Magnesium-Orotat (MgOr) und Folsäure sowie die im Kaffee 

enthaltenen Inhaltsstoffe Koffein, Kahweol und Cafestol auf die Frühsymptome der AD 

auswirken. 

Es konnte gezeigt werden, dass fast alle Substanzen den ATP-Spiegel im SH-SY5Y-

APP695 Zellmodell signifikant erhöhen. Im Einzelnen konnte HstP die Spiegel der 

reaktiven Sauerstoffspezies senken. MgOr und Fol veränderten insbesondere die Aβ-

Prozessierung und senkten die Spiegel. Die Inhaltsstoffe des Kaffees beeinflussen den 

glykolytischen Stoffwechsel und führten zu einer Steigerung der aeroben Glykolyse. Jede 

der Substanzgruppen wirkte auf einen anderen Bereich der Alzheimer-Krankheit. Um zu 

überprüfen, ob eine Kombination aller Substanzen (Cocktail) alle Bereiche anspricht, 

wurde dieser Cocktail ebenfalls auf seine Wirkung getestet. Es zeigte sich, dass der ATP-

Spiegel erhöht und der Aβ-Spiegel gesenkt wurde. Auf alle anderen Bereiche gab es keine 

Effekte.  

Zusammenfassend lässt sich sagen, dass es zwar keine Heilung für AD gibt, aber 

bestimmte Substanzen die Krankheit positiv beeinflussen und vorbeugend wirken 

können. Dies macht sie zu viel versprechenden Wirkstoffen, die es verdienen, weiter 

erforscht zu werden. 
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