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1. In troduction 

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 (Aɓ) 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 [13ï15], 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 Aɓ 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 Ŭ-secretase. This releases a soluble fragment, sAPPŬ. A second cut is 

made through a complex within the membrane by a ɔ-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 Ŭ-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 ɓ-

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

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

peptides with 37 - 43 amino acids, where Aɓ42 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 Ŭ-secretase. This results in the formation of a soluble 

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

membrane by ɓ-secretase, followed by another cut by ɔ-secretase.  This produces the amyloid-beta (Aɓ) fragment. 

Created with Biorender.com 
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In addition to Aɓ 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 Aɓ toxicity. While NFTs correlates 

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

The resulting Aɓ 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 

[40ï42]. 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 [49ï53]. 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 [55ï
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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 ñreduction of tiredness and 

fatigue ñ or Ăcontribution to normal psychological functionsò 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 Aɓ 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) [87ï90]. 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 Aɓ deposition in the brain, as well as 

lowering Aɓ1-40 and Aɓ1-42 levels [102, 103]. Similarly, Aɓ 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 coffeeò [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-1Ŭ expression [120]. PGC-1Ŭ is an important factor for 

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

and Aɓ-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 Ŭ-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 ɓ-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, ɓ-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 [156ï158]. 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 Ŭ and 

interferon ɓ 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 Aɓ-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-Ŭ. This leads to the 

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

promotes the production of Aɓ [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 Aɓ production and degradation. The question 

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

amyloidgenic fragmentation of APP and that Aɓ inhibits cytochrome oxidase [176ï178]. 

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

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

thus MD cannot be explained by Aɓ 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 Aɓ production in 

LOAD could represent a compensatory event occurring in response to primary 

mitochondrial pathology, whereas Aɓ 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, Aɓ 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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