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1. Introduction

1.1 General Introduction

Our society is changing at an increasing rate, presenting our healthcare system with ever
greaer challenges. Due to demographic change and the resulting increase in a cohort of
people with increasing life expectancy, agpecific diseases in particular are on the rise.

One of these aggpecific diseases is Alzheiméisease (AD).

AD has now beenlaced on the WHO priority list of global health problems. Since its
first description in 1906, there is still no cure foplif. AD is the most common form of
dementigd2] and currently affects abo(it73% of the population in the European Union
where by 2050 this number is expected to increase tot@¥ing over 14.2 million
people[3]. AD is characterized by a progressivasdoof memoy and languageskills,
personality and behaviahangesand a reduced quality of lif2]. Neuropathological
hallmarks of ADincludet he presence of amanlyaccuculaest a ( Ab
extracellularly leading to plague formation antracellularlyhyperphosphorylated tau
protein[4, 5]. Furthermore, AD leads to impaired glucose metabdl&mand increased
reactve oxygen species (ROS) production, which in turn leads to increased oxidative
stress and iteonsequencef/, 8]. One main reason for oxidative stress ambther
hallmark of of the disease is mitochondrial dysfunction (MB). Since theresi 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 off A 11] Another way would

be to usg@harmacaeutials which tries to target different poimamelythe amyloids, the

tau protein orthe neuroinflammations. Although great progress is being made in
understanding AD in this area, only a few of them achieve apdi®jalAs 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, includiragyphenols and flavonoid4 3i 15], but

also vitamins and minerals, which can also be called limfaplay a central rolg.6].



1.2 Alzheimer Disease

1.2.1 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 afrdeegh
thosesuffering from it[17]. Dementia refers to a variety of clinical syndromes and
heterogeneous disorders of the brain, in which AD takes the most commoji8r2h
Dementia is characterized by memory loss, language problems, difficulties in coping with
problemsand other impairments in cognitive abiliti¢g]. These difficulties are due to
damageor 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[®8}.

There are 50 million people living with dementia in the world (as of 2018). This number
will nevertheless triple by the year 20%80]. In Germany, 1.7 million people are
currently living with dementia (as 0021), a large proportion of whom have AR1].

The prevalence of g@tg AD increases with age, >6fears the mean prevalence in
Europe increases to 8.5p21]. The proportion of people with AD and dementia is higher

in women than in men, which may bwinlydue to the longer life expectancy of women
[22].

1.2.2 Pathology

AD can be divided into twtohe main categories, sporadic ladeset AD (LOAD) and
familial AD (FAD) [23]. While symptoms of sporadic generally appear between the ages
of 60-65 yeard19], familial AD is characterizetly the onset ofymptom before the age

of 60 yeard24]. In isolated ases, familial AD may also begin before 30 years of age
[23]. The main genetic factor for LOAD is apolipoproteif&poE) on chromosome 19,
which has three variants: E2, BBAE4. The most common form is E3. Individuals with

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

[24]. The greatest risk factor for LOAD is aging, wiiis the most common form of the
diseasd23].

Both sporadic and familial AD ar[#,28ssoci at
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 synapes of neurons. It plays an important role in many biological activities, such as
2



neuronal development, signaling and intracellular transport. The most abundanf form

APPIn the brain is APRs, whichis produced mainly by neurofi6]. This form differs

from the other longer APP forms in that the ectodomain lacks a protease inhibitor
sequencd27]. Normally, APP is cleaved close to the membrane by an extracellular
proteasesecaleieadel This releases a soluble
made through a compl ex -secretage. Tine suburet ofthéismb r an e
secretase is a preskmiprotein encoded by either presenilin (PS) 1 dPr&senilins are

a family of related transmembrane proteins that form the subunits of the gseoretase

protein complex[28]. The second cut releases an intracellular peptide, the amyloid
intracellular domairanda small residual peptide.h e pat hway -cearetase ed out
is referred to as the neamyloid pathway; no plagues are formed in this ¢as¢ In

other situations, a pathogenic form may occur. The extracellular cut may occur slightly
further away from the membrane. Thts proce
secretase. This i s f-sedrdtasewlhaelammgadragmenttitaut t i n g
remains between the two cuts is the amymifR9]. This processing ressglt i A AD
peptides with 37 43 amino acids w h ess i® consiflered to be more neurotoxic

[27].This pathway is also referred to as the amyloidhpwat; both shown irFigure 1.

non-Amyloidogenic Amyloidogenic
Pathway Pathway
L7
oA
i
//
Extra AR Peptides
cellularspace B-secretase
a-secretase ﬁ .......
Swsilmbrane -"i“-' < . O AP
_______
Cytoplasma y-secretase ‘
Amyloid
Precursor
Protein
(APP)

Figure 1: lllustration of the amyloid and neamyloid pathwayOn the left side, the neamyloidicenic pathway is
shown. Here, the amyloid precursor proteil P P ) i s -secrdtaseb This tesules inthe formation of a soluble
fragment (sAPPU). The amyl oidogenic pathway is shown on
me mbr anee dryethas e, f ol | o wsecrktask.yhis pradaceshtteeramytod et &y ( Ab) fr agment
Created with Biorender.com
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In addition to Ab homeostasis, the formati
discussed in the context of ADhe 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 phosphorylgt@j. Once neurofibrillary

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

AD [31]. The accumulation of phosphorylated and aggregated tau has since been
suspected to cause AD and tautopatf88s 33] Hyperphosphorylation of tau renders it

insoluble, reduces its affinity for microtubul@sdcauses it to sefhissocatewith filament

structureg23]. Once hau is present, it is more resistant to proteadaced degradation

[24]. There is some overlap of tau aggregatic
with axonal transport loss and AD progression, it is not accompanied by neuronal loss.

The resulting Ab plaques and NFTs conditi on
and memory. These include the hippocampus, amygaladafrontal, temporaland

parietal lobe$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
symptomatigdherapy. In addition to exercise and sportyition and the supplementation

of certain nutrients have emerged as a possible starting plitrition can be broadly
divided intomacre and micronutrients. Macronutriendse divided intccarbohydrates,

fats andproteins. The macronutrients proteifgt 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 chaifisese 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 h@4lthBy combining the proportions

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

these affect our ladth and health status in many ways. Certain diets can influence our
sleep[35], reduce oucardiovascular risk36], prevent obesit{37] and certain diseases

[38], influence the immune systefB9] and even prevent neurodegenerative diseases
[40i 42]. Micronutrients, on the other hand, are essential cofactors for the maintenance of
metabolic functions, but do not provide any energy themaserhese include vitamins

minerals and trace elemer{#3]. Three micronutrientshat were in the focus of the



current dissertatioare highlighted below, including folic acid, magnesiaomtateand

vitamin B6 asshown inFigure 2.

B C

A

|: CI ok I rI/Y:P N OH
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o H | o | H Y M.J‘\\JI:II.J/\H e o

Magnesium- Vitamin B6
orotate

Figure2: Chamical structure of (A) magnesiuorotate, (B) folic acid and (C) vitamin B6

1.3.1 Folic Acid

Folic acid (Fol) is a watersoluble synthetically producedubstance chemically
composed of the structures ofglutamic acid and pteroic acid, which in turn is dedive
from paraaminobenzoic 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 residudd4, 45] Folate is found in a variety of foods, including vegetables,
especially green vegetable varieties, peas, seafnddereals. Foods with the highest
content are spinach, liver, asparagus and spfdéis The daily amount of folate that
should be ingesteid 400ug[47]. In the human body, folate functions as a coenzyme in
carbon transfer in the synthesis of nucleic acids and in protein metalpd8sdb, 47]

One of the most important reactions tbatot take place withotfolate is the conversion

of homocysteine tonethionine in the synthesis ofaslenosyimethionine, an important
methyl donor. Another dependent metabolic pathway, without which cell division would
not be possible, is the methylation of deoxyuridylatehtonidylate in the formation of
DNA [46]. As described above, deficiencies in micronutrients lead to the occurrence of
certain diseases. Theseems to be a correlation between high homocysteine or low folic
acid levels and the occurrence of dementiaAlzheimer's diseaspl9i 53]. Elevated
homocysteine levetould negatively impact the brain through multiple mechanisms,
including erebrovascular ischemia leading to neuronal cell death, activation of tau
kinases leading to tangle depositiamd inhibition of methylation reaction$54].
However, it appears that supplementation with folic aaidile reducinghomocysteine

levels in some studies, has effect oncognitive function or théncidenceof AD [55i
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58]. There is conflicting conjecturesdao whether and how folate affects the progression
of AD. Although it appeardhat a deficit of folate is associated with the onset of AD.
Further research is needed to investigate the effect of folate grakiblogy

1.3.2 Magnesium

Magnesium (Mg) is theecond most abundant mineral in the human body after calcium.
It occurs naturally in many foodscluding green leaves, nuts, cerals, arafes
Furthermore, Mg is added to many foods or offered as a dietary supplement for addition.
In this context, sombealth claims are made for Mg, suchfiaaduction of tiredness and
fatiguefi  Aantribution to normal psychological functign® name a few59]. Mg-

lons (Mg*) areimportant cofacta for more than 300 enzymes that control various
biochemical reactions, includinggiein synthesis, nerve and muscle functiandblood
glucose contrd60, 61, 46] The content of Mg in the body about 25g, with a large part
bound in the bones, only about 1% is present outside[6&lI63] The daily intake of

Mg should be 300mg/r women and 350mg/d for malst] and plant foods, including
green vegetables, legumasd cereals are good sources of[étl, 60] Magnesium
deficiency is rather rare in our latitudes, however, the supplementation ofavidnelp

in the improvement of some diseas€kere is hardly a medical problem in which Mg
does not seem to play a roléigh blood press@r can be lowered by a few points with
the administration of M§g5, 66]and there is a correlation between diets high in Mg and

a reduced risk ofliabetesmellitus type 2. One explanation for this could be the
relgionship between the role of Mg theglucose metabolisii67, 68] Furthermore, Mg

is involved inthebone metabolisif69] and supplementation is positively related to bone
density[70]. However, the evidence for these findinggelatively thin and the data is
inconclusive anddrgely relates to retrospective studies, so further intensive research on

the topic is needed.

Mg alsomay affect AD, although the mechanism is not yet fully understood. In mice,
chronic undersupply with Mg has been shown to affect mef¥dry whereas ima rat
model of AD supplementation with Mg resulted in improvemgid]. There also appears

to be evidence that cognitive function is improving in patients with dem@a3fiaSince

Mg is involved in many important metabolic pathways especially for neuronal properties,
supplementation of Mg | oelNwhilecidproviny ménmmory a n

6
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[74]. Low levels of Mg have also been found in various tissues of AD pafiéstg 6]
it thereforeseems to be some correlation betweenptieeentionand the occurrence of

AD and the supply or administration of Mg.

1.3.3 Vitamin B6

Vitamin B6 (Vit B6) is a watesoluble vitamin found in many food#or instancdish,

beef liver and other organ meats, potatoes and other starchy vegetables, .avid B&it

is an umbrella term fosix different vitamins including pyrodoxine, an alcorend
pyridoxal, an aldehyde. In addition, there are two coenzyme active forms of Vit B6,
pyridoxal 5' phosphate (PLP) and pyridoxamine 5' phosphate (BAW)77] The
coenzyme form of Vit B6 has numerous metabolic tasks and is involved in over 100
enzyme reactions, most of which are fdun protein metabolisrf#7]. Furthermore, Vit

B6 is essential forcognitive development, as it is involved in the synthesis of
neurotransmitters and keeps homocysteine levels in the bodyanalievel[46]. The

daily recommended dose of Vit B& 1.6mg[78]. The highesamountare found in fish,

beef liver, potatoes and starchy vegetaplés47] Vit B6 deficit is rather rare and often
occurs in a combination of low levels of other B vitam#§]. Since the undersupply
occurs ratherarely, 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 leve[d4, 79] although the majority of studies have found no
effect[80, 81] Poor Vit B6supplyis suspected to play a role in cognitive deglinbile

high supply is associatadith improved results in memory te$82, 83] However, there

are no studies that show a direct correlation between Vit B6 supplementation and AD or
its improvemenbf AD symptoms It is often discussed whether the administration of B
vitamins, Vit B6 usually in combination with oth® vitamins, lowers homocysteine
levels and thus leads to an improvemargymptomg84, 85] Whereby this is discussed
controversially{55, 86}

1.4 Plant Secondary Metabolites

Besides micronutrients, many other substances are present in oupléydug an
important role for human physiologyncluding seconary plant ingredientsPlant
secondary metabolism is defined as a term for metabolic pathways and small molecule

products that are not essential for the survival of the orgaAisTang the most important
7



groups of substances are phenols, terpenes andanitrontaining compounds with
which plants can interact with their environmg87]. They serve to defend against
pathogens (iridoids, canabinoids), to repel herbivores (tannins, alkaloids), to protect
against UV radiation (carotenoidsla¥noids, anthocyanins), to attract pollinators
(monoterpenes)87i 90]. For humans they are especially discussed because of their
possble healthpromoting propertie$91, 92] Among the important secondary plant
compounds discussed here are the alkaloid caffeine (@efjliterpenesafestol(CF)

and kahweo(KW) andthe flavonoid hesperetifiHstP) shown inFigure 3.

~
1] ? Caffeine

D OH I.’
Kahweol /i:\")j

Hesperetin

Cafestol

Figure3: Chemical structure of (A) caffeine, (B) kahweol, (C) cafestol and ()dretin

1.4.1 Caffeine

Caffeine Cof) is a methylxanthine alkaloid and the most widely consumed psycho
stimulant worldwide[93]. It is found in over 60 plants and isegent in everyday
beveragesuch as coffee, tea, energy drinks, soft drinks and d&ha5] A typical
source of cHeine is coffee. An average cup of coffee has about 1@0mg of caffeine,
depending on the preparation method, size, type and duf@@pmfter oral intake Cof

is absorbed in the stomach aheé small intestine within 30 minutes to about 99%af
reaches its peak in the bloodstream after- 35 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 anflammatory propertie$98]. Due to its

8



lipophilic nature,Cof can be readily absorbed and cross barriers, including the-blood

brain barrier. Regular consumption of increased amount€abfis associated with

tolerance developmeff9].

It has been shown that consumption of moderate amounts is suspeetdac®AD risk

compared to nowoffee drinkers, witla consumption arountivo cupsa day[100, 101]

In animal modelsCofad mi ni stration reduced Ab deposi't
| ower irso@n dAbAdvels[102, 103] Similarly, Ab elimination in the mouse

model was significantly increased by the administratiorCof [104]. Not only the

biomarkers impreed but also the cognitive abilitigd 02, 103] Other beneficial effest

associated with AD include reduced oxidativess, improved antioxidant capaciyd

lower AD prevalence in individuals with ApoE4 all¢89].

1.4.2 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 kauranefl05]. An averagecup of coffee contains 34 mg of CF. The
preparation must be based on a-fiiaring method as is the case with-fenchpress"

or "Turkishc o f 1863 GF is thought to have asitiflammatory, antiangiogenic and
antitumorigenic properties. It could be showrat CF has an increasing effect on the
LDL level [107]. In cell experiments, CF demonstrated influences on the biochemical
reaction pathways of transcription factors sucmadear factor Kight-chan-enhancer

of activated B cell§NF-kB) and on the upstream signaling cascade mit@gevated
protein kinase (MAPK). The aniinflammatory effect of CF is primarily mediated by the
gene cyclooxygenas® which catalyzes prostaglandin B2oduction[108]. As CF

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

1.4.3 Kahweol

Kahweol (KW) belongs to the diterpenes and occurs naturally in Arabica coffee beans. It
is considered a potent antioxidant lwitytoprotective activity105]. Compared to CF,

KW differs in structureoy an extra double bond 07]. There are 36 mg of KW in an
average cup of coffee. Compared to CF, KW has a slightly higher bioavail§bilgy

KW is also thought to have amtiflammatory, antangiogenicand antitumorigenic

properties. Like CF, KW also has an increasing effect on LDL |4¢8[8]. The effect

9



induced by KW involves the transciigm factor nuclear factor Eglated factor (Ne2)

as well as the signaling cascades phosphoinositidea3e (P13K)/Akt and p38 MAPK.

By means of this signaling cascade, in which the phase 2 enzyme detoxification is also
activated, KW can have an influee on bioenergetics and mitochondrial dynarfiies,

110]. In cell experiments, KW was able to significantly reduce the externally added cell
stress by means of hydrogen peroxide and thus protect tHé@®ll As with CF, there

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

1.4.4 Hesperetin

HesperetinHstP)belongs to the class of flavonoids called flavones and is found in the
peels of citrus fruits, such as grapefruitsorange$111]. Hesperetin is derived from

the hydrolysis of its aglycone, hesperidin (hesperétihammnoglucoside). HstP is a
bioactive molecule that can act in multiple ways in the body. HstP has dolpéding

effect that despite feeding a high fat diet in a rat model, cholesterol and triacylglyceride
levels decreased. Furthermore, the adtigitof HMGCoOA reductase and aeloA
cholesterol acyltransferase were decregsgd]. In addition to the lipidoweringeffect,
HstPhada positive effect on the function of the heart in mouse models, where it protects
against hypertension, fibrosis and dysfuncfibh3]. 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 bloodbrain barrier and is therefore a good molecule that can act on processes
in the brain [116]. HstP is a very effective antioxidaf117, 118]and shows its abilities
especially in the cell model. Here Rgtrotects cells from induced oxidative stress by
hydrogen peroxide and thereby has a neuroprotective @} In addition,HstPwas
shown to protect cells from oxidative stress by several mechanisms, including receptor
mediated atons. HstP activates tropomyosin receptor kinase A and the estrogen
receptor, which stimulate PGCU e x p [120]sRGGDb 0 i sporamt fadtomfor
mitochondrialbiogenesis and is known to protect against apoptosis, oxidative damage
and A kinduced neurotoxicityf121]. With reference to AD, HstP skws that in rats
induced AD by icvySTZ, memory recall and consolidation of recognition memory
improved. So did the levels of antioxidative enzymes and glutathione. In thisld&iBy,

in pure form was compared to a nanoform, with the nanoform performttey [Je22].
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Nanoparticles are smaller than 1000nm, but larger than 100nm-diaatbformulations

are particularly suitable for subataes that are difficult to dissolve. Furthermore, the size
of these newly formed compounds can increase the bioavailability of otherwise poorly
available substancedanoparticles can increase the stability and absorption of secondary
plant compounds. Ahke same time, the nanoform protects against too early degradation

of the substances and thus prolongs their stay in the bloodgi2ani24]

1.5 Mitochondria and Energy Metabolism

All the substancementionedabove have some effect on our metabolism. One of these
effects concerns the energy metabolighigure 4). For this, the mitochondria are
responsible, which will be described in raatetail in the current chaptéitochondria

have been known to produce energy from nots¢hrough oxidative phosphorylation for
more than 50 yeaf425]. 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
mi t ochondr i on -eukagdtiocelldndfwasdaken apnby dhost ¢ei5).

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 Thog:,.

more than 1.5 billion yearga, a synergy occurred between the two ¢eRs].

1.5.1 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
mitochondrialmembrane faces the cytosol and the inner mitochondrial membrane faces
the matrix. The inner membrane is also called crigta8]. The intermembrane space is

the mitochondrial compartment located between the two membja2@ks Within the

mi tochondri al matri x, the i mpogidatioaof fats,met ab ol
the pyruvate dehydrogenase and other enzymes of the citrate cycle are anchored here.
Further, the inner membrane is home to the complexes of the respafaaim. These are
important for the production of the energy carrier ATP8].
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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 celPs AT
requirement$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 homeostaaisd apoptosis. Furéermore, mitochondria
provide important biomolecules for the c@i].

The mitochodrion has its own genome, whicbmprises 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 f@stslationally into the
mitochondrion128, 126]

1.5.2 Glycolysis

Glycolysis is the first step of energy production from glucose metabolism performed by
all prokaryotic and eukaryotic cells. This matib pathway proceeds in several steps,
with one mole of glucose being metabolized into two moles of pyru@iteolysis takes
place in the cytosol of the cdll31]. In aerobic cells, pyruvate is ther metabolized
stepwise to Covia thetricarban acid (TCA)cycle[132]. This enables the cell to produce
reducing equivalents, which are used in OXPHOS for ATP genef[a®&j

Another way of metabolizing pyruvate is reductive conversion to organic acids or
alcohols[132]. This is done by anaerobic cell$hosecells further metabolize the
resulting pyruvate to lactate. This effect also occurs in aerobic cancer cells and is called
the Warbug effect[134]. Compared to OXPHOS, glycolysis produces only two moles
of ATP, which seemselatively small compared to up to 28 moles of ATP. However,
glycolysis proceeds much faster and thus enables a constant energyestgopig he

case of a backlog in the TJA33].

1.5.3 Tricarboxylic Acid Cycle

The citrate cycle, also known as th€A cycle or Krebs cycle, is a biochemical cycle
that occurs within the mitochondrial matfik35]. 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, preieihfats.

The final product of these deadation pathways is acei@bA [135]. The speed
determining enzyme is citrate synthase. By catalyzing the condensation of oxaloacetate
and acetylCoA to citate, it represents the first and most important Et86]. Acetyl-

CoA enters the TCA and is oxidized, producihg teduction equivalents NADH/tand

FADH: [136]. These two eventually transfer electrons to the mitochondrial respiratory
chain to initateOXPHOS[135].

The TCA holds another important role in providing metabolic intermediates for

gluconeogenesis, transamination, deaminaiwtiipogenesig137].

1.5.4 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 theofiétur complexes,
which is used at the fifth complex to generate AZ4#. The electron transport facilitated

by complexes |, llland1V is coupled to proton transport. This transport conditions the
proton gradient known as the mitochondrial membrane potential (NIM38). Complex

Il does not transport protons and thus is not involved in the assembly of the MMP. The
individual redoxactive complexes (complex-I11V) transfer electrons up to the final
acceptor, oxygen, to form wat§t35]. The reduction equivalents used (NAIDH,
FADH) act as electron donors in the respiratory chain. The reduction equivalents
originate from a variety of diverse metabolic pathways. These include glycolysis, citrate
cyc | eoxidafon, pyruvate dehydrogenase commexisome degradation products of
amino acid$138].

The first and largest complex of thelectron transportchain (ETC) is NADH
dehydrog@nase(complex I) This complex transfers two electrons from NADH to the
cofactor flavin mononucleotide, which in turn transfers them to ubiquinone viaudtur
clusters. During this electron transfer, four protons are transported from the mitochondrial
matrix into the intermembrane spdd&9, 126] This complex is responsible for about
40% of the total MMP and is thus indispensable for MMP assefhb).

Complex 1l is called succinate dehydrogenase and is the smallest complex of the
respiratory chain. This complex enables electron transfer fromHzAo0 succinate,
which is thereby oxidized to fumarate. During this process, no protons are transported
into the intermembrane spads9, 128, 126]
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The third complex is cytochrome c reductase and further transfers the electrons of
complexes | and Il to cytochranc (complex Ill). Reoxidation of ubiquinone releases

two electrons, which originate from complex | and Il. The transport of ubiquinone to
cytochrome c occurs in two steps. First, one electron is transferred to cytochrome c, via
cytochrome c1, with the helof an ironsulfur cluster. Meanwhile, the other electron is
used to oxidize ubihydroquinone. Shieaction is also called thed@cle. In the Q cycle,
electrons are transferred through two ubihydroquinone oxidation centers. For each
electron transferredwo 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 reducecd@ with four electron$138].

At the same time, four protons of the matrix are pumped to the cytoplasmic side of the
inner mitochondrial membrar{@26, 141] This step can lead to the formationROS

[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 energyrich manner. ATP synthase consists of an FO and an F1 subunit. While the
FO subunit represents a proton channel and ensures the reflux of protons, therftl su
can use this energy flux by means of conformational changes to generat&28T P26,

141]).

14



A c rcytwlasm \

Outer
ATP membrane

Oforr

Intermembrane

I -6-phosph:
Glucose-6-phosphate space s m B -
Fructose-6-phosphate h
h - 00000000 essveel
ATP Inner ATP
@ membrane / synthase
ADP pecsessesse 0009

Fructose-1,6-phosphat itock
matrix

NADH NAD* Succinate Fumarate L
@ 2H P [ZH +1/20; + —»Hjo]xz

Dihydroxyacetone ~ Glyceraldehyde J

phosphate 3-phosphate (2) Electron Tranlsport chain
@ (ETC)
Pre— 2NAD" + 2P,
@ 2 NADH + 2H*
(1) Hexokinase
(3) Phosphoglicose 1,3-Bisphosphoglycerate (2) Acetyl CoA
= isomerase
( f % 2ADP
(3) Phosphofructokinase-1 @ B
(3) Aldolase 24TP Oxaloacetate ﬂ Citric acid
NADH,
@ Triosephosphate isomeras 3-Phusph0g\ycerate (2] /
(8) Slyceraldehyde 3- e
phosphate dehydrogenase v 7,
(7) Phosphoglycerate Malate Isocitric acid o
® ‘g{:z;eh oo 2-Phosphoglycerate (2) | “
® ik CO; (L
(9) Enclase NA
@ Pyruvate kinase @ " E‘ZHEO H Tc
Pyruvate HALd
N TUV:
(@) denydrogenase Phosphoenoclpyruvate (2) Fumarate Lu-moglulam- acid
) Lactate
D ® dehydrogenase 2A0P
2ATP co,
AceiCon |\ o s
Pyruvate (2) FAl

NAI
P @ Succinate Succinyl CoA
@

ATP

Figure4: This figure shows aerobic and @nabic 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 thdu@ng 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 endCreated with Biorender.com

1.5.5 ReactiveOxygen $ecies

Oxygen, which is esseatifor life, is also converted to a small extent irgactive oxygen
speciesROS), with superoxide anions, hydrogen peroxides and hydroxyl radicals being
the most common representatiy&43]. Mitochondria, in addition to providing energy,

in the form of ATP, aralso the largest cause in the generation of R@8). In addition

to mitochondria, there are a variety of other internal sources, sUdARBH oxidase,
cytochrome P450, endoplasmic reticulum, peroxisoraed lysosomes. Exogenous
sources include ultraviolet light, radiation, xenobiotiaad other environmental
factors[145].

In order to degrade or detoxify ROS, cells possess various defense mechanisms, which
include enzymes as well as nenzymatic antioxidants, sa@s glutathione, vitamins C

and E, polyphenolsand many more. The most important enzymes are superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GEM)) 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 humas and contribute to the development of vagidiseases, 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 tfietf]. Eleven
mitochondrial points have been identified where electrons are donated to oxygen,
producing superoxide and/or hydrogen peroxide during substrate oxif&i@n Thes

are mainly found at complexes | and[lIb1]. In complex I, the production of superoxides

is dependent on the reaction of oxygen with reduced FMN. The ratamloted to non
reduced FMN is determed by the ratio of NADH to NAD[152]. If the respiratory chain

is inhibited by damage, mutatiaor, abuild-up of NADH due to low ATP consumption,

the NADH/NAD' ratio increases and superoxid®guction occur§144]. Complex Il

also produces superoxides, but these are rapidly converted to hydrogen peroxide.
Inhibition of complex|Il appears to be the major cause of superoxide production. As soon
as the binding of ubiquinone tbd inner mitochondrial membrane; the transfer of
electrons in the @ycle, is inhibited, increased ROS production occurs within complex
1l [148].

Potential toxiceffects of ROS include DNA, RNA anprotein [153]. In addition to
proteins, the lipid membrane of cells is also attacked. This leads tcokdtion, in

which further radicals are generated, resulting in a chain reaction and oxidatictherf fur
lipids within the membrangl28]. 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 passimdison for this is the
absence of histones, as well as the relative proximity of the mtDNA to the mitochondrial
membrand154].

Despite all negative effects, ROS also haesitive physiological properties without
which cells could not bg55, 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 functidhat affect transcription,
phosphorylatiorand other important signaling events and/or alter metabolic fluxes and
reactions in the cell by changing enzymatic propefi&si 158]. In addition, ROS are
required for the proliferation of celld59, 157]as well as for the immune response.
Release of the proinflammatory cytokines ihteru k i n tumor amlecr osi s

interferonb i s required f JdI6O,16lle | mmune response
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One consequence of unbalanced production and degeneration of ROS is the above
mentioned AD, which is related to mitochondrial dysfunctighich can be promoted by

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

1.5.6 Link Between Mitochondrial Dysfunction and Alzheimer Disease

Since its formulation in 1992, the "amyloid cascade hypothesis" has dominated the field
of AD. This hypotheis is based on the following two assumptions: The formati@xtoa
neuronals e ni | e p |-Eeptides and theypresehce of a mutation of the precursor
protein APP. Due to the failure of all human clinical phase lll trials, this hypothesis has
increasingly fallen into the backgrouft62, 163] In 2004, a new hypothesis was put
forward to explain the occurrence of sporadic AD. Theated "mitochondrial cascade
hypothesis" describes that mitochondrial dysfunc{igi) is the primary trigger of a
cascade of evestthat ultimately leads to sporadic, laeset AD[164, 162] MD is an
earlyonset feature of AD in which almost all mitochondrial functionsadiected[165,

9,162]

This is reflected indecreased glucose metdibm 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 reducgd66, 167] The limited function of the ETC underlies the decline

of complexes | and IV. This leads to a decrease in membrane poterdiahTeP
production[168, 169] These defects in turn lead to an ince2@s oxidative stress,
resulting in mutations within the mtDNA, which is an early symptom of AID]. These
defects in the mtDNA lead to reduced transcription of the important mitochondrial
proteins and thus damage the function of the mitochondtidh, 172] This in turn
causes more ROS, which simultaneously promotes the tramstmgbtproeinflammatory

genes and the releaseaytokines, such as interleukin-6or TNFU. Thi s | eads t
loss of neurons and therefore more ROS, which, in combination with neuroinflammation,
promotes the H73pAswcaesult,ahere is & cagchde of inflammatory
responses, increased oxidative stress and mitochondrial dysfunction, resulting in cell
deah and AD[174, 175]

AD is characterised by an imbalance db production and degradation. The question
here is whether B triggers mitotiondrial dysfunction or whether mitochondrial
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dysfunction triggers A imbalance Inhibition of cytochrome oxidase promotes

amyl oidgenic fragment at itochrontefoxidAsPLP6i1a8h d t ha't
For the sporadic late forms, the available data suggest that amyloidgenesis follows
mitochondrial dysfunctiofil79]. InLOADMD i s mor e widespread tha
thus MD cannot be[180kpl ained by Ab al one
Swerdlow et alwrite that the mitochondrial cascade is only applicableQaD. 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

ti ggered by mitochondri al dysfunction. Furt
LOAD could represent a compensatory event occurring in response to primary

mi tochondri al pat hol ogy, wher eas AD produ
phenomenoifl79].
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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 nedegenerative 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 changégsical 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, hpsoven 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 imentions.

Based on this, a total of four publications have emerged dealing with these substances
and their effect on mitochondrial dysfunctighplevels, oxidative stress and glycolysis

in an early cell model a&D. In publication one, the effect of $y@eretin 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 oneffiedalpAD, 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 thertext of earlyAD and to put them in a context that was not

possible in the previous publications.
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Abstract: Mitochondrial dysfunction represents a hallmark of both brain aging and age-related neu-
rodegenerative disorders including Alzheimer disease (AD). AD-related mitochondrial dysfunction
is characterized by an impaired electron transport chain (ETC), subsequent decreased adenosine
triphoshpate (ATP) levels, and elevated generation of reactive oxygen species (ROS). The bicactive
citrus flavanone hesperetin (Hst) is known to modulate inflammatory response, to function as an
antioxidant, and to provide neuroprotective properties. The efficacy in improving mitochondrial
dysfunction of Hst nanocrystals (HstN) with increased bioavailability has not yet been investigated.
Human SH-SY5Y cells hatboring neuronal amyloid precursor protein (APPggs) acted as a model for
the initial phase of AD. MOCK-transfected cells served as controls. The energetic metabolite ATP
was determined using a luciferase-catalyzed bioluminescence assay. The activity of mitochondrial
respiration chain complexes was assessed by high-resolution respirometry using a Clarke electrode.
Expression levels of mitochondrial respiratory chain complex genes were determined using quan-
titative real-time polymerase chain reaction (QRT-PCR). The levels of amyloid p-protein (A By40)
were measured using homogeneous time-resolved fluorescence (HTRF). ROS levels, peroxidase
activity, and cytochrome c activity were determined using a fluorescence assay. Compared to pure
Hst dissolved in ethanol (HstP), SH-SY5Y-APPggs cells incubated with HstN resulted in significantly
reduced mitochondrial dysfunction: ATP levels and respiratory chain complex activity significantly
increased. Gene expression levels of RCC I, IV, and V were significantly upregulated. In comparison,
the effects of HstlN on SY5Y-MOCK control cells were relatively small Pure Hst dissolved in ethanol
(HstP) had almost no effect on both cell lines. Neither HstN nor HstP led to significant changes
in APy4o levels. HstN and HstP were both shown to lower peroxidase activity significantly. Fur-
thermore, HstN significantly reduced cytochrome c activity, whereas HstP had a significant effect
on reducing ROS in SH-SY5Y-APPgs cells. Thus, it seems that the mechanisms involved may not
be linked to altered AP production. Nanoflavonoids such as HstN have the potential to prevent
mitochondria against dysfunction. Compared to its pure form, HstN showed a greater effect in
combatting mitochondrial dysfunction. Further studies should evaluate whether HstN protects
against age-related mitochondrial dysfunction and thus may contribute to late-onset AD.

Keywords: Alzheimer disease; mitochondria; ROS; mitochondria dysfunction; nanoparticles;
hesperetin; amyloid beta; peroxidase activity
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This articke is an open access article
distributed under the trms and
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1. Introduction

To date, more than 50 million people have developed Alzheimer disease (AD), and
by the end of 2050, over 152 million will be affected [1]. AD is the most common form
of dementia and has its origin in various disorders of the brain [2]. Despite intensive

Antioxidants 2021,10, 1003 https:// doi.org/10.3390/ antiox1007 1003
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research, AD is not curable yet. It is only possible to treat symptoms, which can slow,
but not stop, progression of the disease. One possible trigger of AD is overexpression of
amyloid B-protein (AB). An imbalance in production and removal leads to accumulation
and aggregation in the brain, resulting in inflammatory reactions, reactive oxygen species
(ROS) production, and the loss of neurons, which lead to dementia [3]. However, clinical
data on the efficacy of drugs that target Ap are inconsistent with the A hypothesis, and
its general rejection is currently debated [4-6]. The multifactorial pathology of AD makes
it difficult to develop viable therapies, and research should focus on novel targets. One
promising target is mitochondrial dysfunction, which represents a final common pathway
of brain aging and dementia [7].

Reports suggest that mitochondrial dysfunction is an early event in the development
of AD [8,9]. Almost all mitochondrial functions are impaired in AD [7,10]. The first signs
of mitochondrial dysfunction are reduced glucose consumption [11] and reduced activity
of key enzymes in the oxidative metabolism [12,13]. The limited function of the electron
transport chain (ETC) is due to decreased activity in complexes I and IV. This results
in decreased membrane potential and ATP production [14,15]. These defects, in turn,
lead to increased oxidative stress, which has a further negative effect on mitochondrial
function [16].

One possible approach to prevent mitochondrial dysfunction is the use of poly phenols,
especially flavonoids [17]. One of the flavonoids, Hst, is the aglycon of hesperedin, a major
flavonoid in orange juice but also found in high amounts in the peel of oranges and other
citrus fruits in [18,19]. HstP, which was first extracted from hesperidin by hydrolysis in
1928 [20], is a bicactive molecule that can act in the body in many different ways. In mice,
HstP has a lipid-lowering effect by decreasing cholesterol and triacylglycerides, and it has
a positive effect on mouse hearts, improving blood pressure and protecting against fibro-
sis [21,22]. 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% [23,24]. Various
strategies are available to overcome poor solubility, and drug nanocrystals represent one of
the most powerful formulation strategies to enhance the kinetic solubility and dissolution
rate of poorly soluble drugs.

Hst is a natural flavonoid with high antioxidant activity, poor water solubility, and
lipophilic characteristics [25]. Even though liposomes are rather crude biomimetic models
of biological cell membranes, data have shown that liposome electrokinetic chromatogra-
phy (LEKC) can be used to predict the behavior of compounds in living systems [26]. For
hesperetin, studies have shown high experimentally determined distribution constants (log
KD) of about 2.25-3.65. They claim that hesperetin belongs to the category of antioxidants
that preferentially interact with hydrophobic phospholipid membrane [26]. It has been
shown in an in vitro model that Hst may cross the blood-brain barrier [27]. Hst was also
reported to act as a radical scavenger [28].

We recently reported high antioxidative capacity of Hst nanocrystals using a DPPH
assay [25]. Ina study using PC12 cells, HstP provided protection against HOz-induced
oxidative stress. Incubation with HstP reduced cell viability, protected against membrane
destruction, intercepted ROS formation, increased catalase activity, and protected against
Hz05-induced reduction in mitochondrial membrane potential [29]. Nanoparticles are
smaller than 1000 nm, but larger than 100 nm [30]. Nano-sized formulations are particu-
larly suitable for substances that are difficult to dissolve. Furthermore, the size of these
newly formed compounds can increase the bicavailability of otherwise poorly available
substances. A promising approach could be using nano-hesperetin (HstN) to improve the
low bicavailability. In a study employing rats injected intracerebroventricularly with strep-
tozotocin, HstN improved their memory and recognition. In addition, the antioxidative
enzyme activity and glutathione levels were increased in contrast to HstP [31]. At the same
time, the nano-form protects against premature degradation of the substance and thus
prolongs its stay in the bloodstream [32,33]. In this study, we examined the effects of Hst in
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both nano and pure form on mitochondrial function in SH-SY5Y-APPggg cells, an in vitro
model for the initial phase of AD [34,35].

2. Materials and Methods
2.1. Hesperetin Nanocrystals

Hst was purchased from Exquim S.A. (Spain). Alkyl polyglycosid (Plantacare 2000
UP®; PC) was used as a stabilizer. Production of hesperetin nanocrystals (HstN) was
achieved by small-scale milling modified after Romeoetal. [30]. For this, coarse suspension
was filled in a 2 mL glass vial with 3 stirring bars and yttria-stabilized zircon oxide milling
beads (diameter 1 mm; Retsch, Haan, Germany) witha suspension-to-bead ratio of 1:1 (v/ ).
All vials were stirred on a magnetic stirring plate (IKA RCT standard, Haan, Germany) at
1200 rpm in ice water for 8 h. After production and before treatment of cells, particle size
was strictly monitored. The average particle size was determined by photon correlation
spectroscopy using a ZetaSizer NanoZS (Malvern-Panalytical, Kassel, Germany), laser
diffraction using a Mastersizer 3000 (Malvern-Panalytical, Kassel, Germany), and light
microscopy using an Olympus BX53 light microscope (Olympus Cooperation, Tokyo,
Japan) equipped with an Olympus SC50 CMOS color camera (Olympus Soft Imaging
Solutions GmbH, Nord, Germany) according to [25]. Since polyphenols have the potential
to act as pan-assay interference compounds [36], we used PAINS-Remover at https:/ /www.
cbligand.org/PAINS/ (accessed on 25 May 2021) to check whether hesperetin would be
likely to interfere with screening technologies [37]. We found no evidence that Hst would
act as such a compound.

2.2. Cell Culture

Human neuroblastoma SH-SY5Y cells were cultured at 37 °C under an atmosphere
of 5% CO; in DMEM supplemented with 10% (v/v) heat-inactivated fetal calf serum,
60 pg/mL streptomycin, 60 units/mL penicillin, 0.3 mg/mL hygromycin, MEM non-
essential amino acids, and 1 mM sodium pyruvate 1%. SH-SY5Y cells were stably trans-
fected with DNA constructs harboring human wild-type APP695 (APP) or its empty
expression vector pCEP4 (Invitrogen, Europe) alone as control (MOCK); for details; please
refer to [35]. Cells were passaged every 3 days and were used for experiments when they
reached 70-80% confluence.

2.3. Cell Treatment

Cells were incubated with concentrations of 0.01 to 10 uM HstN or HstP for24 h
after they reached confluence of 80%. Ethanol (1%) was used as a control for HstP and
PlantaCare (PC) for HstN.

2.4. Homogeneous Membrane Integrity Measurement

A homogeneous membrane integrity assay was used to measure the number of nonvi-
able cells after incubation with HstN 10 uM or HstP 10 uM. PC and EtOH served as controls.
The measurement was performed using CytoTox-ONE™ Homogeneous Membrane In-
tegrity Assay (Promega, Madison, W1, USA) according to the manufacturer’s instructions.

2.5. ATP Measurement

A bioluminescence assay was used to measure ATP levels, which is based on the
production of light from ATP and luciferin in the presence of luciferase. The measurement
was performed using a ViaLightTM Plus Kit (Lonza, Basel, Switzerland) according to a
previously published protocol [38]. Cells incubated with DMEM served as a control.

2.6. Cellular Respiration

Respiration in SH-SY5Y cells was assessed with an Oxygraph-2k (Oroboros, Inns-
bruck, Austria) and DatLab 7.0.0.2. The cells were treated according to a complex protocol
developed by Dr. Erich Gnaiger [39]. Cells were incubated with different substrates, in-
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hibitors, and uncouplers. First, cells were washed with PBS (containing potassium chloride
26.6 mM, potassium phosphate monobasic 14.705 mM, sodium chloride 1379.31 mM, and
sodium phosphate dibasic 80.59 mM) and scraped into mitochondrial respiration medium
(MiROS5) developed by Oroboros [39]. Afterwards, they were centrifuged, resuspended
in MiROS5, and diluted to 106 cells/mL. A fter 2 mL of cell suspension was added to each
chamber and endogenous respiration was stabilized, the cells were treated with digitonin
(10 pg/10 cells) to permeabilize the membrane, leaving the outer and inner mitochondrial
membrane intact. OXPHOS was measured by adding complex I and II the substrates
malate (2 mM), glutamate (10 mM), and ADP (2 mM), followed by succinate (10 mM).
Stepwise addition of carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone showed
the maximum capacity of the electron transfer system. To measure complex II activity,
rotenone (0.1 mM), a complex I inhibitor, was injected. After that, oligomycin (2 ug/mL)
was added to measure the leak respiration. Inhibition of complex III by the addition of
antimycin A (2.5 uM) determined residual oxygen consumption, which was subtracted
from all respiratory states. The activity of complex IV was measured by adding N,N,N',N'-
tetrame thy}-p-phenylenediamine (0.5 mM) and ascorbate (2 mM). To measure the sodium
autoxidation rate, azide (>100 mM) was added. A fterwards, complex IV respiration was
corrected for autoxidation. PC was used as control for HstN and ethanol for HstP.

2.7. Citrate Synthase Activity

A subsample of cell suspension from the respiratory measurement was immediately
frozen in liquid nitrogen and stored at—80 °C. It was then measured according to a protocol
described in a previous study [38]. PCwas used as control for HstN and ethanol for HstP.

2.8. Real-Time gRT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s guidelines. RNA was quantified using a Nanodrop™ 2000c
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). To remove residual genomic
DNA, samples were treated with a TURBO DNA-free ™ kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA was
synthesized from 1 pg total RNA using an iScript cDNA Synthesis Kit (Bio-Rad, Munich,
Germany). qRT-PCR was conducted using a C£X 96 Connect™ system (Bio-Rad, Munich,
Germany). Primers were provided from Biomol (Hamburg, Germany). All primers are
listed in Table 1. The cDNA aliquots were diluted 1:10 with RNase-free water (Qiagen,
Hilden, Germany), and all samples were analyzed in triplicate. PCR cycling conditions
were as follows: initial denaturation for 3 min at 95 °C, followed by 45 cycles at 95 °C for
10s, 58 °C for 30 s (or 56 °C for 45 s, depending on the primer), and 72 °C for 29 s. Expres-
sion was analyzed with —(2AACq) using Bio-Rad CfX manager software. Normalization
factor was calculated based on the geometric mean of the levels of multiple control genes
of f-actin (ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and phosphoglycerate
kinase 1 (PGK1) according to the MIQE guidelines [40]. No-template control served as an
assay control to exclude impurities.

2.9. Western Blotting

Samples (10 ug protein) were mixed with 20 mM Tris(hy droxymethyl)Jaminomethane
buffer (pH 7.4), Laemmli Sample Buffer 2x (Bio-Rad, Hercules, CA, USA), and pB-
mercaptoethanol. After denaturation for 5 min at 95 °C, the samples were loaded on
a Mini-PROTEAN TGX Gel 12% (Bio-Rad, Hercules, CA, USA) and separated by elec-
trophoresis (35 min at 200 V). Gels were transferred onto a polyvinylidene fluoride (PVDF)
membrane (90 min at 30 V). After incubation with blocking solution for 30 min, the mem-
brane was washed 3 times with Tris-buffered saline containing Tween®20 (TBST) and
incubated with primary antibodies overnight at 4 °C with constant shaking, After washing
with TBST 3 times, the membrane was incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (Calbiochem via Merck Millipore, Darmstadt, Germany)
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for 10 min at 20 °C with constant shaking. After incubation, the membrane was again
washed 3 times with TBST. Visualization was carried out with Luminata™ Western HRP
Substrate (Merck Millipore, Darmstadt, Germany). GAPDH served as loading control.
Band analysis was performed using a ChemiDoc XRS system (Bio-Rad, Munich, Germany).
Detection of respiratory system complexes was carried out by MitoProfile® Total OXPHOS
Rodent WB Antibody Cocktail (ab110413; Abcam, Cambridge, UK). Anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody (MAB374; Merck Millipore, Darmstadt,

Germany) was used to verify equal protein loading.

Table 1. Oligonucleotide primer sequences, product sizes, and primer concentrations for quantitative real-time PCR.

Primer
JS-Actin (ACTB)
NM_001101.2

ATP-synthase
ddta-subunit
(ATP5D)
NM_001687

COX subunit 5A
(COX5A)
NM_004255.3

Citrate synthase
(CS)
NM_004077

NADH-déhydrogenase
flavoprotein 1
(n
NM_007103.3

Glyceraldehyde-3-
phosphate dehydrogenase

(GAPDH)
NM_002046.2

Phosphogiycerate kinase 1
(PGK1)
NM_000291.2

Sequence Manufacturer Product Size Concentration (nM)
5'-ggacttcgagcaagagatgg-3' Biomol, Hamburg, 234 200
S5-agcactgtgttggegtacag-3' Germany
§-ggaagcetectecteagettt-3' Biomol, Hamburg, 198 200
§-caggcttocgggtctttaat-3' Germany
5'-gcatgeagacggttaaatga-3' Biomol, Hamburg, 152 200
5-agttcctecggagtggagat-3' Germany
5'-ccatccacagtgaccatgag-3' Biomol, Hamburg, 186 400
S-ctttgccaacttocttetge-3' Germany
§-cgccacctagegtetcetate-3' Biomol, Hamburg, N3 200
5'-tgaaaatceggtcttcatee-3' Germany
5'-gagtcaacggatttggtegt-3/ Biomol, Hamburg, 238 200
5'-ttgattttggagggatcteg-3' Germany
5'-ctgtgggggtatttgaatgg-3’ Biomeol, Hamburg, 108 200
5-cttecaggagetccaaa-3/ Germany

2.10. AP1-40 Measurement

After 24 h incubation, the medium in the cell culture flasks was collected and the
cells were rinsed with cold PBS. The suspension was then centrifuged at 220 g for 5 min.
Then, the supernatant was discarded and the cell pellet was resuspended in 1.5 mL PBS
and protease inhibitor cocktail (Merck, Darmstadt, Germany). The suspension was then
centrifuged at 112x ¢ for 5 min and the supernatant was removed. The cell pellet was
collected and 600 uL of cell extraction buffer (Thermo Fisher Scientificc Waltham, MA,
USA) was added and incubated for 30 min. After that, the suspension was centrifuged
at 13,000 g for 10 min. The supernatant was transferred to a new tube and stored at
—80 °C. The supernatant was thawed on ice and pipetted onto a 384-well plate (Greiner
Bio-One, Kremsmuenster, Austria). To measure the amyloid B-protein concentration, an
HTRF-Amyloid-Beta 1-40 Kit (Cisbio, Codolet, France) was used, with samples treated
according to the manufacturer’s instructions. The optical density was then measured at
665 and 622 nm emission wavelengths. A levels were normalized against protein content.
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2.11. Protein Quantification
Protein content was determined using a Pierce™ Protein Assay Kit (Thermo Fisher

Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Bovine serum
albumin was used as a standard.

2.12. Peroxidase Adtivity

Peroxidase activation was measured using an AmplexTM Red Peroxidase Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Cells
were seeded in 96-well plates and incubated for 24 h.

2.13. Peroxidase Activity of SH-SY5Y-MOCK Cells in Presence of A

APB2sas powder was dissolved and sonicated for 10 min in 5 M Tris-HCl buffer
(pH 7.4) at 4 °C and aggregated at 37 °C for 16 h. Then SH-SY5Y-MOCK cells were
incubated for 24 hwith 10 uM and 1 uM AB. Peroxidase activation was measured using
the AmplexTM Red Peroxidase Kit (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. Tris-HCI served as control.

2.14. Peroxidase Adtivity of Cytochrome ¢

To determine the peroxidase activity of cytochrome c, we used 2 uM cytochrome
c from horse heart (Sigma-Aldrich, St. Louis, MO, USA) dissolved in Na;HPOy buffer
(100 mM, pH 7) combined with 25 mM guaiacol (Sigma-Aldrich, St. Louis, MO, USA).
Then, 10 uM of HstN or HstP was applied, and the reaction was started by adding 10 mM
Hz0; (Merck, Billerica, MA, USA). The reaction temperature was set to 25 °C. The resulting
orange colored product was measured at 470 nm.

2.15. ROS Measurement

Cellular ROS production was determined using a DCFDA/H2DCFDA Cellular ROS
Assay Kit (ab113851; Abcam, Cambridge, UK). Cells were incubated for 24 h with our
substances, then the manufacturer’s instructions were followed.

2.16. Statistics

Statistical analyses were performed by applying one-way ANOVA with Tukey s mul-
tiple comparison post hoc test and Student’s unpaired t-test (GraphPad Prism 9 software,
San Diego, CA, USA). Statistical significance was defined for p values as follows: ns, not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results
3.1. Mitochondrial Dysfunction in SH-SY5Y-APPgs Cells

SH-SY5Y-APPggs cells are an established model for the initial phase of AD [34,35].
Here, we confirm that SH-SY5Y- APPggs cells are deficient with regard to ATP levels and
respiration but show an increase in Ap levels compared to SH-SY5Y-MOCK cells. A
significant reduction in respiration was measured across all complexes in SH-SY5Y-APPgos
cells (Figure 1A). The significant lower respiration led to reduced ATP production in
SH-SY5Y-APPggs cells compared with SH-SY5Y-MOCK cells (Figure 1B). In comparison,
SH-SY5Y-APPggs cells produced significantly higher AR levels than SH-SY5Y-MOCK cells
(Figure 1C). Figure 1D shows that the ROS levels in SH-SY5Y-APPggs cells were significantly
higher than in SH-SY5¥Y-MOCK cells. There was no significant difference in peroxidase
activity between the two models, as shown in Figure 1E. Figure 1F shows LDH release
from SH-SY5Y-APPggs cells compared to SH-SYSY-MOCK cells. There were no significant
differences in the membrane integrity between the two cell lines.
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Figure 1. Respiration, ATF, AB).4 level, ROS level, and peraxidase activity of SH-SY5Y-APPggs cells compared to SH-SY5Y-
MOCK cells. (A) Respiration of SH-SY5¥-MOCK and -APP cells adjusted to cell count. Respective mean values + SD
are shown. *p < 0.05, ** < 0.01, ** < 0.001, and *** p < 0.0001. Significance was determined by Student’s unpaired
t-test, N = 12. (B) SH-SY5Y-APPggs cells exhibit reduced ATP levels compared to SH-SY5¥-MOCK control cells. ATP levels
were determined after 24 h seeding by bioluminescence assay. Respective mean values + SD are shown. Significance was
determined by Student’s unpaired t-test (***p < 0.0001), N = 8. (C) Concentration of Ap;.4p levels in SH-SY5Y-APPsgs
cells compared to SH-SYSY-MOCK cells. * p < 0.01. Significance was determined by Student’s unpaired t-test. N = 6.
(D) ROS kevels in RUF/ 204 cells in SH-SY5Y-APP g5 cells compated to SH-SYSY-MOCK cells. Respective mean values + SD
are shown. Significance was determined by Student’s unpaired t-test (*** p < 0.001), N = 8. (E) Peroxidase activity in
SH-SY5Y-MOCK cells compared to-APPggg cells. Respective mean values + SD are shown. Significance was determined by
Student’s unpaired t-test, N = 8. (F) Membrane integrity by LDH release level in RUF/20* cells in SH-SY5Y-APPggs cells
compared to SH-SY5Y-MOCK cells. Respective mean values + SD are shown, N= 4.
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3.2 Effect of HstN and HstP on Membrane Integrity

To examine the influence of HstN and HstP on cell viability, a membrane integrity
assay was performed. Both substances, HstN (Figure 2A) and HstP (Figure 2B), had
lowering effects but no significant effect on LDH release in SH-SY5Y-APPggs cells compared
to the control

Membrane integrity B
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Figure 2. Effect of HstN and HstP on membrane integrity of SH-SY5Y-APPgs cells. (A) Effect
on membrane integrity after incubation with HstN. PC served as control. (B) Effect on membrane
integrity after incubation with HstP. EtOH served as control. Respective mean values + SD are shown,
N =4. Significance was determined by unpaired Student’s t-test. HstN, hesperetin nanocrystal; HstP,
hesperetin in pure form; PC, PlantaCare; EtOH, ethanol

3.3. Effect of Hesperetin and Its Nanocrystals on Mitochondrial Functions

To investigate the effect of Hst, we incubated SH-SY5Y-APPgg and -MOCK cells
with HstN and HstP. First, we measured the effects of HstN and HstP (10 pM) on O,
consumption in the two types of cells after incubation for 24 h. Then, citrate synthase
activity was measured as an established mitochondrial mass marker [41], and we evaluated
the impact of different concentrations of HstN and HstP on ATP levels in SH-SY5Y-APPgqg
and -MOCK control cells.

Incubation of HstN had a significant increasing effect on complex I (p = 0.0155) of
the O, flux in SH-SY5Y-MOCK cells adjusted to the cell count (Figure 2A). HstN had
a significant effect of increasing the activity of all complexes of the respiratory chain
(Figure 3B). The activity of complex I (p = 0.053), OXPHOS (complex I + II; p = 0.0241),
and complex IV (p = 0.0468) as well as ETC (p = 0.0162) and leak II respiration (p = 0.0168)
were significantly enhanced. Complex II showed the greatest changes compared to the
control (p < 0.0001) when O, flux was adjusted to the citrate synthase activity (CS). To
establish whether the increased activity was a result of an enhanced mitochondrial mass or
higher activity of the complexes, CS was measured. CS represents an established marker
for mitochondrial mass [42]. We found no significant effects between the incubation of
HstN and control in both cell lines, as shown in Figure 3C,D.
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Figure 3. Respiration, citrate synthase activity, and ATP level of SH-SY5Y cells after incubation with hesperitin nanocrystals
(HstN). Cells were incubated for 24 h with 10 pM HstN or PlantaCare as control, N = 12. Respective mean values = SD are
shown. * p< 0.05, ** p < 0.01, *** p < 0.001 and *** p < 0.0001. Significance was determined by Student’s unpaired t-test.
Respiration of (A) SH-SY5Y¥-MOCK and (B) SH-SY5Y-APPggs cells adjusted to international units (IU) of citrate synthase
activity. Citrate synthase activity of (C) SH-SY5¥-MOCK cells and (D) SH-SY5Y-APPggs cells. Values are given as IU of
citrate synthase activity. ATP level of (E) SH-SY5Y-MOCK cells and (F) SH-SY5Y-APPgys cells after 24 h incubation with
0.01-10 uM HstN. Cells treated with cell culture medium served as control (100%).
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To test the effect of HstN on ATP levels, SH-SY5Y-MOCK and -A PPy cells were incu-
bated with different concentrations for 24 h (Figure 3E,F). The 10 uM HstN concentration
had the greatest influence (p < 0.0001). SH-SY5Y-MOCK cells showed increased levels of
ATP after incubation with HstN compared to the control. On average, the ATP levels of cells
incubated with HstN were 15% higher than those of the control group. SH-SY5Y-APPgqg
cells showed increased ATP levels after incubation with 0.01 to 10 uM HstN. The 10 uM
concentration had the greatest impact (p = 0.008). On average, the ATP levels were 6%
higher compared to controls.

In the next step, we examined the effect of HstP on the complex activity of the
respiratory chain (Table 2). It tumed out that HstP had no significant effect on SH-SY5Y-
MOCK and -APPggs cells. To investigate whether HstP had an effect on the mitochondrial
mass, we measured the citrate synthase activity. There were no significant differences
between HstP and the solvent group with regard to the citrate synthase activity in both
SH-SY5Y cell lines.

Table 2. Respiration, citrate synthase activity, and ATP levels of SH-SY5Y cells after incubation with HstP and HstN. For
tespiration, cells are incubated for 24 h with 10 uM HstP and HstN or EtOH and PC as control, N = 10 for HstP and N= 12
for HstN. Respective mean values are shown. * p< 0.05, **p < 0.01, ** p < 0.001 and **** p < 0.0001 compared to control
Significance was determined with Student’s unpaired t-test. Respiration of SH-SY5Y-MOCK and -APPggs cells was adjusted
to international units (IU) of citrate synthase activity. ATP levels are given in % of control and were measured after 24 h
of incubation with 0.01-10 uM HstP. Cells treated with DMEM served as a control. HstP, hesperetin in pure form; HstN,

hesperetin nanocrystals.
SH-SYSY-MOCK SH-SY5Y-APPess SH-SY5Y-MOCK SH-SYSY-APPess
Experiment HstP HstP HstN HstiN
10 uM Control 10 uM Control 10 uM Control 10 uM Control
ogenous  318+45  311x77  301+&7 32+l 1026 157 +40 Bl+62 a5
Permeabilized 18+ 11 2320 2+14 w12  d+15° UE13 65+ 30 69 + 30
Leakl(G+M)  102+32 116222 155425 174+32  151+27  153£51 179 + 48 159 % 51
Oxcygraph Complex [ 686+96 63140 546+140 S £15  d52+45° 389153 454273 370 £ 74
consuniption 0K 11855163 1091£358 759+286 865346 69 +57  619+94 710+ 140 S8R E 149
ALty ETC 105210 1275+449 S74+274 1064240 B54=148 7R/ 181  7S3ilMc &2+l
ComplexIl  $S8:ilz BRElB Wm0 7LD SO0 MEEW sprildee Bl
Leak ) 910+171 850207 G822 608261 477 +101  410+93 3£ 110 219+ 78
G Complex 15105190 1446+ 232 411+248 415£223 898+258 824+173 761+ 172  619£18
irate
z,,",’;'; 00178 00138787 001699 00191789 00231920 00223699 0.018%5 0.0178201
G 002 +0.004 +0001 +0.002 +0.006 +0.004 +0.003 +0.003
cdls)
0.01 pM 105+ 11 1043 Md £ 5% 100£5
AT";"*’“" 01 uM 108£6 108£3 114 £7% 106£3%
7 1 uM 109£7% 1092+ 113 6% 107 £ 6%
contrd 10 uM 100+ 10 1076 118 £ 3 % REFL

To investigate the effects of HstP on the ATP level, SH-SY5Y-MOCK cells were incu-
bated for 24 h with different concentrations of HstP (Table 2). Significant elevating effects
were observed with an HstP concentration of 1 uM, with ATP levels on average 9% higher
than in the control )

3.4. qRT-PCR and Western Blot Analysis

The results of the relative mRNA expression are shown in Table 3. HstN had no
effect on the relative mRNA expression of citrate synthase (CS), COX subunit 5A (COX5A),
NADH-dehydrogenase flavoprotein 1 (CI), or ATP-synthase delta-subunit (ATP5D) in SH-SY5Y-
MOCK cells. On the other hand, HstN had a significant boost effect on the expression of
genes in SH-SY5Y-APPgs cells. Expression of the complex I gene showed significantly
increased values between HstN and PC (p = 0.0012). There were also significant elevated
mRNA values of COX5A (p = 0.0275) and ATP5D (p = 0.0229). HstN-related increased
gene expression did not result in enhanced protein levels of subunit NDUF 88 (complex I),
COX-II (complex IV), or ATP5D (complex V) (Figure 4).
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Table 3. Effect of HstN at relative normalized mRNA expression levels in SH-SH-SY5Y-MOCK
and -APPgs cells after incubation with HstN for 24 h, determined using quantitative real-time
PCR compared to SH-SY5Y cells incubated with PlantaCare (PC). mRNA expression of control
cells incubated with PC is set as 100%. Respective mean values % SD are shown. Significance was
determined with unpaired Student’s t-test (* p < 0.05, ** p < 0.01). Calculation of normalization factor
based on geometric mean of multiple control genes levels of f-actin (ACTB), giyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and phosphoglycerate kinase 1 (PGK1). HstN, hesperetin nanocrystals.

Complex SH-SY5Y-MOCK Cells SH-SY5Y-APPggs Cells
Ccs 108.0 + 12.44 121.1 £ 4581
a 66.38 £ 20.32 207.0£27.35%
COX5A 86.27 + 12.89 1956 £39.51*
ATP5D 89.54 £139 1845 +£33.59*
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Figure 4. Western blot analysis of mitochondrial respiratory chain complexes of five experiments.
Protein levels of (A) complex I subunit NDUF88, (B) complex IV subunit COXII, and (C) complex V
subunit ATPSD in % of control after incubation with 10 pM HstN or PC (control) in SH-SY5Y-APPses
cells. (D) Lower part: representative Western blots of one experiment. GAPDH served as loading
control Respective mean values + SD are shown. Significance was determined by Student’s unpaired
t-test. HstN, hesperetin nanocrystal
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3.4. Production of ABy 40
To investigate whether HstN or HstP had an effect on A 1.4y levels, SH-SY5Y-APPggs

cells were incubated for 24 h with the Hst preparations or solvent control PC or EtOH.

The results in Figure 5 show that HstN and HstP had no significant effect on A4 levels
compared to their respective solvent control in SH-SY5Y-APPges cells. However, is obvious
that incubation with HstN increased the expression of A By 4o numerically by about 50%
(Figure 5A).
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Figure 5. Effect of HstN and HstP on Ap1-40 levels in SH-SY5Y-APPgos cells. Concentration of APy.40
in SH-SY5Y-APPgos cells: (A) incubated for 24 h with HstN, with PC as control, and (B) incubated for
24 h with HstP, with ethanol as control. Values are adjusted to protein concentrations. Respective
mean values & SD are shown, N = 6. Significance was determined with unpaired Student’s t-test.
ns, not significant; HstN, hesperetin nanocrystal; HstP, hesperetin in pure form; PC, PlantaCare;
EtOH, ethanol.

3.5. Peroxidase Activity

In order to investigate the effects of HstN and HstP on peroxidase activity, SH-SY5Y-
APPygg cells were incubated for 24 h with the appropriate substances. HstN (Figure 6A)
had a significant lowering effect on peroxidase activity compared to the control (p < 0.0001).
HstP (Figure 6B) had an even stronger lowering influence on peroxidase activity compared
to the control (p < 0.0001).

3.6. Peroxidase Activity of SH-SY5Y-MOCK Cells Incubated with Ap

To determine whether peroxidase activity is a result of A, we incubated SH-SY5Y-
MOCK cells with different concentrations of aggregated A ps (Figure 7). The 10 uM Ap
concentration had a significant (p = 0.012) lowering effect on the peroxidase activity in
comparison to the control. The 1 uM concentration had no significant effect on peroxidase
activity in SH-SY5Y-MOCK cells.
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Figure 6. Effect of HstN and HstP on peroxidase activity in SH-SY5Y-APPggs cells. Peroxidase activity
in SH-SY5Y-APPggs cells: (A) incubated for 24 h with HstN, with PC as control, and (B) incubated for
24 h with HstF, withethanol as control. Respective mean values + SD are shown, N = 10. Significance
was determined by unpaired Student's t-test. **** p< 0.0001. HstN, hesperetin nanocrystal; HstP,
hesperetin in pure form; PC, PlantaCare; EtOH, ethanol
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Figure 7. Effect of AP on peroxidase activity in SH-SY5Y-MOCK cells incubated with different
concentrations of AP for 24 h. Respective mean values =+ SD are shown, N = 7. Significance was
determined by one-way ANOVA. *p < 0.05. AB, amyloid beta.

3.7. Peroxidase Activity of Cytochrome ¢

To test whether the lower peroxidase activity was a result of reduced activity of
cytochrome ¢, which can act in a similar way to a peroxidase, we measured the activity of
cytochrome c in the presence of HstN (Figure 8A) and HstP (Figure 8B). The results show
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that HstN significantly decreased the activity of cytochrome c as a peroxidase compared to
the control (p = 0.0225). HstP had a lowering effect but not a significant one.
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Figure 8. Effects of HstN and HstP on peroxidase activity of cytochrome c: (A) incubated with HstN,
with PC as control (N = 6), and (B) incubated with HstP, with ethanol as control (N = 5). Respective
mean values £ SD are shown. Significance was determined with unpaired Student’s t-test. * p < 0.05.
HstN, hesperetin nanocrystal; Hstl, hesperetin in pure form; PC, PlantaCare; EtOH, ethanol.

3.8. ROS Measurement

In the next step, we examined the effects of HstN and HstP on general ROS expression
in SH-SY5Y-APPgos cells. We found a small lowering effect of ROS after incubation with
HstN (Figure 9A). In contrast, HstP (Figure 9B) had a significant decreasing effect on ROS
production compared to the control (p = 0.045).
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Figure 9. Effect of HstN and HstP on expression of ROS production in SH-SY5Y-APPges cells:
(A) incubated for 24 h with HstN, with PC as control, and (B) incubated for 24 h with HstP, with
ethanol as control. Respective mean values + SD are shown, N = 10. Significance was determined
with unpaired Student’s t-test. * p < 0.05. HstN, hesperetin nanocrystal; HstP, hesperetin in pure
form; PC, PlantaCare; EtOH, ethanol.
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4. Discussion

In the present work, we examined the effects of HstN and HstP in a cellular model of
early Alzheimer’s disease, focusing on mitochondrial function in SH-SY5Y cells. Mitochon-
drial dysfunction is an early indicator of AD [10].

Effect of Hesperetin on Mitochondrial Function in SH-SY5Y-MOCK and -APPggs Cells

Mitochondria are the powerhouses of cells and responsible for energy production
in the form of ATP. To investigate the effects on mitochondrial function, we incubated
SH-SY5Y-MOCK cells with HstN and measured the ATP levels (Figure 3E). All concentra-
tions of HstN significantly enhanced ATP levels. The 10 uM concentration had the greatest
effect. Biesemann et al., who incubated human muscle cells with HstP, reported similar
results. They pointed out that 10 uM HstP had the highest effect on increasing cellular ATP
levels [43]. Mitochondria are not only the main producers but also targets of ROS [44,45].
Mitochondrial ROS production has a negative effect on ATP levels [45]. A possible expla-
nation for the effect of HstP is that this flavonoid [46] has scavenging effects and protects
the cells against ROS-induced damage. Previous work showed that HstP functions as an
antioxidant and protects cells against oxidative stress [29,47]. This effect could lead to
increased production of ATP compared to untreated controls. Dissolving compounds in sol-
vents is commonly performed when testing them in cell cultures; however, harmful effects
such as precipitation, induced oxidative stress and complications must also be considered
when applying them in vivo. To circumvent this, we developed a nano-formulation of Hst
and compared the effects with its pure form (dissolved). SH-SY5Y-MOCK and -APPggs
cells were incubated with different concentrations of HstP. Regarding ATP levels, only the
1 uM concentration of HstP had a significant enhancing effect in both cell types (Table 2).
A possible explanation could be the particle size of the nanocrystals. In a previous study,
we determined that Hst with smaller particles had a greater effect on elevating ATP levels
in SH-SY5Y-APPyy cells compared to larger ones [25]. Similar, most studies have shown
that the particle size has an impact on cell functions [48-50]. Thus, HstP may have had a
lower effect on ATP levels due to its particle size.

To investigate whether HstN or HstP would influence cell membrane integrity, we
incubated SH-SY5Y-APPgg cells with both substances (Figure 2). LDH release is a good
marker for cell viability [51], and here, HstN and HstP seemed to improve cell viability
and lower LDH release in the surrounding medium but not significantly.

To test the impact of Hst on O; flux, we incubated SH-SYSY-MOCK and -APPggs cells
with HstN and HstP. Incubation of both types of cells with HstP did not significantly alter
O; consumption (Table 2). Moreover, it did not affect citrate synthase activity, whichis a
good biomarker for mitochondrial mass [42].

When SH-SY5Y-MOCK cells were incubated with HstN and adjusted to citrate syn-
thase activity, complex I showed significant improvement O, consumption compared to
the control (Figure 3A). As complex I activity plays an integral part in creating the proton
gradient necessary for energy production, a significant increase in its activity is reflected
in increased ATP levels (Figure 3E). The increased complex activity cannot be explained
by increased mitochondrial mass, as citrate synthase activity was unchanged (Figure 3C).
In SH-SY5Y-APPggs cells incubated with HstN, all complexes showed increased activity
compared to controls (Figure 3B). To study whether the increased complex activity was a
result of increased mitochondrial mass, we measured the citrate synthase activity, which
again showed no difference between the two groups (Figure 3D). The AR deposition result-
ing from AD could have a negative effect on the electron transport chain, most notably on
complex I'and IV [52,53]. This leads to lower activity of the respiratory chain and reduced
energy metabolism [54]. Damaged or inhibited respiratory chain complexes produce more
ROS, leading to increased axidative stress [55]. These effects seem to be mitigated by HstN,
so the incubated groups had higher complex activity. Kheradmand et al. and Moghaddam
etal. showed that HstP and HstN upregulate antioxidative mechanisms; for example,
catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GRx), and glutathione
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(GSH) levels were upregulated in a rat model of AD [31,56]. Thus, HstN has a greater effect
compared to HstP. Due to the activation of those mechanisms, the antioxidative effect of
Hst may not only be a result of scavenging ROS but also be mediated by the activation of
antioxidative systems, which, in turn, would lead to enhanced complex activity compared
to control cells.

Furthermore, we studied the effects of HstN on the expression of genes encoding
the production of key protein complexes of the respiratory chain. The expressions of CS,
COXB5A, CI, and ATP5D were determined after incubation of SH-SY5Y-MOCK and -APPggs
cells with HstN (Table 3). HstN had no significant effect on the mRNA levels in SH-SY5Y-
MOCK cells. Incubation of SH-SY5Y-APPggs cells with Hst significantly increased the
expression of CI. HstN also significantly upregulated the gene expression of COX5A and
ATP5D. Mastroeni et al. reported that the gene expressions of complexes [, IV, and V were
reduced in patients with AD [57]. Biesemann et al. observed that 10 uM of HstP increased
the expressions of complexes I, III, and IV in human muscle cells [43]. Similarly, in our
study, HstN increased the mRNA levels of all three investigated complexes, suggesting
increased production of the complexes. However, despite elevated mRNA levels, no
increased complex protein levels were found (Figure 4). It has been shown that elevated
gene expression is not necessarily associated with increased protein production [58]. Thus,
the increased complex activity and the resulting elevated ATP levels in SH-SY5Y-APPgos
cells after HstN incubation might not be explained by higher amounts of protein.

Next, we examined the effects of Hst on the production of A in SH-SY5Y-APPggs
cells (Figure 5). Hst in its pure and nano forms had no significant impact on Af1-40 levels.
Thus, the advantageous effects of HstN on mitochondrial function might be independent
of the AP pathway. Similarly, we recently reported that olesoxime, a modulator of the
mitochondrial permeability transition pore, improved mitochondrial dysfunction and
increased A levels in Thyl-ABPPsy. mice and HEKze3 cells [59]. As Hst also interacts
with membranes [60,61], future studies should explore whether this interaction affects APP
processing at the plasma membrane [62].

Then, we investigated the effects of HstN and HstP on peroxidase activity. Both
substances had a lowering effect on peroxidase activity (Figure 6). We hypothesize that
the lower peroxidase activity is a result of reduced peroxidase activity of cytochrome
c. Cytochrome c can act in a similar way to a peroxidase, which will then catalyst the
oxidation of cardiolipin. This promotes an early stage of apoptosis and the release of
cytochrome ¢, which will accelerate cell death [63-65]. HstN had a significant reducing
effect on cytochrome c activity (Figure 8A). HstP seemed to reduce the activity, but this was
not significant (Figure 8B). Potentially higher peroxidase activity may be a result of complex
formation from A with heme, which can act in a similar way to a peroxidase [66-68]. To
investigate this, we incubated SH-SY5Y-MOCK cells with low levels of AP with different
concentrations of aggregated AP (Figure 7). Contrary to our original assumption, Ap
actually decreased peroxidase activity instead of increasing it. A possible explanation
could be the aggregation condition of the A peptides. Yuan et al. found that non-
aggregated AP had higher peroxidase activity compared with aggregated [67]. A second
possible explanation could be the A § peptide used. Here, we used A B2sas, which is more
neurotoxic than Af.4 or ABy14 [69] but maybe does not bind as well as those other
peptides to heme to increase peroxidase activity [67].

In the last step, we measured the ROS level in SH-SY5Y-APP695 cells (Figure 9) to
confirm our hypothesis that Hst had a protective effect against ROS, which would explain
the increased ATP levels and complex activity. We found that HstP had a significantly
greater effect on reducing ROS compared to HstN. This contradicts our theory that the
increased ATP levels and complex activity were due to increased protection by ROS. Thus,
the effects shown are not solely due to the protective effect against ROS in HstN.

We conclude that HstN has a larger influence on mitochondrial functions, especially
in the SH-SY5Y-APPges AD cell model. Similarly, Kheradmand et al. showed greater effects
for HstN in a Wistar AD rat model [31].
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At this point, it should be noted that the cell model used, which was described as a
model of early Alzheimer’s disease, is essentially an AR overexpression model that does
not, of course, reflect the complex pathophysiological processes of neurodegeneration.
Nevertheless, our data may help to understand the molecular basis of the effects of Hst on
the disease process.

5. Conclusions

In this study, we investigated the effects of Hst in its pure and nanocrystal forms
on mitochondrial functions in SH-SY5Y-APPggs cells. Hst nanocrystals had a superior
beneficial impact on mitochondrial dysfunction compared to the pure form in a cellular
model of early AD. The beneficial results in mitochondrial function may be linked to effects
on gene expression but not on the expression of complex protein levels, including Af
production. Furthermore, HstN and HstP reduce peroxidase activity, and especially HstN
reduces the activity of cytochrome c as a peroxidase.
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Abstract Increased amyloid beta (A B) levels and mitochondrial dysfunction (MD) in the human
brain characterize Alzheimer disease (AD). Folic acid, magnesium and vitamin B6 are essential micro-
nutrients that may provide neuroprotection. Bioenergetic parameters and amyloid precursor protein
(APP) processing products were investigated in vitro in human neuroblastoma SH-SY5Y-APP695 cells,
expressing neuronal APP, and in vivo, in the invertebrate Caenorhabditis elegans (CL2006 & GMC101)
expressing muscular APP. Model organisms were incubated with either folic acid and magnesium-
orotate (ID63) or folic acid, magnesium-orotate and vitamin B6 (ID64) in different concentrations.
ID63 and ID64 reduced AP, soluble alpha APP (sAPPw), and lactate levels in SH-SY5Y-APP695
cells. The latter might be explained by enhanced expression of lactate dehydrogenase (LDHA).
Micronutrient combinations had no effects on mitochondrial parameters in SH-SY5Y-APP695 cells.
ID64 showed a significant life-prolonging effect in C. degans CL2006. Incubation of GMC101 with
ID63 significantly 1 d AP aggregation. Both combinations significantly reduced paralysis and
thus improved the phenoty pe in GMC101. Thus, the combinations of the tested biofactors are effective
in pre-clinical models of AD by interfering with AP related pathways and glycolysis.

Keywords: Alzheimer disease; mitochondria; mitochondria dysfunction; folic acid; vitamin B6;
magnesium-orotate; amyloid beta; C. degans; biofactor

1. Introduction

At present, 50 million people are suffering from Alzheimer’s disease (AD) and this
number will rise to approximately 152 million in 2050 [1]. Unfortunately, there is no cure for
AD yet. Approved drugs only treat symptoms [2]. There are several hypotheses regarding
the etiology of Alzheimer’s disease, but the causes of the disease are unknown. Previous
research has focused on amyloid and tau, which has not yet led to major breakthroughs.
Therefore, there is a trend towards multifactorial treatments and, among other things,
energy metabolism with regard to mitochondrial functions. Two of the hallmarks of AD are
mitochondrial dysfunction (MD) [3] and overproduction of beta-amyloid (AB) [4]. The first
signs of beginning MD are a reduction of glucose consumption [5] and a reduced activity
of key enzymes of the oxidative metabolism [£,7]. Almost all mitochondrial functions are
impaired in AD [8,9]. The limited function of the electron transport chain (ETC) is the
reason for the decrease in complexes IV and L This results in a decreased mitochondrial
membrane potential (MMP) and ATP production [10]. Another important characteristic of
AD is that Ap is cleaved of from a much larger amyloid precursor protein (APP) [11]. APP
is cleaved via two pathways, a non-amyloid and an amyloidogenic pathway. The APP is
spliced by the different types of protease, namely o, B-and y-secretase [11,12]. Depending
on which protease cleaves the APP, AR peptides are produced. The a-protease cleaves the
APP closer to the membrane, resulting in a shorter fragment in the membrane, which is
then further cleaved by the y-protease to a non-amyloidogenic product. However, when
B-protease cleaves the protein, larger fragments are produced, which are then cleaved by
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y-protease to form different large AP proteins [12] including A 149 and A B1-42 which may
be the main triggers for AD [2,11,12]. It appears that A 14> has the greater neurotoxic
potential compared to the ABy4o form. Furthermore, ABj4, tends to aggregate more,
which can lead to plaque formation. In addition, the relationship between AR,y and
AP1-42 is important, as the two influence each other [13-15]. There is evidence that sAPPo
and sAPPp share some properties [16], where sAPP« can be neuroprotective, whereas
sAPPp lacks most of the neuroprotective properties and has a rather negative effect [17].
Another early sign of AD is impaired glucose metabolisation which leads to MD and an
increase in oxidant production [18,19]. The glycolysis pathway represents a way to ensure
sufficient energy production and bypass AP induced impairment of mitochondria [20,21].
The enzymes pyruvate dehydrogenase kinase 1 (PDK1) and LDHA are of interest here.
PDK1 phosphoylates pyruvate dehydrogenase and inactivates it. LDHA converts pyruvate
into lactate. Both are markers of aerobic glycolysis. If a change occurs here, conclusions can
be drawn about energy production [22,23].

There is evidence that specific biofactors [24], which are defined as substances required
by the body for its normal physiological functioning and/ or with health-beneficial and/
or disease-preventive biological activities, may interfere with pathophysiological processes
leading to AD [25-27]. A cocktail containing some of our tested compounds had a positive
effect on AD symptoms in a TgF344-AD rat model. This could raise the mitochondrial
function of the transgenic rats to the level of the wild-type rats [28]. Here, folic acid,
magnesium-orotate and vitamin B6 in different combinations were tested in cellular and
an invertebrate model of AD. The synthetically produced water-soluble folic acid, which
consists of pterin, p-aminobenzoic acid and L-glutamic acid, belongs to the vitamin B
complexes. Folate (also known as vitamin B9) is used as an umbrella term for the various
derivatives of tetrahydrofolate (THF), with the synthetically produced form being referred
to as folic acid [29,30]. Folate deficiency impairs DNA as well as mtDNA synthesis and
stability and causes oxidative stress in the form of ROS, which, as already listed, is also
associated with AD pathogenesis. In this context, neuronal impairment and increased cell
death occur in AD. In addition, a deficiency of folate leads to a decrease in the methylation
of enzymes and promoter regions of genes that are presumably also involved in AD
pathogenesis [31,32]. Magnesium-orotate (MgOr), which is very poorly soluble in water, is
the magnesium salt of orotic acid. As a source of magnesium (Mg), MgOr is used for the oral
treatment of Mg deficiency. Orotic acid is a key intermediate in the biosynthetic pathway of
pyrimidines and improves energy status by stimulating, among other things, the synthesis
of glycogen and ATP [33]. Mg2+ is the fourth most abundant mineral as well as the second
mostabundantintracellular divalent cation in the human body and acts as a cofactor [34-36].
Mg is involved in protein synthesis, cellular energy production and storage, reproduction,
DNA and RNA synthesis, and mitochondrial membrane potential [35]. Mg is also involved
in the maintenance of physiological nerve and muscle function, cardiac excitability, and
neuromuscular conduction [35,36]. Several pathological mechanisms in AD are discussed
on which Mg might have a positive influence. Mg appears to inhibit the activity of y-
secretase and the proinflammatory TNF- (tumor necrosis factor «) produced by microglia.
Mg also inhibited IL-1p (interleukin-1p) and AB-induced, which all together induced
inflammation. In addition, Mg has been reported to decrease the influx of Af across
the blood-brain barrier [34]. High Mg concentrations have been shown to promote APP
processing towards a-secretase due to the upregulation of transcription factors such as
CREB [37]. Mg deficiency may be a risk factor for ADs and that possible supplementation
may be a potentially valuable adjunct treatment for AD [38]. The water soluble vitamin
B6 (Vit B6) is used as an umbrella term for various derivates from which pyridoxine is the
most common form. It is an enzymatic cofactor required for more than 140 biochemical
reactions, including transaminations, a-decarboxylations and replacement reactions [39].
Through the application of Vit B6, the oxidative stress induced by AP could be inhibited [40].
Furthermore, Vit B6 reduces the plasma levels of AB [41] and prevents the grey matter
atrophy related to AD [42].
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The present work investigated the effects of different B vitamins and MgOr on MD and
the processing of APP in SH-SY5Y-APPggs cells a cellular model of early AD. Furthermore,
the effects of the substances were tested in CL2006 and GMC101, both invertebrate models

of AD.

2. Results

2.1. General Overview of Tests and Results

In Table 1 below, all tests and results are listed to provide a general overview of the
subsequent tests and results. Here, the substance under investigation is shown against the

control. For more detailed insights, the results are described in the respective chapters.

Table 1. General overview of all tests and results of all biofactors. Combinations ID63 and ID64 and

the single substances compared to the control

IDe3 vs. CTR ID64vs. CTR MgOr vs. CTR Folvs. CTR Vit B6 vs. CTR
APrao Significant lower Significant lower Significant lower  Significant lower No significant change
AP g No significant change  Significant lower Significant lower  Significantlower Significant lower
sAFPx Significant lower Significant lower Not tested Not tested Not tested
sAFPR No significant change  No significantchange  Not tested Not tested Not tested
ATP level No significant change  No significantchange  Not tested Not tested Not tested
MMP level No significant change  No significantchange  Not tested Not tested Not tested
Respiration No significant change  No significantchange  Not tested Not tested Not tested
Citrate synthase activity ~ No significant change  No significantchange  Not tested Not tested Not tested
Lactate level Significant lower Significant lower Not tested Not tested Not tested
Pyruvate level No significant change  No significantchange  Not tested Not tested Not tested
Lactate/ Pyruvate Ratio No significant change  Significant lower Not tested Not tested Not tested
ES“K";"PM No significant change ~ No significantchange  Not tested Not tested Not tested
Gi i . 3 = .
DAy No significant change ~ Significant higher Not tested Not tested Not tested
Lifespan C elegans in % No significant change  Significant higher i !5"‘5‘“’“ Significant higher Significant higher
Mean survival C elegans  Significant higher Significant higher higher Significant higher Significant higher
Paralysis C. elegans Significant lower Significant lower Not tested Not tested Not tested
APr42 C elegans No significant change  No significantchange  Not tested Not tested Not tested
2‘;";;‘?3”““ Significant lower No significantchange  Not tested Not tested Not tested

2.2. AP140 Production

First, we tested different concentrations of biofactors on A B4 production in SH-SY5Y-
APPggs cells. Cells were incubated for 24 h with zinc orotate (ZnO), magnesium-orotate
(MgO), benfotiamine (vitamin B1), folic acid (Fol), cholecalciferol (Vit D3), cobalamin (Vit
B12), and pyridoxine (Vit B6) to select possible hit substances for further experiments (data
not shown). Potential hit substances were identified, from which finally Fol 10 uM, MgOr
200 uM and Vit B6 100 nM turned out to be the most promising ones, which we applied in
two different combinations.

To investigate the effect on the ABy_4 production, SH-SY5Y-APPggg cells were in-
cubated with both combinations (MgOr 200 uM & Fol 10 uM = ID63//MgOr 200 uM &
Fol 10 pM & Vit B6 100 nM = ID64) and the single compounds for 24 h (Figure 1). ID63
had a significant lowering effect on the AB149 level (p > 0.0001). The ID63 combination
even had an over additive effect compared to the single substances MgOr (p = 0.0028) and
Fol (p > 0.0001). The ID64 combination had a significantly decreasing effect on the Af
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levels compared to the control (p > 0.0001). Furthermore, ID64 had a significantly reducing
effect in comparison to the single substances MgOr (p = 0.0497), Fol (p > 0.0001) and Vit B6
(p > 0.0001).
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Figure 1. Effect of ID63 and ID64 in SH-SY5Yses cells compared to the control or their single
substances on the APy level after 24 h incubation. N = 6. AP}y levels were adjusted to the protein
content. Significance was determined by Student’s unpaired f-test and one-way ANOVA. + significant
against control; * significant against ID63; # significant against ID64. * p < 0.05, *** p<0.0001,
## » <0.0001 and + p <0.05, ¥+ p < 0.0001. Data are displayed as the mean + SEM. ID63= 200 uM
MgOr and 10 uM Fol; ID64 = 200 pM MgOr, 10 uM Fol and 100 nM Vit B6.

2.3. AP1-42 Production

To study the production of A B142, SH-SY5Y-A PPggs cells were incubated for 24 h with
IDé63, ID64 or the single compounds (Figure 2). In comparison to the control, the single
compounds MgOr (p = 0.0024) and folic acid (p = 0.0004), as well as the combination ID 64
(p = 0.0039) had a significant lowering effect on A1y levels, while the combination ID63
had a slight reducing effect on the AB1_4; levels, although not a significant one. ID64 also
showed significantly lower A B4 levels in comparison to Bé (p = 0.0009). However, folic
acid alone, reduced the levels to a higher extent than any combinations.
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Figure 2. Effect of ID63 and ID64 in SH-SY5Yses cells compared to the control or their single
substances on the APy level after 24 h incubation. N= 6. AP)_g levels were adjusted to the protein
content. Significance was determined by Student’s unpaired f-test and one-way ANOVA. ** p < 0.01
and *** p <0.001. Data are displayed as the mean + SEM. ID63 = 200 uM MgOr and 10 pM Fol;
ID64 = 200 uM MgOr, 10 pM Fol and 100 nM Vit B6.

24. sAPPa and sAPPB Level

The - and B-secretase cleaving products of APF, sAPPx (Figure 3A) and sAPP}
(Figure 3B), respectively, were determined after incubation with either ID63 or ID64 for 24 h.
Figure 4A shows that ID63 had a significantly lowering effect on the sAPP«x (p = 0.0214)
compared to the control. ID64 had an even greater effect on the reduction of sAPPx
fragments (p > 0.0001). In contrast to the sAPP« fragment production, the sAPPR fragments
(Figure 3B) were lowered compared to the control though not significantly. IDé4 had a
greater effect than ID63. It should be noted that basal levels of sSAPP were approximately
one hundredfold lower compared with sAPPx (Figure 3).

2.5. Effect on the Mitochondrial Function

To investigate the effect of ID63 and ID64 on mitochondrial function, we incubated
SH-SY5Y-APPggs cells for 24 h with ID63 or ID64. Respiration under O, consumption
through the respiratory chain builds up the mitochondrial membrane potential, which
allows ATP to be generated with the help of ATP synthase. First, we measured the ATP
level after incubation with ID63 or IDé4. Afterwards, the MMP was examined as well as
the O, consumption and citrate synthase activity (Figure 4).

Neither ID63 nor ID64 had an increased effect on the ATP level (Figure 5A,B) or an
effect on the MMP level (Figure 4C,D). ID63 had a slightly increasing effect on the complex
activity of complex I, Il and IV compared to the control (Figure 4E). In contrast, ID64 had a
slightly decreasing effect on the complex activity of complex Il and IV (Figure 4F). Whereas
D63 had no effect on the citrate synthase activity compared with the control (Figure 4G),
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and ID64 even had a slightly decreasing effect compared with the control (Figure 4H).
However, none of these effects is statistically significant.
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Figure 3. Effect of the incubation with ID63 or ID64 on the human soluble amyloid precursor protein
« (sAPPa) and P (sAPPB) after 24 h of incubation. (A) sAPPx level of SH-SY5Yggs cells after the
incubation with ID63 or ID64 compared to the control (B) sAPPp level of SH-SY5Y o5 cells after
the incubation with ID63 or ID64 compared to the control. N = 6. sAPP levels were adjusted to the
protein content. Significance was determined by one-way ANOVA. * p < 0.05 and **** p < 0.0001.
Data are displayed as the mean & SEM. ID63 = 200 pM MgOr and 10 uM Fol; ID64 = 200 pM MgOr,
10 uM Fol and 100 nM Vit B6.

2.6. Lactate and Pyruvate Level

To investigate if the glycolysis is affected by ID63 or ID64, the lactate and pyruvate
levels were measured. As seen in Figure 6, only lactate is significantly reduced by IDé&3
(p = 0.0328) and ID64 (p > 0.0001) compared to the control while pyruvate levels were not
influenced. The ratio of lactate/pyruvate was significantly affected by IDé64 (p = 0.0057)
(Figure 5C).
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Figure 4. ATP level, MMP level, respiration and citrate synthase activity of SH-SY5Y-APPggs cells
incubated for 24 h with ID63 or ID64. (A) ATP level of SH-SY5Y-APPggs cells incubated with ID63 and
(B) ATP level of incubation with ID64 compared to the control. Cells treated with cell culture medium
served as control (100%). N = 12. (C) MMP level of 2 x 10° SH-SY5Y-APPggs cells incubated with
ID63 and (D) MMP level of incubation with [D64 compared to the control N = 16. (E) Respiration of
SH-SY5Y-APPggs cells incubated with ID63 and (F) incubation with ID64 compared to the control. SH-
SY5Y-APPgos cells adjusted to international units (IU) of citrate synthase activity. N = 15. (G) Citrate
synthase activity of SH-SY5Y-APPgs cells incubated with IDé63 and (H) Citrate synthase activity
incubated with ID64 compared to control N =12. Significance was determined by Student’s unpaired
f-test. Data are displayed as the mean £ SEM. ID63 = 200 uM MgOr and 10 uM Fol; ID64 = 200 uM
MgOr, 10 uM Fol and 100 nM Vit B6. Leak I (G + M) = leak respiration with glutamate and malate;
OXPHOS = oxidative phosphorylation system; ETC = electron transport chain; Leak II (Omy) = leak
respiration with olygomycin.
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Figure 5 Effect of the incubation with ID63 or ID64 on lactate and pyruvate level after 24 h of
incubation. (A) Lactate level of SH-SY5Yges cells after the incubation with ID63 or ID64 compated to
the control. (B) Pyruvate level of SH-SY5Yg05 cells after the incubation with ID63 or ID64 compared
to the control. (C) Lactate to pyruvate ratio. N = 6. Levels were adjusted to the protein content.
Significance was determined by one-way ANOVA. * p< 0.05,* p< 0.01 and **** p < 0.0001. Data are
displayed as the mean = SEM. ID63 = 200 uM MgOr and 10 uM Fol; ID64 = 200 uM MgOr, 10 uM Fol
and 100 nM Vit B6.
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Figure 6. Effect of the incubation with ID63 or ID64 on the gene expression after 24 h of incubation.
(A) Gene expression of pyruvate dehydrogenase kinase 1 (PDK1) of SH-SY5Y g5 cells after the
incubation with ID63 or ID64 compared to the control (B) Gene expression of lactate dehydrogenase
A (LDHA) of SH-5Y5Ygg5 cells after the incubation with ID63 or D64 compared to the control. N = &
Significance was determined by one-way ANOVA. * p < 0.05. Data are displayed as the mean = SEM.
ID63 = 200 uM MgOr and 10 uM Fol; ID64 = 200 pM MgOr, 10 uM Fol and 100 nM Vit B6.

2.7. gPCR

To investigate the molecular basis of altered lactate and pyruvate levels, the gene
expression of pyruvate dehydrogenase kinase 1 (PDK1) and lactate dehydrogenase A
(LDHA) were examined after 24 h incubation using qRT-PCR. ID63 and ID64 had no
significant effect on PDK1 gene expression compared to the control (Figure 6). Both
combinations increased LDHA mRNA levels (Figure 6B), with IDé64 (p = 0.0148) showing a
significant increase in gene expression.

49



Int. J.Mal. Sd. 2022, 23, 8670

9o0f21

2.8. Effect on the Lifespan of C. elegans in Heat Stress Survival Assay

To test the effect of the combinations in vivo two invertebrate AD-models were used.
C. elegans CL2006 were incubated with the same compounds but in different concentrations.
The single com Fol 50 uM (p > 0.0001), Vit B6 100 uM (p = 0.0397) and MgOr 100 uM
(p = 0.001) had a significant life-extending effect compared to the control (see Figure 7A,B).
As shown in Figure 7A, the ID63worm extended lifespan of CL2006 compared to the control
by trend (p = 0.0502), whhereas in Figure 7B, it can be seen that D64,y had a significant
life-prolonging effect (p = 0.0002) compared to the control. Subsequently, the mean survival
of the nematodes after the incubations of the combinations and single substances was
assessed. Thereby Figure 7C shows that ID63worm (p = 0.0196), Fol 50 uM (p < 0.0001),
MgOr 100 puM (p = 0.0004), ID64yyorm (p < 0.0001) and Vit Bé (p = 0.0107) had a significant
increasing effect on the mean survival of the nematodes compared to the control. Folic acid
alone was numerically more effective than the combinations or the other single compounds.
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Figure 7. The lifespan under heat-stress of C. elegans after treatment with either ID63,,orm, D64 0rm
or their single substances in CL2006. (A) The single substances lead to an increase in heat-stress
resistance of the nematodes although the combination of them does not have a significant impact.
(B) After combination with vitamin Bg, the resulting treatment leads to a significant increase in heat-
stress resistance. For heat-stress experiments, the survival was assessed according to the penetration
of SYTOX Green nudleic acid stain into dead cells. N > 0. log-rank (MantelCox) test. (C) Mean
Survival of C. elegans after treatment with either ID63,,rm, ID64,, o, or their single substances in
CL2006. Significance was determined by one-way ANOVA. p * < 0,05, p ** < 0.01, p ** < 0.001
and p *** < 0.0001. ID63wcem = Fol 50 M and MgOr 100 pM; ID64warm Fol 50 pM, MgOr 100 pM and
Vit B6 100 pM.
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2.9. Effect on the Paralysis

To investigate the effect of combining biofactors on paralysis induced by AB, C.
elegans GMC101 were incubated for 24 h at 25 °C with either ID63,yorm or ID64yorm. Both
combinations (p =0.0243 for IDE3yyorm and p = 0.0149 for ID64yy0rm) were able to significantly
decrease the paralysis induced by A (Figure 8). Thus, the phenotype of this AD-worm
was significantly enhanced by both biofactor combinations to a comparable extent.
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Figure 8. The AP induced paralysis after treatment with either ID63warm or ID64w orm in GMC101.
Both the feeding of both treatment combinations leads to significant reduction of AR induced
paralysis after incubation of the nematodes for 24 h at 25 °C. N = 4 Mean + SEM. One-way
ANOVA with Tukey's comparison post hoc test. p * < 0.05 ID63,, oy = Fol 50 uM and MgOr 100 uM;
ID64,, orm Fol 50 pM, MgOr 100 uM and Vit B6 100 M.

2.10. AP1-47 Production in GMC101

To study the production of A4 in nematodes, GMC101 was incubated for 24 h at
25 °C with both combinations and then the A § level was examined. There was no effect
on the AP1_4> levels compared to the control (Figure 9). Since A 1y is not produced in
GMC101 this amyloid peptide was not investigated.
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Figure 9. Effect of ID63 and ID64 in transgene nematodes GMC101 compared to the controls on the
APBj-g2 level after 48 h incubation. Neither ID63 nor ID64 did not lead to a significant alteration of
AP g N=8. AP, 4; levels were adjusted to the protein content. N = 8. Mean + SEM. Student's

t-test D63, qrm = Fol 50 pM and MgOr 100 pM; ID64,, ey, Fol 50 pM, MgOr 100 1M and Vit B6 100 uM.
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2.11. APy42 Aggregation

To investigate the aggregation of Ap in nematodes, GMC101 was incubated at 25 °C
for 24 h and stained with thioflavine (ThT), which labels -sheet structures of aggregated
peptides. There was a significant reduction of Ap-aggr by the combination ID63yorm
(p = 0.0324) compared to the control, whereas ID64orm Was without an effect (Figure 10).
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Figure 10. The effect of either ID63,, o or ID64,, oy on the accumulation of aggregated AP (A B-aggr)
in GMC101 after 48 h incubation. The treatment of the nematodes with ID63 leads to a significant
reduction of accumulated A B. Whereby the treatment with ID64 combination did notlead to an
alteration of AP levels; N = §; mean + SEM; one-way ANOVA with Tukey's comparison post hoc
test. * p < 0.05. ID63yw orm = Fol 50 uM and MgOr 100 pM; ID64w orm Fol 50 M, MgOr 100 uM and
Vit B6 100 uM.

3. Discussion

In the present work, we examined the effect of MgOr, Fol and Vit B6 in different
combinations on bioenergetic parameters including mitochondrial function and gly colysis,
aswell as A production in cellular and invertebrate models of AD. We wanted to create
a combination product that achieves an optimal result by combining several biofactors.
The hit compounds used in the current study were selected after a screening of seven
substances of interest whose concentrations used in the experiments were based on known
literature values [37,43-47]. We selected the concentrations because they were mostly
tested in our cell model, related to AD or cell survival and they were used in relative
physiological concentrations. This resulted in the combinations ID63 and ID64. The
combinations ID63 and IDé4 significantly reduced A1y levels in SH-SY5Y-APPggs cells
compared to the control (Figure 1). Even when compared to the individual components
of the combinations, ID63 was able to show an over additively reducing effect on A
levels. Similar results were obtained by Li et al who found a dose-dependent decrease of
APy_yo levels by incubation with Fol, modulating DNA methyltransferase activity [48]. In
a study with AD patients, an intervention with Fol significantly reduced A levels and
increased the concentration of s-adenosyl methionine (SAM) [49]. Low SAM levels are a
risk factor for AD, whereby incubation with SAM led to a decrease in AR levels in SK-N-SH
cells [50]. Fol and Vit B6 are essential for the SAM cycle [51]. It seems that in our SH-SY5Y
model the additional administration of Vit B6 shows no additional effect on AB1-40 levels.
Furthermore, lower Mg?* are associated with the occurrence of AD which negatively affects
brain energy metabolism [52]. In addition, low Mg levels are also negatively correlated
with the occurrence of APy 4y and ABy_g, [53] As a result, an administration of Mg+
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leads to a decrease in A levels of N2a-APP cells [37]. After the incubation with ID63,
SH-SY5Y-APPggs cells showed reduced levels of APyy4» compared to the control, although
not significantly. In contrast, the incubation with IDé64 showed a significant reduction of
APy (Figure 2) compared to the control. Administration of a Fol-rich diet significantly
reduced AP 142 levels in APP/PS1 mice compared to the standard diet [54]. Similarly, the
incubation with Mg significantly decreased Ap1-¢» production in Na2 neurcblastoma cells
and transgenic mice [37,55,56]. In our work, we could not reproduce these described effects
shown despite the administration of both substances in SH-SY5Y-APPgg; cells. However,
it seems that Vit B6 has a crucial role in the reduction of Afj_yg levels (ID64) even if
Vit B6 alone showed no effects. In contrast, it did not provide any benefit at the A 140
level (Figure 1). Next, we examined sAPPx and - levels after incubation with ID63 and
IDé4. The reducing effects on AB1_g levels by ID64 in SH-SY5Y-APPggs cells could not be
confirmed in transgene nematodes GMC101. On the one hand, incubation decreased the
sAPP« levels significantly compared to the control (Figure 3A). On the other hand, both
ID63 and ID64 had a reducing but not significant effect on the sAPPR levels compared
to the control (Figure 3B). Whereas it should be noted that the concentration of sAPP is
100 times lower than sAPPa. Studies showed that the concentration of sAPP« is generally
higher than that of sSAPPB [57,58]. An application of Mg? increased the amount of sAPPx
in APP/PS1 transgenic mice and simultaneously decreased the concentration of sAPP [37].
The results shown in this study [37], where both sAPPx and -p were decreased, could not
be reproduced in our work. We assume that this was due to a general decrease in APP
production, since the application of Fol can reduce APP processing [59,60], which in turn
can affect sSAPPx and -, resulting in generally lowered levels.

Next, we tested ID63 and ID64 on MD in SH-SY5Y-APPggs cells. SH-SY5Y-A PPggs cells
show reduced ATP level, MMP and O, consumption compared to their non-transfected SH-
SY5Y-MOCK cells [61]. Mg and Fol are vital compounds for enzy mes and ATP production
in cells [31,33,36]. A deficit leads to the reduced production of ATP [31,34]. In our case,
which is not a deficit model, we did not observe any improvement in ATP level, MPF, O,
consumption or citrate synthase activity in SH-SY5Y-APPggs cells (Figure 4). In a study by
Vielet al. using a similar cocktail consisting of some of our compounds, the mitochondrial
complex activity in a transgenic rat model was increased to that of wild type rats [28]. This
effect is not found in our case, possibly due to the additional substances contained in the
cocktail, which had been the decisive factor here.

It has been shown that in the brains of AD patients there is a switch from aerobic
respiration to glycolytic metabolism [62,63]. This is accompanied by an increase in lac-
tate and pyruvate values [64,65], which results from insufficient utilization in oxidative
phosphorylation [65]. Both biofactor combinations used in our investigations were able to
significantly reduce the lactate values compared to the untreated control cells. The switch
to increased oxidative phosphorylation could not be shown in our work, because there was
no effect on ATF, MMP, OXPHOS or citrate synthase activity in the respiratory chain. To
investigate the impact of the two combinations on the glycolytic genes, mRNA levels of
PDK1 and LDHA were determined (Figure 6). There was an increase in the expression
of PDK1 by both combinations compared to the control. PDK1 phosphorylates pyruvate
dehydrogenase and inactivates it. This may lead to a reverse transport of pyruvate from
the mitochondrion into the cytosol, where it is used for glycolyticenergy production via
lactate [67,68]. Both combinations were able to increase the expression of LDHA, while
IDé4 did so significantly. LDHA converts pyruvate to lactate and vice versa [23,69], al-

the expression was increased there were decreased lactate levels with both ID63
and IDé4 (Figure 5). By upregulating PDK1 and LDHA expression, the cell may reduce
the effects of AR toxicity and ROS production by shifting from mitochondrial to glycolytic
energy production [23,69)]. Both combinations appear to support this process, resulting in
an upregulation of expression relative to control

Based on the results obtained, especially those related to AR, we wanted to test our
compounds in another model of AD. For this purpose, we adjusted the concentrations
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