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Summary 

 

 

New insights into levodopa neurotoxicity and direct alterations of the central 

energy metabolism 

Parkinson’s disease (PD) is the second-most abundant neurodegenerative disease, and 

PD patients have been medicated with levodopa (L-DOPA) for decades. Between 1990 

and 2000, a lot of in vitro studies reported neurotoxic effects of the drug, but in vivo 

studies could never confirm these neurotoxic effects. As a result, L-DOPA remained the 

gold standard for PD medication. Nevertheless, research in this field remains extremely 

important because side effects of the medication such as motor symptoms known as 

L-DOPA-induced dyskinesia (LID) affect 50-80 % of all medicated patients.  

In this study, I investigated the effects of L-DOPA on the central energy metabolism of 

the LUHMES cell line, a post-mitotic dopaminergic cell line. For this purpose, I first 

treated the cells with L-DOPA under normoxic conditions to compare the results with 

previous studies, which were almost always performed with other in vitro systems. 

I could confirm the neurotoxic effect of L-DOPA as well as the common mode of action, 

excessive reactive oxygen species (ROS) formation due to L-DOPA auto-oxidation and 

therefore several alterations of the central energy metabolism. But in contrast to other 

current in vitro studies that have studied the effects of L-DOPA, I did not just simply 

detoxify the treatment with ROS scavengers for further experiments. Instead, 

I minimized the impact of the auto-oxidation of L-DOPA by lowering the oxygen levels 

from atmospheric pressure to hypoxic conditions (2% O2), which also better reflected the 

low oxygen levels within the brain. Under these low oxygen tension conditions, L-DOPA 

auto-oxidation was heavily decelerated resulting in greatly decreased neurotoxicity. 

Further experiments revealed a double-edged effect of L-DOPA on intracellular ROS 

levels. Auto-oxidation of the drug result in increased ROS tension, but L-DOPA itself acts 

as a ROS scavenger.  
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I further observed several alterations of the central energy metabolism induced by 

L-DOPA such as reduced respiration, decreased intracellular adenosine triphosphate 

(ATP) levels, impaired mitochondrial membrane potential and depleted intracellular 

levels of reduction equivalents. The use of stable-isotope labeling confirmed altered 

mitochondrial metabolism. For the final part of this thesis, I added a transcriptome 

analysis. These experiments revealed that altered mitochondrial function upon L-DOPA 

treatment was at least partially aroused by decreased gene expression for key enzymes 

like complex II of the respiratory chain. I also observed altered gene expression of the 

calcium signaling pathway induced by L-DOPA.  

In summary, I was able to observe several impairments of the central energy metabolism 

in LUHMES cells induced by L-DOPA. I was able to link these effects directly to the drug 

itself disentangled from the various effects of its auto-oxidation, which were artificially 

high in previous in vitro studies due to their normoxic setups. 

As a result, this study potentially represents an important part of LID research if these 

results can be confirmed in vivo.  
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Zusammenfassung 

 

 

Neue Erkenntnisse zur Neurotoxizität von Levodopa sowie direkte 

Beeinträchtigungen des zentralen Energiestoffwechsels 

Die Parkinson-Krankheit (PD aus dem englischen: Parkinson’s Disease) ist die 

zweithäufigste neurodegenerative Erkrankung, und PD-Patienten werden seit 

Jahrzehnten mit Levodopa (L-DOPA) behandelt. Zwischen 1990 und 2000 berichteten 

viele in vitro Studien über neurotoxische Wirkungen des Arzneimittels, welche jedoch 

nie durch in vivo Studien bestätigt werden konnten. Infolgedessen blieb L-DOPA der 

Goldstandard für PD-Medikamente. Dennoch bleibt die Forschung auf diesem Gebiet 

äußerst wichtig, da Nebenwirkungen des Medikaments wie motorische Symptome, die 

als L-DOPA induzierte Dyskinesie (LID) bekannt sind, 50-80 % aller medikamentösen 

Patienten betreffen. 

In dieser Studie untersuchte ich die Auswirkungen von L-DOPA auf den zentralen 

Energiestoffwechsel der LUHMES-Zelllinie, einer post-mitotischen dopaminergen 

Zelllinie. Zu diesem Zweck habe ich die Zellen zunächst mit L-DOPA unter normoxischen 

Bedingungen inkubiert, um die Ergebnisse mit früheren Studien vergleichen zu können, 

die fast immer mit anderen in vitro Systemen durchgeführt wurden. Ich konnte die 

neurotoxische Wirkung von L-DOPA sowie die gemeinsame Wirkungsweise, die 

übermäßige Bildung reaktiver Sauerstoffspezies (ROS aus dem englischen: reactive 

oxygen species) durch die Autooxidation von L-DOPA, und damit verbunden mehrere 

Veränderungen des zentralen Energiestoffwechsels bestätigen. Doch im Gegensatz zu 

anderen aktuellen in vitro Studien, die die Wirkung von L-DOPA untersucht haben, habe 

ich die Behandlung mit L-DOPA nicht einfach durch ROS abfangende Stoffe entgiftet. 

Stattdessen minimierte ich die Auswirkungen der Autooxidation von L-DOPA, indem ich 

den Sauerstoffgehalt vom atmosphärischen Druck auf hypoxische Bedingungen (2% O2) 

senkte, was auch den niedrigen Sauerstoffgehalt im Gehirn besser widerspiegelt. Unter 

dieser niedrigen Sauerstoffbelastung wurde die Autooxidation von L-DOPA stark 

abgebremst, was zu einer stark verringerten Neurotoxizität führte. Weitere 
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Experimente zeigten eine zweischneidige Wirkung von L-DOPA auf intrazelluläre ROS-

Spiegel. Die Autooxidation von L-DOPA führt zu einer erhöhten ROS-Spannung, aber 

L-DOPA selbst wirkt als ROS-lindernd. 

Ich beobachtete weiterhin mehrere Veränderungen des zentralen Energiestoffwechsels, 

die direkt durch L-DOPA induziert wurden, wie etwa reduzierte Atmung, verminderte 

intrazelluläre Adenosintriphosphat Konzentrationen, beeinträchtigtes mitochondriales 

Membranpotential und verringerte intrazelluläre Konzentration von Reduktions-

äquivalenten. Die Verwendung von stabiler Isotopenmarkierung bestätigte einen 

veränderten mitochondrialen Metabolismus. Für den letzten Teil dieser Arbeit habe ich 

eine Transkriptomanalyse hinzugefügt. Diese Experimente zeigten, dass die verringerte 

mitochondriale Funktion während der L-DOPA-Behandlung zumindest teilweise durch 

eine verminderte Genexpression für Schlüsselenzyme wie Komplex II der Atmungskette 

hervorgerufen wurde. Ich beobachtete auch eine veränderte Genexpression des 

Calcium-Signalwegs, die durch L-DOPA induziert wurde. 

Zusammenfassend konnte ich mehrere durch L-DOPA induzierte Beeinträchtigungen 

des zentralen Energiestoffwechsels in LUHMES-Zellen beobachten. Ich konnte diese 

Effekte direkt mit dem Medikament selbst in Verbindung bringen, losgelöst von den 

verschiedenen Effekten seiner Autooxidation, die in früheren in vitro Studien aufgrund 

der normoxischen Experimente höher waren als unter physiologischen Bedingungen zu 

erwarten. 

Infolgedessen stellt diese Studie möglicherweise einen wichtigen Teil der LID-Forschung 

dar, wenn diese Ergebnisse in vivo bestätigt werden können. 
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1 Introduction 

1.1 Metabolic Research 

1.1.1 Systems Biology and Metabolomics 

Over the last few years there has been a cut in describing the workflow of biological 

research between classical molecular biology and systems biology. Traditionally 

biological research has been described as “hypothesis-driven research” since the 

methods were clearly targeted at certain research questions with the aim of confirming 

or negating specific hypotheses.1 But technical and computational improvements 

enabled the option of measuring and interpreting large amounts of data within single 

experiments.2 These data sets can be attributed to different ‘omics.’ The origin of the 

suffix lies in the word ‘genome’ which was implemented by merging the words ‘gene’ 

and ‘chromosome’ to describe the entirety of all genes.3 The suffix was further used to 

declare other research fields that include big data sets. The four main ‘omics’ are the 

genome, transcriptome, proteome and metabolome. Even though there are many more 

subgroups of ‘omics’,4 these four represent the main stages of cell regulation resulting 

in the overall metabolic status of the cell (Figure 1).3 

Genome research is not as relevant for human in vitro experiments compared to other 

research fields like microbiology. Genome comparisons between different organisms 

can result in predictions regarding gene expression and metabolism.5 But since the 

genome does not change for a single organism (except for mutations) it represents no 

variable parameter in human in vitro studies besides the selection of a suitable cell line, 

which is described for my study in more detail in section 1.2.5. In contrast, the 

transcriptome is far more interesting. It includes the quantitative entirety of all 

messenger RNA (mRNA) and thus represents the whole transcription of genes and is 

highly variable due to numerous transcription factors.6 Quantifying transcriptome data 

using methods like RNA sequencing7 can be used to gain insights into the expression of 

crucial enzymes and thus potentially describe the metabolic status of the cells.8 But 

besides the mRNA levels encoding for proteins there are more parameters for enzymatic 
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regulation such as half-life of the proteins or post-translational modifications that can 

manipulate enzymatic activity.9 In the field of proteomics it is not only possible to 

quantify the levels of specific proteins but also to monitor modifications like 

phosphorylations or acetylations.10 So combining these two ‘omics’ provides a strong 

option for characterizing enzymatic reactions of the cells.11 The metabolome represents 

the metabolic levels in the cells and is the final stage of regulation due to inhibition of 

specific enzymes.12 Moreover, it also represent the final metabolic status of the cell 

since all previous levels of regulations result in this specific metabolic state.13,14 

 

But interestingly, metabolomic data alone do not provide a clear picture of the 

metabolic status of the cell.10 Altered metabolic levels can result from various origins: 

enzymatic reactions to generate the metabolite can be inhibited, enzymatic degradation 

can be enhanced, substrate uptake of the cells can be altered and so on. To achieve a 

complete profile of the metabolic status other methods like metabolic flux experiments 

DNA

mRNA

Proteins

Metabolites

transcription

translation

enzymatic 
reactions

Genomics

Transcriptomics

Proteomics

Metabolomics

Figure 1: Overview of the four 'omics' of cellular regulation 
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are essential.15 With these measurements it is possible to follow specific substrates 

through cellular metabolism and to gain secured conclusions on enzymatic fluxes 

resulting in the subfield of ‘fluxomics’.16 The mechanisms of metabolic flux 

measurements are described in more detail in section 1.3.1.  

The goal of this study was specifically focused on the central energy metabolism of 

neuronal cells. A classic “hypothesis-driven approach”17 including various biochemical 

assays combined with measurement of the metabolome and metabolic fluxes was used 

to describe the central energy metabolism in vitro, while an additional level of regulation 

(in this case transcriptomics) was analyzed afterwards to gain better insight into the 

mechanisms behind the altered metabolism. 

 

1.1.2 Central Energy Metabolism 

A cell’s energy is mainly provided via adenosine triphosphate (ATP). In order to perform 

an energy-consuming reaction, ATP is cleaved into adenosine diphosphate (ADP) and 

phosphate; approximately 30 kJ/mol of energy are generated and can be used to 

catalyze various reactions.18 In eukaryotic cells, ATP is linked to over 180 biochemical 

reactions.19 The three most important biochemical pathways to generate ATP are 

glycolysis, oxidative phosphorylation and the tricarboxylic acid (TCA) cycle. Glycolysis is 

one of the most conserved metabolic pathways of all organisms, including prokaryotes, 

eukaryotes, and archaea.20 It executes the conversion from glucose to pyruvate. For 

each mol glucose 2 mol pyruvate, 2 mol ATP and 2 mol NADH are generated (Figure 2). 
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Figure 2: Schematic overview of the key pathways of energy generation: glycolysis, TCA and ETC; 
abbreviations of metabolites: glucose-6-phosphate (Glu-6P), fructose-6-phosphate  
(Fru-6-P), fructose-1,6-bisphosphate (Fru-1,6-P), 1,3-bisphosphoglycerate (1,3-bPG), 
3-phosphoglycerate (3-PG), 2-phosphoglycerate (2-PG), phosphoenolpyruvate (PEP), pyruvate 
(Pyr), lactate (Lac), flavin adenine dinucleotide (FAD); abbreviations of enzymes: glucose-6-
phosphate isomerase (G6P-IM); Phosphofructokinase-1 (PFK), Triosephosphate isomerase (TPI), 
phosphoglycerate kinase (PGK), phosphoglycerate mutase (PGM), enolase (ENO), pyruvate kinase 
(PK), citrate synthase (CS), α-ketoglutarate dehydrogenase (AKGDH), succinyl-CoA synthetase 
(SCS), malate dehydrogenase (MDH), cytochrome C (Cyt C) 
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NADH represents the reduced form of nicotinamide adenine dinucleotide (NAD). 

Together with nicotinamide adenine dinucleotide phosphate (NADP) the NAD+/NADH 

homeostasis is crucial for maintaining the redox potential of the cell.10 These 

compounds are co-factors of numerous enzymatic reactions within the cell, but also the 

main “energy storage” of the cell. With 2 mol NADH mitochondria can generate up to 

5 mol ATP via oxidative phosphorylation, which is described in detail later in this section. 

To ensure glycolytic activity, a proper NAD+/NADH ratio is essential. For this reason, 

pyruvate can be metabolized into lactate via lactate dehydrogenase (LDH), and lactate 

is secreted outside the cell afterwards.21 This reaction is NADH consuming and thus 

disadvantageous for energy purposes, but it is essential to maintain a proper ratio 

between NADH and NAD+ allowing for further fueling of the glycolysis. If cells are highly 

glycolytic, they can secrete up to 2 mol lactate per 1 mol glucose taken up. But pyruvate 

can also be transported into mitochondria to enter the TCA cycle. Pyruvate is converted 

into acetyl-coenzyme A (CoA) via pyruvate dehydrogenase (PDH), and acetyl-CoA reacts 

with oxaloacetate to form citrate. Citrate is further transformed into α-ketoglutarate 

(a-KG) with the intermediates isocitrate and aconitate. Following the TCA cycle the 

metabolites succinyl-CoA, succinate, fumarate, and malate are formed before the 

transformation into oxaloacetate where the cycle starts again.22 From 1 mol pyruvate, 

the TCA cycle forms 1 mol guanosine triphosphate (GTP), 1 mol reduced flavin adenine 

dinucleotide (FADH2) and 4 mol NADH.21 The TCA cycle fuels the electron transport chain 

(ETC) and the oxidative phosphorylation by generating NADH and FADH2. This pathway 

takes place at five enzyme complexes located in the inner mitochondrial membrane 

(Figure 1.2). Complex I is an NADH ubiquinone oxidoreductase and passes electrons 

from NADH formed by the TCA cycle to ubiquinone (CoQ). The second option for 

transferring electrons to CoQ is via FADH2 at complex II, which is the same enzymatic 

complex that catalyzes the formation of fumarate from succinate (succinate 

dehydrogenase). The electrons of CoQ are transported to cytochrome C at complex III 

before the final step of the ETC where molecular oxygen is transformed into water. As a 

result of this electron transport, protons are pumped from the mitochondrial matrix into 

the intermembrane space resulting in a proton gradient, the mitochondrial membrane 

potential (MMP). This proton gradient is used to fuel complex V to produce ATP.22  
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Combining the TCA cycle and the oxidative phosphorylation, 23 mol ATP and 2 mol GTP 

can be generated by metabolization of 2 mol pyruvate. NADH formed within the cytosol 

via glycolysis can be utilized within the mitochondria as well, but firstly these reduction 

equivalents must be transported into the mitochondria. NADH cannot enter 

mitochondria directly and requires shuttle systems such as the malate-aspartate shuttle 

or the glycerol-3-phosphate (G3P) shuttle (Figure 3).23 

Besides the path via PDH, pyruvate can also enter the TCA cycle via pyruvate carboxylase 

(PC) to directly form oxaloacetate.24 Other origins of oxaloacetate as the starting point 

of the TCA cycle are other metabolites that are able to enter the TCA cycle (anaplerosis). 

The most important TCA cycle substrate besides pyruvate is glutamine, which enters the 

TCA cycle via glutamate and a-KG.25 In vivo, numerous additional carbon sources can 

potentially fuel the TCA cycle. Fatty acids can be metabolized into acetyl-CoA via beta-

oxidation, ketone bodies like acetoacetate can be utilized to form acetyl-CoA, alanine 

can be converted into pyruvate, branched-chain amino acids like valine can enter the 

TCA cycle via succinyl-CoA and so on. But glucose, pyruvate and glutamine remained the 

Figure 3: Schematic overview of the malate-aspartate shuttle (A) and the G3P (B) shuttle; 
abbreviations: malate (Mal), oxaloacetate (OAA), glutamate (Glu), aspartate (Asp), 
glutamic-oxaloacetic transaminase 1/2 (GOT1/2), cytosolic glycerol-3-phosphate 
dehydrogenase (GPDH-C), mitochondrial glycerol-3-phosphate dehydrogenase (GPDH-M), 
malate dehydrogenase (MDH) 
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main factors of interest in my thesis in fueling the TCA cycle since substrate limitation 

was never a factor during my experiments.  

The ETC is not 100% efficient. Roughly 0.2-2 % of the electrons are not properly 

transported to O2, which results in the formation of reactive oxygen species (ROS).26 

Even though ROS is a potential side product of numerous cellular reactions, the majority 

of intracellular ROS is generated as a side product of the ETC.27 ROS is a collective term 

for the superoxide ion O2
-, the hydroxyl radical OH. and hydrogen peroxide H2O2 and 

plays an important role as signaling molecules, but excessive ROS levels can induce 

severe cell damage.28,29 This damage includes oxidation and peroxidation of 

macromolecules like DNA, proteins and lipids, which ultimately result in cell death.30,31  

Cellular detoxification includes several ROS scavenging enzymes; superoxide dismutase 

(SOD), catalase and glutathione (GSH) peroxidase are the most important enzymes to 

name.32,33 GSH is not only a co-factor of enzymatic ROS scavenging, but also acts as a 

direct ROS scavenger due to its free thiol group.34 The oxidized form of GSH (GSSG) is 

recycled by GSH reductase (GSR), which relies on NADPH as co-factor.34 GSH is a 

tripeptide of glutamate, cysteine and glycine and represents the most important ROS 

defense in neuronal tissues. But it is not the only important ROS scavenger. Ascorbic 

acid is another direct ROS scavenger and is highly abundant in the human central 

nervous system (CNS).35,36 Interestingly both GSH and ascorbic acid are also capable of 

detoxifying highly reactive compounds like quinones, which are formed during the auto-

oxidation of catecholamines.37,38 The auto-oxidation of catecholamines is described in 

more detail in section 1.2. The final antioxidant that was used in this thesis is 

N-acetylcysteine (NAC). It is directly coupled to GSH production and can also act as a 

direct ROS scavenger similar to GSH due to its free thiol group.39,40 

 

1.1.3 Neuronal Energy Metabolism 

The brain is an extraordinary type of tissue in many regards. Neuronal cells are the basic 

units for thinking, firing electrical and chemical signals through the body via synapses of 

prolonged outgrowth called axons. These actions are extremely energy consuming, 
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mainly to maintain the ion gradients to guarantee proper neuronal function.41 The main 

substrate for energy generation within the brain is glucose, which is nearly completely 

metabolized into water and carbon dioxide without hardly any side products and 

secondary metabolites.42 While the human brain comprises only 2% of the body’s mass, 

it consumes 25% of the glucose and 20% of the oxygen of the entire body.21  

Besides neurons and endothelial cells of blood vessels brain tissue also consists of glia 

cells, which can be distinguished into several non-neuronal cell types.43,44 In general, 

microglia are the immune cells of the brain,45 astrocytes support neurons through 

substrate provision and neurotransmitter recycling,46 oligodendrocytes are responsible 

for axonal myelinization47 and ependymal cells form the barrier between the 

cerebrospinal fluid and the brain tissue.48 Although glia cells are crucial for guaranteeing 

proper neuronal activity, their value was underestimated for a long time.49 Current 

research is revealing more and more functions of glia cells, and high densities of glia cells 

compared to neurons are even linked to high intellectual capacity.50 The energy 

consumption of glia cells is quite low compared to neurons;51 interestingly, a crucial 

function of glia cells is even to fuel surrounding neurons with energy substrates.42 

Astrocytes are connected to blood vessels and therefore able to take up glucose from 

the bloodstream, but they do not transport the glucose directly to surrounding neurons. 

Although neurons have exceptionally high energetic requirements, their glycolytic 

activity is very limited.52 Instead, neuronal energy metabolism is dominated by 

exceptionally high mitochondria activity.53 The majority of the required ATP is generated 

via the TCA cycle and oxidative phosphorylation. Due to the low glycolytic activity, the 

TCA cycle must be fueled with an alternate substrate instead of glucose.54 Astrocytes 

surrounding the neurons are highly glycolytic, ensuring a cellular energy supply with only 

limited mitochondrial activity.55 Astrocytes have only limited options to transfer NADH 

from the cytosol to the mitochondria.56 Instead, pyruvate is converted into lactate to 

ensure proper cytosolic NAD+ levels to maintain glycolysis. Lactate is then transported 

into neurons as their main energy substrate. This astrocyte neuron lactate shuttle (ANLS) 

is the result of specific cellular specialization via different expression patterns of key 

genes regulating the central energy metabolism.52,57,58 Neurons convert lactate into 
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pyruvate to fuel the TCA cycle. This intercellular shuttle system needs well-controlled 

signaling to ensure proper supplementation with energy substrates. The major signal 

cascade starts with glutamate (Figure 4).42  

Glutamate is the most abundant amino acid in the brain.59 It is not only part of the 

central energy metabolism since it enters the TCA cycle via a-KG, but it also acts as a 

neurotransmitter.60 Active neurons secrete glutamate at the synapse to stimulate 

connected neurons. The basal glutamate uptake and secretion are coupled to maintain 

stable intracellular levels, but for signaling purposes extracellular glutamate levels are 

actively increased via induced secretion.61 The neuronal signaling receptors for 

glutamate are located on the cell surface starting the signal cascade inside the cell – the 

neurons do not take up the glutamate from the extracellular space for these signaling 

purposes.62 If the glutamate concentration in the extracellular space stays too high, 

neurons potentially suffer due to overstimulation.63 To counteract this mechanism, 

astrocytes specifically take up glutamate to protect the neurons and restore basal 

glutamate levels in the extracellular space.64 The glutamate is transformed into 

glutamine via glutamine synthetase and secreted again where the neurons can take up 

glutamine to produce and potentially secrete glutamate again (Figure 4).64 But astrocytic 

glutamate uptake is also linked to some sophisticated signaling pathways. First, the 

Figure 4: Schematic overview of the neuron-astrocyte-interaction including the 
ANLS, the glutamine shuttle and the GSH shuttle; abbreviations: glutamine (Gln), 
glutamate (Glu), lactate (Lac), pyruvate (Pyr) 
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glutamate uptake triggers increased glucose consumption and lactate secretion to 

further fuel neuronal mitochondria (Figure 4).65,66 Second, increased extracellular 

glutamate levels induce astrocytic GSH production and secretion (Figure 4).67 As 

mentioned earlier, GSH is the main source for detoxifying ROS. Since neurons are highly 

oxidative, these cells produce high amounts of ROS, but they do have only intrinsic ROS 

defense mechanisms.68 Neuronal ROS defenses are not as strong as other cell types, 

mainly due to decreased GSH levels and lower expression of ROS detoxifying 

enzymes.34,69,70 To ensure sufficient ROS detoxification the neurons are reliant on 

astrocytes to provide GSH.71 Taken together, astrocytic glutamate uptake triggers the 

response to supply neurons with glutamine for neurotransmitter purposes, to feed the 

neurons for lactate to match the increased energetic requirements of the neuronal cells 

as well as to provide GSH to detoxify increased ROS stress, which goes hand in hand with 

the increased mitochondrial activity.46  

These shuttle systems are not completely undisputed, particularly the ANLS.72 Currently 

the glycolytic activity in neurons does not play a big role in neuronal research, but its 

role for specific research questions might be underestimated at the moment.73 The same 

applies to astrocytic mitochondrial activity. There are also studies reporting that 

oligodendrocytes are also able to fuel neurons with energy substrates.74,75 The exact 

intercellular mechanisms within the brain are most likely much more complex than the 

simplified ANLS scheme. But overall, there is still a wide scientific consensus that human 

neurons are highly dependent on proper mitochondrial function.  
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1.2 Parkinson’s Disease 

1.2.1 Dopaminergic System 

When discussing Parkinson’s disease (PD) it is crucial to introduce dopamine (DA) and 

the dopaminergic (DAergic) system first. DA is a catecholaminergic neurotransmitter 

that is produced by specific DAergic neurons. The main DA synthesis pathway was first 

described in 1939.76 Although there are alternate synthesis options these only play a 

significant role under specific conditions and are not further discussed in this thesis.77 

DA synthesis starts with the amino acid tyrosine, which is converted into 

3,4-dihydroxy-L-phenylalanin, better known as levodopa (L-DOPA), via the enzyme 

tyrosine hydroxylase (TH) in the cytosol of DAergic neurons (Figure 5a). Afterwards 

L-DOPA is transformed into DA via aromatic amino acid decarboxylase (AADC). In 

noradrenergic neurons DA can be further metabolized into the neurotransmitters 

norepinephrine and epinephrine.78  

 

Figure 5: Schematic overview of the regulation of the dopaminergic system (A) and the 
auto-oxidation of L-DOPA (B);216 abbreviation: tyrosine (Tyr) 
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The synthesis of DA is strongly regulated on the transcriptional and post-translational 

level, which differs heavily between different mammalian species.79 This strong 

regulation is essential since DA represents a major stress factor for the neuronal cells. 

DA and its precursor L-DOPA are not stable at neutral pH in the cytosol and tend to 

oxidize spontaneously.80 During this auto-oxidation ROS and toxic intermediates like 

quinones are formed (Figure 5b).81 Combined with enzymatically driven reactions and 

binding of other compounds the end product of this auto-oxidation is neuromelanin 

(NM).82 The impact of NM itself on the cellular function is further described in more 

detail in section 1.2.4. NM formation includes enzymatically driven oxidations as well as 

covalently bound amino acids and absorbed lipids. As a result, the end product of the 

auto-oxidation in my in vitro experiments is further referred to as ‘normal melanin.’83 

Because of its auto-oxidation, cytosolic DA represents a major threat for neuronal cells, 

especially since their ROS defense mechanisms are not as effective as other cell types as 

described in section 1.1.3.84 In order to store DA properly, it is packed into separated 

vesicles with lower pH, which stabilizes DA (Figure 5a).80,85 These vesicles are released 

into the synaptic cleft in which DA receptors on the cell surface are activated.86 To 

prevent over-stimulation, the neurotransmitter is taken up again and degraded into the 

end product homovanillic acid (HVA).76 It is notable that the metabolic degradation via 

monoamine oxidase, catechol-O methyl transferase (COMT) and aldehyde 

dehydrogenase results in hydrogen peroxide formation as a side product.76 So even the 

controlled degradation of DA is an additional source of ROS. To protect the DAergic 

neurons, surrounding glia cells are also capable of taking up DA and degrading it to 

HVA.87  

 

1.2.2 Parkinson’s Disease Pathology 

PD is the second-most common neurodegenerative disease after Alzheimer’s disease 

and was first described in 1817.88 PD is very rare in patients younger than 50, but its 

incidence increases steadily between the ages of 60 and 90, with roughly 2-3 % of the 

population older than 65 suffering from PD.89 Due to the improvements in the 
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healthcare system and the higher life expectancy, the relevance of this disease will 

further increase in the future, representing a significant personal and economic 

burden.90,91 PD is caused by the specific loss of DAergic neurons in the substantia nigra 

(SNr) combined with the accumulation of the protein α-synuclein.92  

Only roughly 1% of all human neurons are classified as DAergic, but DA is still a critical 

neurotransmitter that is crucially involved in motor behavior, motivation and working 

memory.93 More than 70% of all DAergic neurons are located in clusters within the 

midbrain, each with specific tasks and functions.94 The SNr is responsible for proper 

control of voluntary movement.95 The specific loss of the DAergic neurons in this region 

causes dopamine deficiency in the striatal region and results in the well-known motor 

dysfunctions of the disease like resting tremor, bradykinesia and rigidity.96,97 In addition, 

non-motor symptoms like dementia and depression are common in PD and originate 

from further neuronal loss outside the SNr in later stages of the disease.98,99 The 

neuronal degradation progress is already far advanced when the first motor symptoms 

occur.100  

The exact mechanism behind the specific loss of DAergic neurons is still not completely 

understood, but several pathways have been identified as being linked to the pathology 

including α-synuclein proteostasis, mitochondrial dysfunction, oxidative stress, calcium 

(Ca2+) homeostasis and neuroinflammation (Figure 6).99 For the most part the disease is 

classified as sporadic or idiopathic PD (IPD), with heritable forms known as ‘familial PD’ 

(FPD) only representing around 5-10 % of all PD cases.99 Since both IPD and FPD share a 

very similar disease course, the research of genes related to PD (PARK genes) revealed 

multiple mechanisms contributing to the pathology of the disease.99 The number of gene 

loci contributing to PD pathology increased to over 30 during the last few years,101,102 but  

only a few specific PARK genes are further discussed in this section to introduce several 

molecular mechanisms linked to the disease. 
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α-Synuclein accumulation has already been identified as a major contributor to PD 

pathology very early.103 The normal function of this protein has not yet been fully 

understood, but it seems to play a role in different neuronal functions like synaptic 

vesicle dynamics and mitochondrial activity.104 The protein shows neurotoxic 

characteristics when the monomers start to form insoluble fibrils as it occurs in DAergic 

neurons of PD patients.105 This accumulation is caused by different potential alterations. 

Mutations in the gene SNCA (formerly known as PARK1 and PARK4) encoding the protein 

are directly linked to this phenomenon since these mutations potentially increase the 

expression of the protein.106 Besides impaired formation, altered α-synuclein 

degradation is also a key player in PD pathology. The degradation is maintained by the 

ubiquitin-proteasome system (UPS) and the lysosomal autophagy system (LAS).107 The 

gene encoding leucine-rich repeat kinase 2 (LRRK2; gene formerly known as PARK8) as 

well as ATP13A2 (formerly known as PARK9) are associated with impaired LAS and are 

classified as autosomal dominant PD genes.108,109  

 

Figure 6: Overview of the mechanisms involved in PD pathogenesis by Poewe et al.99 
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Besides that, two of the most studied PARK genes encode for Parkin (formerly known as 

PARK2) and PTEN-induced kinase 1 (PINK1; gene formerly known as PARK6). Both 

proteins are part of the UPS and essential for maintaining mitochondrial function.110,111 

This is crucial for DAergic neuron metabolism and survival since these cells have 

exceptionally high energetic needs.112 Interestingly, DAergic neurons are exposed to an 

additional source of mitochondrial stress, because DA itself is known to inhibit complex I 

and as a result directly impairs mitochondrial function.113  

Due to the high overall mitochondrial function and permanent exposure to L-DOPA and 

DA, these cells are additionally exposed to high amounts of ROS. Therefore, it is not 

surprising that impaired GSH metabolism as well as mutations in other ROS regulating 

processes like the gene encoding DJ-1 (formerly known as PARK7) are directly linked to 

DAergic neuronal loss.114,115  

The final crucial pathway discussed in this section is Ca2+ homeostasis since it is crucial 

for proper mitochondrial function and, additionally, directly or indirectly linked to all 

PARK genes, which were discussed previously in this section.116 As a result, Ca2+ 

homeostasis is also a major field of PD research, and cellular Ca2+ uptake as well as 

regulation of intracellular Ca2+ storage seem to be part of the pathology of PD.117,118 

 

1.2.3 Treatment of Parkinson’s Disease 

Since the mechanism behind the DAergic neuronal loss has still not been revealed 

completely there is still no medical treatment that effectively decelerates neuronal 

degeneration in PD.119 Instead, the main goal of treatment currently relies on 

replenishing DA levels in the striatum to negate symptoms. To obtain this goal it is not 

possible to administer DA directly since it cannot pass the blood brain barrier (BBB). 

Instead, the direct precursor L-DOPA is used, which is able to cross the BBB.120 It is taken 

up by the endothelial cells and then further transported into neurons to restore DA 

levels. This kind of treatment was first used in 1961 and still remains the gold standard 

for PD, even though this kind of treatment has some negative side effects.121,122 A big 

challenge is the low stability of the drug, as only around 12 % of orally administered 
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L-DOPA reach the brain tissue.123 This problem is assessed by the usage of additional 

drugs as co-treatments to decrease the degradation outside the brain. COMT inhibitors 

like entacapone or AADC inhibitors like carbidopa increase the stability in the human 

body and thus enable applications of lower L-DOPA doses.124 A more complex problem 

is the fact that the drug itself can cause motor problems which is known as 

L-DOPA-induced dyskinesia (LID). Between 50 and 80 % of all patients with prolonged 

L-DOPA therapy suffer from these side effects.125,126 The exact mechanism behind that 

phenomenon is still not understood completely,127 but there is a lot of evidence that Ca2+ 

homeostasis and other neuronal systems like serotonergic or glutamatergic signaling are 

involved in these side effects.127,128  To minimize this additional burden on PD patients, 

different DA agonists were developed that are able to stimulate DA receptors without 

L-DOPA administration.129 These kinds of treatments are also essential for treating 

L-DOPA-naive patients.130 Unfortunately, these drugs are usually not as effective as 

L-DOPA, which is why most patients still require L-DOPA as treatment at some stage of 

the disease.131 However, all these potential medications only treat the symptoms, and 

none of them slow down the progression of the disease.  

One potential target to counteract PD progression is restoring mitochondrial function 

within DAergic neurons. Co-enzyme Q10 supplementation was tested as a treatment to 

assess complex I activity.132 Even though initial results were promising in terms of 

delaying the early disease progression, this effect could not be confirmed in a long-term 

phase III clinical study.133,134 Similar effects were shown for a potential treatment with 

creatine, which is also crucial for mitochondrial function. Even though animal and clinical 

phase II studies were promising, the results were not confirmed in a long-term study 

either.135–137 Another study focused on heritable PD and revealed ursocholic acid as a 

potential drug to restore mitochondrial function, in particular for FPD patients with 

PARKIN mutations.138 Also notable is the supplementation of NADH as a potential 

treatment. NAD+ precursors improve mitochondrial function and interestingly NADH 

injections even showed beneficial effects on PD patients.139–142 But long-term clinical 

trials are still lacking to confirm the beneficial effect of NADH as a PD treatment. Another 

potential target for medication is Ca2+ homeostasis.143 Isradipine as an example is a Ca2+ 
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channel antagonist and showed beneficial effects in recent animal and clinical 

studies.144,145  

But none of these potential drugs have induced sufficient PD progression deceleration 

in clinical trials yet.119 Besides all these drugs there are also other treatment approaches 

like deep brain stimulation or neurosurgical lesions. But these methods are associated 

with high costs and surgical complications.146,147 So even after all these years, L-DOPA 

still represents the gold standard for PD treatment.122 

 

1.2.4 Potential Pathomechanism of Levodopa 

In the early 1990s several in vitro studies raised concerns that L-DOPA might be harmful 

for patients.148 In these cell culture studies L-DOPA induced neurotoxic effects due to 

increased ROS formation.149,150 Initially it was assumed that the conversion of L-DOPA to 

DA and its further metabolization might be the main source of ROS, but further research 

revealed neurotoxic effects of L-DOPA independent of its conversion into DA.151 As 

already described in section 1.2.1, the spontaneous auto-oxidation of L-DOPA and DA 

induces high level of ROS which are potentially toxic for neuronal cells due to their weak 

ROS defense mechanisms. In the same time period ROS was identified as a major 

contributor responsible for neuronal cell death in the SNr in PD.152,153 So a lot of 

clinicians feared that L-DOPA could accelerate the progress of PD.150 These in vitro 

studies resulted in several in vivo studies with various outcomes. Some studies reported 

expected alterations like increased ROS levels or altered mitochondrial function.154,155  

But on the other hand, others reported no harmful results, and even neuroprotective 

effects were partially observed.156 All these studies had in common that none of them 

observed a direct neurotoxic effect as it was described in vitro.157 Clinical studies 

confirmed the outcome of these in vivo animal studies in which L-DOPA did not 

accelerate the progression of PD.158,159 This led to the overall assumption that the 

neurotoxic effect of L-DOPA is artificial to the experimental conditions of in vitro 

experiments using only neuronal cells without co-cultivation of other cell types.160 

DAergic neurons in vivo seem to be less vulnerable to L-DOPA-induced ROS since these 
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cells are protected by surrounding astrocytes. In vitro experiments using co-cultivation 

with neurons and glia cells confirmed the protective effect of the glia cells against 

L-DOPA-induced neurotoxicity.160  

In this context it is notable that some groups even reported neuroprotective effects of 

L-DOPA against ROS in vitro. These studies mainly indicated that low doses of L-DOPA 

induced moderate ROS stress, which itself was not cytotoxic but stimulated the intrinsic 

ROS defense mechanisms to protect the cells against further exposure to ROS.157,161  

Interestingly, from the chemical point of view, L-DOPA is known to even exert ROS 

scavenging effects due to its catechol moiety.162 But in the majority of previous cell 

culture studies this ROS scavenging effect was overshadowed by the ROS formation 

during the L-DOPA auto-oxidation.157  

Since neurotoxic effects could not be confirmed in vivo, the aim of research in this field 

switched away from potential neurotoxic and disease-accelerating effects of L-DOPA 

and toward other potential alterations of cellular function. In recent in vitro studies the 

main strategy was often to detoxify the L-DOPA treatment through the addition of ROS 

scavengers like ascorbic acid and GSH or with supplementation of ROS detoxifying 

enzymes like catalase and SOD.163 These strategies revealed new perspectives like the 

misincorporation of L-DOPA as an amino acid during protein biosynthesis.164 But the 

downside of this approach lies in the fact that only harmful ROS was neutralized, which 

was formed during L-DOPA auto-oxidation. The auto-oxidation process itself remained 

untouched. Several intermediates like quinones and dopachrome formed during auto-

oxidation can significantly alter neuronal function.76 Besides further ROS stress, these 

neurotoxic intermediates are also directly linked to mitochondrial dysfunction, altered 

autophagy activity and proteosomal dysfunction.165–167 But not only the intermediates 

but also NM, the end product of auto-oxidation, can impair cellular function; the role of 

the neuronal pigment might have been underestimated in the past in the context of PD 

pathology.168 It potentially induces both neurotoxic and neuroprotective effects. 

Depending on the experimental setup, neuromelanin can induce additional ROS stress, 

mitochondrial dysfunction, neuroinflammation and apoptosis.169–172 For in vitro L-DOPA 

studies where ROS has been detoxified, it still remains challenging to disentangle effects 
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of L-DOPA itself from potential alterations induced by the end product of L-DOPA auto-

oxidation and its intermediates including ROS.  

 

1.2.5 In Vitro Models for Investigating Cellular Effects of Levodopa 

To gain proper insights into cellular effects of L-DOPA the choice of the right cell line is 

essential. Due to the importance for especially DAergic neurons in L-DOPA and overall 

PD research, the investigated cell line should express DAergic neuronal markers in 

particular. The PC12 cell line was often used since it expresses TH, which is a crucial 

marker for DAergic neurons, even though it was initially declared as a “noradrenergic 

cell line.”173 It originates from phaeochromocytoma cells of rat adrenal medulla. Not 

only does the origin of this rat cell line lie in the autonomic nervous system instead of 

the CNS, it is also a non-human cancerous cell line.173 The DA regulation system differs 

a lot between different cell types and species.174  

Another often used cell line is the SH-SY5Y cell line. It is a subclone from the original 

SK-N-SH, which is a neuroblastoma cell line isolated from bone marrow.175 Although it 

is a human cell line, it is still of cancerous origin and can hardly be declared as DAergic 

since these cells lack TH activity.176 So this cell line does not represent a perfect choice 

either. 

Probably the best option for this kind of cell type in vitro is the Lund human 

mesencephalic (LUHMES) cell line.177 This cell line is a subclone of MESC2.10, which 

originates from neuronal precursor cells of an eight-week-old female fetus that were 

immortalized with the v-myc oncogene.178 Proliferating LUHMES cells can be 

differentiated into post-mitotic cells by interrupting the v-myc expression via 

tetracycline and further supplementation of dibutyryladenosine cyclophosphate 

(db-cAMP) and glial derived neurotrophic factor (GDNF) as differentiation factors (the 

exact protocol is described in section 2.2).177 Differentiated LUHMES are electrically 

active and express several neuronal and DAergic markers.177 Its human and non-

cancerous origin makes this cell line a great option for PD and L-DOPA research. Even 

though this cell line expresses TH, we could not detect any dopamine production in our 
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lab, even after L-DOPA supplementation.179,180 The explanation for this observation lies 

in a very low AADC expression and activity in LUHMES. Only after overexpression of 

AADC did intracellular DA levels rise above the limit of detection (LoD).180 This 

characteristic makes it possible to monitor alterations induced by L-DOPA in the absence 

of its conversion into DA.  

Although the LUHMES cells might be the optimal in vitro model, there are still a few 

aspects that must be considered in a cell culture study like the one in this thesis. 

Immortalized cell lines tend to rely more heavily on glycolysis and glucose as an energy 

substrate.181 Differentiated LUHMES cells might be best comparable to DAergic neurons 

in vivo as compared to other cell lines, but they still have a high glycolytic activity.182 So 

potential alterations of mitochondrial metabolism might have a higher impact in vivo 

where an altered mitochondrial energy supply cannot be compensated by increasing the 

glycolytic activity as easily as in vitro, as previously introduced in section 1.1.3. Summing 

up, alterations of glycolysis in vitro might be less important for neuronal cells in vivo, 

while impaired mitochondrial function might be even more impactful. 

A second aspect that should be considered during in vitro studies concerns the 

availability of oxygen. Due to the very high metabolic turnover, oxygen levels in brain 

tissues are lower than in other tissues and especially compared to atmospheric oxygen 

levels.183 It is hard to compare a hemoglobin-based oxygen delivery system in vivo to 

uniformly distributed oxygen in cell culture flasks in general.184,185  But lowering the 

oxygen levels during in vitro studies without limiting the oxygen consumption might 

increase the comparability to physiological conditions in vivo.  
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1.3 Metabolic Data Acquisition 

1.3.1 Profiling Metabolic Fluxes In Vitro 

1.3.1.1 Metabolic sample generation 

The focus of this study is mainly on alterations of the metabolome and metabolic fluxes. 

One of the challenges in metabolic research in particular is sample extraction. Metabolic 

conversions are very fast reactions compared to other cellular processes and take place 

within minutes or even seconds.10 So for metabolic research it is essential to stop all 

cellular metabolic reactions almost immediately. This process is widely known as 

‘quenching.’186 One option is the usage of methanol (MeOH) for protein denaturation 

combined with very low temperature to prevent potential spontaneous reactions. To 

increase the solubility for polar metabolites and thus increase the efficiency of the 

extraction, water can be added to the mixture.187 The addition of chloroform results in 

different phases, polar and non-polar, which can be analyzed separately. The lower non-

polar phase contains hydrophobic metabolites such as lipids dissolved in chloroform.188 

The upper polar phase contains polar metabolites like sugars, amino acids and TCA cycle 

intermediates dissolved in a mixture of MeOH and water.188 The interphase between 

the two solvents contains macromolecules such as RNA, DNA, and denatured 

proteins.188  

 

1.3.1.2 Subcellular metabolic profiling 

In metabolic research the compartmentalization of eukaryotic cells leads to 

complications in locating specifically altered reactions. Metabolic pathways are linked 

to specific cell organelles, but several metabolites are linked to multiple pathways. 

Glutamate as a prime example acts as an amino group donor in over 20 reactions in 

eukaryotic cells, can be metabolized in the TCA cycle and is not limited to single 

compartments.19 Since the compartments are physically separated, the concentration 

of these cross-linked metabolites can vary for each compartment. Another example is 
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the metabolite pyruvate, which represents complications in this regard. As introduced 

in section 1.1.2, the metabolite plays a central role in the central energy metabolism, 

but differences in metabolic levels are hard to interpret. There are two separated 

cellular pools of pyruvate: the cytosolic pyruvate formed via glycolysis and 

mitochondrial pyruvate, which is transported into the mitochondria via the 

mitochondrial pyruvate carrier.189 A second option for pyruvate formation is synthesis 

based on malic enzyme (ME) within the cytosol or mitochondria.190,191  If metabolites of 

whole cells are extracted, it is impossible to separate these different pools, even though 

it might be essential for specific research questions. One option to achieve a pool 

separation is based on the different structure of the membranes separating the 

compartments and the cell membrane itself. The cell membrane has a higher cholesterol 

content than the mitochondrial membrane.192 The different cholesterol levels control 

the permeability and flexibility of the membranes.193,194 These differences can be 

exploited using digitonin for selective permeabilization. This compound selectively 

interacts with cholesterol, short treatments with low concentrations enable selective 

permeabilization of the cytosolic membrane, leaving the mitochondria intact within the 

cell scaffold.195 It is notable that other cell compartment membranes such as the nuclear 

membrane also contain less cholesterol than the cytoplasmic membrane.192 So after 

digitonin treatment, other cell compartments besides mitochondria potentially remain 

intact. Some metabolites, such as glutamate for example, are located in several of these 

compartments, but other metabolites (for instance, TCA cycle intermediates) and 

metabolic conversions are mainly located within the mitochondrial matrix. As a result, 

the digitonin treatment prior to metabolite extraction is suitable to monitor especially 

mitochondrial energy metabolism, as it was described previously by 

Nonnenmacher et al.196  

 

1.3.1.3 Data generation via gas chromatography coupled to mass 

spectrometry 

The majority of metabolic data in this study was acquired via gas chromatography (GC) 

coupled to mass spectrometry (MS), the schematic overview is displayed in Figure 7. 



 
 
 

Introduction  23 

Only the measurements of intracellular GSH levels were performed using liquid 

chromatography (LC) linked to MS. The chromatographic separation of different 

metabolites via GC is sharper, resulting in a higher chromatographic resolution and 

sensitivity than with LC.197,198  The major disadvantage of GC originates in the fact that 

most metabolites are not volatile and have to be derivatized prior to chromatographic 

injection. In particular, bigger metabolites like GSH are too complex after derivatization 

and cannot be analyzed via GC-MS. That is the reason why for extensive metabolome 

studies both methods are often applied.197 Since the main focus of this thesis is on small 

polar metabolites of the central energy metabolism, GC-MS measurements are a 

suitable option. As mentioned in section 1.3.1.1, the extracted metabolites are dissolved 

in a mixture of MeOH and water. It is crucial to remove all polar solutions from the 

sample before injection into the GC since these liquids heavily impair chemical 

derivatization and chromatographic performance. To achieve this, the samples can be 

freeze-dried at a low temperature and low pressure.188 To ensure that metabolites 

become volatile, samples must be derivatized prior to GC-MS measurement. There are 

various possible derivatization chemicals; in this study two-step derivatizations via 

methylhydroxylamin hydrochlorid (MeOX) were used followed by either N-methyl-N-

(trimethylsilyl)trifluoracetamid (MSFTA) or N-tert-butyldimethylsilyl-N-

methyltrifluoracetamid (MTBSTFA).199 MeOX specifically targets aldehydes and ketones 

whereas the second derivatization reacts on multiple functional groups resulting in 

either trimethylsilyl (TMS) esters by using MSTFA or tert-butyldimethylsilyl (TBDMS) 

esters by using MTBSTFA.199 In this thesis both derivatization methods were used due to 

different fragmentation patterns in the electron impact (EI) chamber of the MS.200 The 

importance of this procedure is further explained in section 1.3.1.4.  

Figure 7: Schematic overview of the experimental pipeline to generate metabolome data 
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The derivatized sample is injected into the GC inlet, vaporized and then the mixture of 

compounds is separated in the GC column due to specific binding strengths of the 

functional groups to the column. After chromatographic separation the compounds 

enter the EI chamber and are ionized via electron bombardment, and because of this 

harsh ionization, ions become fragmented.201 However, the resulting fragmentation 

pattern is very specific for each metabolite and facilitates its identification.200 These 

ionized fragments are accelerated and separated again afterwards in a quadrupole. Due 

to the oscillating electrical field only fragments with a specific velocity have a stable 

trajectory and reach the detector. The velocity is dependent on the mass and charge of 

the  

fragment. Consequently, MS measurements do not directly measure the molecule mass 

but the ratio of molecule mass to charge (m/z). The electrical field within the quadrupole 

can be adjusted to scan all fragments in a wide range from m/z 70 to 800 within 300 ms. 

Taken together, the whole GC-MS measurement generates a three-dimensional data 

matrix. The different metabolites are separated over the time while the MS 

characterizes the m/z composition at every time point. The combination of the retention 

time of a compound combined with the specific fragmentation pattern results in clear 

identification. The data are mostly visualized via the total ion chromatogram, which 

represents the sum of all fragments at a specific time point or via single ion 

chromatograms, which only visualize one specific m/z. Besides the scan method, where 

all ions over a wide range are quantified, a second commonly used method is the 

selection ion monitoring (SIM) method.202 In a SIM measurement only specific fragments 

are monitored. The advantage of this method is its higher sensitivity, but it requires 

knowledge of the retention time and fragmentation pattern of each compound of 

interest. To ensure correct quantification, internal standards (IS) are used for most 

measurements.203 These standards are added during the extraction to correct for errors 

such as instable injection volume or altered detector sensitivity. The most frequently 

used standards are deuterium or 13C labeled compounds, which share most 

physicochemical characteristics with the compounds of interest. Deuterated standards 

result in slightly different physicochemical characteristics compared to the non-labeled 
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molecule and thus in slightly different retention times after chromatographic 

separation.204  

 

1.3.1.4 Metabolic flux analysis via stable isotope labeling 

With GC-MS measurements it is possible to quantify multiple metabolites within a single 

measurement, but as already introduced in section 1.1.1, it is hard to draw detailed 

conclusions about the metabolic status of the cell with such measurements alone. For 

various research questions it is important to identify specific substrates and follow their 

downstream metabolism. In the past, radioactive labeled substrates were used to 

achieve the tracing of specific substrates, but via MS non-radioactive stable isotopes can 

be used to achieve the same goal.15,205 If substrates like glucose are labeled with heavier 

isotopes like 13C it is possible to follow these substrates throughout the metabolic 

network. Inhibited glycolysis, as an example, would result in lower enrichment in 

pyruvate which might be potentially compensated by a different substrate such as 

alanine to restore pyruvate levels (Figure 8a). By following metabolic fluxes, it is possible 

to detect specific metabolic alterations and interruptions in metabolic pathways, even 

when metabolic levels remain unchanged.  

The quantity of enrichment of heavy 13C isotopes within a chemical compound is 

referred to as ‘mass isotopomer distribution’ (MID). As already mentioned in 

section 1.3.1.2, each metabolite has a specific fragmentation pattern. But each fragment 

does not naturally result in a single m/z but in a mass spectrum due to natural isotopes. 

2H represents 0.015% of all natural hydrogen, 13C represents 1.1% of all natural carbon 

and so on.206 If the molecular formula is known, the natural mass spectrum of a fragment 

can be calculated based on these percentages. By using a linear equation system, the 

difference between the natural isotope distribution and the measured mass spectrum 

can be calculated (Figure 8b).15 This results in the MID arising from labeled tracers such 

as 13C independently of natural isotopes.207 The different isotopologues are classified as 

M0 for only natural labeling, M1 for one tracing unit incorporated such as 13C, M2 for 

two tracing units and so on (Figure 8). The MID equation system only represents the 



 
 
 

26 Introduction  

relative amounts of specific mass isotopomers independently of the total amount of 

compound within the sample. By using different labeled and non-labeled substrates, the 

relative fluxes of various pathways originating from different substrates can be 

investigated. One example for that would be the labeling pattern of pyruvate after 

metabolization of [U-13C6]glucose as a tracer in comparison to other non-labeled 

substrates such as alanine (Figure 8a). 

The MID analysis is also the reason for two different derivatization methods in this thesis 

introduced in section 1.3.1.3. When using 13C labeled substrates it is crucial to monitor 

fragments that represent the whole carbon backbone. For this reason, the TBDMS 

derivates are the option of choice since the fragmentation pattern is suitable for MID 

analysis.200 Unfortunately larger molecules with many reactive groups such as sugars are 

not suitable for TBDMS derivatization because the derivates become too large to 

monitor. As a result, for non-targeted metabolite quantification without MID analysis 

TMS derivatization remains the better option. Moreover, there is also a second more 

direct advantage. By using two different derivatization methods, resulting in two 

completely different chromatograms, it is possible to confirm the results and minimize 

risk and error factors like co-eluating compounds and chromatographic contaminants.  

As already mentioned, it is also notable that the MID analysis is independent of the total 

metabolic level as long as the concentration is not below the LoD. As a result, MIDs alone 

are only suitable for measuring relative fluxes. For this reason it is essential that these 

relative fluxes are not changing over time and the cells are in so called ‘metabolic steady 

state.’15 First the 13C labeled substrate must completely replace the non-labeled 

substrate and then also have already completely reached the final metabolic product.15  

The pathways of interest in this thesis, such as glycolysis or the TCA cycle, are quite fast, 

and metabolic steady state is reached within 24 h for whole cells and within a few 

minutes for mitochondria after the addition of labeled substrates.180,196  
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Figure 8: Overview of an MID analysis; (A) simplified overview of the usage of MID analysis for 
metabolic flux measurements with pyruvate as an example after using labeled substrate 
[U-13C6]glucose and non-labeled alanine; (B) scheme of the MID analysis for a C2-metabolite 
representing the different mass isotopologues, their proportion in the mass spectrum and the MID 
calculation 
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1.3.2 Cellular Status Profiling via Various Biochemical Assays 

Metabolomics and metabolic flux measurements are powerful tools for monitoring the 

overall metabolism in vitro. But it might be hard to interpret the impact of these 

alterations on the cell overall with these experiments alone. Alterations of metabolic 

levels or metabolic fluxes might be compensated by using other substrates or 

upregulating other pathways. As an example, it is commonly described in vitro that 

altered mitochondrial function can potentially be compensated by upregulation of 

glycolysis.182 Additional experiments that quantify various cell parameters can help to 

interpret the impact of metabolic alterations on the whole cell. But on the other hand, 

the impact of metabolic alterations might be higher in vivo than in vitro since 

physiological conditions are much more complex, substrates are not as easily available, 

and the compensation of metabolic alterations is harder overall. A prime example is an 

altered mitochondrial function in neuronal cells. While mitochondrial dysfunction might 

be at least partially compensated by increased glycolysis in vitro, this sort of defense 

mechanism represents no viable option for neuronal cells in vivo as introduced in 

section 1.1.3. This aspect is particularly interesting for PD research, since mitochondrial 

dysfunction is already part of the pathology of the disease and further alterations of 

mitochondrial metabolism might have a bigger impact in PD patients than cells in vitro. 

Taken together, metabolomic and metabolic flux data must be interpreted in respect of 

the differences between in vitro and in vivo and combined with other experimental data 

representing key cellular parameters and functions. 

A key readout of cell physiology in vitro is to test the viability and number of living cells. 

There are various options for gathering this kind of data, such as confluence 

measurements of adherent cell cultures or cell counting after trypsination.208 But most 

methods rely on fluorescent dyes that are taken up by viable cells, which are often 

enzymatically modified to change the absorbance or the emission spectrum of the 

fluorophore.209  

Another crucial cell parameter, especially for analyzing mitochondrial function and the 

impact of L-DOPA, is intracellular ROS as introduced in section 1.1.2 and 1.2.4. For that 

purpose, cells can be incubated with the chemical compound 2,7-dichlorofluorescin 
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diacetate (H2DCFDA), which is able to enter the cell and is deacetylated by esterases.210  

When exposed to ROS the fluorescent dye 2,7–dichlorofluorescein is formed, which can 

further be quantified using a fluorometric plate reader. Because H2DCFDA must be 

modified intracellularly prior to the reaction with ROS it is possible to exclusively 

quantify ROS formed within cells, independently of extracellular ROS levels. 

In the discussion on monitoring mitochondrial function, metabolic flux measurements 

rely on the activity of the TCA cycle. But the oxidative phosphorylation itself can be 

quantified directly as well using the Seahorse technology of Agilent, which allows direct 

quantification of the cellular respiration via cellular oxygen uptake.211 Another key 

parameter to describe mitochondrial function is the MMP, which can be monitored by 

the dye JC-10.212 The fluorophore is again taken up by the cells and aggregate within 

intact mitochondria. Mitochondria depolarization results in the return of the dye into its 

monomeric form with different excitation and emission spectra compared to the 

aggregated form. As a result, this dye enables the quantification of mitochondrial 

dysfunction by measuring the monomeric form or the quantification of the average 

MMP by comparing the intensity of intact to depolarized mitochondria.  

Besides fluorescence measurements there is also the option to quantify cellular 

compounds by their reactivity. When specific reactions are linked to luciferase activity, 

the resulting light impulse can be exploited by measuring the luminescence to quantify 

specific parameters such as NADH or ATP levels.213  

Taken together, combining experiments of metabolomics and metabolic fluxes with 

these additional biochemical parameters such as respiration, MMP and ATP levels 

creates a more complete picture of the cellular central energy metabolism. 
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2 Aim of the Thesis 

The controversy of potential neurodegenerative and PD progression accelerating effects 

of L-DOPA is mainly settled today as described in section 1.2.4. Current L-DOPA research 

is mainly based on in vivo models for LID. The latest in vitro studies also describe the 

exact mechanism behind L-DOPA neurotoxicity induced by ROS.214,215 A prime example 

is a preceding study by Delcambre.180 She focused on the neurotoxic effect of L-DOPA 

on LUHMES cells and described metabolic impairments induced by L-DOPA and its auto-

oxidation. A major goal of my thesis was the validation of the previous results by 

Delcambre180 and the disentanglement of alterations induced by L-DOPA itself and its 

auto-oxidation products.  

Firstly, this includes the confirmation and mechanism of the neurotoxic effect of L-DOPA 

on LUHMES cells. Furthermore, the metabolic alterations upon L-DOPA treatment were 

assigned to ROS-induced impairments due to L-DOPA auto-oxidation, to the end product 

of auto-oxidation melanin and L-DOPA itself. To achieve this goal, co-treatments with 

ROS scavenging compounds, incubation with artificial ROS sources and synthetic 

melanin were used. As already mentioned in section 1.2.4, it is difficult to fully unravel 

the effects of L-DOPA itself from its auto-oxidation effects by just detoxifying ROS. Taken 

together, a major part of my thesis focused on modifying the experimental setup to fully 

minimize the effects of L-DOPA auto-oxidation.  

During my experiments I targeted especially central energy metabolism and 

mitochondrial metabolism in particular. Mitochondrial dysfunction is already a big factor 

in PD pathology. Further mitochondrial impairments induced by the drug itself could 

shed new light in LID research and might potentially have a major impact on future 

medication approaches.  

Parts of this study have already been published in Cell Death Discovery in my first author 

paper “Impairment of neuronal mitochondrial function by L-DOPA in the absence of 

oxygen-dependent auto-oxidation and oxidative cell damage”.216 But beside these 

results, I will also discuss additional experiments and interpretations which result in an 

even deeper insight into the matter. 
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3 Material and Methods 

3.1 Cell Culture 

3.1.1 LUHMES Cell Line Cultivation 

Unless stated otherwise, I used LUHMES cells, an immortalized mesencephalon cell line, 

which can be differentiated to post-mitotic cells.177,217 For LUHMES cells cultivation 

flasks or well plates were coated with 50 µg/ml Poly-L-Ornithin (Sigma-Aldrich, P3655) 

and 1 µg/ml fibronectin (Sigma-Aldrich, F1141). The coating solution was incubated for 

at least 3 h at 37 °C, washed away using sterile water and dried under the sterile clean 

bench. LUHMES cells were cultured in Advanced Dulbecco’s Modified Eagle’s Medium 

(DMEM)/F-12 medium (Gibco, 12634010) supplemented with 2 mM glutamine (Sigma-

Aldrich, G7513), 1x N2 supplement (Gibco, 17502048) and 40 ng/ml fibroblast growth 

factor (FGF; R&D Systems, 4114-TC).  

For subcultivation and differentiation, the medium was washed off using phosphate-

buffered saline solution (PBS; Gibco, 18912-014) and the cells were incubated for 5-10 

min with trypsin solution (0.05%; Gibco, 25300054). The cell solution was transferred 

into a Falcon tube, and the volume was filled with medium without supplements and 

centrifuged at room temperature (RT) at 300 g for 5 min (centrifuge: ThermoScientific, 

Heraus X3R). Afterwards, the supernatant was removed and the cell pellet was 

resuspended in complete growth medium. The cells were counted using a Luna cell 

counter (Logos Biosystems) and seeded in a new flask (Greiner, F010013) with a cell 

density of 7 * 103 cells per cm2 for subcultivation and with 35 * 103 cells per cm2 for 

differentiation. Following the differentiation process, the proliferation medium was 

replaced with differentiation medium without FGF but 1 mM db-cAMP (Sigma-Aldrich, 

D0627), 1 µg/ml tetracycline (Sigma-Aldrich, T7760) and 20 ng/ml GDNF (R&D Systems, 

212-GD) after 24 h. After an additional 48 h, the pre-differentiated cells were harvested 

as described above using trypsin and seeded in well plates (Greiner, 6 well: 657160; 12 

well: 665180, 24 well: 662160, 48 well: 677180, 96 well: 655101) at a density of 
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14 * 104 cells per cm2. After an additional three days, the differentiations were 

complete, and the treatments started.  

 

3.1.2 Cultivation of Proliferating Cancerous Cell Lines 

SH-SY5Y and A549 cells were cultivated in DMEM high glucose medium (Gibco, 

41965039) supplemented with 10% fetal bovine serum (FBS; Gibco, A3840401). 

CCF-STTGI and HT29 cells were cultivated in Roswell Park Memorial Institute (RPMI) 

1640 (Gibco, 21875034) supplemented with 10% FBS. For subcultivation and cell 

seeding, the cells were incubated with trypsin solution for 5 min at 37 °C. Afterwards, 

the cells were transferred into a tube containing growth medium, counted, and seeded 

in a new cell culture flask. For experiments using proliferating cells, they were seeded in 

well plates at a density of 7 * 104 cells per cm2 the day before the experiment.  

 

3.1.3 Cell Culture Treatments 

The cells were treated for different durations of between 2 h and 24 h with freshly 

prepared solutions in complete medium including L-DOPA (Sigma-Aldrich, D9628), 

D-DOPA (Sigma-Aldrich, D9378), ascorbic acid (Sigma-Aldrich, A4403), glutathione (GSH; 

Sigma-Aldrich, G4251), NAC (Sigma-Aldrich, A9165), H2O2 (Roth, 9683.1), hepteledic acid 

(abcam, ab144269), tert-butyl hydroperoxide (TBHP; Sigma-Aldrich, 458139), NAD 

(Sigma-Aldrich N3014), Olaparib (Hölzel Diagnostics; AZD2281), Nimodipine (Sigma-

Aldrich; N149) and Wortmannin (Sigma-Aldrich; W1628). Melanin was obtained by 

incubating L-DOPA at a concentration of 200 µM or lower in complete growth medium 

for 24 h at 37 °C. Melanin intermediates were obtained by incubating an L-DOPA stock 

solution of 2 mM in complete growth medium for 24 h at 37 °C, with further dilution 

afterwards.  

If experiments were performed under hypoxic conditions, the cells were transferred two 

days prior to the start of the treatment to a hypoxia chamber (Coy Lab Products) 
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containing 2% oxygen which represents the oxygen tension in the mammalian mid-

brain.27  

MID experiments were performed by replacing the cell culture media with stable isotope 

labeling by amino acids in cell culture (SILAC) Advanced DMEM/F12 (Gibco; A2494301) 

media supplemented with either 13C labeled glucose ([U-13C6]glucose: Sigma, 389374; 

[1,2-13C2]glucose: Sigma, 453188), 13C labeled glutamine ([U-13C5]glutamine: Sigma, 

605166) or 13C labeled pyruvate ([U-13C3]pyruvate: Cambridge Isotope, CLM-2240) 

combined with the non-labeled counterparts (glucose: Roth, 6780.2; pyruvate: Sigma-

Aldrich, P6280). The cells were incubated in labeled differentiation medium for 24 h. In 

the case of 24 h treatments, the medium was replaced at the same time point as the 

treatment started. 

 

3.2 Viability Measurements 

Cell viability for experiments over 24 h was measured using the resazurin fluorescence 

assay.218 Resazurin (Sigma-Aldrich, R7017) was added to the cells to a final concentration 

of 5 µg/ml and incubated for 1 h at 37 °C. Viability was measured with excitation at 

555 nm and emission at 595 nm using a micro plate reader (Tecan, Infinite 200 Spark). 

As further explained in section 4.1.1, most viability experiments were performed using 

the neutral red (NR) assay.219 NR (Sigma-Aldrich, N2889) was added to the cells to a final 

concentration of 10 µg/ml and incubated for 2 h at 37 °C. Medium was discarded and 

cells were washed once using PBS. Afterwards, the cells were lysated using a solution 

comprised of 50% ethanol (EtOH; HPLC grade; Roth, P076.1), 49% water and 1% acetic 

acid (AcOH; Sigma-Aldrich, 695092) and incubated for 10 min before measuring the 

fluorescence with excitation at 530 nm and emission at 645 nm.  

Besides these two assays, I also tested a third option using a calcein-AM assay kit from 

Invitrogen (Live/Dead Viability/Cytotoxicity Kit, L3224).220 The viability assay was 

performed following the manufacturer's instructions, and valinomycin (Invitrogen, 
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V1644) was used as a positive control. The fluorescence was measured with excitation 

at 472 nm and emission at 517 nm.  

 

3.3 Melanin and Metabolite Quantification Measurements in Cell 

Culture Medium 

Melanin was quantified in the medium using absorbance measurements in 12- or 

48-well plates at 405 nm in cell-free assays.  

Quantification of non-volatile metabolites within the medium was obtained by medium 

extraction followed by GC-MS measurements based on the method described previously 

by Krämer et al.187 The medium extractions were performed using an extraction fluid of 

89% MeOH (HPLC grade; Roth AE71.2) and 11% water supplemented with 2.5 µg/ml 

D6-glutaric acid (CDN Isotopes, D-5227) as an internal standard. 90 µl extraction fluid 

were added to 10 µl medium, vortexed (Eppendorf, ThermoMixer C) for 5 min at 

1300 rpm and 4 °C, and centrifuged (VWR, MicroStar 17R) for 5 min at 17,000 x g and 

4 °C. 70 µl of the upper layer were transferred into GC vials (vials: Ziemer, 1301538; 

caps: CZT, 101123771) and dried within a refrigerated rotary vacuum evaporator 

(Labconco, CentriVap plus ColdTrap) at 4 °C for at least 5 h until completely dried. The 

following GC-MS measurements are described in detail in section 3.5.  

This extraction and measurement method was only suitable for non-volatile 

metabolites. To measure acetate properly, a second extraction method was used. 400 µl 

medium were mixed with 600 µl water containing 8.4 µg/ml 2-methylphonel (also 

known as o-cresol; Sigma-Aldrich, 36922), 60 µl sulfuric acid (H2SO4; Sigma-Aldrich, 

84733) and 200 µl tert-butylmethylether (Sigma-Aldrich, 34875). The mixture was 

vortexed for 5 min at 2000 rpm and 4 °C and centrifuged for 5 min at 17,000 x g and 4 °C. 

100 µl of the upper layer were transferred into GC vials. The GC measurement had to be 

performed on the same day, further sample storage was only possible for a few days at 

4 °C. The GC measurements were performed using a VF-WAX-MS column from Agilent 

(CP9206). The carrier gas was helium, and the flow was constantly set at 1.2 ml/min. The 

injection volume of the samples was 1.0 µl each. The other key measurement 
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parameters including the temperature gradients within the GC and the quantified ions 

are listed in Tables 1 and 2.  

 

 

 

 

 

Additionally, the metabolites glucose, lactate, glutamine and glutamate were quantified 

using a Bioanalyzer 2950 from YSI (527690). The measurements were performed 

following the manufacturer's instructions. Buffer solutions and membranes were 

obtained from YSI (2329; 2735; 2754; 2365; 2970). Standard solutions were prepared in 

RPMI SILAC medium (Gibco, A2494201) with up to 28 mM glucose, 15 mM lactate 

(Sigma-Aldrich, L1750), 6 mM glutamine and 2 mM glutamate (Roth, 3774.1) to ensure 

linearity and proper measurement quality.  

 

3.4 Intracellular Metabolite Extraction 

The cellular extraction was basically performed as previously described by 

Sapcariu et al.188 The cell culture medium was discarded and the cells were washed 

Inlet 40 °C + 14 °C / s 200 °C  -

55 °C  - 55 °C 1 min

55 °C + 10 °C / min 245 °C 2 min

Start 
temperature

temperature 
gradient

end 
temperature

hold 
duration

Column 
oven

Table 1: Overview of the temperature profile in the inlet and GC column oven 
for acetate measurement 

Table 2: Quantifying ions of the GC-MS acetate quantification 

Metabolite quantified ions [m/z]

Acetate 60.0

Internal standard 108.0



 
 
 

38 Material and Methods  

using 0.9% NaCl solution (Roth, 9265.2). The 12-well plates were transferred onto 

cooling plates (biocision, CoolSink XT96F) tempered at -20 °C. Afterwards 200 µl ice-cold 

MeOH and 200 µl water containing 1 µg/ml D6-glutaric acid were added to each well and 

the cell layer was scraped off. The mixture was transferred in prepared tubes containing 

chloroform (Fisher Scientific, C/4966/17) at -20 °C. The cell extracts were vortexed for 

20 min at 4 °C and 1300 rpm and centrifuged for 5 min at 4 °C. 250 µl of the upper phase 

were transferred into a GC vial and dried as described in section 3.3. 

 

3.5 Gas Chromatography and Mass Spectrometry 

With exception of acetate measurements, the samples had to be derivatized prior to the 

injection into the GC using an autosampler (Gerstel, MPS 2XL) linked to the GC. For non-

targeted scan measurements, derivatization via TMS was used. 15 µl pyridine (Roth; 

9729.3) containing 20 mg/ml MeOX (Sigma; 226904) were transferred to the dried 

sample and vortexed at 40 °C for 1.5 h. Afterwards 15 µl MSTFA (Chromatographie-

Service, 370 520) were added and again vortexed at 40 °C for 30 min. The derivatized 

sample was injected into the GC-MS (Agilent, 5977B) equipped with a DB-35MS capillary 

column (Phenomenex, 7HG-G003-11-GGA-C). The measurements have already been 

described previously,187 but further key instrument parameters are listed in Tables 3 

and 4.  

 

parameter setting

inlet temperature 270 °C

split mode splitless

injection volume 1.0 µl

carrier gas helium

flow 1 ml/min

Table 3: Overview of the GC settings for TMS derivatized samples 
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Targeted SIM measurements were mainly performed via TBDMS derivatization. 15 µl 

pyridine containing 20 mg/ml MeOX were again transferred to the dried sample and 

incubated at 55 °C for 1.5 h. Afterwards 15 µl TBDMS (Restek Corporation, 35610) were 

added and again incubated at 55 °C for 60 min before being injected into the 

instruments. The key parameters of the TBDMS SIM measurements are listed in Tables 5 

to 7. 

 

80 °C  - 80 °C 6 min

80 °C + 6 °C / min 300 °C 10 min

300 °C + 10 °C / min 325 °C 4 min

start 
temperature

temperature 
gradient

end 
temperature

hold 
duration

Table 4: Overview of the temperature profile in the GC column oven for TMS 
derivatized samples 

GC component parameter setting

Inlet

temperature 270 °C

pressure 10,532 psi

septum purge flow 3.2 ml/min

split mode splitless

Column
pressure 10,532 psi

flow 1 ml/min

Table 5: Overview of the GC settings for TBDMS derivatized samples 

start temperature hold duration

100 °C  - 100 °C 2 min

100 °C + 10 °C / min 300 °C 4 min

temperature 
gradient

end 
temperature

Table 6: Overview of the temperature profile in the GC column oven for TBDMS 
derivatized samples 
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The last method I used was a TMS derivatized SIM measurement to quantify 

dihydroxyacetone phosphate (DHAP) and G3P. The derivatization and GC parameters 

were the same as the TMS scan approach listed in Tables 2 and 3, but the detection was 

limited to specific m/z of these target metabolites (Table 8). 

 

 

Metabolite detected ions [m/z]

Pyruvate 174.0 175.0 176.0 177.0 178.0 179.0

Lactate 261.1 262.1 263.1 264.1 265.1 266.1

Alanine 260.1 261.1 262.1 263.1 264.1 265.1

Glycine 246.1 247.1 248.1 249.1 250.1

Succinate 289.1 290.1 291.1 292.1 293.1 294.1 295.1

Fumarate 287.1 288.1 289.1 290.1 291.1 292.1 293.1

Internal standard 235.2 309.2 351.3

Serine 390.2 391.2 392.2 393.2 394.2 395.2

346.2 347.2 348.2 349.2 350.2 351.2 352.2 353.2

Malate 419.2 420.2 421.2 422.2 423.2 424.2 425.2

Aspartate 418.2 419.2 420.2 421.2 422.2 423.2 424.2

Glutamate 432.3 433.3 434.3 435.3 436.3 437.3 438.3 439.3

Glutamine 431.3 432.3 433.3 434.3 435.3 436.3 437.3 438.3

Citrate 591.3 592.3 593.3 594.3 595.3 596.3 597.3 598.3 599.3

Levodopa 351.2 352.2 353.2 494.3 495.3 496.3 596.4 597.4 598.4

α-Ketoglutarate

Table 7: List of the detected ions of the targeted approach based on TBDMS derivatized samples of 
the metabolites further discussed in my thesis 

Metabolite detected ions [m/z]

G3P 103.0 142.1 173.1 211.1 299.2 315.2

DHAP 211.1 299.2 315.2 328.2 341.2 370.2 373.2 384.2 387.2 400.2

Internal standard 267.2 268.2 269.2

Table 8: Detected ions of targeted SIM measurements for quantification of intracellular G3P and 
DHAP in TMS derivatized samples 
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3.6 Normalization of Intracellular Metabolic Levels Based on 

DNA Quantification 

To ensure proper quantification of intracellular metabolic levels, the data were 

normalized via DNA quantification of the interphase of the cell extracts based on the 

method described by Muschet et al.221 The upper and lower layer of the extract 

introduced in section 3.4 were carefully removed. Afterwards the interphase was 

washed by adding 200 µl MeOH, briefly vortexed and centrifuged for 5 min at 17,000 x g 

and 4 °C. The methanol was discarded and the interphase was dried for approximately 

15 min at RT. Afterwards 300 µl 88 vol% MeOH and approximately 50-100 mm³ ceramic 

beads (Quiage, 13113-325) were added and vortexed vigorously for 10 min at a rate of 

30 Hz (Retsch, MM400). 20 µl of the sample were transferred onto a black 96-well plate 

(Greiner, 655076) in triplicates and 80 µl Hoechst solution (20 µg/ml Hoechst dye 

(Sigma-Aldrich; H1399) in PBS) were added to each well. The plates were incubated for 

30 min protected from light at RT prior to measuring the fluorescence signal with 

excitation at 365 nm and emission at 450 nm. 

 

3.7 Intracellular Reactive Oxygen Species Measurements 

The intracellular ROS measurements were performed using the fluorescence dye 

H2DCFDA (Sigma-Aldrich D6883).222 The cells were seeded in black fluorescence 

microplates. The cells were incubated with 25 µM H2DCFDA for 45 min at 37 °C. 

Afterwards the medium was discarded, the cells were washed once with PBS and the 

treatment with L-DOPA and/or TBHP for 2-6 h was started. Intracellular ROS levels were 

measured with excitation at 485 nm and emission at 535 nm. If an NR assay was added 

to the experiment, 2x NR stock solution was added (same volume as already in the well) 

after the ROS measurement and the assay was performed as described in section 3.2. 

Due to the fact that the ROS assay monitored intracellular formed ROS over the whole 

treatment including cells that died over the treatment process and because the viability 

measurements were performed after the ROS measurements instead of at the same 

time point, a direct normalization of intracellular ROS levels on the cell viability was not 
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possible. But monitoring both cell parameters in the same experiment resulted in some 

essential observations described in section 4.2.2. 

 

3.8 Glutathione Quantification 

Cells were incubated in a 12-well plate, washed using 0.9% NaCl solution and transferred 

onto a cooling plate. Afterwards 100 µl water including 20 µg/ml internal standard 

([13C2
15N1]GSH; Santa Cruz Biotechnology, sc-280747) and 100 µl 5% trichloroacetic acid 

(Sigma-Aldrich, 27242) were added. Cells were scraped, transferred into reaction tubes, 

vortexed for 10 min at 1400 rpm and 4 °C, and centrifuged afterwards for 5 min at 

17,000 x g. 150 µl of the supernatant were transferred into an LC-MS vial (vial: Ziemer, 

1.304601-LI; cap: Analytec Zubeghör GmbH, ES11CB070) and measured immediately or 

stored at -80 °C until measurement. Measurements were done using LC-MS (Agilent, 

1290 Infinity II and Bruker, maXiS) equipped with a reversed-phase column (Waters, 

Acquity UPLC HSS T3 1,8 µm) as previously described,223 and the key parameters are 

listed in Tables 9-11. 

parameter setting

injektion volume 10 µl

flow rate 0.3 ml / min

eluent buffer A

eluent buffer B  0.1% formic acid in MeOH

column temperature 45 °C

 0.1% formic acid in H
2
0

Table 9: Key LC parameters of the GSH measurements 

gradient

1  - 1 10 min

1 + 49 %B / min 99 2 min

99 - 98 %B / min 1 5 min

Start %  
buffer B

End %  
buffer B

hold 
duration

Table 10: Buffer gradients of the LC separation of the GSH 
measurements 
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GSR mRNA quantification was performed using the edgeR data obtained from the RNA 

sequencing data set described in section 3.16.  

 

3.9 Mitochondrial Metabolic Flux Measurements 

In general, I used the same experimental setup as previously described by 

Nonnenmacher et al.33 After the 2 h L-DOPA treatment the medium was discarded and 

the cells were treated with 50 µg/ml digitonin (Sigma-Aldrich, D141) for 2 min at 37 °C 

to selectively perforate the cell membrane leaving the mitochondria membrane intact. 

Afterwards the cells were incubated for 30 min at 37 °C in the assay buffer containing 

1 mM pyruvate (Sigma-Aldrich, P5280), 1 mM [U-13C5]glutamine (Sigma-Aldrich, 

605166), 2 mM ADP (Sigma-Aldrich, A5285), 0.5 mM GDP (Sigma-Aldrich, G7127) and 

200 µM L-DOPA. After the treatment the cell ghosts were washed with 0.9% NaCl and 

extracted as previously described in section 3.4 and analyzed as previously described in 

section 3.5.  

 

3.10   Mitochondrial Membrane Potential Measurements 

The MMP measurements were based on the fluorescence dye JC-10;212 the kit was 

obtained from Sigma-Aldrich (MAK159). The cells were seeded in black fluorescence 

96-well plates and treated with 50 µl medium containing various supplements. After 2 h, 

25 µl of buffer A containing JC-10 were added. After an additional 45 min, 25 µl of 

buffer B were added. The fluorescence measurements were done with excitation at 

Metabolite quantified ions [m/z]

GSH 308.09

Internal standard 311.09

Table 11: m/z used for quantification of GSH via LC-MS 
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540 nm and emission at 590 nm (representing intact mitochondria) as well as excitation 

at 490 nm and emission at 530 nm (representing depolarized mitochondria). The ratio 

of the fluorescence signals excited at 540 nm to those at 490 nm (intact mitochondria 

compared to depolarized mitochondria) represent the MMP.  

Experiments with the cell lines A549 and HT29 resulted in very low signals for the 

fluorescence signal of damaged mitochondria (excitation 490 nm, emission 530 nm), 

often even below the LoD. Therefore, proper calculation of the MMP was not possible. 

Instead, I quantified only the damaged mitochondria and normalized the data sets on 

the signal intensities of the treatment samples.  

 

3.11   Adenosine Triphosphate Measurements 

ATP measurements were based on luminescence; the kit was purchased from Abcam 

(ab113849). The assay was done according to the manufacturer’s instructions. The cells 

were treated in 50 µl medium in a white 96-well luminescence plate (Greiner, 655074). 

After the treatment 25 µl detergent solution were added and vortexed for 5 min. 

Afterwards 25 µl substrate solution were added and again vortexed for 5 min. After 

10 min of incubation in the dark the intracellular ATP levels were measured via 

luminescence (Tecan, Infinite M200). 

 

3.12   Nicotinamide Adenine Dinucleotide (Phosphate) 

  Measurements 

The NAD+ and NADP+ measurements were based on luminescence; the kits were 

purchased from Promega (G9071, G9081). The reaction mixtures were prepared 

according to the manufacturer’s instructions. The cells were treated in 50 µl medium in 

a white 96-well luminescence plate. After the treatment 50 µl assay buffer were added 

and the mixture was incubated for 90 min before measuring the luminescence signal. 
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3.13   Intracellular Calcium Assay 

Intracellular calcium levels were quantified using a Fluo-4 NW calcium assay kit from 

Invitrogen (F36206). The experiments were performed according to the manufacturer’s 

instructions. The fluorescence measurements were performed with excitation at 

480 nm and emission at 525 nm. 

 

3.14   Oxygen Uptake Measurements 

To measure the oxygen uptake, the Agilent Seahorse XE96 system was used (Wave 

software 2.4.2).211 Due to the prolonged time of the assay and the vulnerability of the 

cell line, I prepared a specific Seahorse medium in-house instead of using the standard 

Agilent Seahorse medium. I completely reformulated the Advanced DMEM/F12 medium 

using DMEM 5030 (Sigma-Aldrich, D5648), F12 nutrition mix (Gibco, 15172529) and 

insulin-transferin-selenium-ethanolamine supplement (Gibco, 51500056). I added all 

missing compounds simultaneously, obtaining all chemicals except AlbuMAX II (Gibco, 

11560376) from Sigma-Aldrich. I replaced the usual bicarbonate buffer with 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (better known as HEPES, 15 mM; 

Gibco, 11344041) to guarantee a stable pH. For the experiments, I seeded 3x 10⁴ cells 

per well. One day before the differentiations were finished, I replaced the normal 

differentiation medium with my self-made Seahorse differentiation medium and 

finished differentiation in a carbon-dioxide-free incubator. Besides the 2 h treatment 

using L-DOPA, a normal Agilent MitoStress test (Agilent, 103015) was used including 

oligomycin to inhibit complex V (1 µM), carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) to uncouple oxygen consumption from ATP 

production (0.5 µM for normoxia, 1 µM for hypoxia), and rotenone and antimycin A to 

inhibit complex I and III (each 0.5 µM). Under hypoxic conditions, wells containing NaSO3 

(Sigma-Aldrich, S0505) were added as recommended by the manufacturer. For the 

Seahorse experiments the oxygen concentration was increased from 2 to 3 % to 

guarantee the proper function of the instrument. These were the only exceptions where 

hypoxia experiments were performed at 3% oxygen instead of 2%.  
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3.15   DNA Damage Quantification 

DNA damage was quantified using an HCS DNA Damage kit obtained from Invitrogen 

(H10292). The assay was performed as described in the manufacturer’s instructions. The 

total cell number was quantified by the dye Hoechst 33342 (excitation 350 nm, emission 

461 nm), and the DNA damage was quantified by a fluorophore Alexa Fluor 555 

(excitation 475 nm, emission 525 nm) bound to an anti-mouse antibody as a secondary 

antibody. The primary mouse antibody bound selectively to phosphorylated histones, a 

cellular response to double strand breaks within the DNA.224 

 

3.16   RNA Purification and RNA Sequencing 

RNA samples were obtained using the same two-phase extraction as mentioned above, 

but on whole cells. RNA purification was done using a Machery-Nagel Nucleospin kit, 

following the manufacturer’s instructions.  

Further steps of the RNA sequencing were performed by the Genome Analytics group 

of Robert Geffers at the Helmholtz-Center for Infection Research, Braunschweig. The 

quality and integrity of total RNA were controlled using a 2100 Bioanalyzer (Agilent).  

The RNA sequencing library was generated from 10ng total RNA using a NEBNext Single 

Cell/Low Input RNA Library Prep Kit (New England BioLabs) according to the 

manufacturer’s protocols. The libraries were sequenced on an Illumina NovaSeq 6000 

using a NovaSeq 6000 S1 Reagent Kit (100 cycles, paired end run) with an average of 

3 x 107 reads per RNA sample. The raw data were provided via weblink, so I could further 

perform the data analysis. Primary analysis was done using the webtool Galaxy including 

fastq trimming, genome alignment and gene annotations (reference genome human 

hg38) as well as read counting, normalization and statistics using the methods HISAT2, 

featureCounts and edgeR with a filter of at least 3 counts per million.225–228 
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3.17   Gene Knockdown via Silencing RNA and Confirmation via   

  Quantitative Polymerase Chain Reaction 

The chemical transfection was performed using Lipofectamine RNAiMAX from Thermo 

Fisher (13778150). 30 pmol short-interference RNA (siRNA; Horizon Discovery, 

L-007774-01-0005) and 2 µl lipofectamine were dissolved in 150 µl Opti-MEM medium 

(Thermo Fisher, 31985070) and incubated for 20 min. The cells were seeded normally in 

850 µl and a pre-prepared 150 µl Opti-MEM medium was added 3 days prior to the 

experiments. The cell extraction was performed as described in section 3.4, and the RNA 

extraction was performed as described in section 3.16. For the quantitative polymerase 

chain reaction (qPCR; performed on a CFX96 C100 Touch, Biorad), I used the iTaq 

Universal Probes Supermix from Biorad and Taqman primers from ThermoFisher 

(SIRT7: Hs01034735_m1; gene TBP as control: Hs99999910_m1). The experiments were 

performed as described in the manufacturer’s instructions, and the qPCR parameters 

are listed in Table 12. 

 

 

 

 

 

 

qPCR step Temperature Duration Number of cycles

Denaturation 95 °C 2 min 1

Amplification
95 °C 3 sec

40
60 °C 30 sec

Elongation
53 °C 10 min

1
25 °C 2 min

Table 12: Parameters of the qPCR program 

 

Figure 9: Ctrl normalized viability over L-DOPA concentration after 24 h 
treatment in various cell lines; dose-response experiments under standard 
cell culture conditions displayed in mean and standard error with 4 replicates 
for each measurement point including post-mitotic LUHMES (LUHMES diff) 
and proliferating LUHMES before differentiation (LUHMES prolif)Table 4: 
Parameters of the qPCR program 
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3.18   Data Analysis and Visualization  

Any further data analyses were done using LibreOffice Calc, MetaboliteDetector,229  

OriginLab and R. Treatment results were normalized by setting values of untreated 

replicates (control measurements, ctrl) as 100% if not stated otherwise. Data are 

monitored with the mean and standard error if not stated otherwise; single data points 

were added as long as the clarity of the figure was not limited. Data visualization and 

figure generation were done using Inkscape as well as various R packages including 

ggplot2, enrichplot, DOSE and pathview.230–232  
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4 Results and Discussion 

4.1 In Vitro Long-Term Effects of Levodopa under Normoxic 

Conditions 

4.1.1 Neurotoxicity due to Levodopa Auto-oxidation under Normoxic 

Conditions 

Previous in vitro studies in this research field were mainly performed in different 

cancerous cell lines or isolated primary cells with a treatment duration of 

approximately 1 day. The first goal of this study was the evaluation of the neurotoxic 

effect of L-DOPA in LUHMES cells. Therefore, LUHMES cells were treated with L-DOPA 

and the toxicity of the drug was compared to other neuronal and non-neuronal cell lines 

to evaluate the effect on cells originating from different tissues.  

In a dose-response experiment over 24 h LUHMES cells were similarly vulnerable to 

L-DOPA to the commonly used neuronal SH-SY5Y cells (Figure 9). In contrast, the 

astrocytoma cell line CCF-STTGI was very resistant to the treatment, especially to higher 

doses of up to 500 µM (Figure 9). The epithelial gut cancer cell line HT29 was also very 

robust against the L-DOPA treatment, which remains notable since L-DOPA medication 

is usually orally taken up and absorbed within the mesenteric organs. The epithelial lung 

cancer cell line A549, which is a widely used model for studies in various research fields, 

showed a similar trend as HT29. These observations confirmed the common view that 

L-DOPA is, at least in this setup, cytotoxic specifically to neuronal cell lines.  

Although of neuronal origin, both neuronal cell lines employed for these experiments 

are quite different. SH-SY5Y is characterized as a noradrenergic cell line, while LUHMES 

express several DAergic markers. Moreover, SH-SY5Y is a cancerous proliferating cell 

line, whereas fully differentiated LUHMES are in a post-mitotic state. But despite these 

differences the neuronal cell lines were comparably vulnerable to the treatment. Even 

proliferating LUHMES, which are classified as a neuronal precursor cell line and less 

vulnerable to other neurotoxic compounds,182 showed the same trend upon L-DOPA 

treatment as fully differentiated LUHMES. The cytotoxic effect of L-DOPA was further 
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not limited to brain cells in general since the cytotoxic effect was not observed in 

CCF-STTGI. 

In conclusion, the neurotoxic effect upon L-DOPA treatment was reproducible in this 

experimental setup and further confirmed for the LUHMES cell line. Yet there are still a 

few interesting details within these first results. Firstly, the viability of HT29 cells seemed 

to be even increased upon L-DOPA treatment compared to the control. HT29 is a 

cancerous proliferating cell line, so the possibility that the proliferation might be 

increased upon L-DOPA treatment cannot be excluded. But the higher viability signals 

could also be the result of a counterfeit viability assay due to an impaired 

NAD(P)+/NAD(P)H ratio. This aspect is assessed later in this section in particular 

(Figure 11). But since the focus of my thesis was on the effect of L-DOPA on neuronal 

cells, potential effects on HT29 proliferation were not further investigated. 

Furthermore, it is also notable that in contrast to previous studies, L-DOPA induced 

Figure 9: Ctrl normalized viability over L-DOPA concentration after 24 h treatment in various cell 
lines; dose-response experiments under standard cell culture conditions displayed in mean and 
standard error with 4 replicates for each measurement point including post-mitotic LUHMES 
(LUHMES diff) and proliferating LUHMES before differentiation (LUHMES prolif)216 
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complete cell death in LUHMES and SH-SY5Y in high treatments around 500 µM.164,180  

Overall, the neurotoxic effect of L-DOPA tended to vary even between experimental 

replicates during my study (data not shown), so this difference compared to previous 

studies might simply originate from the different experimenter.  

Next, I addressed the mode of action behind L-DOPA neurotoxicity. The most common 

view on this subject is the increased ROS exposure induced by L-DOPA treatment. This 

was confirmed for LUHMES as well through the usage of common ROS scavengers 

(Figure 10a). Co-treatment of L-DOPA combined with ROS scavenging compounds like 

ascorbic acid, GSH and NAC resulted in decreased neurotoxic effects compared to 

normal L-DOPA treatment as it has already been described.180  The specific vulnerability 

of neuronal cells in this experiment can be explained by their generally weaker ROS 

defense mechanisms compared to other cell types.46 Overall, there are two different 

options for ROS generation upon L-DOPA treatment. As introduced in section 1.2, 

L-DOPA tends to spontaneously oxidize via multiple intermediates to the end product 

melanin. During this auto-oxidation both ROS and toxic intermediates are formed. 

Furthermore, L-DOPA can be taken up and further enzymatically metabolized by the 

cells which is a second possibility for ROS formation. To investigate these two 

Figure 10: Viability after co-incubation with ROS scavengers and after D-DOPA treatment; 
(A) ctrl normalized viability after 24 h treatment with 100 µM L-DOPA and different ROS 
scavengers including ascorbic acid (Asc.Acid), GSH and NAC (n = 3); (B) ctrl normalized viability 
after 24 h treatment with 100 µM L-DOPA or 100 µM D-DOPA (n = 4); displayed are means, 
standard errors and the single replicates – statistics were performed using Welch’s t-test 
(*p-value < 0.05, **p-value < 0.01)216  
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possibilities the enantiomer D-DOPA instead of L-DOPA was used. D-DOPA undergoes 

the same auto-oxidation process as L-DOPA, while specific enzymatically driven 

reactions are limited to L-DOPA. D-DOPA induced comparable neurotoxic effects as 

L-DOPA, which also has already been described previously (Figure 10b).163,180 In 

conclusion, the auto-oxidation of L-DOPA was confirmed as the major origin for the 

neurotoxicity of this drug. 

In order to finalize the evaluation of the neurotoxic effect of L-DOPA on LUHMES cells, 

different viability assays were performed and directly compared to exclude the 

possibility of an artifact of the specific experimental setup (Figure 11a). The assay used 

so far was based on the reaction of resazurin to the fluorophore resorufin via 

dehydrogenase; the co-factor of this reaction is either NADH or NADPH (Figure 11b).218  

In addition, the NR viability assay, which is based on the lysosomal uptake and storage 

of the dye (Figure 11c), as well as a calcein-AM assay based on esterase activity 

(Figure 11d) were tested.219,233 The readout of NR is via measurement of absorbance or 

fluorescence. All three different assays showed similar results regarding the toxicity of 

L-DOPA after 24 h, negating the possibility of an experimental artifact (Figure 11a). But 

interestingly, the resazurin assay indicated slightly stronger effects than the other two 

assays. This observation indicates that either the NAD(P)H level or the NAD(P)+/NAD(P)H 

ratio was potentially impaired upon L-DOPA treatment which potentially counterfeited 

the outcome of the resazurin assay. As a consequence, the resazurin assay was only 

further used in specific experiments. In contrast to the other viability assays, the 

resazurin assay required no washing steps (as described in 3.2). So even though the 

accuracy of the assay was lower than that of the other two assays tested, it still 

represented the best option if the cells were not strongly attached to the surface 

anymore due to the specific treatments. The comparison of the other two assays 

disclosed higher deviations for the calcein-AM assay. So, for subsequent experiments 

the NR assay was used unless otherwise stated. Melanin, the end product of the L-DOPA 

auto-oxidation, has a very wide absorbance spectrum.234 So the fluorescence signal of  

the NR assay might potentially be less prone to error than the absorbance signal and 

was used as the output of the assay. 
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Figure 11: Dose-dependent L-DOPA toxicity analyzed with various viability assays; 
(A) ctrl normalized viability after 24 h of L-DOPA treatment (n = 6; displayed are the 
mean and standard error for every data point); molecules of the different viability 
assays based on resazurin (B), neutral red (C) and calcein (D) 
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Overall, the neurotoxic effect of L-DOPA was confirmed with all viability tests in LUHMES 

cells and can mainly be attributed to ROS formed during the auto-oxidation of L-DOPA. 

To further characterize this degradation process, the amount of formed melanin during 

the L-DOPA treatment was quantified via absorbance measurements in parallel to 

L-DOPA quantification via GC-MS. A cell-free assay confirmed the auto-oxidation, 

showing that after 12 h no measurable amounts of L-DOPA could be detected in the 

medium while melanin formation was completed (Figure 12).  

These results opened another question specifically as to whether L-DOPA and its auto-

oxidation or melanin itself might be responsible for the neurotoxic effects on LUHMES 

cells. To produce melanin for toxicity assays, the medium containing L-DOPA up to 

200 µM was incubated for 24 h (Figure 13). If the L-DOPA concentration was further 

increased, the melanin formation was not finished at the end of the incubation 

(Figure 13b). After further dilution of this melanin intermediate solution, the melanin 

formation proceeded, resulting in the same melanin concentration as in the initial 

200 µM approach (Figure 13b). This third experimental treatment represents two 

potential threats for the cells, the end product of L-DOPA auto-oxidation melanin with 

Figure 12: L-DOPA degradation and melanin formation over time; L-DOPA concentration 
normalized on the starting point (n = 3) and melanin concentration normalized on ending 
point (n = 6)216 
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approximately 50% of the concentration compared to the pure melanin treatment 

combined with intermediates of the auto-oxidation introduced in Figure 5b. These 

intermediates are highly reactive, which is shown by the speed of the further melanin 

formation compared to L-DOPA itself (Figures 12 and 13b).  

Because of these experimental treatment setups, direct comparisons of L-DOPA with its 

auto-oxidation end product melanin or its intermediates were possible (Figure 13c). 

Although melanin showed negative effects on the viability, the neurotoxic effect of 

L-DOPA itself was much higher. The melanin intermediates were even more toxic, 

Figure 13: Formation of melanin intermediates and neurotoxic effects of L-DOPA, melanin and 
melanin intermediates; (A) schematic overview of the production of melanin and melanin 
intermediates; (B) melanin levels over time after melanin formation is finished or for  
melanin intermediates (n = 3); viability after 24 h treatment of either L-DOPA or melanin 
intermediates or melanin contained from the same amounts of L-DOPA (n = 6; statistics via 
Welch’s t-test (* p-value < 0.05, *** p-value < 0.001)) 
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resulting in viability results below the LoD at a dose of 200 µM. This further confirmed 

that the auto-oxidation and its intermediates are the main reasons behind L-DOPA’s 

neurotoxicity. 

Next, I tested different treatment durations. When exposing the cells only for 2 h to 

L-DOPA, the effect on cell viability compared to the control was very slight and only 

significant when using more biological replicates (Figure 14a). In contrast, the previously 

described intermediates had a much faster toxic effect by decreasing the viability to 

approximately 20% after only 2 h (Figure 14a), showing the high neurotoxicity of these 

intermediates compared to L-DOPA itself. The auto-oxidation of these intermediates 

was faster compared to L-DOPA itself (Figures 12, 13b), so the increased toxicity might 

be the result of accelerated ROS formation during the treatment. In addition, 

I monitored L-DOPA toxicity in a time-resolved killcurve using 200 µM L-DOPA 

(Figure 14b). It seemed that there were hardly any effects on the viability in the time 

period between 12 h and 24 h of treatment, indicating that toxic effects occurred during 

the first 12 h of incubation. This is in line with my observation that after 12 h L-DOPA 

was not detectable anymore in the medium and melanin formation was 

finished (Figure 12).  

Figure 14: Viability upon various L-DOPA treatment durations; (A) treatment for 2 h with 200 µM 
L-DOPA (n = 8) or melanin intermediates originating from 200 µM L-DOPA (n = 5); statistics via 
Welch’s t-test (* p-value < 0.05, ** p-value < 0.01); (B) killcurve upon 200 µM L-DOPA treatment 
(n = 6)216 
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To sum up, these data demonstrated that the neurotoxic effect of L-DOPA mainly 

originated from ROS formation during its auto-oxidation and its intermediates. This is 

the reason why typical ROS scavengers such as GSH, ascorbic acid and NAC showed 

beneficial effects on the viability of L-DOPA-treated LUHMES cells. Ascorbic acid and 

NAC can freely enter the cells while GSH is described as unable to be transported directly 

into neuronal cells.34 But Gutbier et al. have already shown that LUHMES are capable of 

directly utilizing extracellular GSH as well.235 For this reason, all these treatments can be 

said to scavenge both intracellular and extracellular ROS. Previous studies have already 

shown that scavenging extracellular ROS exclusively using enzymes like SOD or catalase 

are also sufficient to decrease neuronal vulnerability to L-DOPA.163,180 Overall 

intracellular, but especially extracellular, ROS formation during L-DOPA auto-oxidation 

seemed to be the main contributor to the neurotoxic effect of the treatment. The end 

product melanin only had minor effects on cell viability, but they were still significant. 

This is also inline with previous studies and strengthened the assumption, that the role 

of neuromelanin in PD might be underestimated at the moment.168,169 But the impact of 

melanin on cell viability in the experimental setup of this study was significantly lower 

than the effects of L-DOPA itself, using a different viability assay did not even result in 

significant changes.216 Intermediates of L-DOPA auto-oxidation had the strongest 

neurotoxic effects of all the tested treatments. This might potentially originate from the 

negative effects of intermediates like quinones themselves,167 or the accelerated 

melanin formation compared to normal L-DOPA resulting in increased ROS exposure. 

Taken together, the overall assumption that ROS is the main driver of L-DOPA’s 

neurotoxicity was successfully confirmed in LUHMES cells. 
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4.1.2 Levodopa Converts Pyruvate into Acetate 

L-DOPA and its auto-oxidation products have high oxidative reactivity. This opened up 

the question of whether this reactivity was limited to the auto-oxidation itself or 

whether some compounds of the growth medium were directly affected by the addition 

of L-DOPA as well, either via direct reaction with L-DOPA, its auto-oxidation products or 

ROS mediated. To test this, I collected medium samples of cell-free assays and analyzed 

non-volatile metabolites via GC-MS using TBDMS and TMS derivatization 

(Figures 15a, b). Intriguingly, of all the identified metabolites, including sugars, amino 

acids and metabolites of the central energy metabolism, only pyruvate levels were 

significantly reduced in all replicates measured via TBDMS derivatization. Although TMS 

derivatized scan measurements also showed few alterations, these differences, like 

decreased gluconic acid levels, were not reproducible over various experimental 

replicates, leaving pyruvate as the major point of interest. It has been shown that 

pyruvate can act as a ROS scavenger and is thereby oxidatively decarboxylated to 

acetate (Figure 15c).236 This was the reason why I next evaluated whether cell-free 

L-DOPA auto-oxidation causes a decomposition of pyruvate in acetate and CO2. I indeed 

observed that almost the complete amount of pyruvate was converted into acetate 

(Figure 15d). 

Further experiments using human serum confirmed that this reaction is not limited to 

cell culture medium but can occur in body fluids as well (Figure 16). Acetate 

accumulation was not significant, but pyruvate levels were significantly decreased after 

incubation with L-DOPA for 24 h. The effect was not as strong as for cell culture medium, 

but it shows that there is a potential effect on human body fluids too. Although this 

effect is not yet confirmed in vivo, this side effect of L-DOPA might be especially 

important for patients with other diseases like pyruvate carboxylase deficiency when 

pyruvate levels are already affected.237  
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Figure 15: L-DOPA-induced pyruvate depletion and acetate formation in cell culture medium; 
(A) volcano plot of medium analysis after cell-free L-DOPA treatment (200 µM, 24 h) via GC-MS 
performed with TBDMS derivatization (n = 3), (B) volcano plot of medium analysis after cell-free 
L-DOPA treatment (200 µM, 24 h) via GC-MS performed with TMS derivatization (n = 3), (C) ROS-
induced pyruvate decarboxylation of pyruvate to acetate, (D) normalized pyruvate and acetate 
levels in medium after cell-free L-DOPA treatment (200 µM, 24 h); statistics via Welch’s t-test 
(* p-value < 0.05, ** p-value < 0.01) 
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It has already been described before that acetate itself has no negative effect on the cell 

viability in this experimental setup.180 Accordingly, I next set out to validate the role of 

pyruvate and its ROS scavenging capability in the growth medium for L-DOPA toxicity. 

Interestingly, dose-dependent effects of pyruvate concentrations on L-DOPA toxicity 

were low but significant (Figure 17). Reducing the pyruvate concentration from 1.0 mM 

to 0.5 mM increased the effect of L-DOPA and reduced the viability below the LoD for 

200 µM L-DOPA treatment. But increasing the pyruvate concentrations resulted in only 

minor improvements in terms of the viability upon L-DOPA treatment. These slight 

improvements might originate from the low ROS scavenging effect of pyruvate even 

though the rescue effect is much lower compared to other ROS scavenging compounds 

(Figure 10).236 But based on this observation, a different mechanism cannot be excluded. 

In this regard, Wang et al. have already reported beneficial effects of pyruvate 

supplementation on neuronal cells exposed to ROS to restore mitochondrial function.238  

To fully evaluate the role of pyruvate in L-DOPA mediated neurotoxicity, I performed 

further experiments that are presented in section 4.1.3. 

 

Figure 16: L-DOPA-induced pyruvate depletion in human serum; pyruvate and acetate levels 
in human serum after 24 h 200 µM L-DOPA treatment (n = 8; Welch’s t-test **p-value < 0.01) 
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To sum up, the ROS-induced decarboxylation of pyruvate to acetate seems to play only 

a minor role in the neurotoxic effect of L-DOPA on LUHMES cells. Based on these results 

and recent literature, secondary effects of pyruvate other than direct ROS scavenging 

seem more likely. This might include an increased energy production by further fueling 

the TCA cycle. 

 

4.1.3 Metabolic Alterations during Levodopa Treatment under Normoxic 

Conditions over 24 h 

4.1.3.1 Levodopa affects neuronal glycolytic rate and glutamine 

anaplerosis 

Taking the previous sections together, the neurotoxic effect previously attributed to 

L-DOPA by others, including the common mode of action, was confirmed in the LUHMES 

in vitro model.157 Due to the increased ROS tension during L-DOPA treatment numerous 

metabolic alterations are expected as it has already been reported before.180 However, 

instead of secondary L-DOPA-induced ROS, L-DOPA itself could directly impact the 

metabolic state of the cells as well.  

Figure 17: Viability after L-DOPA treatment with various pyruvate concentrations; normalized 
viability measurements via resazurin assay after L-DOPA treatment (n = 4; Welch’s t-test 
**p-value < 0.01; abbreviation: pyruvate (Pyr)) 
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This was the starting point to profile how L-DOPA impairs cellular metabolism in 

LUHMES cells. I first profiled extracellular metabolic fluxes by analyzing the uptake from, 

and secretion to, the cell culture medium with the biggest focus on substrates and 

products of the central energy metabolism. As introduced in section 1.1.2, glucose is the 

main energy substrate via glycolysis and further utilization of pyruvate in the TCA cycle. 

Alternatively, glycolytic pyruvate can be converted into lactate to maintain the 

NAD+/NADH homeostasis. Therefore, direct glucose uptake combined with lactate 

secretion was used to characterize the glycolytic rate of the cells. But glucose is not the 

only potential substrate to fuel the neuronal TCA cycle. Amino acids, especially 

glutamine, or even free pyruvate within the medium can fill that role as well. Analysis of 

the total uptake and secretion via GC-MS and YSI revealed differences of various amino 

acids including glutamine and glutamate as well as glucose and lactic acid.  

Because of the vanishing number of viable cells during the treatment, the total 

metabolite secretion over a defined period is not suitable for characterizing the 

metabolic state of the cells. Instead, I had to calculate the uptake and secretion rates 

(formula 1) considering the viability during the treatment. A reversed dose-response 

curve (formula 2) is suitable for describing the depletion curve (non-linear regression 

r² = 0.81; Figure 18). This results in formula 3 for calculating uptake (positive values) and 

secretion (negative values) rates. The viability at the end of the treatment is represented 

by the parameter A1. As a result, I was able to determine accurate uptake and secretion 

rates despite varying depletion rates. The parameters for this specific kill curve over time 

are displayed in Table 13.  

𝑞𝑆 =
1

(𝑋(𝑡))
∗ (

𝑑𝑆

𝑑𝑡
)         ( 1 ) 

qS: uptake rate of substrate S [mmol l-1 h-1] 

X(t): cell viability over time 

S: substrate concentration [mmol l-1] 

t: time [h] 

𝑋(𝑡) = 𝐴1 +
(𝐴2−𝐴1)

(1+10((𝑘−𝑡)∗𝑝))
        ( 2 ) 

𝑞𝑆 = (𝑆2 − 𝑆1)𝐴1(𝑡2 − 𝑡1) +
𝐴2−𝐴1

𝑝∗𝑙𝑛(10)
∗ (𝑙𝑛(10(𝑝∗𝑡2) + 10(𝑘∗𝑝)) − 𝑙𝑛(10(𝑝∗𝑡1) + 10(𝑘∗𝑝))) ( 3 ) 
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Besides the uptake of glucose and glutamine coupled to the secretion of lactate and 

glutamate, I also analyzed the secretion rates for various other metabolites using 

GC-MS. But treatment-induced cell lysis slightly complicated the interpretation of the 

metabolic secretion rates. Since the treatment with L-DOPA resulted in the loss of 

60-90 % of the cells, the question remained as to whether these metabolites were 

actively secreted, or the increased medium levels originated from cell lysis. Only the 

amounts of secreted glutamate and lactate were higher than the intracellular amounts 

measured via GC-MS after cell extraction. So, these two compounds remained the only 

parameter value

A1

A2

k

p - 0.11  ±  0.03 

0.30  ±  0.03

1.11  ±  0.14

7.0  ±  1.6

Table 13: Parameters of the killcurve induced by L-DOPA under normoxic conditions 

Figure 18: Killcurve during 24 h L-DOPA treatment under normoxic conditions; 
normalized viability during 200 µM L-DOPA treatment (n = 6) 
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metabolites with measurable secretion. Calculating the uptake rates revealed that only 

glucose and glutamine uptakes were significantly impaired during L-DOPA treatment, 

while uptakes of other metabolites like other amino acids remained unchanged and are 

not further discussed in this thesis.  

Both glucose uptake and lactate secretion were significantly increased during L-DOPA 

treatment (Figure 19a). This indicated an increased need for cellular energy and thus an 

altered energy metabolism overall. The ratio of lactate secretion to glucose uptake is 

reduced indicating a lower glycolytic activity induced by L-DOPA (Figure 19b). The 

second major carbon source in vitro is glutamine, which enters the TCA cycle via 

glutamate and a-KG. Alternatively, glutamate can also be secreted by the cells for 

signaling purposes. Glutamine uptake and glutamate secretion were significantly 

increased during L-DOPA treatment (Figure 19c). The absolute difference between 

glutamine uptake and glutamate secretion defines the glutamine anaplerosis to the TCA 

cycle, which was also significantly increased (Figure 19d). 

Overall, these observations lead to multiple conclusions. Glutamate acts as a 

neurotransmitter and is secreted by stimulated neuronal cells. But even more 

interesting is the aspect, that secreted glutamate is also an essential part of the neuronal 

GSH shuttle67 and a signaling molecule for energy provision.65,66  With increased 

glutamate secretion neurons in vivo signalize an increased need for GSH to scavenge 

ROS as well as an increased need for energy metabolites such as lactate or pyruvate. As 

introduced in section 1.1.3, astrocytes are able to sense increased neuronal glutamate 

secretion and induce a higher GSH production as well as an increased glycolytic activity 

to secrete energy substrates which are then utilized by neurons. As a consequence, the 

observed glutamate secretion might indicate an unsuccessful attempt to adapt to 

increased ROS levels due to the auto-oxidation of L-DOPA. The observation of increased 

extracellular glutamate levels induced by chronic or acute L-DOPA treatment has already 

been reported for neurons in vivo, which further strengthens this assumption.239,240 But 

the possibility that glutamate secretion is also signaling an impaired energy metabolism 

(glycolysis in particular) cannot be excluded so far. Moreover, it is also possible that the 



 
 
 

Results and Discussion  65 

increased glutamate levels in the medium were not the result of active secretion but 

impaired uptake back into the cells.241 

It has been reported that L-DOPA-induced ROS potentially inhibits the glutamate 

transporter.242 It cannot be excluded that the measured glutamate secretion might not 

be a direct part of a signaling system but instead just a result of ROS damage induced by 

L-DOPA auto-oxidation as it has already been described by Delcambre.180 It is also  

 

Figure 19: Viability normalized uptake and secretion rates upon L-DOPA treatment; 
(A) calculated glucose uptake and lactate secretion rate during 24 h L-DOPA treatment (200 µM); 
(B) glycolytic rate during 24 h L-DOPA treatment (200 µM) calculated by the ratio of lactate 
secretion to glucose uptake; (C) calculated glutamine (Gln) uptake and glutamate (Glu) secretion 
during 24 h L-DOPA treatment (200 µM); (D) Gln anaplerosis during 24 h L-DOPA treatment 
(200 µM) calculated by the difference between glutamine uptake and glutamate secretion; n = 9, 
Welch’s t-test *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001  
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notable that increased extracellular glutamate can potentially induce excitotoxicity. But 

previous experiments have already shown that glutamate levels observed in these 

experiments have no neurotoxic effect on LUHMES cells.180 

But not only glutamate secretion was affected by the L-DOPA treatment. Glucose uptake 

and lactate secretion were increased while the glycolytic activity was decreased. These 

results can be interpreted in various ways. The decreased glycolytic rate combined with 

the increased glucose uptake could indicate an increased flux of glycolytic carbon into 

the TCA cycle. The glutamine anaplerosis to the TCA cycle was increased as well, 

indicating an overall heavily increased energy provision via the TCA cycle during L-DOPA 

treatment. But in contrast to this assumption, mitochondrial function is known to be 

very vulnerable to ROS and L-DOPA auto-oxidation.167 There is also the option that 

glycolysis is inhibited, which the cells try to offset with overall higher glucose uptake and 

increased glutamine anaplerosis. This option would be in line with common literature 

indicating that ROS (endogenous or exogenous) stimulates neuronal glucose uptake.243  

To clarify these findings, analyses of intracellular metabolite levels as well as metabolic 

fluxes are essential.  

 

4.1.3.2 Levodopa induces various alterations of intracellular metabolite 

levels 

In the next step I further characterized intracellular metabolic alterations induced by 

L-DOPA, starting with a metabolomics analysis. Due to the described cytotoxic effect of 

L-DOPA on LUHMES cells, proper data normalization is crucial when analyzing 

metabolite amounts. There are several possibilities for this: the first option to normalize 

the GC-MS data is the ratio of each metabolite signal to the summed signal of all 

metabolites as previously performed by Delcambre.180 But the glucose signal represents 

a big part of this summed signal, hence differences in the glucose level might cause a 

systematic error in the analysis. The second option is normalization to the intracellular 

protein amount collected from the interphase of the same sample during extraction.244  

However, absorbance-based protein measurements could be impaired in this case by 
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melanin formed through L-DOPA auto-oxidation.234 A third option is normalization using 

simultaneously performed viability measurements of the cells, but this would represent 

an external normalization as the cells would need to be cultivated on a different well 

plate. For these experiments, a fourth option was chosen that is based on the DNA 

amount within the same sample.221 DNA amounts were quantified via fluorescence, 

which proved to be the best option for this experimental setup.  

To obtain the most complete metabolomics profile, I performed GC-MS measurements 

with two derivatization methods. I used the TMS derivatization (Figure 20) for a non-

targeted analysis including sugars and unknown compounds, while I employed TBDMS 

derivatization (Figure 21) for a targeted approach to confirm the results for amino acids 

and TCA cycle metabolites. A principal component analysis (PCA) separated the non-

targeted data of the samples over the first and second principal component (Figure 20). 

The PCA of the targeted measurements separated the groups only over the first PCA 

while the second PCA represents the variance between the replicates (Figure 21). The 

targeted measurements revealed affected metabolite levels of fumarate, citrate and 

a-KG, which were not detectable throughout all non-targeted measurement replicates. 

The metabolites that showed the biggest reproducible differences induced by L-DOPA 

are marked in Figure 20c and Figure 21c and are plotted as heatmaps in Figure 20d and 

Figure 21d.  

With regard to the non-targeted measurements, glucose and fructose levels were of 

particular interest. Fructose levels were significantly reduced after L-DOPA treatment 

while glucose levels were increased. Because neither fructose nor FBS was included in 

the cell culture medium, the major option for the cells to form fructose was via glucose 

metabolism in the polyol pathway. The polyol pathway plays a crucial role in the 

maintenance of the redox balance between NADH and NADPH.245 For that, glucose is 

reduced to sorbitol while an equal amount of the co-factor NADPH is oxidized to NADP+. 

In the second step, sorbitol is oxidized to fructose, for this reaction NAD+ is employed as 

the co-factor and eventually NADH is produced. NADPH is a crucial compound in one of 

the major ROS neutralizing mechanisms as regeneration of GSH from GSSG requires 
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NADPH as a co-factor.34 Thus, the reduced fructose levels compared to glucose were 

most likely the consequence of increased NADPH requirements for ROS 

neutralization.245 Besides these sugars there were also several other altered metabolite 

levels like amino acids linked to glucose catabolism such as alanine as well as TCA cycle 

metabolites such as citrate or malate. But to safely interpret these metabolic alterations, 

especially of the TCA cycle, further experiments, including the analysis of the metabolic 

fluxes, are essential. 

Figure 20: PCA of non-targeted metabolic analysis via TMS derivatization (n = 3; Welch’s t-test 
p-value < 0.05); (A) PCA analysis after 24 h L-DOPA treatment (200 µM); (B) variance distribution 
of the principal components; (C) correlation plot of the metabolites and the principal components, 
reproducible significantly altered metabolites are marked; (D) heatmap of reproducible 
significantly altered metabolites (one-way ANOVA, p-value < 0.05); further abbreviation: principal 
component (PC) 
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Figure 21: PCA of targeted metabolic analysis via TBDMS derivatization (n = 3; Welch’s t-test 
p-value < 0.05); (A) PCA analysis after 24 h L-DOPA treatment (200 µM); (B) variance distribution 
of the principal components; (C) correlation plot of the metabolites and the principal components, 
reproducible significantly altered metabolites are marked; (D) heatmap of reproducible 
significantly altered metabolites; further abbreviation: principal component (PC) 
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4.1.3.3 Metabolic flux analysis during long-term Levodopa treatment under 

normoxic conditions 

4.1.3.3.1 Levodopa only slightly affects the pentose phosphate pathway 

The previous results aroused my interest in several metabolic pathways, which I further 

characterized via metabolic flux measurements using stable isotope labeling. The first 

pathway I had a closer look at was the pentose phosphate pathway (PPP), which is, 

besides the polyol pathway, one of the most crucial pathways for generating NADPH. 

For that purpose, I used the [1,2-13C2]glucose tracer since it results in different labeling 

patterns of the end product lactate depending on the pathway. While M1 lactate is 

formed via oxidative PPP metabolism, M2 lactate is formed via glycolysis.246 Therefore, 

the ratio of M1 lactate to the combined amount of M1 and M2 lactate describes the 

activity of the PPP compared to the glycolysis. After treating LUHMES cells with L-DOPA, 

the relative PPP flux was slightly increased, which supports the assumption of increased 

NADPH requirements (Figure 22). Increased PPP activity to detoxify ROS is often 

discussed as the most important origin of increased cellular glucose uptake upon ROS 

exposure.243 But even though the results were significant for some replicates, the impact 

of L-DOPA on the PPP seemed to be low and it is probably not the main reason behind 

the increased glucose uptake in my experimental setup described in section 4.1.3.1. 

Therefore, this pathway was not further investigated in the following experiments. 
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4.1.3.3.2 Alterations of glycolysis activity upon Levodopa treatment 

confirmed via stable isotope labeling 

Since the PPP was only slightly affected upon L-DOPA treatment, the other main 

metabolic pathway utilizing glucose to form lactate is glycolysis. For profiling this 

pathway the tracer [U-13C6]glucose proved to be the best option. [U-13C6]glucose is 

converted into M3 pyruvate and then further metabolized into M3 lactate via LDH in the 

cytosol or M3 alanine via alanine transaminase (ALT) in mitochondria.15 Two other side 

products are the amino acids serine (M3) and glycine (M2), both of which are formed 

from the glycolytic intermediate 3-P-glycerate.247 All of these mass isotopomers were 

significantly reduced in LUHMES cells upon L-DOPA treatment (Figure 23). In 

combination with the glucose accumulation, the decreased levels of glycine, serine and 

alanine as well as the reduced glycolytic activity calculated from the uptake and 

secretion rates, these results indicated an overall inhibition of glycolysis. The inhibition 

had to occur before 3-P-glycerate since the MIDs of serine and glycine were affected. 

Therefore, the interruption of glycolysis originated most probably from an inhibition of 

Figure 22: PPP activity upon L-DOPA treatment (24 h); normalized values for M1 lactate (Lac) 
as well as the compared PPP activity to the total glucose flux; statistics via Welch’s t-test 
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GAPDH since this enzyme is known to be particularly ROS sensitive.248 Experiments using 

the specific GAPDH inhibitor hepteledic acid249 induced similar results to L-DOPA 

treatment confirming the interruption of glycolysis (Figure 23b) which has also already 

been shown before in a similar experimental setup.180 

To compensate for the reduced GAPDH flux, the cells consumed more pyruvate from 

the medium (Figure 24). Because of the spontaneous conversion of pyruvate to acetate 

described in section 4.1.2, it was not possible to analyze the uptake directly by 

measuring the decreasing pyruvate levels in the medium. Instead, I performed flux 

measurements using the [U-13C3]pyruvate tracer as a substrate. By measuring 

M3 lactate, the utilization of free pyruvate instead of glucose or other substrates from 

the medium could be monitored (Figure 24). This increased requirement for medium 

pyruvate might also be the reason for the increased neurotoxic effect of L-DOPA after 

lowering pyruvate levels in the medium during the treatment (see section 4.1.2). 

Sufficient pyruvate levels in the medium seemed to be crucial to at least partially survive 

the L-DOPA treatment by replacing glucose-derived pyruvate. This is in line with 

previous studies where even pyruvate helped cells to survive ROS exposure by utilizing 

it as an energy substrate.238  
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Figure 23: Decreased glycolytic flux upon L-DOPA treatment (n = 3; statistics Welch’s t-test 
*p-value < 0.05, **p-value < 0.01; ***p-value < 0.001); (A) MIDs of glycolytic intermediates upon 
L-DOPA treatment (24 h) with [U-13C6]glucose (Glc); (B) MIDs of glycolytic intermediates upon 
hepteledic acid treatment (24 h; 1 µg/ml); (C) schematic overview of the inhibited glycolysis 
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4.1.3.3.3 Alterations of tricarboxylic acid cycle upon Levodopa treatment 

confirmed via stable isotope labeling 

Together with glycolysis the TCA cycle is the most important metabolic pathway for 

energy generation. In order to follow the metabolic flux from pyruvate into the TCA 

cycle, I applied again the [U-13C6]glucose tracer. M3 pyruvate is metabolized to 

acetyl-CoA via PDH and forms together with non-labeled oxaloacetate M2 citrate. As a 

consequence, all downstream TCA cycle metabolites will become M2 isotopologues. 

Figure 25 illustrates the first and second round of the TCA cycle considering M3 pyruvate 

as substrate upon L-DOPA treatment in LUHMES cells. The MIDs of citrate and a-KG 

showed a very interesting pattern. Although L-DOPA reduced the labeling of pyruvate, 

M2 citrate was significantly increased while M2 a-KG was reduced (Figures 25a, b). The 

enrichment patterns up to malate and also aspartate showed the same trend as a-KG 

(Figures 25c, d). This resulted in decreased labeling of citrate in later cycles of the TCA 

cycle. Taken together with the overall accumulation of citrate and the depletion of the 

other TCA cycle metabolites, these MID patterns indicated an inhibition of the flux from 

citrate to a-KG. So, either the enzymatic reaction of isocitrate dehydrogenase (IDH) or 

Figure 24: Medium pyruvate utilization after L-DOPA treatment; (24 h; 200 µM) displayed by 
M3 lactate after incubation with [U-13C3]pyruvate (Pyr); statistics via Welch’s t-test 
(** p-value < 0.01) 
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aconitase is affected. The aconitase inhibitor fluoroacetatic acid (FAcOH) induced the 

same MID patterns as L-DOPA, confirming the inhibition of this enzymatic flux 

(Figures 26). The exact enzyme inhibited by L-DOPA could not be confirmed with this 

Figure 25: TCA metabolite MIDs after incubation with [U-13C6]glucose upon L-DOPA treatment 
(24 h); (A) Citrate (Cit) MIDs; (B) a-KG MIDs; (C) Malate (Mal) MIDs; (D) Aspartate (Asp) MIDs; 
(E) schematic overview of the carbon transitions originating from pyruvate via PC or PDH during 
the first (E) or second cycle (F); statistics Welch’s t-test *p-value < 0.05, **p-value < 0.01; 
***p-value < 0.001 
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flux analysis because with the applied setup, isocitrate could not be analyzed. Due to 

the fact that both enzymes, IDH and aconitase, are known to be very ROS sensitive,250,251  

the concrete enzymatic reaction responsible for the interruption of the TCA cycle could 

not be determined. Interestingly, the treatment with FAcOH resulted in lower 

differences regarding the MIDs but stronger citrate accumulation compared to the 

L-DOPA treatment (Figure 26). This means there might still remain a major difference 

between these two treatments, which was most likely an increased glutamine utilization 

in the TCA cycle upon L-DOPA treatment (which has already been mentioned in 

section 4.1.3.1). To evaluate this assumption and gain further insights into the TCA cycle, 

I employed a [U-13C5]glutamine tracer. 

 

 

 

Figure 26: Ratios of citrate to a-KG upon treatment (24 h); (A) treatment with 200 µM 
L-DOPA; (B) treatment with 200 µM FAcOH or AcOH as control; statistics Welch’s t-test 
*p-value < 0.05, **p-value < 0.01; ***p-value < 0.001, abbreviation: citrate (Cit) 
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When M5 glutamine enters the TCA cycle via glutamate, M5 a-KG is formed, further 

converted to M4 malate and potentially M4 Asp. Finally, citrate synthase catalyzes the 

condensation of oxaloacetate and acetyl-CoA to citrate. Atom transitions of the first two 

cycles of the TCA cycle are depicted in Figure 27. Overall, the glutamine flux into the TCA 

cycle via a-KG was increased to compensate the inhibited flux from citrate to a-KG and 

at least partially restore intracellular a-KG levels. Besides the formation of M4 citrate via 

oxidative glutamine utilization, there also remains the option to form M5 citrate via 

reductive carboxylation by IDH. Even though there is an increased glutamine utilization 

in citrate overall, both fluxes from a-KG to citrate were slightly reduced (Figure 28a) 

because of the decreased IDH flux and the accumulation of citrate. In conclusion, the 

ratio of reductive to oxidative IDH activity was not affected by the treatment 

(Figure 28a). 

In the second round of the TCA cycle, M3 a-KG is formed. This means the ratio of M3 to 

M5 a-KG can be used as an indicator for the cycling activity of the whole TCA cycle,252  

which was decreased upon L-DOPA treatment (Figure 28b). Summing up, the 

interruption of the TCA cycle between citrate and a-KG resulted in an increased 

glutamine utilization in the TCA cycle and a decreased TCA cycling rate.  
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Figure 27: TCA metabolite MIDs after incubation with [U-13C5]glutamine upon L-DOPA treatment 
(24 h); (A) Citrate (Cit) MIDs; (B) a-KG MIDs; (C) Malate (Mal) MIDs; (D) Aspartate (Asp) MIDs; 
(E) schematic overview of the carbon transitions originating from glutamine during the first (E) or 
second cycle (F); statistics Welch’s t-test *p-value < 0.05, **p-value < 0.01; ***p-value < 0.001 
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4.1.3.3.4 Impact of Levodopa on cellular reduction equivalent shuttle 

systems 

The energy generated by the TCA cycle is mainly transmitted by reduction equivalents, 

NADH in particular, which are afterwards reoxidized in the ETC to eventually produce 

ATP. However, NADH is not exclusively formed in mitochondria and, as a consequence, 

an exchange of NADH between the cytosol and mitochondria is essential. As introduced 

in section 1.1.2, the transport of NADH from the cytosol to the mitochondria relies on 

shuttle systems because NADH itself is not able to cross the mitochondrial membrane 

directly. The most important shuttle system is the malate-aspartate shuttle. 

Unfortunately, direct quantification of the malate-aspartate shuttle activity with isotope 

labeling experiments remains challenging. Alterations could potentially be displayed by 

the metabolic levels and MID patterns of malate and aspartate. But both metabolic 

levels are reduced upon L-DOPA treatment (Figures 20, 21) and the MID patterns 

following the labeling from [U-13C5]glutamine or [U-13C6]glucose (Figures 25, 27) showed 

the same trend for both metabolites as well. Because of the missing evidence in this 

data set, the malate-aspartate shuttle was not a further point of focus in my thesis. The 

Figure 28: TCA glutamine utilization and cycling rate upon L-DOPA treatment (24 h, 200 µM); 
(A) normalized MID ratios: oxidative pathway M4 citrate to M5 a-KG, reductive pathway 
M5 citrate to M5 a-KG, ratio of both displayed by M4 citrate to M5 citrate; (B) TCA cycling rate 
displayed by the ratio of M3 a-KG to M5 a-KG; n = 3, p-value calculated via Welch’s t-test, 
abbreviation: glutamine (Gln) 



 
 
 

80 Results and Discussion  

second important shuttle system for reduction equivalents is the G3P shuttle around the 

key metabolites G3P and DHAP. I was able to quantify intracellular G3P levels via GC-MS, 

but unfortunately DHAP detection failed: the signal intensities were often below the 

LoD, making an accurate quantification impossible. G3P levels were slightly reduced, but 

the values showed high variances and without accurate quantification of DHAP levels 

the interpretation of the G3P shuttle activity remains unclear (Figures 29). To gain a 

reliable DHAP quantification, either the experimental setup must be changed and many 

more cells have to be extracted or the method of measurement has to be adjusted: for 

example, using measurements via LC-MS instead of GC-MS to quantify this compound.  

Besides these observations there was another measurable effect that potentially 

displays the homeostasis between cytosolic and mitochondrial NADH: By using a 

[U-13C5]glutamine tracer it is possible to follow the metabolic flux from malate to 

pyruvate via ME. In mammalian cells there are three different MEs, two mitochondrial 

with NAD+ or NADP+ as co-factor and one cytosolic with NADP+ as co-factor.190,191 The 

flux from malate to pyruvate cannot be monitored directly because of the separated 

cytosolic and mitochondrial pyruvate pools. But cytosolic pyruvate can be monitored by 

using lactate as a proxy, because the reaction of LDH is primarily cytosolic.253 In contrast, 

Figure 29: G3P and DHAP levels upon L-DOPA treatment; 
(200 µM, 24 h) p-value calculated via Welch’s t-test 
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the formation of alanine from pyruvate via ALT mainly takes place in mitochondria.254  

So instead of using the MIDs of pyruvate, I analyzed the MIDs of lactate to display 

cytosolic pyruvate and the MIDs of alanine to display mitochondrial pyruvate 

(Figure 30a).15 So far, the exact location of the alanine formation from pyruvate has only 

been confirmed in other cell lines than LUHMES. But a physical separation of these 

reactions was very likely since these two metabolic fluxes showed opposite trends upon 

L-DOPA treatment (Figure 30b). On the one hand, the cytosolic flux from malate to 

lactate was reduced, while the mitochondrial flux from malate to alanine was increased 

upon L-DOPA treatment. The decreased cytosolic ME was surprising in particular since 

the reaction generates NADPH, which is crucial for ROS defense as described in 

section 4.1.3.3.1.191 A possible interpretation would be that NADPH generation via this 

pathway may be only a minor part of the general cytosolic NADPH generation compared 

to other pathways. The increased mitochondrial ME activity, on the other hand, might 

be the result of NADPH depletion specific to the mitochondria. NADPH can also be 

generated via the enzymatic reaction of NADP+ dependent IDH.191 But since this 

enzymatic flux was inhibited during L-DOPA treatment, the cells might try to 

compensate the lower NADPH generation via IDH through increased mitochondrial ME 

activity. But these opposing ME activities do not necessarily have to originate from an 

altered NAD(P)H equilibrium between cytosol and mitochondria. Alternately, elevated 

mitochondrial ME activity and increased flux from malate to alanine could also originate 

from increased ALT turnover since it is one of the enzymes transforming glutamate into 

a-KG, and the overall influx from glutamine in the TCA cycle was increased upon L-DOPA 

treatment (Figure 27).255 But further experiments described in section 4.1.3.3.5 

implicated a different origin of this specific flux alteration compared to the general 

inhibition of the TCA cycle and the increased glutamine flux into the TCA cycle. Taken 

together with the observation that basically the same enzymatic reaction showed 

different activities for mitochondria and cytosol, these observations might be another 

hint of an affected reduction equivalent shuttle system and an overall impaired 

NAD(P)+/NAD(P)H homeostasis in LUHMES cells upon L-DOPA treatment. This could be 

a potential reason behind the biased viability assay based on resazurin since it is 

NAD(P)H dependent as described in section 4.1.1.  
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4.1.3.3.5 Comparison of metabolic fluxes after treatment with Levodopa, 

artificial ROS, auto-oxidation products and addition of a ROS 

scavenging compound 

As described in the previous section I observed several metabolic alterations induced by 

L-DOPA. Some of those have already been described by Delcambre like the inhibited 

glycolysis,180 but there are also a lot of new perspectives like the inhibited IDH flux, 

increased glutamine anaplerosis and altered ME activity. Many of these changes seemed 

to be a result of induced ROS formation due to L-DOPA auto-oxidation. To confirm these 

ROS-induced alterations, I repeated the flux analysis with [U-13C6]glucose or 

[U-13C5]glutamine as tracer and added 200 µM H2O2 instead of L-DOPA. This artificial 

ROS treatment also inhibited the glycolysis (Figure 31a). The H2O2 treatment alternates 

the ratio of a-KG and citrate levels as well (Figure 31b). Since the a-KG signals were too 

low to properly calculate MIDs for this specific experiment, I instead profiled the flux 

from citrate down to fumarate and calculated the ratio of M2 fumarate / M2 citrate 

Figure 30: ME flux upon L-DOPA treatment (200 µM, 24 h); (A) schematic overview of the 
mitochondrial and cytosolic ME flux; (B) ratio M3 lactate to M4 malate for cytosolic ME flux and 
M3 Ala to M4 malate for mitochondrial ME flux upon [U-13C5]glutamine treatment 
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when using the [U-13C6]glucose tracer (Figure 31b). The TCA cycling rate was calculated 

by the MID ratio of malate M2 / M4 isotopologues when using the [U-13C5]glutamine 

tracer (Figure 31c). All of these results showed a similar trend to that observed for the 

treatment with L-DOPA. This suggests that these alterations of the central energy 

metabolism were most likely solely based on secondary ROS formation due to L-DOPA 

auto-oxidation. While the cytosolic ME activity shows the same trend as L-DOPA 

treatment, interestingly the effect on mitochondrial ME activity is reversed (Figure 31d). 

This indicates that the impaired flux from malate to alanine might not directly originate 

from ROS to compensate NADPH generation as previously assumed in section 4.1.3.3.4.  

To further evaluate these results, I again repeated these metabolic flux measurements, 

this time with L-DOPA combined with the addition of ascorbic acid as a ROS scavenging 

agent (Figure 32) to check whether the co-treatment showed rescuing effects on the 

analyzed parameters. Most of the MIDs characterizing glycolysis as well as the IDH flux 

and TCA cycling rate showed the same trend as without ascorbic acid supplementation 

but to a lower extent. For some observations including the ratio of a-KG to citrate levels, 

a complete rescue effect could be detected. Interestingly, ascorbic acid even enhanced 

the effect on the mitochondrial ME flux, which strengthens the assumption that this 

alteration did not originate from ROS. 

Besides the formation of ROS, the products of L-DOPA auto-oxidation itself may alter 

cellular function as well. For this reason, I determined the effect of melanin, the end 

product of L-DOPA auto-oxidation, on the central energy metabolism (Figure 33). 

Melanin did not induce any alterations in TCA cycle fluxes, whereas the fluxes from 

glucose to pyruvate, lactate and alanine were even increased, indicating a slightly higher 

glycolytic activity. Besides these changes, only the mitochondrial ME activity was 

increased. Summing up, even though melanin affected cell viability as described in 

section 4.1.1, there were no severe impairments on the central energy metabolism like 

an altered TCA cycling rate. 
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Figure 31: Metabolic flux alterations upon H2O2 treatment; (200 µM, 24 h, n = 3) statistics Welch’s 
t-test *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, abbreviation: glucose (Glc), 
fumarate (Fum), citrate (Cit) 
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Figure 32: Metabolic flux alteration upon L-DOPA treatment with supplementation of ascorbic 
acid (Asc.Acid); 24 h, 200 µM L-DOPA, 500 µM Asc.Acid, n = 3; statistics Welch’s t-test 
*p-value < 0.05, **p-value < 0.01; ***p-value < 0.001, further abbreviations: glucose (Glc), 
citrate (Cit) 
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As I could exclude the end product of L-DOPA auto-oxidation as a mediator for the 

majority of the observed metabolic effects, I next studied the impact of intermediates 

of L-DOPA auto-oxidation on cellular metabolism. These intermediates had a similar 

impact on glycolysis and the TCA cycle to L-DOPA itself (Figure 34). Because of the high 

toxicity the cell number was too low to measure a-KG properly. Therefore the flux from 

citrate following the TCA cycle was again determined via M2 fumarate / M2 citrate 

when using the [U-13C6]glucose tracer, and the TCA cycling rate was calculated using the 

MID ratio of malate M2 / M4 when using the [U-13C5]glutamine tracer. Except for 

mitochondrial ME flux, all other investigated fluxes showed the same trend as the 

Figure 33: Metabolic flux alterations upon treatment with melanin derived from 200 µM 
L-DOPA, 24 h; statistics Welch’s t-test *p-value < 0.05, **p-value < 0.01, abbreviation: 
glucose (Glc), citrate (Cit) 
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treatment with L-DOPA or H2O2 (Figure 34). These results indicate that the mechanism 

of toxicity of these intermediates related to ROS formation during further steps of auto-

oxidation. It remains notable that this auto-oxidation process seemed to be much faster 

based on the viability and absorbance measurements in section 4.1.1 compared to the 

auto-oxidation of L-DOPA (Figures 12, 13).  

To sum up these results, L-DOPA treatment of LUHMES cells under normoxic conditions 

lowered the flux from glucose to several downstream metabolites, inhibited the  

 

Figure 34: Metabolic flux alterations upon treatment with L-DOPA auto-oxidation 
intermediates; intermediates derived from 200 µM L DOPA, treatment for 24 h, n = 3; statistics 
Welch’s t test *p value < 0.05, **p value < 0.01; ***p value < 0.001, abbreviation: glucose (Glc), 
citrate (Cit) 
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metabolic flux from citrate to a-KG, reduced the TCA cycling rate and impaired the 

cytosolic ME flux (Table 14). Artificial ROS treatment with H2O2 and the treatment with 

highly reactive L-DOPA auto-oxidation intermediates resulted in the same alterations as 

L-DOPA, while co-incubation with the ROS scavenger ascorbic acid showed rescue 

effects on all these parameters. This indicates that these impairments were solely based 

on ROS formation during L-DOPA auto-oxidation. The effect on the mitochondrial ME 

flux after L-DOPA treatment was opposite to that of H2O2 treatment. Moreover, ascorbic 

acid supplementation did not rescue this effect but even worsened it. Interestingly, 

melanin induced a similar effect to L-DOPA itself. This indicates that the effect of 

melanin seemed to be dominant compared to the opposite ROS-dependent effects of 

L-DOPA auto-oxidation. The intermediates induced no measurable alterations on this 

MID ratio. This might be the result of two opposing kinetics, ROS lowering and melanin 

increasing the metabolic flux. Because of the increased reactivity of the intermediates 

compared to L-DOPA these two effects seemed to negate each other, while during 

standard L-DOPA treatment the auto-oxidation is slower and therefore the effect of 

melanin prevailed. To sum up these previous experiments, none of these discussed 

metabolic alterations seemed to originate from L-DOPA itself. However, this does not 

mean that there were no direct effects of L-DOPA at all: these effects might just be 

overshadowed by the effects of the auto-oxidation. As a consequence, the experimental 

setup might needed some major adjustments in order to minimize the effect of the 

L-DOPA auto-oxidation. 

parameter
L-DOPA melanin

FC p-value FC p-value FC p-value FC p-value FC p-value

Ser M3 0.68 ** 0.21 *** 0.85 0.92 * 0.25 ***

Pyr M3 0.56 ** 0.48 ** 0.78 * 1.0 ** 0.35 **

Ala M3 0.79 ** 0.38 ** 0.81 * 1.1 ** 0.49 **

IDH activity ratios
level ratio 0.59 ** 0.57 *** 1.0 1.0

MID ratio 0.52 *** 0.69 ** 0.68 *** 1.1 0.71

TCA cycling 0.52 *** 0.65 * 0.75 ** 0.99 0.60 **

ME flux
cytosolic 0.38 *** 0.43 ** 0.73 * 1.0 0.58 ***

mitochondrial 1.4 *** 0.26 *** 1.7 *** 1.4 * 1.0

H
2
O

2

Asc.Acid + 
L-DOPA

melanin 
intermediates

Glycolysis MIDs 
derived from

[U-13C
6
]glucose

Table 14: Overview of metabolic alterations induced by L-DOPA, H2O2, L-DOPA plus ascorbic 
acid, melanin, and melanin intermediates; results displayed by foldchange (FC) and p-value of 
Welch’s t-test (abbreviations: serine (Ser), pyruvate (Pyr), alanine (Ala), ascorbic acid (Asc.Acid) 
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4.2 Optimization of the Experimental Setup: Cultivation under 

Hypoxic Conditions 

4.2.1 Levodopa Treatment under Hypoxic Conditions Shows Low Effects 

on Cell Viability 

In the previous section I discussed potential metabolic alterations in LUHMES cells 

induced by L-DOPA treatment over 24 h under normoxic conditions. However, all of 

these alterations seemed to originate from L-DOPA auto-oxidation. None of these 

alterations could be assessed directly to L-DOPA itself.  

To unravel direct effects of L-DOPA itself, my main goal for subsequent experiments was 

to negate or at least to slow down the auto-oxidation processes as an improvement of 

the experimental setup. Melanin formation derived from L-DOPA auto-oxidation is 

slowed down at acidic pH being below the LoD at roughly pH 4.256 However, acidification 

of the culture medium would also have a major impact on cell metabolism and viability, 

so this option was not further pursued. Furthermore, it has been described that oxygen 

concentration has an impact on melanin formation.257 Increased oxygen tension 

accelerates L-DOPA auto-oxidation, and thus decreased oxygen concentration will most 

likely limit this process.258 Lowering the oxygen tension during the L-DOPA treatment of 

LUHMES cells would also have a second major beneficial aspect. With the exception of 

lung tissue the oxygen tension is always lower in the human body compared to 

atmospheric oxygen pressure, ranging from approximately 0.6% in the epidermis 

to approximately 7% in arterial blood compared to atmospheric 21% (further referred 

to as ‘normoxic conditions’).183 The oxygen concentration in neuronal mammalian tissue 

is low ranging from 1.5% to 4% depending on the brain region.183,259 The SNr is part of 

the midbrain where the oxygen concentration is slightly lower than in other brain 

sections like the cortex or hippocampus.259 As a consequence, the switch from normoxic 

conditions to a lower oxygen tension of 2% oxygen (from now on referred to as ‘hypoxic 

conditions’) could hopefully not only slow down artificial L-DOPA auto-oxidation but 

might also better match physiological in vivo conditions.  
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A cell-free assay under hypoxia did indeed confirmed decelerated melanin formation 

(Figure 35a). After 12 h of incubation more than 80% of the initial L-DOPA was still 

present, whereas under normoxic conditions melanin formation was already finished at 

this point in time (Figure 12). The reduced auto-oxidation of L-DOPA resulted in 

decreased pyruvate depletion in the cell culture medium compared to normoxic 

conditions as introduced in section 4.1.2, but the effect was still measurable 

(Figure 35b). But more interestingly, the decelerated L-DOPA auto-oxidation led to a 

heavily reduced cytotoxicity in LUHMES cells (Figure 36). Based on these results I could 

indeed confirm the widely accepted assumption that the neurotoxic effect of L-DOPA 

mainly originates from its auto-oxidation. But most other studies and reviews have 

implied that the lack of glia cells and anti-ROS mechanisms in vitro were the main reason 

behind the mismatch between in vitro and in vivo results.157,260,261 The fact that the 

excessive L-DOPA auto-oxidation is an artifact of high oxygen tension might be another 

reason why previous results of cell culture studies failed to be confirmed in vivo, as these 

studies were exclusively performed under normoxic conditions.149,157,261–266 Taken 

together, lowering the oxygen concentration was indeed a major improvement in 

studying the primary effects of L-DOPA itself.   
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Figure 35: L-DOPA degradation, melanin formation and pyruvate depletion under hypoxic 
conditions; (A) L-DOPA degradation (n = 3) and melanin formation (n = 6) over time;216 
(B) pyruvate depletion dependent on oxygen tension after L-DOPA treatment (200 µM, 24 h); 
statistics Welch’s t-test ***p-value < 0.001  

Figure 36: L-DOPA neurotoxic effect dependent on oxygen tension (24 h); viability 

measured via resazurin assay (n = 4)216 
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4.2.2 Levodopa only induces minimal alterations in the glycolysis and the 

tricarboxylic acid cycle over 24 h under hypoxic conditions 

To investigate the metabolic effects of L-DOPA under hypoxic conditions, I profiled 

cellular metabolism in LUHMES after 24 h L-DOPA treatment under lowered oxygen 

tension. Even though the toxicity was significantly reduced under hypoxic conditions, 

the kill curve of L-DOPA could be explained by the same formula as for normoxic 

conditions (especially for the first 24 h of the treatment), with only the parameters 

having to be adjusted (Figure 37). In contrast to normoxic conditions, L-DOPA treatment 

under hypoxic conditions induced neither changes in glucose or glutamine uptake nor 

lactate secretion (Figure 37). But interestingly, glutamate secretion was significantly 

increased as observed under normoxia (Figure 37d). The differences were low compared 

to normoxic conditions (Figure 19), but still significant and could even be confirmed with 

additional measurements via GC-MS (data not shown). As discussed in section 4.1.3.1, 

an increased glutamate secretion could be interpreted in several ways. First, L-DOPA 

auto-oxidation was only decelerated, not entirely stopped, and this means that the 

secreted glutamate could still be a signal of an increased need for GSH or potentially the 

direct result of glutamate uptake inhibition by intermediates of the auto-oxidation as 

previously discussed.67,242 The second possible interpretation of section 4.1.3.1, that 

glutamate secretion might signal elevated needs of mitochondrial energy substrates, 

can be distinguished due to the following results. L-DOPA induced only minor alterations 

on the glycolytic and TCA cycle activity under hypoxic conditions (Figures 37-40). But a 

direct effect of L-DOPA itself cannot be entirely excluded based on these results, 

especially since elevated extracellular glutamate level upon L-DOPA were already 

reported in vivo too.239,240  

The glycolytic rate calculated by glucose uptake and lactate secretion remained 

unchanged (Figure 37), which was further confirmed by metabolic flux analyses. The 

metabolic flux from glucose to serine, glycine, alanine and pyruvate remained 

unaffected (Figure 38a). Additionally, the IDH flux as well as the ratio of fructose to 

glucose levels also remained unchanged upon hypoxic conditions (Figures 38b, c). 

Overall, there was only a very minor impact of L-DOPA on the metabolic profile of  
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Figure 37: Glucose and glutamine uptake as well as lactate and glutamate secretion upon 
L-DOPA treatment (200 µM) under hypoxic conditions; (A) viability over several days of L-DOPA 
treatment (n = 6);216 uptake and secretion rates upon L-DOPA treatment (24 h) normalized by the 
viability (n = 9): (B) glucose uptake and lactate secretion; (C) glycolytic rate; (D) glutamine (Gln) 
uptake and glutamate (Glu) secretion; (E) Gln anaplerosis; statistics Welch’s t-test 
***p-value < 0.001 
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LUHMES cells under hypoxic conditions. A PCA resulted in no clear clustering of the 

different groups (Figure 39) and there were no significant alterations of metabolic levels 

among all experimental replicates. But interestingly, the TCA cycle was still affected by 

L-DOPA treatment under hypoxic conditions, although these effects were more 

pronounced under normoxic conditions. The relative glutamine influx into the TCA cycle 

was significantly increased (Figure 40a), although the alteration was too low to be 

detectable via the uptake and production rates (Figure 37e). Interestingly, the glutamine 

utilization via the oxidative and reductive path remained unchanged; even the TCA 

cycling rate was not significantly decreased in all replicates (Figures 40b, c), and the ME 

flux ratios also remained unaffected by the L-DOPA treatment under hypoxic conditions 

(Figure 40d).  

In summary, most of the metabolic alterations induced by L-DOPA under normoxic 

conditions presented in section 4.1.3 were not observed under hypoxic conditions. Only 

the TCA cycle seemed to be affected, which is shown by the increased glutamine influx, 

although this effect was low compared to normoxic conditions (Figures 27, 39). It still 

needs to be borne in mind that L-DOPA auto-oxidation and melanin formation are 

heavily decelerated but not completely stopped by the lowered oxygen tension 

(Figure 35). Overall, the possibility remains that potential effects of L-DOPA itself were 

still superimposed by its auto-oxidation. The same applies to L-DOPA-induced glutamate 

secretion as previously described. To address these points and to further evaluate the 

impact of L-DOPA on mitochondrial metabolism, additional adjustments of the 

experimental design were required. In this resort, a reduction of the incubation time 

was my next approach to limit the effects of L-DOPA auto-oxidation.  
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Figure 38: Impact of L-DOPA treatment (24 h, 200 µM) on glucose metabolism under hypoxic 
conditions; (A) Glucose (Glc) derived MIDs of glycolytic metabolites and side products; 
(B) metabolic level and MID ratio of a-KG to citrate (Cit); (C) metabolic level ratio of fructose to 
glucose dependent on the oxygen tension; n = 3, statistics Welch’s t-test ***p-value < 0.001 
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Figure 39: PCA of metabolic profiles of LUHMES cells upon L-DOPA treatment (24 h) under 
hypoxic conditions; (A) PCA upon non-targeted GC-MS measurements after TMS derivatization; 
(B) PCA upon targeted GC-MS measurements after TBDMS derivatization; further abbreviation: 
principal component (PC) 
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4.2.3 Levodopa Induces Two Opposite Kinetics on Intracellular Reactive 

Oxygen Species levels 

In the previous section I discussed how decreased oxygen tension during the L-DOPA 

treatments proved to be beneficial in lowering the impact of L-DOPA auto-oxidation. To 

further limit the impact of L-DOPA auto-oxidation, I next decreased the treatment 

duration to 6 h instead of 24 h. This treatment time also had the big experimental 

advantage that an intracellular ROS assay could be applied, which is limited to roughly 

6 h of treatment according to the manufacturer’s instructions. So instead of interpreting 

Figure 40: Impact of L-DOPA treatment (24 h, 200 µM) on glutamine metabolism under hypoxic 
conditions; (A) glutamine (Gln) influx into the TCA cycle displayed by the MIDs from the first round 
of the TCA cycle using the [U-13C5]glutamine tracer; (B) normalized MID ratios: oxidative M4 citrate 
to M5 a-KG, reductive M5 citrate to M5 a-KG, ratio displayed by M4 citrate to M5 citrate; (C) TCA 
cycling rate displayed by the ratio of M3 a-KG to M5 a-KG; (D) normalized ME flux displayed by 
the MID ratios of M3 lactate (Lac) to M4 malate (Mal) (cytosolic ME) and M3 alanine (Ala) to 
M4 Mal (mitochondrial ME); n = 3, statistics Welch’s t-test *p-value < 0.05, further abbreviations: 
aspartate (Asp), fumarate (Fum) 
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metabolic changes induced by ROS, I was able to measure intracellular ROS levels 

directly. In this experimental setup TBHP was used as a positive control for ROS and the 

NR viability assay was applied to monitor intracellular ROS levels together with cell 

viability in the same experiment. Unfortunately, due to the experimental setup it was 

not possible to directly normalize the ROS levels on the viability data. As introduced in 

section 1.3.2, this assay monitors ROS generated inside the cells throughout the whole 

treatment. ROS generated by cells that died during the treatment were also quantified, 

so direct normalization of the ROS signals to the viability would falsify the results of the 

assay. But analyzing the ROS levels while keeping the altered viability in mind was still 

superior in improving the output of this biochemical assay (Figures 41, 42). First of all, 

the dose-dependent cytotoxic effect of L-DOPA observed under normoxic conditions 

was still detectable for this decreased treatment duration of 6 h (Figure 41). Intriguingly, 

L-DOPA treatment did not increase but reduced intracellular ROS levels and was even 

able to quench artificial ROS induced by TBHP (Figure 41).216  

Additionally, L-DOPA showed a slight rescuing effect on TBHP-induced cytotoxicity, but 

only for a moderate TBHP treatment of 10 µM. This observation resulted in multiple 

conclusions. First, L-DOPA exhibited a ROS scavenging effect, while the ROS levels 

increased in a dose-dependent manner, still confirming cellular ROS generation. In this 

regard, the treatment with 100 µM L-DOPA was particularly interesting. The viability 

was significantly decreased to around 65%, whereas ROS levels were still much lower 

than in the control (approximately 40%). This led to the second conclusion, that not only 

intracellular but also extracellular ROS levels most likely contributed significantly to the 

neurotoxic effect of L-DOPA. This conclusion is in line with other studies that showed 

rescuing effects by supplementation of ROS scavenging enzymes, which were not able 

to enter the cells and therefore assessed exclusively extracellular ROS.163,180 Together 

with the previous results from section 4.1.1, these observations also confirmed several 

previous in vitro studies, some of which showed increased ROS tension upon L-DOPA 

treatment, while others presented opposing results where L-DOPA induced 

neuroprotective effects against ROS.149,157,162,262,263,266–269 
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Next, I performed the same experiment under hypoxic conditions to limit L-DOPA auto-

oxidation (Figure 42). The ROS scavenging effect of L-DOPA was also observed under 

hypoxic conditions. As expected, the neurotoxic effect was low compared to normoxic 

conditions, but it still remained detectable. Interestingly, now there was no dose-

dependent intracellular ROS increase induced by the L-DOPA treatment anymore. This 

supports the conclusion that extracellular and not intracellular ROS mainly contributes 

to L-DOPA cytotoxicity, also under hypoxic conditions. By lowering the treatment 

duration even further to only 2 h, the dose-dependent effect of L-DOPA under normoxic 

conditions was not visible anymore (Figure 43a). This means, a further decreased 

treatment duration of 2 h seems to eliminate the effects of L-DOPA auto-oxidation 

entirely, even under normoxic conditions. 

 

Figure 41: Intracellular ROS level and viability after 6 h L-DOPA treatment under normoxic 
conditions; (n = 6), statistics Welch’s t test *p value < 0.05, **p value < 0.01; ***p value < 0.001216 
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But before assessing the impact on the central energy metabolism the question 

remained why L-DOPA induced lower intracellular ROS levels. Interestingly, the ROS 

decrease was independent of the L-DOPA concentration while intracellular L-DOPA 

amounts seemed to increase with higher L-DOPA treatments (Figures 43a, b). The 

signals of the L-DOPA measurements were very low, thus the variance between the 

replicates was high. But this observation was supported by previous studies180,270 and 

was further underlined by the results presented in Figure 41 which displayed a dose-

dependent effect. The ROS scavenging effect seemed to have reached its maximum 

already for low L-DOPA concentrations and higher L-DOPA levels did not further 

decrease the ROS signals.  

Additionally, I used an assay to monitor intracellular ROS levels in a time-resolved 

manner, which revealed that L-DOPA induced a fast response comparable to the ROS 

scavenger GSH independently of its concentration (Figure 43c). Even at the first time 

point, roughly 10 min after the start of the treatment, the ROS levels had already 

decreased compared to the control (p-value < 0.01, Welch’s t-test). It is known that 

L-DOPA itself can function as a ROS scavenger due to its catechol moiety.162 But 

Figure 42: Intracellular ROS level and viability after 6 h L-DOPA treatment under hypoxic 
conditions; (n = 6), statistics Welch’s t test *p value < 0.05, **p value < 0.01; ***p value < 0.001216 
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interestingly, L-DOPA also induced an additional intracellular ROS decrease over time by 

approximately 50% (p-value < 0.01, Welch’s t-test) after the initial drop. This could 

originate from a delayed uptake of L-DOPA as already described in previous 

studies.180,270 However, considering the decrease of ROS over time, which was 

independent of L-DOPA concentration, it could potentially originate from cell signaling 

or lower cellular ROS generation in general. In fact, most other studies reporting 

neuroprotective effects of L-DOPA against ROS hypothesized increased cellular ROS 

Figure 43: Intracellular ROS response during 2 h L-DOPA treatment; (A) intracellular ROS levels 
after L-DOPA treatment under normoxic conditions (n = 6);216 (B) intracellular L-DOPA levels after 
2 h L-DOPA treatment (n = 3); (C) intracellular ROS levels over time upon L-DOPA treatment, GSH 
(50 µM) or TBHP (25 µM) were used as control (n = 6; displayed via mean and standard deviation); 
statistics Welch’s t-test ***p-value < 0.001 
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defense.157,161,269 But in these previous studies these adaptations were induced by mild 

L-DOPA treatments inducing ROS via auto-oxidation, and ROS scavengers during the 

initial L-DOPA treatment negated neuroprotective effects against ROS.271,272 And indeed, 

the short 2 h treatment with L-DOPA induced no increases in GSH levels in contrast to 

previous studies (Figure 44a).269 Unfortunately, the GSSG levels were below the LoD in 

these experiments, but the GSR expression was not altered due to the treatment (at 

least under hypoxic conditions, Figure 44b). As a result, neither increased GSH 

production nor increased GSSG recycling via GSR seemed to be the origin of the ROS 

scavenging effect of L-DOPA. Interestingly, L-DOPA not only induced an increase in GSH 

level but even decreased intracellular GSH levels slightly. It has been previously 

described that L-DOPA is chemically capable of reacting with GSH and, therefore, can 

decrease GSH levels.273 But the GSH decrease could potentially also originate from a 

decreased GSH formation as a result of the decreased intracellular ROS levels. Taken 

together, the concrete mechanism behind the slight GSH depletion remained unclear 

based on these experiments.  

Overall, for this experimental setup it seemed more likely that the decreased 

intracellular ROS levels are induced by a direct ROS scavenging effect of L-DOPA as it 

was previously reported by Nelson et al.274 The initial ROS scavenging response was 

Figure 44: GSH level and GSR expression upon L-DOPA treatment (2 h, 200 µM); (A) intracellular 
GSH level upon L-DOPA treatment (n = 3); (B) GSR expression under hypoxic conditions upon 
L-DOPA treatment (n = 3); statistics Welch’s t test *p value < 0.05216 
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comparable to that of GSH, confirming that L-DOPA itself at least partially induced 

decreased intracellular ROS levels. However, potential secondary effects like an overall 

reduced cellular ROS generation cannot be completely excluded. Since the main source 

of cellular ROS generation originates from mitochondrial metabolism,26 analyzing these 

organelles in particular might shed new light on this question. 

Taken together, lowering the treatment duration to 2 h in combination with the reduced 

oxygen tension seemed to eliminate the effects of L-DOPA auto-oxidation and thus was 

suitable for monitoring potential effects of L-DOPA on cellular metabolism 

independently of its auto-oxidation. Most of the following experiments were performed 

under both hypoxic and normoxic conditions. Previous results in section 4.1.1 have 

already demonstrated a slight effect of L-DOPA treatment on the viability of LUHMES 

cells under normoxic conditions for this treatment duration (Figure 14). However, 

including both experimental setups, hypoxia and normoxia, heavily improved the 

comparability of this study compared to previous research, as most (if not all) previous 

in vitro studies in this field were performed exclusively under normoxic conditions.  
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4.3 In Vitro Short-Term Effects of Levodopa on Cellular 

Metabolism 

4.3.1 Levodopa Induces only Minimal Metabolic Alterations after Short-

Term Treatments in Whole Cells 

In this section I present uptake and secretion rates of major carbon sources as well as 

intracellular metabolite levels 2 h after L-DOPA treatment and compare them to the 

results after 24 h (described in section 4.1.3). As expected, the metabolic changes after 

2 h of treatment with L-DOPA were significantly reduced as compared to 24 h. Lactate 

secretion remained unchanged (Figure 45). Unfortunately, uptake rates of glucose and 

glutamine were below the LoD for this short treatment duration and could not be 

analyzed. The same applies to glutamate secretion. As a result, the previously observed 

effect of L-DOPA increasing cellular glutamate secretion under hypoxic and normoxic 

conditions after 24 h could neither be confirmed nor denied for the short L-DOPA 

treatment of 2 h.  

Next, I performed a non-targeted metabolomic analysis of intracellular metabolites. 

Based on a PCA, I could not observe condition-specific clustering of the samples 

(Figure 46). Only citrate levels were slightly increased exclusively under normoxic 

conditions (Figure 46c), but differences of the ratio of intracellular citrate to a-KG levels 

Figure 45: Lactate secretion upon 2 h L-DOPA treatment (200 µM; n = 9) 
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were not significant (Figure 47). However, this could not be confirmed under hypoxic 

conditions. The metabolic level ratio of fructose to glucose, which potentially represents 

alterations of the polyol pathway, remained unchanged as well (Figure 47).  

 

 

 

Figure 46: Metabolic profile upon 2 h L-DOPA treatment (200 µM); PCA after L-DOPA treatment 
under normoxic (A) and hypoxic (B) conditions; volcano plots after L-DOPA treatment under 
normoxic (C) and hypoxic (D) conditions; n = 6, statistics Welch’s t-test, further abbreviation: 
principal component (PC) 
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To sum up, these experiments revealed no major alteration of the central energy 

metabolism upon short-term L-DOPA treatment. As a result, further experimental 

adjustments were necessary to unravel additional metabolic alterations induced by 

L-DOPA. 

 

4.3.2 Levodopa Induces Severe Metabolic Alterations in Mitochondria 

upon Short-Term Treatments  

Since neither intra- nor extracellular metabolic levels were affected by the short 2 h 

L-DOPA treatment, I next aimed to investigate metabolic fluxes. As described in previous 

sections, there was no evidence that the glycolytic activity is affected by L-DOPA 

treatment under hypoxic conditions. However, flux analysis as well as ROS 

measurements opened the question of whether mitochondrial function could 

potentially be affected upon L-DOPA treatment. For this reason, I focused my 

investigations especially on mitochondrial metabolism. A combined approach of 

membrane permeabilization and stable isotope labeling was suitable for specifically 

monitoring mitochondrial metabolic fluxes.196 Digitonin is a chemical compound that 

Figure 47: Intracellular fructose/glucose and a-KG/citrate level ratios after 2 h L-DOPA 
treatment (200 µM); (A) metabolic level ratio of fructose (Fruc) to glucose (Glc) (n = 6); (B) 
metabolic level ratio of citrate (Cit) to a-KG (n = 3); statistics Welch’s t-test  
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permeabilizes specifically the outer cell membrane due to its high cholesterol 

content,192 and after permeabilization the cytosol can be washed out. In these “cell 

ghosts” the basic cell structure is still intact including compartments with membranes 

containing low amounts of cholesterol like mitochondria (Figure 48a).196 By replacing 

the cytosol with a buffer solution containing all crucial mitochondrial substrates, specific 

mitochondrial reactions could be monitored by stable isotope tracing.196 Experiments 

with [U-13C3]pyruvate showed only minimal alterations upon L-DOPA treatment, and 

these were not reproducible upon multiple experimental replicates. As an example, the 

IDH flux from citrate to a-KG was not affected in this experimental setup (Figure 48b). 

This confirmed the previous assumption that the reduced flux from citrate to a-KG 

induced by L-DOPA treatment under normoxic conditions described in section 4.1.3 was 

not caused by L-DOPA itself. The same applies to the ME flux upon L-DOPA treatment 

monitored using the [U-13C5]glutamine tracer (Figure 48c). But interestingly, the 

reductive TCA cycle activity compared to the oxidative flux was increased upon L-DOPA 

treatment (Figures 48d-f). Moreover, based on the ratio of M4 fumarate to M4 

succinate, SDH activity was significantly reduced as well (Figure 48g). These results 

confirmed that L-DOPA did indeed affect the mitochondrial metabolism in LUHMES cells 

independently of its auto-oxidation.  
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4.3.3 Short-Term Treatments with Levodopa Overall Impairs Mitochondrial 

Function 

To further evaluate the effect of L-DOPA on mitochondrial function, I performed 

different bioassays monitoring the MMP and intracellular ATP levels as well as 

respiratory experiments. Respiration measurements confirmed altered mitochondrial 

Figure 48: Mitochondrial flux analysis upon 2 h L-DOPA treatment (200 µM, n = 3); (A) schematic 
overview of the assay, (B) normalized IDH flux displayed by MID ratio of M2 a-KG to M2 citrate 
upon [U-13C3]pyruvate incubation, (C) normalized ME flux displayed by MID ratio of M3 Ala to M4 
malate upon [U-13C5]glutamine incubation, (D) normalized reductive glutamine flux displayed by 
MID ratio of M5 citrate to M4 a-KG upon [U-13C5]glutamine incubation, (E) oxidative glutamine 
flux displayed by MID ratio of M4 citrate to M4 a-KG upon [U-13C5]glutamine incubation, 
(F) normalized ratio between reductive and oxidative glutamine flux displayed by MID ratio of 
M5 citrate to M4 citrate upon [U-13C5]glutamine incubation, (G) normalized SDH flux displayed by 
MID ratio of M4 fumarate to M4 succinate upon [U-13C5]glutamine incubation; statistics Welch’s 
t-test *p-value < 0.05, **p-value < 0.01216 
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function, and the oxygen consumption rate (OCR) was reduced upon L-DOPA treatment. 

Both basal and maximum respiration (after mitochondrial membrane depolarization 

using FCCP) were significantly reduced upon L-DOPA treatment (Figures 49a-c). 

Additionally, I observed increased mitochondrial proton leakage (Figure 49d).   

Measurement of the MMP confirmed altered mitochondrial function, as the treatment 

with L-DOPA induced mitochondrial depolarization (Figure 50a). The affected energetic 

status of the cells was in line with the observation, that the intracellular ATP levels were 

also reduced upon L-DOPA treatment, most likely as a direct result of an impaired 

mitochondrial function (Figure 50b). 

Figure 49: Decreased mitochondrial respiration induced by L-DOPA treatment (200 µM); (A) OCR 
over time under normoxic conditions after injections with L-DOPA, Oligomycin, FCCP and 
Rotenone/Antimycin A (n = 4); (B) baseline normalized basal respiration upon L-DOPA treatment 
(2 h; n = 13); (C) OCR over time under hypoxic conditions after injections with L-DOPA, Oligomycin, 
FCCP and Rotenone/Antimycin A (n = 5); (D) proton leakage induced by L-DOPA treatment (2 h; 
normoxia n = 4, hypoxia n = 13); statistics Welch’s t-test *p-value < 0.05, **p-value < 0.01; 
***p-value < 0.001216 
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Taking all these results from 4.3.2 and 4.3.3 together, L-DOPA attenuated MMP by 

potentially inducing a proton leakage and reduced SDH (complex II) activity. As a 

consequence, NADH could not be completely oxidized to NAD+ by complex I, which 

increased the reductive carboxylation flux through IDH, which is NADH consuming. 

Furthermore, it seemed that L-DOPA-induced mitochondrial alterations were not 

limited to neuronal cells. In the lung cancer cell line A549 and the gut epithelial cell line 

HT29, L-DOPA altered mitochondrial function as well (Figure 51). Although this effect 

might potentially be most important for the neuronal system in vivo, it might also 

influence other tissues. But additional experiments would be mandatory to maintain 

more detailed insights into other types of cells and tissues. 

 

Figure 50: MMP and ATP levels upon L-DOPA treatment (2 h); (A) normalized MMP (n = 6); 
(B) normalized intracellular ATP levels (n = 10); statistics Welch’s t-test *p-value < 0.05, 
**p-value < 0.01; ***p-value < 0.001216 
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My next goal was to identify the mechanism behind these observations. Interestingly, 

Giannopoulos et al. reported a similar effect of impaired MMP in neuronal cells upon 

L-DOPA treatment in vitro.163 In their study, mitochondrial function was impaired by 

misincorporation of L-DOPA instead of tyrosine in mitochondrial proteins. 

Consequently, the effects were negated by adding high doses of tyrosine. But since I did 

not observe a rescuing effect after tyrosine supplementation (Figure 52), this option for 

a potential mechanism could be excluded. This different outcome originates most likely 

from the different experimental setup. Although Giannopoulos et al. also used a 

neuronal cell line, they chose SH-SY5Y, a proliferating cancer cell line, and a prolonged 

treatment of 24 h compared to the 2 h treatment in my experiments.163,175  

The fact that L-DOPA alters mitochondrial function independently of the auto-oxidation 

and ROS formation in vitro also opens a new perspective on potential side effects of 

L-DOPA administration in patients. There is a broad consensus among the 

neurobiological and clinical community that impaired mitochondrial function plays a 

major role in PD.275 L-DOPA remains the major medication for PD patients, and the 

possibility that the drug itself potentially worsens the phenotype even more might be 

clinically important.  

 

Figure 51: Mitochondria depolarization upon L-DOPA treatment on other cell lines 
(200 µM L-DOPA, 2 h, signal normalized to L-DOPA signals, n = 12; statistics Welch’s 
t-test ***p-value < 0.001) 
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I am aware that there is yet no evidence that L-DOPA induces negative effects in clinical 

trials with healthy subjects and PD patients,276,277 but it is still possible that the effect 

might only be significant in specific subgroups of PD patients. Interestingly, a previous 

in vivo study has already reported altered complex I activity in mice after L-DOPA 

administration.278 But the common interpretation so far has implied that this 

observation did not originate from L-DOPA itself but from the conversion of L-DOPA to 

DA.279 DA inhibits complex I, which is currently a point of research in respect of the 

disease development of PD and schizophrenia.113 But this mode of action can be 

discarded in my experimental setup because of the lack of AADC activity in LUHMES 

wild-type cells.180 In summary, the results described in section 4.3.3 and 4.3.4 most likely 

originated from an unknown mechanism of L-DOPA, which I have further characterized 

in the following section. 

 

4.3.4 Levodopa Induces Nicotinamide Adenine Dinucleotide Depletion  

As introduced in section 1.1.2 another important factor in energy metabolism is the 

NAD+/NADH redox balance. Because of the observed increase of the reductive TCA cycle 

flux (Figure 48) and reduced MMP (Figure 50), an impaired NAD+/NADH balance could 

Figure 52: MMP upon L-DOPA treatment (2 h, 200 µM) with tyrosine supplementation; 
n = 6; statistics Welch’s t-test *p value < 0.05, ***p-value < 0.001, abbreviation: 
tyrosine (Tyr)216 
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be expected. To further extend this approach, I quantified the combined intracellular 

levels of NAD+ and NADH via luminescence. Interestingly, L-DOPA induced NAD+/NADH 

and NADP+/NADPH depletion independently of the oxygen tension (Figures 53a, b). This 

was a particularly promising observation in terms of identifying the mode of action. 

Depleted NAD+/NADH pools have previously been linked to altered mitochondrial 

function.139 Several studies further showed a beneficial impact of NAD+ precursor 

supplementation in restoring altered mitochondrial function.140,280 I wondered whether 

the observed alterations of mitochondrial function induced by L-DOPA might be only a 

secondary effect induced by NAD+/NADH depletion. Interestingly, direct 

supplementation of NAD+ in this experimental setup did indeed show a positive impact 

on the MMP as well, but the effect of L-DOPA was not negated (Figure 53c). NAD+ 

improved the MMP in general, not only during L-DOPA treatment but also for the control 

condition. Although the NAD+/NADH depletion did not seem to be the origin of altered 

mitochondria function, NAD+ supplementation might still be a suitable option to 

counteract this side effect of L-DOPA. Interestingly, there are already a few clinical 

studies that have reported positive effects of NAD+ medication on PD patients, so the 

compatibility of PD patients with this kind of co-treatment has already been confirmed, 

at least for a few cases.141,142  

Next, I further targeted the reason for this intracellular NAD+/NADH depletion. One 

reason for this observation could be based on DNA repair mechanisms via PARP 

enzymes, which deplete NAD+ in the process.281 This approach is backed up by the 

observation that L-DOPA induced decreased DNA damage (Figure 54a). But 

interestingly, co-treatment with the PARP inhibitor olaparib282 induced no rescuing 

effect against the NAD+ depletion (Figure 54b). This observation questioned the 

involvement of DNA repair mechanisms in the mode of action for NAD+ depletion. It is 

also notable that the reduced DNA damage in LUHMES upon short-term L-DOPA 

treatment contrasted with previous studies that reported increased DNA damage upon 
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treatment with L-DOPA.283,284 But in these previous studies, the DNA damage was a 

direct result of increased ROS levels induced by L-DOPA auto-oxidation.281 Since the 

effect of L-DOPA on intracellular ROS levels was reversed due to my short-term 

treatments as discussed in section 4.2.3, the opposite outcome of my experiments might 

just be a secondary effect originating from decreased intracellular ROS levels. 

Figure 53: NAD(P) levels upon 2 h L-DOPA treatment and MMP after co-treatment with NAD 
supplementation; (A) Combined intracellular NAD+/NADH levels upon L-DOPA treatment (n = 5); 
(B) Combined intracellular NADP+/NADPH levels upon L-DOPA treatment (n = 6); (C) MMP upon 
co-treatment with L-DOPA and supplemented NAD+ (n = 6); statistics Welch’s t-test 
*p-value < 0.05, **p-value < 0.01; ***p-value < 0.001216 
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4.3.5 Transcriptomics Analysis upon Short Levodopa Treatment 

As previously discussed, short-term L-DOPA treatment altered mitochondrial 

metabolism and induced NAD+/NADH depletion in LUHMES cells. But since the modes 

of action behind these alterations were not clear yet, I added experiments for 

transcriptomics data of LUHMES cells treated with L-DOPA for 2 h under hypoxic 

conditions using RNA sequencing technology. With these mRNA data, the effect of 

L-DOPA on gene expression of various signaling as well as metabolic pathways could be 

analyzed.  

The first point of interest was the origin of the NAD+/NADH depletion. The gene 

expression of the NADH synthesis and depletion pathway remained mainly unaffected 

upon L-DOPA treatment (p-value 0.28, Figure 55a). Only one of the genes involved in 

this pathway was significantly more highly expressed (Figure 55b), namely SIRT7 

encoding the enzyme sirtuin 7. 

Figure 54: DNA damage after 2 h L-DOPA (200 µM) treatment and NAD levels after co-incubation 
with PARP inhibitor; (A) fluorescence assay monitoring DNA damage combined with living cell 
quantification with valinomycin (30 µM) as positive control (n = 6); (B) combined intracellular 
NAD+/NADH levels after L-DOPA treatment with and without supplementation of PARP inhibitor 
olaparib (n = 8); statistics Welch’s t-test *p-value < 0.05, **p-value < 0.01; ***p-value < 0.001216 
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Sirtuin 7 is a NAD+ depleting enzyme that interacts with nuclear respiratory factor 1 

(better known as NRF1) and therefore is known to directly affect mitochondrial 

function.285 To check whether increased SIRT7 expression was the origin of the altered 

mitochondrial function, I performed a knockdown (KD) experiment using siRNA, and the 

KD was confirmed via qPCR measurements (Figure 56a). But the SIRT7 KD did not 

improve the observation of altered MMP upon L-DOPA treatment, questioning the 

involvement of sirtuin 7 activity in the effect of L-DOPA impairing mitochondrial function 

(Figure 56b).  

 

Figure 55: Overview of gene expression of the NAD synthesis pathway and SIRT7 expression 
result of the GSEA analysis after L-DOPA treatment (200 µM, 2 h, hypoxic conditions); 
(A) normalized downregulation (green) and upregulation (red) of the genes encoding the NAD 
synthesis pathway; (B) SIRT7 expression quantification and statistic via the edgeR analysis during 
the GSEA (n = 3; statistics via edgeR as part of GSEA *p-value < 0.05)216 
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SIRT7 was eliminated as a concrete gene of interest for the origin of L-DOPA’s effect on 

mitochondrial function, but a more global analysis of impaired pathways upon L-DOPA 

treatment in LUHMES cells could potentially add new perspectives. For this reason, 

I performed a non-targeted analysis of the transcriptomics data in form of gene set 

enrichment analysis (GSEA), which revealed numerous other differences (Figure 57a) 

resulting in multiple significantly changed gene sets and pathways (Figure 57b). 

The most interesting changes were the downregulation of the TCA cycle and the 

oxidative phosphorylation (Figure 57), while the expression of genes encoding for SDH 

(complex II) seemed to be affected in particular (Figure 58). This was in line with the 

decreased metabolic flux from succinate to fumarate (Figure 48) and the decreased 

respiration (Figure 49) upon L-DOPA treatment. Overall, the effect of L-DOPA on 

mitochondrial function seems to be at least partially induced via decreased expression 

of genes encoding for mitochondrial enzymes. 

 

Figure 56: Impact of SIRT7 KD on altered MMP upon L-DOPA treatment; (A) SIRT7 expression 
after siRNA KD quantified via qPCR (n = 6); (B) MMP upon L-DOPA treatment (200 µM, 2 h, hypoxic 
conditions) independent of SIRT7 expression (n = 5); statistics Welch’s t-test **p-value < 0.01; 
***p-value < 0.001216 
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Analyzing other significantly changed pathways, the enrichment of the Ca2+ signaling 

pathway seemed to be the most important alteration (Figure 59). There is already a lot 

of evidence that Ca2+ is a crucial aspect in PD pathogenesis,286 which resulted in multiple 

clinical trials testing potential treatment approaches targeting Ca2+ channels.287,288 Ca2+ 

is essential for mitochondrial ATP synthesis due to the Ca2+ dependent activation of the 

Figure 57: GSEA analysis revealing several significantly changed gene clusters upon L-DOPA 
treatment (200 µM, 2 h, hypoxic conditions, n = 3); (A) volcano plot displaying all identified 
genes; (B) result of the GSEA displaying altered expression of several KEGG pathways displayed 
with the number genes analyzed for the pathways, the adjusted p-value and the enrichment 

distribution (statistics via edgeR as part of the GSEA))216 
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ETC, the Ca2+-ATPase as well as the overall impact on the NAD+/NADH homeostasis and 

the MMP.289–293 In my experiments, the expression of the cellular Ca2+ influx seemed to 

be particularly affected (Figure 59).  

Figure 58: Gene expression encoding for enzymes of the TCA cycle and oxidative 
phosphorylation upon L-DOPA treatment (200 µM, 2 h, hypoxic conditions); 
(A) overview of the normalized downregulation (green) and upregulation (red) of 
the genes of the TCA cycle; (B) overview of the normalized downregulation (green) 
and upregulation (red) of the genes of the oxidative phosphorylation216 
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But surprisingly, analysis of the intracellular Ca2+ levels showed no significant differences 

in LUHMES cells upon L-DOPA treatment (Figure 60a). The Ca2+ antagonist nimodipine 

showed no rescuing effect on MMP upon L-DOPA treatment either (Figure 60b). So, I 

was not able to confirm the link between the Ca2+ homeostasis and the effect of L-DOPA 

on mitochondrial function in LUHMES cells. But potential impairments of the Ca2+ 

homeostasis cannot be negated entirely just based on the overall intracellular Ca2+ 

levels. Additional experiments are mandatory to quantify other parameters like 

intracellular Ca2+ fluxes to evaluate effects of L-DOPA on the Ca2+ homeostasis. Overall, 

the affected expression of the Ca2+ signaling pathway remained noteworthy since 

previous studies have already shown the potential impact of L-DOPA treatment in this 

context.294,295 Other groups even reported on direct connections between the Ca2+ 

homeostasis and LID.296–298  

 

Figure 59: Expression of the Ca2+ signaling pathway upon L-DOPA treatment (200 µM, 2 h, 
hypoxic conditions); overview of the normalized downregulation (green) and upregulation (red) 
of the genes encoding the Ca2+ signaling pathway216 
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Besides the Ca2+ signaling, the upregulation of the phosphoinositide 3-kinases (PI3K) Akt 

signaling pathway seemed to be an interesting alteration (Figure 61a). This signaling 

pathway is known to directly interact with the mitochondria as well.299 But co-incubation 

with the PI3K inhibitor wortmannin300 showed again no rescuing effect regarding the 

MMP (Figure 61b). This indicated that the increased PI3K expression was also not the 

origin behind the altered mitochondrial function in LUHMES cells induced by L-DOPA.  

The phosphatidylinositol signaling pathway was more highly expressed as well 

(Figure 62a). But since this pathway plays a central role in Ca2+ and PI3K-Akt signaling,301  

this might just be a secondary effect of the treatment.  

Interestingly, the gene set of ribosomal RNA showed lower expression (Figure 62b). In 

the literature this observation has been linked to overall impaired energy 

metabolism.302,303 Thus, this observation was most likely only a secondary effect of 

L-DOPA induced by the reduced ATP generation. 

 

Figure 60: Ca2+ levels and impact on the MMP upon L-DOPA treatment (2 h); (A) intracellular Ca2+ 
levels (n = 5); (B) MMP upon L-DOPA treatment (200 µM, hypoxic conditions) with co-treatment 
with the Ca2+ antagonist nimodipine (n = 5); statistics Welch’s t-test **p-value < 0.01; 
***p-value < 0.001 
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Figure 61: PI3K-Akt pathway expression after L-DOPA treatment (200 µM, 2 h, hypoxic 
conditions) and MMP upon PI3K inhibitor co-treatment; (A) overview of the normalized 
downregulation (green) and upregulation (red) of the genes encoding the PI3K-Akt signaling 
pathway; (B) MMP upon co-treatment with L-DOPA and the PI3K inhibitor wortmannin (n = 6; 
statistics Welch’s t-test **p-value < 0.01; ***p-value < 0.001) 
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The phosphatidylinositol signaling pathway was more highly expressed as well 

(Figure 62a). But since this pathway plays a central role in Ca2+ and PI3K-Akt signaling,301  

this might just be a secondary effect of the treatment.  

Interestingly, the gene set of ribosomal RNA showed lower expression (Figure 62b). In 

the literature this observation has been linked to overall impaired energy 

metabolism.302,303 Thus, this observation was most likely only a secondary effect of 

L-DOPA induced by the reduced ATP generation. 

Besides these above-described changes, many other gene clusters and pathways were 

significantly changed using GSEA (Figure 49b) but will not be further described in this 

study. This includes gene sets that were overall more highly expressed but that are 

centered by one crucial enzyme that remained unchanged as in the cyclic adenosine 

monophosphate (cAMP) signaling pathway (Figure 63a). Additionally, there are other 

gene sets that are only significantly changed because of overlaps with other altered 

pathways like the dopaminergic synapse gene set, which heavily overlaps with the Ca2+ 

signaling pathway (Figure 63b).301  

To sum up, the transcriptomics analysis revealed several interesting alterations and even 

identified the expression of specific mitochondrial enzymes as a factor in the mode of 

action behind the impairments of mitochondrial function induced by L-DOPA. But a 

complete understanding of the mechanism behind L-DOPA impairing mitochondrial 

gene expression, and therefore mitochondrial function as well as NAD+/NADH depletion, 

has not been achieved yet and would require follow-up studies. 
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Figure 62: Overview of the expression of the phosphatidyl signaling pathway (A) and 
ribosomal RNA (B) upon L-DOPA treatment (200 µM, 2 h, hypoxic conditions; downregulation 
monitored in green; upregulation monitored in red)216 
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Figure 63: Overview of the expression of the cAMP signaling pathway (A) and dopaminergic 
synapse system (B) upon L-DOPA treatment (200 µM, 2 h, hypoxic conditions; downregulation 
monitored in green; upregulation monitored in red) 
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5 Conclusion and Outlook 

The neurotoxicity of L-DOPA was a major focus of research in the past, especially at the 

turn of the millennium. Since that time, the overall scientific consensus has been that 

the negative effects in vitro are artifacts of cell culture experimental setups where 

L-DOPA auto-oxidizes to melanin with ROS as a side product.157 In my thesis, a lot of 

metabolic alterations have been characterized as well that originated from the auto-

oxidation of L-DOPA. Most of them were most likely directly related to elevated ROS 

formation, but even the end product of the auto-oxidation melanin induced significant 

impairments. These melanin-induced alterations could potentially be relevant for the 

formation of PD itself since only neurons of the neuromelanin containing SNr are 

involved in the initial pathogenesis of PD. 

In comparison to other in vitro studies, which only detoxified ROS formed during L-DOPA 

treatments, in my thesis the auto-oxidation itself was significantly decelerated by 

lowering the oxygen tension during the treatment. Combined with a decreased 

treatment duration, this experimental adaptation enabled the option to disentangle 

effects of L-DOPA itself from the effects induced by its auto-oxidation. So, besides the 

further results, my thesis also represents a prime example of the importance of choosing 

proper oxygen tension in vitro depending on the research field and the tissue of interest 

in vivo.  

Furthermore, my study generated new insight into neuroprotective effects against ROS 

induced by L-DOPA since the direct ROS scavenging capacity of L-DOPA in LUHMES was 

characterized. But the main aspects of this thesis remained the direct alterations of the 

mitochondrial function upon the short-term treatment with L-DOPA. Interestingly, there 

have already been a few in vivo studies that have already reported negative effects of 

L-DOPA as discussed previously. But these alterations were mainly interpreted by the 

conversion from L-DOPA to DA – DA itself is known to impair mitochondrial function.304  

For that reason, the LUHMES cell line was the optimal in vitro system to monitor the 

impact of L-DOPA. Due to their very low AADC activity there is no measurable conversion 

from L-DOPA to DA in LUHMES cells.180 In conclusion, these previously described 
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mitochondrial alterations induced by DA can be at least partially attributed to L-DOPA 

as well.  

The results of this thesis can be linked to numerous other already published in vivo data. 

Thus, even though there have been several clinical studies distinguishing negative 

effects of L-DOPA treatments,277 our results might still be clinically relevant, and 

potential side effects of L-DOPA might only be detectable in subgroups of PD patients. 

As introduced in section 1.2.3 there are already several approaches for PD treatment 

that focus on the mitochondrial function. If the results of this study were confirmed 

in vivo, these kinds of treatments targeting mitochondrial function might be beneficial 

for everyone receiving L-DOPA treatment.  

Another interesting approach to mention here comes from studies which that used 

magnetic resonance spectroscopy (MRS) to monitor ATP levels in PD patients.305  

Hattingen et al. have already shown via MRS that PD patients in general have a lower 

ATP level in the brain compared to healthy controls.306 Their study confirmed that the 

central energy metabolism is altered in PD patients in general. But of particular note in 

this study is the fact that the patients in this study were at least partially medicated with 

L-DOPA. There are also many other studies including experiments using post-mortem 

SNr homogenates of PD patients that revealed reduced complex I and complex II activity 

of the ETC.307,308 As a result, the possibility remains that the monitored differences of 

previous studies did not originate exclusively from the disease itself, but the medication 

might have had an impact as well. Either way, the possibility that L-DOPA impairs 

neuronal energy metabolism in vivo remains crucial for future research on 

mitochondrial function in PD patients. 

Another interesting link between this study and previously published clinical data lies in 

L-DOPA-induced NAD+ depletion and the beneficial effect of NAD+ supplementation on 

the MMP. There are two clinical studies that remain particularly interesting in this 

context. Rutherford et al. and Gadol et al. showed positive effects of NAD+ treatment in 

PD patients.141,142 But in these studies, the patients were not medicated with L-DOPA 

prior to the experiments. With these studies, it is very unlikely that the observed results 

were related to effects of L-DOPA. But the fact that PD patients would be tolerant to this 
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kind of treatment approach is great to keep in mind, since the supplementation of NAD+ 

was the only successful approach in my study to counteract the mitochondrial 

alterations induced by L-DOPA. 

The third notable link between this study and previously published in vivo studies is the 

increased gene expression of the Ca2+ signaling pathway. Although I have not been able 

so far to directly link Ca2+ homeostasis to L-DOPA-induced mitochondrial impairment, 

my study only scratched the surface of numerous options for characterizing Ca2+ 

homeostasis. While the intracellular level remained unchanged, there are still other 

potential mechanisms like affected subcellular transport. Further research in this 

particular field is mandatory, since the direct link between Ca2+ homeostasis and LID is 

already well described.128  

Summing up, if the results of my thesis were confirmed in vivo, this would add another 

aspect when deciding on the optimal PD treatment. The tolerance against these 

potential side effects of L-DOPA might be an important factor in the future. 

Furthermore, the observations in this study could be a factor for predicting LID and, 

therefore, might be one of the missing pieces in the puzzle of optimizing and 

personalizing PD treatment.216  
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