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Introductory Remarks 

This thesis has a semi-cumulative format, consisting of three submitted or 

published papers in peer-reviewed journals as first or co-author (chapters 3 – 5) 

and unpublished data (included and annotated in chapter 3). Each co-author 

read the papers and their comments, as well as those of the reviewers and 

editors, were incorporated into the manuscripts. The published supplementary 

information is presented in the appendix. Chapters 1 and 2 provide a general 

overview of the topic of this thesis, and the data obtained are discussed in 

chapter 6. 

To ensure consistency in figure and table numbering and citation throughout this 

thesis, these may differ from the published papers. Similarly, spelling, 

abbreviations, or nomenclature may vary across the papers. 

As recommended by the NIH, human GENES are written in italics and 

uppercase letters, and human PROTEINS are written in uppercase letters 

without italics. C. elegans genes are written in lowercase italics, and their 

PROTEINS are written in uppercase letters without italics. A C. elegans strain 

with a loss-of-function mutation is named after the respective gene, followed by 

‘Δ’. 
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Summary 

Iron (Fe) is the most abundant essential trace element across almost all 

organisms, and is involved in important biological processes such as DNA 

synthesis, energy production, and oxygen transport. Its redox cycling between 

the physiologically relevant oxidation states Fe(II) and Fe(III) is crucial for these 

functions, but also drives the formation of reactive oxygen and nitrogen species 

(RONS) through the Fenton reaction. Excessive RONS production impairs 

cellular function and integrity, underscoring the importance of an effective 

antioxidative defense system in maintaining cellular homeostasis. Glutathione 

(GSH), the most abundant intracellular antioxidant, plays an essential role in this 

defense by acting as a radical scavenger but also as an important co-enzyme 

in various metabolic and detoxification processes. In the general population, Fe 

is mainly taken up through drinking water, food, and food supplements, and in 

2024, the European Food Safety Authority (EFSA) defined safe intake levels of 

10 mg/day for children and 40 mg/day for adults. To investigate the 

consequences of elevated Fe levels in relation to different Fe species and a 

weakened antioxidative system, the model organism Caenorhabditis elegans 

(C. elegans) was used in this thesis. In a further study, the consequences of 

elevated copper (Cu) levels on genes involved in Fe homeostasis were 

investigated, highlighting potential targets of trace element interactions, 

especially in the case of overexposure. 

To investigate the impact of excess Fe from different Fe species on Fe 

homeostasis, oxidative stress, and cell death, C. elegans was exposed via the 

diet to 0.5 mM or 1 mM Fe(III) ammonium citrate (FAC), Fe(II) gluconate 

(FeGlu), or Fe(II) chloride (FeCl2) separately for either 5 h or 24 h. These 

treatments demonstrated that Fe bioavailability depends on both the oxidation 

state and ligand of the Fe compound, with FAC resulting in the lowest and FeCl2 

in the highest total Fe content. However, the effects on oxidative stress, cell 

death, and Fe homeostasis were Fe species-unspecific. In addition to increased 
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mitochondrial RONS, the Fe species led to increased translocation of the 

transcription factor DAF-16/FOXO, increased superoxide dismutase activity, 

and increased apoptosis in germ line cells. All tested Fe species led to 

decreased gene expression of the metal transporter smf-3/DMT1 and increased 

gene expression of the Fe storage protein ftn-1/FTN. Furthermore, gene 

expression analysis and total Fe measurements in the corresponding deletion 

mutants suggest an involvement of the reductase f55h2.5/DCYTB and Cu 

storage protein f21d5.3/CP in Fe homeostasis, both of which have been poorly 

studied in C. elegans. In summary, this study showed that although the total Fe 

content varied greatly after treatment with the Fe species, the effects on the 

examined endpoints were similar. This could be due to tightly regulated Fe 

homeostasis, as several genes associated with this were differently expressed 

after treatment with each Fe species. 

The investigations of the consequences of excess Fe in combination with GSH 

depletion were carried out after treating C. elegans L4 for 24 h with FAC and/or 

subsequent treatment with diethyl maleate (DEM) for 2 h or 24 h. DEM is a well-

established compound used to deplete GSH levels by conjugating with the thiol 

group of GSH. FAC treatment led to a fivefold increase in total Fe compared to 

untreated control, which was still three times increased 24 h later without 

additional FAC supply. Unchanged Fe(II) levels and increased gene expression 

of ftn-1 indicate storage of Fe as Fe(III). Nevertheless, FAC treatment led to 

increased levels of subclasses of phospho- (PL) and sphingolipids (SL) and the 

neurotransmitter acetylcholine. The binding product of DEM and GSH could be 

determined using HPLC-MS/MS, revealing that the 2 h DEM treatment resulted 

in a 70% depletion of GSH. In addition, this treatment led to a 15% decrease in 

survival rate and an increase in Fe(II) level. Differently regulated genes 

associated with Fe homeostasis underscore the impact of DEM treatment on Fe 

homeostasis. In addition, DEM decreased mitochondrial mass after both 

treatment times, increased the levels of several subclasses of PL and SL after 
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24 h treatment, and had an effect on neurotransmitter metabolism. These 

findings were further supported by altered gene expression levels of genes 

associated with these pathways, as revealed by transcriptomic analysis. The 

combined treatment with FAC and DEM had no further effect on the tested 

endpoints compared to treatment with FAC or DEM alone. Additional treatment 

with the ferroptosis inhibitor liproxstatin-1 (Lip-1) led to a slight increase in 

survival rate after FAC and DEM treatment, but was unable to raise it to the level 

of the untreated control. In addition, Lip-1 had no impact on the effects caused 

by FAC and DEM. Since only one ferroptosis marker was examined, it is difficult 

to conclude whether ferroptosis plays a role after treatment with FAC and DEM 

and requires further investigations. Nevertheless, this study revealed that both 

FAC and DEM affected endpoints relevant for cellular and organismal integrity 

and function. In addition, counter-regulation and long-lasting effects were 

demonstrated in this study. 

Both Fe-related studies showed that metal homeostasis may play an important 

role, which is further emphasized in the study investigating the consequences 

of dysfunctional Cu homeostasis. Cu dyshomeostasis was modeled by using 

deletion mutants of the Cu chaperone atox-1 and Cu storage protein 

f21d5.3/CP. This study revealed that the deletion of the Cu chaperone atox-1 

after treatment of C. elegans L4 for 24 h with CuSO4 led to changes in energy 

nucleotides, neurotransmitter levels, and increased levels of malondialdehyde 

(MDA), a byproduct of lipid peroxidation. In the f21d5.3/cpΔ mutant, the same 

treatment also led to alterations in energy nucleotide, MDA, and cardiolipin (CL) 

levels, but even without CuSO4 treatment, neuronal endpoints were altered 

compared to wild type worms. The MDA levels could be reliably measured by 

optimizing and validating the measurement in this thesis using HPLC-FLD. 

Overall, this study demonstrated that functional Cu homeostasis is important for 

cellular functions and neuronal stability. 
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Taken together, this thesis demonstrates that the Fe species matters, and that 

despite the regulated expression of Fe homeostasis genes, likely due to 

counter-regulatory mechanisms, the treatments affected endpoints related to 

oxidative stress and cell death. Furthermore, it was shown that C. elegans is a 

suitable model organism for investigating Fe homeostasis. In addition, it is 

shown that an impaired redox system can lead to alterations in mitochondria, 

lipidome, and neurological endpoints. All three studies suggest that metal 

homeostasis plays a crucial role in maintaining organismal viability.  
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Chapter 1 – Motivation and Scope of the Thesis 

Motivation of the Thesis 

Iron (Fe) is an essential trace element and crucial for many biological processes. 

In the general population, Fe is mostly associated with a deficiency of this 

element, but few people are aware that an accumulation or excess intake of Fe 

may lead to adverse effects. It has been known since 1894 that Fe can lead to 

the excessive formation of reactive oxygen and nitrogen species (RONS) via the 

Fenton reaction and that excess Fe levels are associated with oxidative stress, 

cell death, and neurodegenerative diseases.1 These negative effects are the 

reason why the European Food Safety Authority (EFSA) has defined safe intake 

levels for Fe of 10 mg/day for children and 40 mg/day for adults in 2024.2 Fe 

occurs in natural and fortified foods, food supplements, and drinking water in a 

variety of Fe compounds, and various Fe species are used in scientific studies 

associated with Fe. Even though it has been shown before that different Fe 

species have varying bioavailability, there is still a lack of studies investigating 

effects of Fe compounds at the cellular level. In addition, it is not fully understood 

which pathways are involved in Fe toxicity, particularly in relation to the Fe-

dependent cell death, ferroptosis.3 In this context and in relation to 

neurodegenerative diseases, the involvement of glutathione (GSH) is discussed 

as an antioxidant but also as a complexing molecule in the labile iron pool (LIP).4 

However, studies investigating the consequences of elevated Fe levels in 

combination with GSH deficiency in living organisms are limited. 

This thesis aimed to fill these gaps in knowledge and uncover more about 

possible pathways linked to elevated Fe levels, caused by different Fe species 

and GSH depletion, using Caenorhabditis elegans (C. elegans) as a model 

organism. To investigate the involvement of different genes, C. elegans deletion 

mutants were used, and RT-qPCR and transcriptomic analysis were performed. 

Furthermore, various analytical instrumentation, dye assays, and behavioral 

assays were used to investigate detailed metabolic processes. 
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Scope of the Thesis 

 Comparison of the impact of different Fe species on Fe homeostasis, 

oxidative stress, and cell death in C. elegans 

 Investigations of an impaired redox system in C. elegans regarding Fe 

homeostasis, oxidative stress, lipidome, neurotransmitters, and whether 

these lead to ferroptotic cell death 

 Optimization and validation of a MDA measurement method via HPLC-

FLD for measurement in C. elegans samples and application in studies 

investigating Fe and Cu homeostasis 
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Chapter 2 – General Background Information 

2.1 Iron (Fe) 

Fe is the fourth most abundant element in the earth crust, the most abundant 

trace element in the human body, and essential for almost all organisms, from 

bacteria to plants, animals, and humans.5,6 Essential processes such as oxygen 

transport, energy production, and DNA synthesis and repair are dependent on 

Fe as a key compound.7,8 From a chemical point of view, Fe is the 26th element 

in the periodic table of elements and therefore a transition metal, which is 

thermodynamically most stable in the oxidation states Fe(II) and Fe(III).9 These 

forms are physiologically most relevant and are taken up by humans generally 

complexed or bound to biomolecules like proteins, mainly through drinking 

water, food, and food supplements. Food rich in Fe includes red meat, legumes, 

and nuts, but whole grain products and vegetables are also important sources.10 

In 2024, the EFSA estimated that, based on the Fe content of consumed food, 

adult men take up to 13.7 mg Fe/day and women 10.9 mg Fe/day. Furthermore, 

the EFSA established a safe level of Fe intake of 40 mg/day for all adults, using 

the occurrence of black stools as an endpoint.2 In addition, the German Nutrition 

Society (DGE) recommended in 2023 a daily Fe uptake of 11 mg for men and 

14 – 16 mg for women, making a distinction between pre-menopausal and post-

menopausal women and giving an additional recommendation for pregnant 

women of 27 mg/day.11 These studies indicate that in the general population, 

adult men tend to take in slightly more Fe than recommended, and women 

slightly less. Still, it should be noted that the bioavailability of Fe from different 

food sources can vary a lot.12 In addition to other Fe species, meat and seafood 

mainly contain heme Fe, which has a higher bioavailability than nonheme Fe.13 

Drinking water and plant-based foods and food supplements contain only 

nonheme Fe, mainly Fe(III), which have a lower bioavailability per se and can 

be exacerbated when bound to plant components such as phytate.14 In addition, 

there are foods fortified with nonheme Fe worldwide, such as rice, flour, and 
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cereals, which are intended to prevent Fe deficiency in the general population 

or target groups such as children.15  

The absorption of orally supplied Fe occurs primarily in the duodenum and 

proximal jejunum, where mainly enterocytes form the epithelial layer. While 

15 – 35% of heme Fe is absorbed, the absorption rate of nonheme Fe is less 

than 10%.12 As there is no active excretion mechanism for Fe in humans, only 

small amounts are excreted through sweat, urine, bleeding, and shed 

enterocytes in the intestinal lumen.16–18  

2.1.1 Iron Homeostasis 

To maintain a balance between essential and excessive amounts of Fe, the 

regulation of Fe-homeostasis is of major importance. While nonheme Fe(II) is 

mainly imported into the enterocytes via divalent metal transporter 1 (DMT1), 

Fe(III) has to be reduced to Fe(II) by a reductase such as duodenal cytochrome 

b (DCYTB) or by reducing compounds such as ascorbic acid from food 

(Figure 1).19 It is assumed that heme Fe is imported into the enterocytes via 

endocytosis, i.e., via cell membrane-enclosed vesicles and a membrane 

transporter, but this is not yet fully elucidated. The involvement of heme carrier 

protein 1 (HCP1) was discussed for a long time, but has been rejected, as it 

turned out to have a high affinity for folate.20 Within the cell, Fe can be stored as 

less reactive Fe(III) in the cytosolic storage protein ferritin (FTN), which in 

humans consists of the two subunits ferritin heavy (FTH) and light chain (FTL). 

Together, the subunits form a cavity, and while FTH has ferroxidase activity for 

oxidizing Fe(II) to Fe(III), FTL is the storage site for up to 4500 Fe ions.21 The 

copper (Cu) storage protein ceruloplasmin (CP) also shows ferroxidase activity 

and is discussed to be involved in Fe storage in ferritin.22 In case of low Fe within 

the cell, ferritinophagy can degrade ferritin, and the Fe ions can be released into 

the cytosol.23 Here, a small part of the intracellular Fe forms the LIP, consisting 

of Fe(II) complexed to low molecular weight molecules, such as GSH, and Fe 

chaperons, like poly C-binding proteins (PCBPs).4,24 It is still under discussion 
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whether, in the form of these complexes, Fe is delivered intracellularly to FTN, 

apoenzymes, and other cell organelles such as mitochondria and the 

endoplasmic reticulum (ER).24 However, mitoferrin 1 and 2 are probably mainly 

responsible for Fe import into the mitochondria.25 The transport in this organelle 

is of particular importance, as this is the main synthesis site for Fe-sulfur (Fe-S) 

cluster and Fe-porphyrin complexes, also known as heme. These are the main 

structures in which Fe is incorporated into proteins to function as an important 

cofactor.26 To maintain Fe homeostasis within the mitochondria, mitochondrial 

ferritin (FTMT) controls the availability of Fe.27 At the basolateral membrane of 

the cell, Fe export is carried out by the transport of Fe(II) via ferroportin (FPN) 

into the bloodstream and conversion to Fe(III) by the membrane-associated Cu 

dependent ferroxidases hephaestin (HP) or CP.28,29 In the bloodstream, Fe(III) 

occurs bound to FTN, the Fe transport protein transferrin (TF), or as non-

transferrin-bound Fe (NTBI).30–32 Fe-loaded TF can bind to transferrin receptors 

(TFR) of other cells and is taken up via endocytosis, followed by a pH-dependent 

intracellular Fe(II) release through DMT1.26 On the basolateral side of 

enterocytes and other organs, such as liver, pancreas, and heart, NTBI can be 

imported via DMT1 or the Zrt/Irt-like proteins (ZIP) ZIP8 and ZIP14.33,34 

To adapt these intracellular processes depending on the Fe status, i.e., a 

deficiency or repletion, there are several regulatory factors. An important one is 

the activation or inactivation of iron-responsive proteins (IRP), which regulate 

post-transcriptionally the synthesis or degradation of, for example, DMT1, FTN, 

FPN, and TF by binding to iron-responsive elements (IRE) of the untranslated 

region of the respective mRNA.35 In addition, systemic Fe homeostasis is 

regulated by binding of the peptide hormone hepcidin to FPN, resulting in 

occlusion or degradation of this exporter.36 However, synthesis of hepcidin is 

not only stimulated by Fe, but also by inflammation.37 In the event of Fe or 

oxygen deficiency, transcription factors called hypoxia-inducible factors (HIFs) 

are activated, which are involved in the regulation of DCYTB, DMT1, TF, CP, 
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FPN, and hepcidin.38 Especially, HIF2α plays an important role in the intestinal 

absorption of Fe.39  

 

Figure 1. Simplified illustration of the Fe homeostasis in human enterocytes. [Adapted and modified from 

Galy et al.]26 

 

2.1.2 Physiological Relevance 

Due to the interconversion between Fe(II) and Fe(III), Fe is an important 

biological catalyst and thus an essential cofactor of several proteins and 

enzymes. Hemoglobin and myoglobin, which are involved in oxygen transport, 

build the largest proportion of these proteins.40 Bound to hemoglobin, the central 

Fe(II) reversibly binds oxygen from the lungs for transport through the 

bloodstream to all organs, or it binds to carbon monoxide, nitric oxide, alkyl 
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isocyanide, and nitroso-compounds to transport them out of the organism.41 If 

the Fe ion is oxidized to Fe(III), these molecules no longer bind to the so-called 

methemoglobin, but other molecules such as H2O, cyanide, or azide can bind to 

it.41 Myoglobin is found in the heart and red muscle cells, where it stores oxygen 

and facilitates its transport intracellularly to the oxygen-consuming 

mitochondria.42 Within the mitochondria, complexes I – IV contain Fe as a 

cofactor, which are parts of the mitochondrial respiratory chain, and Fe is 

therefore involved in the energy production in the form of adenosine 

triphosphate (ATP). Fe enables electron transport between the complexes, 

through to complex IV (cytochrome c oxidase), where reduction of O2 to H2O 

takes place.43,44 In deoxyribonucleic acid (DNA) replication and repair, the 

activity of several proteins, such as polymerases, primases, and helicases, is 

dependent on Fe-S clusters.8 In addition, there are ribonucleotide reductases, 

which are involved in the synthesis of deoxyribonucleotides, which are 

dependent on Fe as Fe(II) tyrosyl radical.45 

2.1.3 Fe Deficiency and Overload 

There are a number of diseases that are associated with either Fe deficiency or 

elevated Fe levels. An Fe deficiency can be caused, among others, by 

insufficient absorption through diet, chronic blood loss, or a high Fe requirement, 

e.g., during pregnancy or in high-performance athletes.46–48 Insufficient 

absorption through diet can be caused by low-Fe food but also by 

malabsorption, i.e., illness or disorders of the gastrointestinal tract.49 Probably 

the best-known consequences of an Fe deficiency are reduction in erythrocytes 

and low hemoglobin concentrations, the most common causes of anemia.50 The 

resulting impaired transport of oxygen to organs and the decreased activity of 

Fe-dependent proteins can lead to non-specific symptoms such as fatigue, 

weakness, and reduced concentration, often causing the condition to remain 

undiagnosed.50 Severe Fe deficiency can cause adverse consequences such 
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as heart diseases, restless leg syndrome, and impaired child neurocognitive 

development.46  

The most common genetically caused disease worldwide leads to an excess of 

Fe, often due to low hepcidin concentration, and is called hemochromatosis.37 

The most prevalent cause is a homozygous mutation of the homeostatic Fe 

regulator (HFE), but other mutations as of FPN1 and TFR2, can also lead to this 

disease.51 Affected individuals can prevent this excess Fe by regular 

phlebotomy, as untreated hemochromatosis can lead to severe liver damage 

and diabetes.52 The homozygous mutation of CP leads to aceruloplasminemia, 

associated with Fe deficiency in the plasma and thus to anemia, but also with 

cellular Fe overload.53 In addition, there are non-genetically caused diseases, 

such as chronic liver diseases, which can lead to secondary Fe overload.54 

For clinical indications of a Fe deficiency or overload in humans, certain 

biomarkers like serum ferritin (SF), transferrin saturation (TSAT), total Fe 

binding capacity (TIBC), and the ratio of soluble transferrin receptor to ferritin 

can be measured in the serum.2 Even though SF is often measured and used 

as an indicator of Fe deficiency, this value can be increased by various factors 

such as infections or inflammation.55 In 2020, the World Health Organization 

(WHO) released thresholds for SF in healthy men (> 200 µg/L), menstruating 

women (> 150 µg/L), and non-healthy individuals (> 500 µg/L) that, if exceeded, 

may indicate an Fe overload. According to the WHO, SF values < 12 µg/L in 

children and < 15 µg/L in adults are indicative of Fe deficiency. In the presence 

of inflammation or infection, the thresholds are raised to < 30 µg/L or < 70 µg/l, 

respectively. However, the WHO also indicates that further markers should be 

included for a reliable diagnosis.56 The TSAT could be measured as well, since 

it remains unchanged if SF falsely indicates Fe overload. TSAT values over 40% 

indicate systemic Fe overload and are often the first indication of 

hemochromatosis.2 
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2.2 Oxidative Stress 

The main risk of excessive Fe amounts is its ability to promote oxidative stress. 

As early as 1894, Fenton described the oxidation of tartaric acid in the presence 

of Fe(II) and hydrogen peroxide.1 Nowadays, it is known that Fe(II) has a 

reducing effect and can therefore form RONS as shown in Figure 2.57 In low 

concentrations, RONS are important signaling molecules and are involved in 

cellular processes such as proliferation, migration, and the regulated cell death, 

apoptosis.58 However, as these species have unpaired valence electrons or 

unstable bonds, they have an oxidative effect and react with biomolecules such 

as proteins, lipids, and DNA.59 These adverse modifications can lead to 

profound consequences for cellular function, integrity, and even cell death.60 In 

addition to Fe, other metals such as Cu and cobalt (Co) also have the property 

of causing Fenton-like reactions.61 Further sources of RONS can also be cellular 

processes, such as oxidative phosphorylation in the mitochondrial respiratory 

chain.60 Under optimal conditions, cells have a large number of molecules, 

proteins, and signaling pathways that have antioxidative effects and prevent or 

repair damage caused by reactive species.62 However, if there is an imbalance 

between the reactive species and the antioxidants, for example, in case of 

excessive RONS production, that is defined as oxidative stress.63 Several 

diseases, such as cancer, cardiovascular diseases, and neurodegenerative 

diseases, are associated with excessive RONS production and oxidative 

stress.64   

 

Figure 2. Fe-catalyzed formation of reactive oxygen species via the Fenton reaction. [Adapted and 

modified from Meng et al.]65 
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2.2.1 Antioxidative System 

In principle, the antioxidative system against Fe-derived RONS involves Fe 

homeostasis-associated proteins, since FTN and TF bind the element as less 

reactive Fe(III).66 Additionally, the IRP/IRE system can be regulated by RONS 

and thus impact the availability of reactive Fe(II) as well.35 RONS can also 

activate transcription factors, which can lead to increased formation of 

antioxidative proteins. One of the most important factors is nuclear factor-

erythroid 2 related factor 2 (NRF2), which accumulates in the nucleus in 

response to oxidative stress. Bound to small musculoaponeurotic fibrosarcoma 

proteins (MAF), the heterodimer binds to antioxidant response element 

(ARE)/electrophile responsive element of cytoprotective genes such as 

superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 

(GPX) and thus stimulates their transcription.67 SOD and CAT convert reactive 

species such as oxygen anions and hydrogen peroxide to less reactive 

compounds.68,69 In this process, SOD is dependent on Cu, zinc (Zn), and 

manganese (Mn), whereby Cu/Zn-SOD is mainly found in the cytosol and 

Mn-SOD exclusively in the mitochondria.68 In plants and certain bacteria, 

cytosolic Fe-SOD also exists.70 GPX4, as one representative of the GPX family, 

reduces the lipid hydroperoxides in cell membranes, formed by RONS, to 

alcohols. For this, GPX4 requires the peptide GSH as a cofactor, which is 

discussed in more detail in 2.3.1.1. Other GPX orthologs also have antioxidative 

effects and can reduce H2O2 and fatty acid hydroperoxides in the cytosol.71 

Along with GPX, Glutathione-S-transferases (GSTs) are part of the antioxidative 

system by binding GSH to xenobiotics or byproducts of lipid peroxidation.72 

Equally important transcription factors are the four proteins of the Forkhead 

box 0 (FOXO) family. In addition to RONS-suppressing enzymes such as SOD 

and CAT, target genes of FOXO are further involved in metal homeostasis, such 

as CP and metallothionein (MT), and genes involved in the repair of 

biomolecules like thioredoxin (TRX).73  
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2.2.1.1 Glutathione 

GSH is the most abundant antioxidative molecule in human cells, which itself 

serves as a radical scavenger and an important cofactor of several enzymes.74 

Intracellular ATP-dependent GSH synthesis occurs in the cytosol from the three 

amino acids glutamate, cysteine, and glycine, whereby the availability of 

cysteine and the activity of glutamate cysteine ligase (GCL), the first step of 

GSH synthesis, are the rate-limiting factors.75 Since cysteine is extracellularly 

unstable, it is imported as cystine through the antiporter system xc
- and reduced 

to cysteine in the cytosol.76 GSH contained in food or the bloodstream cannot 

be absorbed by cells and must first be degraded into the amino acids by 

γ-glutamyltranspeptidase (GGT).75 80 – 85% of the cellular GSH stays in the 

cytosol, 10 – 15% is found in the mitochondria, and < 1% is in the ER. 77 When 

scavenging radicals or as a co-enzyme of GPX4, GSH reacts with another GSH 

molecule to form its oxidized form, glutathione disulfide (GSSG) (Figure 3). 

However, GSSG can be reduced back to two GSH molecules by glutathione 

reductase (GR).78 In addition to its antioxidative function, GSH is bound to 

xenobiotics by GST in phase II of the xenobiotic metabolism to achieve water 

solubility and excretion of the substances.72 

 

Figure 3. Schematic overview of GSH-dependent enzymes. [Adapted and modified from Johnson et 

al.]79 

 

As GSH is involved in many important processes, a deficiency is associated with 

several diseases such as cancer, neurodegenerative diseases, and 
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cardiovascular diseases.80 Since cysteine is a semi-essential amino acid, GSH 

deficiency can be caused by disrupted cysteine metabolism or a low-

cysteine/cystine diet. Ageing can also be a risk factor for low GSH amounts, as 

the metabolism can be impaired.81,82 In rare cases, there are inborn defects in 

the enzymes associated with GSH synthesis, which can also lead to a deficiency 

of this peptide.80 There are several ways to induce GSH depletion in the 

laboratory and thus investigate mechanistic consequences, with diethyl maleate 

(DEM) and buthionine sulfoximine (BSO) being the most commonly used 

molecules. DEM binds spontaneously or through GSTs to the thiol group of 

GSH, thereby preventing it from acting as an antioxidant (Figure 4).83 BSO, on 

the other hand, inhibits GCL and thus suppresses GSH synthesis.84 

 

Figure 4. Simplified scheme of the reaction between GSH and DEM. [Adapted and modified from Kubal 

et al.]83 

 

2.2.2 Mitochondrial RONS Homeostasis 

The mitochondria play a crucial role not only in energy production but also in 

cell signaling and, thus, in the maintenance of cellular homeostasis.85 More than 

90% of cellular energy is produced in the form of ATP via an interplay of citric 

acid cycle (TCA), electron transport chain (ETC), and oxidative phosphorylation 

(OXPHOS) in the mitochondria.86 However, this crucial process also leads to 

the formation of RONS, which are mainly generated as superoxide anions (O2
●) 

and hydrogen peroxide (H2O2) by electrons released from complex I and III of 
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the ETC.87 Fe, which is present in high quantities in the mitochondria due to its 

incorporation into the Fe-dependent co-factors, also contributes to RONS 

formation. In addition, it is being discussed whether Fe is increasingly 

transported into the mitochondria during oxidative stress, as was observed in 

cardiomyocytes when tert-butyl hydroperoxide (tBOOH) was applied.88 For 

these reasons, mitochondria are supposed to be highly vulnerable to oxidative 

stress, which can lead to mitochondrial fragmentation, swelling, or shortening.87 

Various factors, including oxidative stress, activate the mitochondrial unfolded 

protein response (UPRmt), which initiates a transcriptional program in the 

mitochondria and nucleus to ensure mitochondrial function.89 These include 

fusion and fission processes to ensure that the pro-inflammatory content of 

impaired mitochondria does not enter the cytosol in an uncontrolled manner. 

While damaged mitochondria are repaired by further mitochondria during fusion, 

the mitochondrion is divided during fission, and the damaged part is degraded 

by mitophagy.90 The integrity, functionality, and amount of this organelle are 

often used as oxidative stress markers and are discussed in context of cell death 

and neurodegenerative diseases.91,92 However, a small non-damaging amount 

of mitochondrial RONS can act as secondary messengers and alter signal 

transduction by oxidizing proteins like phosphatases, kinases, proteases, and 

transcription factors. Mitochondrial RONS can therefore also be positively 

involved in the regulation of growth factors, cell proliferation and differentiation, 

cellular oxygen sensing, and hypoxia.87 To maintain a balance, there are, as 

already mentioned, high concentrations of GSH and mitochondrial-specific 

enzymes like Mn-SOD, GPX4, and FTMT.27,77,93 

2.2.3 Lipidome as Target of Oxidative Stress 

In addition to proteins and DNA, lipids are common targets of RONS, with lipids 

localized in cell membranes being widely discussed in this context.94 The variety 

of different structures of the lipids due to the composition of the hydrophilic head 

group and the degree of unsaturation in the lipophilic fatty acids enables 
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adapted forms of the bilayer membranes, but also the incorporation and 

interaction with a wide range of proteins.95 Phospholipids (PL) such as 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE), along with 

cholesterol, are the most abundant lipids of cell membranes, although 

sphingolipids (SL) are also important constituents.96 However, the electron-rich 

double bonds make a higher-grade unsaturated fatty acid more vulnerable to 

the reaction with RONS.97 In this reaction, the lipid radical formed at the 

beginning reacts with oxygen to form a lipid peroxyl radical, which can react with 

further unsaturated fatty acids to form a lipid hydroperoxide and simultaneously 

trigger a chain reaction.97,98 These hydroperoxides can be converted by GPX to 

a less reactive alcohol, but can react further to the cleavage of reactive 

aldehydes such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal 

(4-HNE).71,99 This not only leads to a reorganization of the lipid composition 

through the formation of less unsaturated and shorter fatty acids, but also to the 

formation of adducts between the aldehydes and other biomolecules.99 The 

oxidized lipids, as well as the aldehydes themselves and their formed adducts, 

are often used as markers for oxidative stress. However, 4-HNE is further 

involved as a signaling molecule in stress response pathways and regulates 

NRF2, among others.100 The antioxidant α-tocopherol, known as vitamin E, 

plays a crucial role in vivo, as its lipophilic structure allows it to be incorporated 

into cell membranes and thus prevents lipid peroxidation.101 While some lipid 

classes like PC and PE are present in high amounts in every type of cell 

membrane, other lipids such as cardiolipins (CL) are found exclusively in the 

mitochondrial membrane and thus serve as markers for changes in this 

organelle.96,102  

2.3 Cell Death 

Every day, probably 1011 cells undergo a programmed cell death in a human 

body, which already plays an important role in the fetus in the formation of 

organs and structures, for example, in the separation of fingers.103,104 If the 
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damage to a dysfunctional, infected, or mutated cell becomes too severe and 

can no longer be repaired, programmed cell death is initiated. This allows a 

controlled degradation of the cell, preventing further proliferation and the 

uncontrolled release of pro-inflammatory contents.105 Cell proliferation balances 

cell death, whereby an imbalance with enhanced proliferation can lead to 

diseases such as cancer, and with increased cell death to degenerative 

diseases, e.g., neurodegeneration.106 In addition to genetically programmed cell 

deaths such as apoptosis, necroptosis, and pyroptosis, there are also types, 

such as necrosis or ferroptosis, that occur in an uncontrolled manner.107 

2.3.1 Apoptosis 

To date, it is one of the most studied types of cell death, which is mainly triggered 

by two pathways, the intrinsic and the extrinsic. Both pathways activate a 

cascade of caspases, with intracellular causes such as impaired homeostasis 

or DNA damage in the intrinsic pathway and extracellular signaling often by 

lymphocytes in the extrinsic pathway.108  

In the intrinsic pathway, oligomerization of proteins of the B-cell lymphoma 2 

(BCL2) family leads to pores in the outer mitochondrial membrane, resulting in 

permeabilization and the release of cytochrome c.109,110 This leads to the 

formation of apoptosomes, which are a complex including cytochrome c and 

procaspase-9, and activate the apoptosis initiator caspase-9. This starts the 

cascade and leads to the activation of caspase-3 and -7, which in turn activate 

further procaspases through cleavage.111 An important proapoptotic regulator of 

this pathway is the transcription factor p53, which triggers the expression of 

several BCL2 proteins in response to DNA damage.108,112 

The extrinsic pathway involves the activation of death receptors like Fas on the 

cell surface, which oligomerize by binding ligands and lead to activation of 

caspase-8 and -10.113 These are parts of the death-inducing signaling complex, 

which in turn leads to activation of the effector caspases-3, -6, and -7.108  
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This caspase then leads to apoptotic cell death, which is characterized by 

breakdown of the nuclear membrane and genomic DNA, cleavage of 

intracellular proteins, and membrane blebbing.108 In addition, among others, 

nucleosomes and apoptotic extracellular vesicles are released, and 

phosphatidylserine (PS) is delocalized to the outer cell membrane as an “eat 

me” signal. This enables phagocytotic cells to recognize the dying cell and 

engulf it to avoid the release of pro-inflammatory contents.114 To identify 

apoptotic cells, there are several assays based on the detection of membrane 

permeability, mitochondrial damage, caspase activity, p53 activity, and DNA 

fragmentation.115 

2.3.2 Ferroptosis 

In 2008, first studies were published on Fe-dependent cell death, although 

studies on non-apoptotic cell death with special characteristics had already been 

published years earlier.116,117 Ferroptosis, in contrast to apoptosis, is a 

spontaneous and non-genetically induced form of cell death, characterized by 

the peroxidation of polyunsaturated fatty acids in membrane-bound PL and the 

subsequent disruption of the plasma membrane.117,118 In general, ferroptosis is 

discussed as age-related cell death, which is associated with Fe accumulation 

in the brain. Hepcidin is also discussed to play a crucial role, as inflammation 

increases in aging, leading to increased hepcidin synthesis and intracellular 

accumulation of Fe.119 Due to the ability of Fe to catalyze the Fenton reaction 

and thus generate RONS, labile Fe(II) is thought to play a crucial role in both 

the initiation of lipid peroxidation and the reaction of lipid hydroperoxides to lipid 

alkoxyl radicals.118 Due to the release of Fe from ferritin in the lysosomes and 

the high demand for Fe in the mitochondria, lipid peroxidation in the membranes 

of these organelles is often discussed in the context of ferroptosis.120–122 The ER 

also appears to have a role in this cell death, as it is rich in polyunsaturated fatty 

acids (PUFAs), and structural alterations in the organelle have been observed 

in ferroptotic cells.3 The ability of GPX4 to convert hydroperoxides from PL and 
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cholesterol into the corresponding alcohols makes this enzyme perhaps the 

most important in the suppression of ferroptosis.123,124 This in turn also means 

that a malfunction of this enzyme, e.g., due to cysteine or GSH deficiency, can 

lead to the induction of this cell death. Since GPX4 is a selenium-dependent 

enzyme, a deficiency of this element is also discussed as promoting 

ferroptosis.125,126 In addition, ferroptosis can be suppressed by ferroptosis 

suppressor protein 1 (FSP1)/Coenzyme Q10 (CoQ10), dihydroorotate 

dehydrogenase (DHODH), and GTP cyclohydrolase 1 (GCH1)/ 

tetrahydrobiopterin (BH4).3 In research, ferroptosis inhibitors are used to identify 

this type of cell death. These include Liproxstatin-1 (Lip-1) and Ferrostatin-1, 

which act as radical scavengers, preventing lipid peroxidation.127,128 In addition, 

more than one marker should be used to identify this cell death, including 

shrunken mitochondria and lipid peroxidation by lipidomics or aldehyde 

byproducts.3 In contrast, there is also evidence that ferroptosis may play an 

ubiquitous role in metal toxicity. This is based on studies, which showed that 

other metals like Mn, Zn, Cu, or arsenic, may be involved in Fe dyshomeostasis 

or changes in GSH synthesis and GPX4 activity, thus inducing ferroptosis.129  

2.4 The Nervous System 

The nervous system can be divided into the central (CNS) and peripheral (PNS) 

nervous system, with the CNS comprising the spinal cord and brain, and the 

PNS the nerves to other organs. Together they form a crucial, sensitive network 

that responds to external and internal stimuli through chemical and electrical 

signal transmission.130 Neurons are the signal-transmitting cells, which consist 

of a cell body (soma) with extensions (dendrites) connected with an axon, 

including synaptic end bulbs. The dendrites receive chemical signals via the 

synaptic cleft through the end bulbs of another cell, which in turn can be 

transmitted as electrical signals through the axon to the end of the cell.131 

Neurotransmitters, which are stored in vesicles of the presynaptic cell, serve as 

chemical signals. The electrical signal and the associated change in the action 
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potential result in the opening of Ca2+ channels. The incoming Ca2+ ions bind to 

vesicle fusion proteins, which ultimately lead to exocytosis and release of the 

neurotransmitters into the synaptic cleft.132 In addition to storing 

neurotransmitters in synaptic vesicles, presynaptic neurons also express 

neurotransmitter importers to regulate neurotransmitter concentrations in the 

synaptic cleft. This regulation is essential for effective and reliable signal 

transmission.133 Furthermore, the neurotransmitters can bind specific receptors 

of the postsynaptic cell and thus lead to signal transmission via electrical 

impulses. The most important neurotransmitters include acetylcholine, 

dopamine, γ-aminobutyric acid, and serotonin.134 The second major cell type, 

neuroglia cells, support and protect neurons and also regulate the homeostasis 

of the neuronal extracellular fluid. These include astrocytes, oligodendrocytes, 

microglia, and ependymal cells in the CNS and Schwann and satellite cells in 

the PNS. These processes require a lot of energy, which means that the brain 

needs 25% of the glucose available in the body. Therefore, cells of the CNS and 

PNS are rich in mitochondria.135 However, this also exposes the neuronal cells 

to increased RONS production and oxidative stress.136 In addition, metals such 

as Fe and Cu accumulate in the brain with age, which can also contribute to 

increased RONS production. This increase the risk of cell death and loss of 

neurons, which is thought to be involved in neurodegenerative diseases such 

as Alzheimer’s or Parkinson’s diseases.137 Other hallmarks of 

neurodegenerative diseases include disrupted neurotransmitter homeostasis, 

mitochondrial dysfunction, protein aggregation, fragmentation of the Golgi 

apparatus, dysfunctional cellular/axonal transport, and neuroinflammatory 

processes.134,138,139  
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2.5 Other Trace Elements 

The main focus of this work is on Fe, but due to similar chemical properties and 

their co-presence in food, the trace elements can interact or are even dependent 

on each other.140 Mn is probably one of the elements that interacts with most of 

the proteins involved in Fe homeostasis. Like Fe, Mn is biologically relevant as 

Mn(II) and Mn(III) species and is taken up through food such as nuts, grains, 

and rice.141 The trace element is an important cofactor of several enzymes, 

including CAT and SOD.142,143 Fe and Mn are transported via DMT1, which leads 

to overexposure of Mn in studies with Fe-deficient models.144,145 Furthermore, 

Mn increased IRP activity in lung carcinoma cells, which was associated with 

decreased ferritin levels. It was assumed that the cause was an Fe deficiency 

caused by competition for DMT1.146 In addition, Mn can be exported via 

ferroportin and transported via transferrin in cases of overexposure.147–149 

Cu is biologically relevant as Cu(I) and Cu(II) species and is most commonly 

present in nuts, legumes, and fish. The trace element is a cofactor of several 

enzymes and, like Fe, is part of cytochrome c oxidase and involved in 

antioxidant defense as Cu-SOD.150 Cu is probably also imported in small 

amounts via DMT1, but primarily as Cu(I) through copper transporter 1 (CTR1), 

following the reduction of dietary Cu(II) by membrane-bound reductases like 

Fe.151,152  Apart from this interaction, Fe and Cu compete less, but as already 

mentioned, Fe homeostasis is dependent on Cu as a cofactor of hephaestin and 

CP. This also reflects the impact of aceruloplasminemia on Fe deficiency in 

plasma with simultaneous systemic Fe overload.53 In addition, a study with Fe-

overloaded rats showed decreased Cu and CP levels in the liver and spleen.153 

In contrast to the elements already mentioned, Zn is only biologically relevant 

as Zn(II) and is found in meat, cereals, and legumes, among other foods.154 Zn 

is the second most abundant trace element, a cofactor in over 300 enzymes, 

and plays a crucial role in antioxidant and anti-inflammatory systems.155 

Although Zn is not imported via DMT1, it has been shown in Caco-2 cells that 
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Zn treatment leads to increased Fe level and DMT1 expression, probably via 

IRP-2 induction.156 In addition, it is presumed that ZIPs are also involved in Fe 

import at the basolateral side of enterocytes and other organs.34 Several studies 

showed a correlation between Zn deficiency and Fe overload, regardless of 

whether the Zn deficiency or the Fe overload was initiated first.157–159 

2.6 Caenorhabditis elegans 

C. elegans is a transparent nematode that has been used as a model organism 

for over 50 years, in almost all biological fields.160 The well-studied organism is 

used for the 3R principle to replace, reduce, and refine animal testing.161 Due to 

its maximum size of 1 mm, the simple in vitro model is easy to handle, and its 

relatively short life cycle enables many studies to be conducted at the same 

stage of life in a short period.162 The fact that over 99% of a C. elegans 

population are hermaphrodites has the great advantage of a genetically identical 

culture. A single hermaphrodite consists of 959 somatic cells and can produce 

up to 300 progeny.163,164 In addition, the nematode was the first multicellular 

organism whose entire genome was sequenced.165 The 6 chromosomes of 

hermaphrodites contain around 20,000 protein-coding genes, of which 60 – 80% 

have orthologs in humans.166,167 This knowledge enables the relatively simple 

manipulation of the genome in the form of deletion of a section or fusion of small 

fluorescent proteins with target genes. The transparency of the worm is a further 

advantage here, as the inside of the nematode and fluorescence-tagged 

proteins can also be evaluated in a living organism using simple microscopy. 

This makes it possible to study the properties of certain genes due to incomplete 

or missing function and altered expression or localization of the corresponding 

proteins due to the fluorescence.168 Using analytical methods, e.g., 

macromolecules, metabolites, or even metal contents can be measured in just 

one experimental approach in hundreds to thousands of genetically identical 

individuals. In addition, the worm is also used for behavioral, developmental, 

and lifespan studies, which can be evaluated using microscopy. All this makes 



Chapter 2 – General Background Information 

 

24 
 

C. elegans a suitable model organism for toxicological studies, including metal 

toxicological investigations.169,170 

The anatomy of the worms is quite simple compared to mammals. The pharynx 

is a pumping system through which the nematodes take up food. Not only do 

absorption and excretion of food components take place in the intestine, but 

also processes such as xenobiotic metabolism, which in humans takes place in 

the liver.162,170 In hermaphrodites, the reproductive system consists of two 

gonadal arms that converge at the spermatheca and lead into the uterus. The 

pharynx, intestine, and reproductive system are surrounded by pseudocoelomic 

space, to which the body muscle, dorsal and ventral nerve, and neurons are 

connected. The entire worm is surrounded by a cuticle, through which 

substances from the environment can also be absorbed to a small extent.162  

 

Figure 5. Life cycle of a hermaphroditic C. elegans wild type at 20 °C. Images were taken with a Leica 

MZ10 F stereo microscope at 50X magnification. [Adapted and modified from Kimble et al.]171 

 

In the laboratory, the nematodes are cultivated either in buffer or on agar plates 

at temperatures between 16 and 25 °C. E. coli is used as a food source, with 

OP50 and NA22 strains being the most commonly used.160 Treating the worms 

with a bleach solution for a few minutes is one option to get a synchronized 
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population, as only the eggs remain intact, and L1 larvae only continue to grow 

in contact with food.172 This ensures that the worms are at the same stage of 

development for experiments to improve comparability. When the worms carry 

eggs after around 3 days at 20 °C, they are considered to be adults (Figure 5).162 

This period refers to the wild type N2 and may vary in other C. elegans strains. 

A special characteristic of C. elegans is the dauer stage into which worms 

develop after the L1 stage in an adverse environment, for example, in the 

absence of food. This is a survival stage, in which the nematode forms a thicker 

cuticle and adapts its metabolism and behavior to ensure survival for several 

months. In addition, the worms can be cryopreserved at this stage and stored 

at -80 °C for years. After thawing and providing food, the worms grow slowly at 

first, but later continue to grow as usual.173  

2.6.1 Iron Homeostasis in Caenorhabditis elegans 

Among the many orthologous genes between humans and C. elegans are 

several genes conserved related to Fe homeostasis. In C. elegans, Fe can be 

taken up as both heme and nonheme Fe, whereby it is dependent on heme from 

food, as the nematode is a heme auxotroph.174 C. elegans possesses three 

orthologous genes to DMT1 for nonheme Fe import, of which the proteins 

SMF-1 and SMF-3 are highly expressed at the apical membrane of the 

nematodes intestine, and SMF-2 is mainly cytoplasmic expressed (Figure 6).175 

The study by Romney et al. suggests that SMF-3 is mainly responsible for the 

intestinal uptake of Fe, as smf-3 deletion mutants showed decreased Fe levels 

and smf-3 was transcriptionally upregulated during Fe deficiency.176 Although 

several studies showed elevated Fe levels after treatment with Fe(III) species, 

it is unknown if and how these species are reduced and if it is taken up via 

SMF.177–179 However, F55H2.5 could function as a Fe(III) reducing enzyme, as 

it is considered to be an ortholog of DCYTB.180 The heme responsive genes 

(hrg) are involved in heme transport in C. elegans, with mainly hrg-4 being 

responsible for intestinal import at the apical membrane.174,181 In C. elegans, 
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FTN-1 and FTN-2 are the orthologs of the Fe storage proteins FTH and FTL, 

whereby both show ferroxidase activity to store Fe as Fe(III) species in the 

nematode.182–184 While FTN-1 is mainly expressed in the intestine, FTN-2 shows 

high expression in the pharynx, body muscle, and hypodermis.185 Although 

FTN-2 purified from C. elegans showed a faster reaction with Fe at the 

ferroxidase site, probably due to structural properties, FTN-1 can store around 

1550 Fe atoms/ferritin, and FTN-2 only 225 Fe atoms/ferritin in the Fe core.184 

C. elegans has three ferroportin orthologous genes, fpn-1.1, fpn-1.2, and 

fpn-1.3, the latter being a pseudogene.180 While their functions in Fe export in 

the nematodes are still poorly understood, a study by Chakraborty et al. showed 

that FPN-1.1 also functions as a Mn exporter.186 The CP ortholog F21D5.3 is 

probably also involved in the export of Fe in C. elegans.180,187 However, the gene 

is insufficiently characterized, also about its ferroxidase activity and its function 

in storing Fe in ferritin. Recently, Weishaupt et al. showed increased labile Cu 

levels in f21d5.3 deletion mutants and increased mRNA levels after Cu 

treatment in wild type worms.188  

 

Figure 6. Overview of the Fe homeostasis in C. elegans. [Adapted and modified from a previously 

published paper]189 
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The regulation of Fe metabolism in C. elegans is regulated by HIF-1, an ortholog 

of HIF1α and HIF2α, and initiates the binding to Fe-dependent enhancer (IDE) 

of the promoters of ftn and smf.176,190–192 In addition, the insulin/insulin-like 

growth factor-1 (IGF-1) signaling (IIS) pathway can also regulate ftn expression 

via the translocation of the FOXO ortholog DAF-16 into the nucleus.192 While 

some Fe homeostasis associated pathways are conserved in the nematode, not 

all pathways are completely understood. 

2.6.2 Further Conserved Pathways in Caenorhabditis elegans 

Due to many orthologous genes associated with oxidative stress, C. elegans is 

also a suitable organism for studies in this field.193 In the nematodes, the main 

source of RONS is also the OXPHOS in the mitochondria.194 For detoxification, 

C. elegans possesses five SOD orthologs, of which SOD-1 and SOD-5 (Cu/Zn 

SOD) are localized in the cytosol, SOD-2 and SOD-3 (Mn SOD) in the 

mitochondria, and SOD-4 (Cu/Zn SOD) in the extracellular matrix.195 Catalase 

orthologs are located in the cytosol (CTL-1) and the peroxisomes (CTL-2, 

CTL-3), as in humans.196 Additionally, GSH synthesis (gcs-1/GCLC, gss-1/GSS) 

and reduction (gsr-1/GR) genes have orthologs in C. elegans.197 More than 50 

orthologs of the detoxification enzyme GST have been identified in the 

nematode.198 Analogous to FOXO and NRF2, the orthologous transcription 

factors DAF-16 and SKN-1, respectively, are conserved in C. elegans and are 

activated in response to oxidative stress via the IIS pathway.193 

Furthermore, many genes associated with cell death are conserved in 

C. elegans, and the organism was already used in 1994 or earlier for the 

mechanistic understanding of apoptosis, for which Horvitz, Brenner, and Sulston 

were awarded the Nobel Prize in Physiology or Medicine in 2002.199 The 

ortholog of BH3-only, a member of the BCL2 family, is egl-1, which is activated 

by oxidative stress or by the p53 ortholog cep-1.200,201 Caspase activation by 

CED-3 occurs via several steps, which involve the BCL2 ortholog CED-9. Unlike 

in humans, mitochondria do not play an essential role in this type of cell death 
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in the nematode.202 In C. elegans, the PS signature of an apoptotic cell can be 

recognized by CED-1 of a neighboring somatic cell.200 This activates one of the 

engulfing pathways, which involves CED-1, CED-6, CED-7, and DYN-1.203 Due 

to the transparency of the worm, apoptotic cells can be visualized with bright 

field light or by fluorescence fusion proteins, e.g., with CED-1 in the living 

organism under the microscope.200,204  

To elucidate further mechanistic pathways in ferroptosis, C. elegans has been 

used in several studies. Eight GPX orthologs are conserved in the nematode, 

which do not contain Se in the active center, but a cysteine residue.197 Sakamoto 

et al. hypothesize that GPX-1, GPX-2, GPX-6, and GPX-7 together have the 

same function as human GPX4 and are involved in the suppression of lipid 

peroxidation.205 Jenkins et al. showed that with increasing age of C. elegans, 

GSH levels decrease and Fe(II) levels increase, which would promote 

ferroptosis.206  

In C. elegans, over 70% of lipid homeostasis-associated genes have 

orthologous genes in humans, making the organism suitable for several 

mechanistic lipid-related studies.207 Compared to humans, PL and SL are 

present in all cellular membranes of the nematode, with PE and PC making up 

the largest fraction. Cardiolipins are only present in the mitochondrial 

membrane.208 While humans depend on essential omega-3 and omega-6 fatty 

acids from the diet, C. elegans can synthesize them itself.209 

With only 302 neurons, the neuronal network of C. elegans is relatively small, 

but all neurons have been identified, and the network can be analyzed as a 

whole.210,211 The important neurotransmitter systems involving acetylcholine, 

dopamine, γ-aminobutyric acid, and serotonin are highly conserved in the 

nematode.212 In C. elegans, fluorescent fusion proteins are used to examine the 

morphology of specific neurons with the microscope in the living organism, while 

behavioral assays are used to examine alterations in their function. In addition, 
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analytical methods can be used to measure, for example, neurotransmitter 

levels.213 

2.6.3 Limitations using Caenorhabditis elegans as a model organism 

Besides the several orthologous genes and the mentioned advantages of 

C. elegans, it also has its limitations, like any other model organism. The 

nematode is a simple model organism that, as an invertebrate, lacks some of 

the characteristics needed to compare it with higher organisms. The absence of 

organs such as the heart, liver, kidneys, and lungs restricts some organ-specific 

investigations. In addition, the intestine in C. elegans has a neutral pH value, 

whereas it is slightly acidic in the human duodenum, which can affect the 

absorption of molecules and ions.214,215 Further, the nematode has limitations 

regarding Fe homeostasis as it lacks an orthologous gene for TF and hepcidin. 

In addition, a simple neuronal network cannot answer all questions relating to 

the complex human network. Nevertheless, C. elegans can contribute to our 

understanding of biological mechanisms, from behavior down to the molecular 

level. Studies on the nematode thus provide preliminary evidence and may also 

contribute to our understanding of human diseases and therapeutic approaches. 
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Abstract 

Iron (Fe) is present in foods and food supplements in a wide variety of Fe 

species. Caution needs to be paid in the case of overdosing on this essential 

trace element, as adverse effects like neurodegenerative diseases are 

associated with increased iron levels in the brain. However, knowledge 

regarding the species-specific effects of nutritionally relevant Fe species is 

limited. Therefore, we treated the nematode Caenorhabditis elegans 

(C. elegans) with an overdose of the Fe species iron(III) ammonium citrate 

(FAC), iron(II) gluconate (FeGlu), and iron(II) chloride (FeCl2) for 5 and 24 h. 

While the bioavailability of Fe was highest with FeCl2 and lowest with FAC, 

the effects on tested endpoints, such as superoxide dismutase activity, 

translocation of the transcription factor DAF-16 (human FOXO3), 

mitochondrial reactive oxygen and nitrogen species, and apoptotic cells were 

similar. This study provides further insights into Fe-species-specific effects 

on genes related to Fe homeostasis of C. elegans by studying gene 

expression and investigating C. elegans mutants lacking smf-3, ftn-1, ftn-2, 

dcytb (f55h2.5), and cp (f 21d5.3). Thus, these findings underline the 

significance of the oxidation state and ligand of Fe species with respect to 

bioavailability while also identifying the key genes involved in Fe homeostasis 

in C. elegans. 
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Chapter 3 – Is Ferric the Same as Ferrous? Effect of 

Nutritionally Relevant Iron Species in C. elegans: 

Bioavailability, Iron Homeostasis, Oxidative Stress, and Cell 

Death 

 

Figure 7. Graphical abstract of: Is Ferric the Same as Ferrous? Effect of Nutritionally Relevant Iron 

Species in C. elegans: Bioavailability, Iron Homeostasis, Oxidative Stress, and Cell Death 

3.1. Introduction 

In the general population, iron (Fe) is taken up as an essential trace element 

through food (natural and fortified), drinking water, and food supplements. The 

species vary across sources with respect to the oxidation state Fe(II) (i.e., 

ferrous) and Fe(III) (i.e., ferric) as well as the potential ligand. While meat and 

seafood contain heme and nonheme Fe, plants and plant-derived food 

supplements contain nonheme Fe only. With the growing popularity of 

vegetarian and vegan diets, nonheme Fe is becoming increasingly important in 

the diet. In addition, the German Nutrition Society (DGE) recommends that a 

healthy and environmentally friendly diet should consist of 75% plant-based 

food.216 Several Fe(II) and Fe(III) compounds, including iron(III) ammonium 

citrate (FAC) and iron(II) gluconate (FeGlu), are permitted as additives in food 

and food supplements in the EU.217 The European Food Safety Authority 

(EFSA) just released updated intake assessment data in April 2024. The panel 
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notes that the 95th percentile-estimated background intake of Fe from natural 

food sources (excluding food supplements) across surveys is up to 23.1 mg/day 

in adult (≥18 to ≤65 years) males and up to 18.6 mg/day in females.2 

In living organisms, Fe is an important key component in various biological 

processes due to its redox interconversion between oxidation states Fe(II) and 

Fe(III). These include essential processes such as oxygen transport, energy 

production, and DNA synthesis and repair.7,8 Fe deficiency is associated with 

severe health consequences and, if prolonged, may progress to anemia.50 

However, Fe overdosing is associated with various health issues, including 

cardiovascular, neurodegenerative, and cancer diseases.218 The underlying 

mechanisms of Fe toxicity upon overexposure are still not conclusively clarified, 

with a particular lack of knowledge regarding different Fe species. An often-

discussed mechanism of Fe-induced toxicity is oxidative stress. Overexposure 

to Fe can result in the excessive formation of reactive oxygen and nitrogen 

species (RONS) via the Fenton reaction, which can cause adverse modification 

of macromolecules such as DNA, proteins, and lipids.219,220 This can result in 

negative consequences for cellular function and integrity, including cell death.221 

In the case of Fe-induced oxidative stress, the antioxidant system may serve to 

minimize RONS. For example, certain transcription factors can be activated by 

RONS, which upregulates genes of enzymes such as catalases, superoxide 

dismutases (SOD), and glutathione peroxidases (GPX).73 The tripeptide 

glutathione (GSH) functions as a cofactor for GPX, whereby it is oxidized to 

glutathione disulfide (GSSG).71 Additionally, GSH exhibits radical scavenging 

activities and can thus neutralize reactive species such as hydroxyl radicals.222 

Due to the lack of knowledge regarding species-specific effects of nutritionally-

relevant Fe species, especially with regard to Fe bioavailability and 

homeostasis, this study aimed to investigate species-specific effects of 

overexposure to the Fe compounds FAC, FeGlu, and iron(II) chloride (FeCl2) 

with respect to bioavailability, Fe homeostasis, oxidative stress, and cell death. 

It is generally known that ferrous Fe is more bioavailable than ferric Fe, but the 
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cellular species-specific consequences remain poorly understood. In the current 

study, we used the nematode Caenorhabditis elegans (C. elegans) as an in vivo 

invertebrate model organism. While many studies perform Fe treatment in liquid 

media in the absence of food, we provide the nematode with nutritionally 

relevant Fe species via the food source. Due to many orthologous genes to the 

mammalian, including genes of Fe homeostasis, antioxidant defense, and cell 

death pathways, the nematode is a suitable model organism to study Fe 

homeostasis and toxicity.169 In 2014, Anderson et al. published a 

comprehensive review on the conserved genes of Fe homeostasis in 

C. elegans, which also pointed out gaps in knowledge regarding, e.g., duodenal 

Cytochrome b (DCYTB) or hephaestin orthologues.190 In our study, we aim to 

fill some of these gaps by investigating several genes in Fe homeostasis 

following Fe overdosing. 

3.2. Materials and Methods 

3.2.1. C. elegans Handling and Fe Treatment 

C. elegans strains Bristol N2 (wild type), ok1035 (smf-3Δ), ok3611 (f55h2.5, 

dcytbΔ), TJ356 (daf-16::gfp), and MD701 (ced-1::gfp) were obtained from the 

Caenorhabditis Genetics Center (CGC). The ceruloplasmin and hephaestin 

mutant tm14205 (f21d5.3, cpΔ) was obtained from the Mitani laboratory at 

Tokyo Women’s Medical University. The ferritin null strain [ftn-2(ok404);ftn-

1(ok3625)] (GMC005, ftn-1;ftn-2ΔΔ) has been previously described.177 The 

strains and functions of the respective genes were described previously, and an 

overview is shown in Figure 9. 

The worms were cultivated at 20 °C on 8P agar plates coated with NA22 E. coli, 

as previously described.160 Synchronization to perform all experiments in larval 

stage 4 (L4) worms was carried out, as described previously.223 The Fe species 

FAC (reagent grade, Sigma-Aldrich), FeGlu (98%, Sigma-Aldrich), and FeCl2 

(99.99%, Sigma-Aldrich) were freshly dissolved in bidistilled water before each 

experiment. They were then added separately to inactive OP50 E. coli and 
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distributed on Nematode Growth Medium (NGM) agar plates. To inactivate the 

E. coli, it was heated for 4 h in a 70 °C water bath.224 L4 worms were treated for 

5 or 24 h on Fe-enriched plates. All concentrations treated were nonlethal, and 

no behavioral changes of the worms were observed after both treatment times. 

3.2.2. Protein Determination via BCA Assay 

As described in the respective assay sections, some results were normalized to 

the protein content. The protein amount was determined using the bicinchoninic 

acid (BCA) assay, as described previously.225 

3.2.3. Quantification of Total Fe, Mn, Cu, and Zn via ICP-OES 

Total element contents of Fe, Mn, Cu, and Zn were quantified via inductively 

coupled plasma-optical emission spectrometry (ICP-OES) (Avio 220 Max, 

PerkinElmer), using Yttrium (Y) as an internal standard. After Fe treatment, 1500 

worms per condition were pelletized and prepared for analysis as described 

previously.188 In short, after Y was added to the pellets, they were homogenized 

using a freeze–thaw cycle, followed by sonication (UP100H, Hielscher). 

Subsequently, the pellets were dried and ashed with a 1:1 mixture of HNO3 

(Suprapur, Merck KGaA) and H2O2 (for ultratrace analysis, Sigma-Aldrich) at 

95 °C. The residue was redissolved in 2% HNO3. Instrumental analysis was 

also carried out according to this protocol with the following parameters: Plasma 

power: 1500 W, cooling gas: 8 L/min, auxiliary gas: 0.2 L/min, nebulizer 

(MicroMist) gas: 0.7 L/min, and the following element lines: Fe–259.939 nm, 

Mn–257.610 nm, Cu–327.393 nm, Zn–206.200 nm, and Y–371.029 nm. Results 

were normalized to the protein content. 

3.2.4. Gene Expression via Taqman Real-Time qPCR Analysis 

Gene expression was determined on the AriaMx Real-Time PCR System using 

TaqMan gene expression assay probes (Applied Biosystems, Thermo Fisher 

Scientific).188 Total RNA was isolated using the TRIzol method, as described by 

Bornhorst et al.226 Transcription of 1 μg of isolated RNA was performed using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
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Thermo Fisher Scientific), as described by the manufacturer. The following 

probes were used: smf-3 (Ce02461545_g1), dcytb (Ce02451148_g1), ftn-1 

(Ce02477612_g1), ftn-2 (Ce02415799_g1), cp (Ce02456979_m1), daf-16 

(Ce02422838_m1), fpn-1.1 (Ce02414545_m1), sod-4 (Ce02451138_g1), sod-3 

(Ce02404515_g1), skn-1 (Ce02407447_g1), gcs-1 (Ce02436725_g1), and 

gst-4 (Ce02458730_g1).224 Normalization was carried out according to the 

comparative 2–ΔΔCt method using the afadin (AFDN) orthologue afd-1 

(Ce02414573_m1) as the housekeeper gene.227 

3.2.5. Mitochondrial Membrane Potential and Mitochondrial-Derived 

RONS via MitoTracker Red CM-H2Xros 

Mitochondrial membrane potential and mitochondrial-derived RONS were 

assessed using MitoTracker Red CM-H2XRos (Thermo Fisher Scientific).228 

After Fe treatment, worms were washed with NaCl solution (85 mM NaCl, 0.01% 

Tween 20) by allowing the young adult worms to sink to the bottom of the tube 

and removing the supernatant. 2250 worms per condition were incubated in the 

dark for 2 h with 50 μM MitoTracker. After washing off the dye, worms were 

placed on NGM plates coated with active OP50 E. coli and left to excrete the 

dye from the intestine for 1 h in the dark. Following washing, an aliquot was 

taken for protein determination, and the fluorescence was measured in triplicate 

using a microplate reader (Infinite M Plex Tecan) (excitation: 560 nm, emission: 

599 nm). 

3.2.6. DAF-16 Translocation 

As a further endpoint for oxidative stress, translocation of the transcription factor 

DAF-16 (abnormal dauer formation 16, orthologue of human FOXO3 (forkhead 

box O3)) was evaluated in the DAF-16::GFP strain by fluorescence microscopy 

(DM6 B fluorescence microscope, Leica Microsystems GmbH). In this strain, the 

daf-16 gene is fused with a green fluorescent protein (GFP) gene, resulting in 

the formation of a green fluorescent DAF-16 fusion protein.229 Worms were 

anesthetized with levamisole (5 mM, Sigma-Aldrich) on 4% agarose pads 
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following Fe treatment. Translocation in about 30 worms per condition was 

assessed with the LAS X software (Leica Microsystems GmbH) and categorized 

as (1) DAF-16::GFP in the cytosol and (2) DAF-16::GFP as an intermediate or 

in the nucleus. As a positive control, L4 worms were treated with 150 mM 

paraquat for 24 h.230 

3.2.7. Total SOD Activity via WST-1-Based SOD Inhibition Assay 

Total SOD activity was determined using a WST-1-based SOD Inhibition Assay 

Kit (Dojindo Molecular Technologies) according to manufacturer’s protocol. 

Following Fe treatment, 750 worms per condition were washed with NaCl 

solution and once with ice-cold dilution buffer from the kit, as described in 

Section 3.2.5. The worms were disrupted three times in 200 μL of dilution buffer 

using the freeze–thaw cycle method (1 min liquid nitrogen, 1 min 37 °C water 

bath) and afterward homogenized twice with zirconia beads in a bead ruptor 

(20 s, high, Biolab Products). After centrifugation (5 min, 9500 rcf, 4 °C), SOD 

activity and protein content were determined in the supernatant. SOD activity 

was evaluated in duplicates using external calibration with SOD from bovine 

erythrocytes (Sigma-Aldrich), as described previously.231 Paraquat was used as 

a positive control, as described in Section 3.2.6. 

3.2.8. GSH and GSSG Quantification via LC–MS/MS 

The levels of reduced (GSH) and oxidized (GSSG) glutathione were quantified 

by liquid chromatography–tandem-mass spectrometry (LC–MS/MS), as 

previously published by Thiel et al.232 After Fe treatment, 750 worms per 

condition were washed as described in Section 2.5 and frozen in 50 μL of 85 mM 

NaCl at −80 °C until analysis. GSH and GSSG amounts were normalized to 

protein content. 

3.2.9. Phospholipid Determination via SFC–TIMS–MS/MS 

Phospholipids were quantified utilizing a modified Agilent Technologies SFC 

system, which was hyphenated to a timsTOF fleX (Bruker Daltonics GmbH & 

Co. KG) mass spectrometer. The employed chromatographic conditions, as well 
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as the mass spectrometric parameters in positive ionization mode, can be found 

in the previous publication and were adopted here.223 

Phosphatidylethanolamines (PE) and phosphatidylcholines (PC) were extracted 

from the nematodes via a modified protocol by Folch et al.223,233 Relative lipid 

concentrations were determined by integration of peak areas and normalization 

to protein content. The peak areas were integrated by MetaboScape software 

(version 2023b, Bruker Daltonics GmbH & Co. KG). The shorthand notation of 

Liebisch et al. was used for lipid nomenclature.234 The total fatty acid 

composition of a phospholipid (PL) is described by the total number of carbon 

atoms (X) and double bonds (Y), for instance, PC 32:0 (PL X:Y). 

3.2.10. CED-1::GFP Location in Apoptotic Germ Cells 

Apoptotic germ cells were evaluated via a CED-1::GFP reporter by fluorescence 

microscopy (DM6 B fluorescence microscope, Leica Microsystems GmbH). The 

sample pads were prepared, as described in Section 3.2.6. The engulfment of 

apoptotic cells can be recognized by circular GFP fluorescence and was scored 

in about 10 worms per condition in both gonadal arms. 

3.2.11. Statistical Analysis 

GraphPad Prism 6 (GraphPad software) was used for statistical analysis. A 

t test with α = 0.05 was used with the following significance levels: *p ≤ 0.05, **p 

≤ 0.01, and ***p ≤ 0.001. 

3.3. Results 

3.3.1. Fe Bioavailability Depends on the Oxidation State and the Ligand 

of the Fe Compound 

Different studies have demonstrated that bioavailability differs between various 

Fe compounds.235–237 To verify whether treatment with FAC, FeGlu, and FeCl2 

in C. elegans leads to a species-specific Fe overdosing after 5 and 24 h, Fe 

bioavailability was quantified via ICP-OES. As an essential trace element, Fe 

was quantified in the untreated control with a Fe basal level of 0.31 ± 0.01 ng/μg 

protein after 5 h and 0.33 ± 0.02 ng/μg protein after 24 h. Each Fe species 
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applied led to increased Fe levels compared with the untreated control at both 

treatment times (Figure 8). While no Fe species-specific effect was observed 

after 5 h, at 24 h, the Fe level was lowest with FAC (0.59 ± 0.06 ng/μg protein), 

followed by FeGlu (1.07 ± 0.15 ng/μg protein), and highest with FeCl2 (2.98 ± 

0.30 ng/μg protein) treatment (Figure 8). Thus, an Fe species-specific 

bioavailability was observed not only between the ferric and ferrous Fe species 

but also between the two Fe(II) species. The bioavailability of Fe by FeGlu and 

FeCl2 was time dependent, whereas no difference was observed between the 

two treatment times of FAC. 

 

Figure 8. Bioavailability of Fe after treatment for 5 or 24 h with Fe species [ng/μg protein]. Total Fe was 

normalized to protein content. Shown are mean + SEM of n ≥ 3 independent experiments. Significance 

is depicted as * compared to untreated control, # compared to other Fe species, and $ compared to 

other treatment times. 

 

3.3.2. Effect on Fe Homeostasis: Gene Expression and Bioavailability in 

Mutants Lacking Fe-Associated Proteins 

To investigate whether there is an Fe species-specific effect on genes related 

to Fe homeostasis, the relative gene expression was measured in wild-type 

worms via qPCR. To address the consequences of lacking these proteins for Fe 
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bioavailability, the Fe content in the respective deletion mutant was quantified. 

An overview of the genes investigated is shown in Figure 9. It is known that in 

C. elegans, the divalent metal transporter 1 (DMT-1) orthologue smf-3 (yeast 

SMF (divalent cation transporter) homologue) is involved in the regulation of Fe 

homeostasis,190 but little is known about its expression in response to different 

Fe species. The gene expression of smf-3 decreased after 5 h of treatment with 

each Fe species, while after 24 h, no effect was observed (Figure 10A). In 

addition, the deletion of smf-3 led to a lower Fe basal level. Each species led to 

a species-unspecific increased Fe level in smf-3Δ, but the amount differs 

significantly from that of the wild type (Figure 10E). This effect was highest after 

FeCl2 treatment as only 12% Fe could be measured after 1 mM FeCl2 treatment 

compared to the wild type (Table 1). In the case of FAC and FeGlu exposure in 

the smf-3 mutant, about 40% Fe was taken up compared to wild-type worms 

applying the same dose. 

 

Figure 9. Schematic overview of the investigated genes involved in Fe homeostasis in C. elegans. 

SMF-3 (orthologue of human DMT-1) is involved in Fe import, while F55H2.5 (orthologue of human 

DCYTB) is involved in the reduction of Fe(III) to Fe(II). Intracellularly, Fe(II) can be oxidized to Fe(III) by 

F21D5.3 (orthologue of human CP and hephaestin) and stored in FTN-1 and FTN-2 (orthologue of 

human FTH and FTL). FPN-1.1 (orthologue of human FPN) mediates Fe export. Extracellularly, Fe(II) 

can be oxidized to Fe(III) by F21D5.3. 
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The gene dcytb (f55h2.5) in C. elegans is the orthologue of human DCYTB.180 

While none of the Fe species led to an alteration in the gene expression of dcytb 

(Figure 10B), the Fe basal level and Fe content were decreased in worms 

lacking the respective protein compared to wild-type worms (Figure 10F). In 

comparison with the wild type, the difference after FeCl2 treatment was greater 

than after FAC and FeGlu treatment (Table 1). 

 

Table 1. Differences in the Bioavailability of Fe in smf-3Δ, dcytbΔ, ftn-1;ftn-2ΔΔ, and cpΔ Compared to 

Wild Type After Incubation for 24 h With Fe Species [%] a,b 

 

 Differences in bioavailability of Fe compared to wild type [%] 

 smf-3Δ dcytbΔ ftn-1;ftn-2ΔΔ cpΔ 

control 25 ± 2 63 ± 9 51 ±4 65 ± 5 

0.5 mM FAC 41 ± 1 67 ± 6 78 ± 7 106 ± 17 

1 mM FAC 43 ± 3 72 ± 1 67 ± 6 79 ± 3 

0.5 mM FeGlu 38 ± 7 67 ± 6 88 ± 20 135 ± 38 

1 mM FeGlu 42 ± 8 66 ± 16 49 ± 4 54 ± 11 

0.5 mM FeCl2 25 ± 2 42 ± 1 52 ± 2 55 ± 7 

1 mM FeCl2 12 ± 1 38 ± 13 33 ± 4 23 ± 3 

a The Fe content of wild-type worms was set to 100%, and the values provided represent the percentage 

relative to the wild type. 

b Shown are mean ± SEM of n ≥ 3 independent experiments. 
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Figure 10. Relative gene expression of (A) smf-3, (B) dcytb, (C) ftn-1, and (D) cp in wild type after 

treatment for 5 or 24 h with Fe species. Bioavailability of Fe in (E) smf-3Δ, (F) dcytbΔ, (G) ftn-1;ftn-2ΔΔ 

and (H) cpΔ compared to wild type after treatment for 24 h with Fe species [ng/μg protein]. Total Fe was 

normalized to protein content. Shown are mean + SEM of n ≥ 3 independent experiments. Significance 

is depicted as * compared to untreated control, # compared to other Fe species, and $ compared to wild 

type. 
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In C. elegans, the two genes ftn-1 and ftn-2 (ferritin) encode two Fe storage 

proteins.190 Both orthologues have ferroxidase activity, comparable to the 

human ferritin heavy chain (FTH), and can store Fe like the human ferritin light 

chain (FTL).184 Following 5 h of Fe treatment, the gene expression of ftn-1 

increased in a species-unspecific manner (Figure 10C), while none of the Fe 

species led to an alteration in the gene expression of ftn-2 (Supplementary 

Figure 37). The deletion of the genes of both Fe storage proteins led in 

ftn-1;ftn-2ΔΔ to a lower Fe basal level and a lower Fe level after treatment with 

each species compared to the wild type (Figure 10G, Table 1). 

The C. elegans gene cp (f21d5.3) is an orthologue to human ceruloplasmin (cp) 

and hephaestin.180 Treatment with the Fe species led to a slight downregulation 

of cp gene expression (Figure 10D). Although the Fe basal level was lower in 

cpΔ, there was no difference in the Fe level after FAC treatment compared to 

that of the wild type (Figure 10H). Only treatment with 1 mM FeGlu and both 

concentrations of FeCl2 showed lower Fe levels compared to the wild type 

(Figure 10H and Table 1). 

3.3.3. Species-Specific Fe-Induced Oxidative Stress and Response 

Since the high occurrence of oxygen and Fe within the mitochondria can lead to 

the formation of RONS, both mitochondrial-derived RONS and mitochondrial 

membrane potential were determined using MitoTracker Red CM-H2Xros. The 

results indicated that each species contributes species-unspecifically to the 

formation of RONS following 5 and 24 h of Fe treatment by up to 80% 

(Figure 11A). 

In humans, a response to the increased level of formation of RONS may be the 

translocation of transcription factors Forkhead box O-class proteins (FoxO) from 

the cytosol to the nucleus. In the nucleus, FoxO regulates downstream genes 

with an impact on stress resistance, energy metabolism, and DNA repair.238 The 

translocation of the FOXO3 orthologue DAF-16 can be visualized in the 

nematode strain DAF-16::GFP under the fluorescence microscope 
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(Figure 11C). Increased translocation into the nucleus was observed after 

treatment with each Fe species (Figure 11B). Translocation following 5 h of 

treatment was higher with FeCl2 treatment compared to FeGlu, but only at 

concentrations of 0.5 mM. Gene expression of daf-16 was slightly 

downregulated by each species (Supplementary Figure 38). 

 

Figure 11. (A) MitoTracker red fluorescence compared to untreated control [%]. (B) DAF-16 translocation 

from cytosol to nucleus in DAF-16::GFP strain [% of total worms]. (C) Fluorescence images of 

DAF-16::GFP strain with cytosolic or nuclear localized DAF-16. (D) Total SOD activity compared to 

untreated control [%]. (E) GSH and (F) GSSG compared to untreated control [%]. Shown are mean + 

SEM after treatment for 5 or 24 h with Fe species of n ≥ 3 independent experiments. Paraquat was used 

as a positive control (C+). Significance is depicted as * compared to untreated control, # compared to 

other Fe species, and $ compared to other treatment times. 
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Various enzymes, including SOD, by detoxifying superoxide, are involved in 

counteracting oxidative stress.239 To verify whether the treatment with the Fe 

species leads to an effect on SOD, the activity of the total SOD was measured. 

While the total SOD activity after 5 h of treatment was 6.7 ± 0.8 U/mg protein in 

the untreated control, after 24 h, the activity was 13.0 ± 1.3 U/mg protein. Each 

Fe species led to increased SOD activity after 5 h of treatment, whereby the 

activity was higher with 1 mM FeGlu than after 1 mM FAC treatment (Figure 

11D). After 24 h of treatment, FeCl2 had no effect on SOD activity, resulting in a 

significant difference compared to FeGlu treatment (Figure 11D). Treatment 

with the Fe species did not lead to any alteration in the gene expression of sod-3 

(human SOD-2) and sod-4 (human SOD-3) (Supplementary Figure 38). 

In addition to enzymes, molecules such as GSH are involved in oxidative stress 

defense, either as radical scavengers or as cofactors of enzymes. The oxidation 

of GSH leads to the formation of GSSG, which is used as a marker for oxidative 

stress.240 After both treatment times, the GSH level in the untreated control was 

3.1 ± 0.3 ng/μg of protein, and the GSSG level was 4.0 ± 0.5 pg/μg of protein. 

Only 1 mM FAC led to an increase in GSH level by 30% after 24 h of treatment 

(Figure 11E). However, treatment with 1 mM FeGlu led to a reduced GSSG level 

by 35% after 24 h of treatment (Figure 11F). 

Cellular membranes, such as the plasma membrane or mitochondrial 

membrane, have a specific composition of lipids and proteins to maintain their 

function. Phospholipids, such as PE and PC, represent the largest fraction in 

human and C. elegans cellular membranes, whereby a change in the 

composition can lead to a disruption in the functionality of the membrane.241,242 

Unsaturated fatty acids, in particular, can be targets for RONS, which can alter 

the composition of the cell membrane.243 However, treatment with the three Fe 

species for 24 h did not result in significant changes in the degree of saturation 

or the ratio of these two lipid classes (Figures 12 and Supplementary Figure 39). 
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Figure 12. Distribution of PL based on the degree of saturation of PC (A) and PE (B) after treatment with 

Fe species for 24 h. Shown are mean + SEM of n ≥ 3 independent experiments, and PC X:0 represents, 

e.g., the sum of the measured saturated PC. 

 

3.3.4. Treatment with the Fe Species Leads to an Increase in Apoptotic 

Cells 

In the somatic cells of C. elegans, the receptor orthologue CED-1 is expressed, 

which engulfs apoptotic germ line cells in the nematode (Figure 13A).244 The 

number of apoptotic germ line cells can be evaluated in the strain CED-1::GFP 

under a fluorescence microscope (Figure 13C). After 5 h of treatment, an 

average of 18 ± 1 apoptotic cells per worm were counted in the untreated 

control, compared with 11 ± 1 after 24 h. Treatment with each Fe species 

increased the number of apoptotic germ line cells by up to 50% after 5 and 24 h 

(Figure 13B). However, after 5 h, more apoptotic cells could be observed after 

treatment with 1 mM FeCl2 than after 1 mM FAC. 
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Figure 13. (A) Schematic engulfment of an apoptotic germ line cell by a neighboring somatic cell. (B) 

Apoptotic germ line cells compared to untreated control [% of control] after treatment for 5 and 24 h with 

Fe species. Shown are mean + SEM of n ≥ 3 independent experiments. (C) Fluorescence image of 

CED-1::GFP strain with circular apoptotic germ line cells, shown by white arrows. Significance is 

depicted as * compared to untreated control and # compared to other Fe species. 

 

3.4. Discussion 

Although Fe is the most biologically abundant transition metal, it is highly toxic 

in cases of overdose. In 2024, the EFSA released safe levels, such as 

10 mg/day for children aged 1–3 years and 40 mg/day for adults.2 Therefore, 

attention must be paid to avoid overdosing of Fe from food supplements and 

fortified foods. Regarding the Fe species in food and food supplements, 

knowledge about Fe species-specific effects is limited, and studies that directly 

compare bioavailability, effects on Fe homeostasis, and cellular consequences 

within the same study and model are lacking. A comparison under the same 



Chapter 3 – Is Ferric the Same as Ferrous? Effect of Nutritionally Relevant 
Iron Species in C. elegans: Bioavailability, Iron Homeostasis, Oxidative Stress, 

and Cell Death 

 

50 
 

experimental conditions is crucial due to factors influencing Fe absorption, such 

as age, dietary factors, and genetics. 

This study confirmed that the bioavailability of Fe is dependent on both the Fe 

oxidation state and the Fe ligand of the Fe species used for exposure.236,245 In 

contrast to FAC, FeCl2 treatment for 24 h resulted in five times more Fe, and 

FeGlu treatment resulted in almost twice as much Fe in the nematode. While 

both Fe(II) species were taken up in a time-dependent manner, the uptake of 

Fe by FAC appeared to be time limited in C. elegans. In C. elegans, there is no 

known direct way to import ferric Fe. This first has to be reduced to ferrous Fe 

to be taken up via divalent metal transporters.246 The time limitation may indicate 

a limitation of the reduction capacity of the involved reductases or reducing 

compounds. In 2024, the EFSA reported that the only indicator for an Fe dose–

response was the occurrence of black stool, indicating the presence of 

unabsorbed Fe in the gastrointestinal tract. It is not considered an adverse event 

per se but may lead to systemic Fe overload and was used as a basis for the 

assessment of a safe Fe intake.2 The importance and variability of bioavailability 

were also demonstrated in a study involving participants with various diets. 

While dietary Fe amounts were similar, omnivores showed better Fe status 

(measured as ferritin) than flexitarians, vegetarians, or vegans.247 This 

underlines the importance of the choice of Fe compound and the importance of 

knowledge about the bioavailability and uptake of certain Fe species. 

Nevertheless, there are some limitations associated with the model organism 

used in this study that limit the transfer of the findings to humans. Despite 

sharing numerous orthologous genes, C. elegans lacks transferrin, a protein for 

serum Fe transport in humans, and hepcidin, which plays a critical role in Fe 

metabolism and intestinal uptake. Additionally, while most Fe in humans is taken 

up in the duodenum at an acidic pH, the intestinal pH of C. elegans is nearly 

neutral.214 

The increased gene expression of smf-3 and the lower Fe levels in smf-3Δ 

indicated the involvement of this gene in the Fe homeostasis of all three Fe 
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species. Notably, the most prominent effect was detected in the FeCl2-exposed 

worms since lacking smf-3 showed severely reduced Fe content of 10–20% 

compared to FeCl2-treated wild-type worms. However, despite the loss of 

function of SMF-3, an increase in Fe content could be achieved by treating with 

the Fe species; consequently, there must be additional ways of Fe uptake in 

C. elegans. Au et al. showed that the DMT-1 orthologue smf-2 is also involved 

in Fe import.175 Another often-discussed Fe importer is ZIP14, which is also 

involved in the import of Zn and Mn.248 The reductase dcytb also had an impact 

on the bioavailability of Fe by each of the Fe species as lower Fe levels were 

measured in dcytbΔ. The gene f55h2.5 (dcytb) is reported as an orthologue for 

human DCYTB, but to our knowledge, the impact of this gene on metal 

homeostasis has not yet been published. The deletion of both ferritin-encoding 

genes led to lower but species-specific Fe levels. Due to the loss of function of 

the Fe storage proteins, Fe can be stored less or not at all as redox-inactive 

ferric Fe. FPN can export Fe(II) out of the cell, but no systemic excretion 

mechanism for Fe from the organism is known in humans and in C. elegans. 

Therefore, the loss of function of ferritin could have an impact on Fe import and 

thus lead to lower Fe levels.249 The role of cp in oxidizing ferrous to ferric Fe is 

most commonly discussed in Fe homeostasis in relation to Fe export. The 

complete absence of cp leads to Fe accumulation in the neurodegenerative 

disease aceruloplasminemia.250 In our study, the deletion of cp led to a lower Fe 

basal level and after treatment with FeCl2 to a lower Fe level compared to that 

of the wild type. By FAC and 0.5 mM FeGlu treatment, a similar Fe level as in 

the wild type could be reached, although the Fe basal level is lower. This may 

indicate a higher accumulation of Fe in the absence of cp after treatment with 

FAC and FeGlu. A closer look at the regulation of gene expression related to Fe 

homeostasis genes following 5 and 24 h of exposure clearly highlights the 

importance of the 5 h exposure after treatment with all three Fe species. Thus, 

the Fe homeostasis-associated genes showed a response to the increased Fe 

level after a short treatment period, which is essential for maintaining Fe 
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homeostasis. The early regulation could possibly impact the uptake of Fe by 

FAC since in contrast to the ferrous Fe species, a similar amount of Fe was 

measured after 24 h as after 5 h of treatment. However, no conclusion can be 

made about the respective protein levels in this study, and this should be 

investigated in further studies. 

The increase in MitoTracker Red fluorescence, DAF-16::GFP translocation, and 

SOD activity after treatment with FAC, FeGlu, and FeCl2 indicated the formation 

of RONS and a response to oxidative stress Fe species-unspecific. We 

identified that the gene expression of ftn-1 was upregulated after 5 h of 

treatment but have no direct evidence of the amount of ferritin-bound Fe and the 

amount of labile Fe. We cannot make a direct assessment of the reactivity of 

the increased Fe levels in our study, but the response in the oxidative stress 

endpoints indicates the presence of labile reactive Fe after treatment with all 

three Fe species. Abbasi et al. showed that after 48 h of treatment with FAC in 

HepG2 cells, labile Fe was 10-fold and total Fe was 3-fold higher than in the 

untreated control. Along with these data, RONS were also increased.251 The 

increased gene expression of ftn-1 could be associated with enhanced DAF-16 

translocation, potentially to mitigate oxidative stress by reactive Fe. Ackerman 

et al. demonstrated that daf-16 is involved in the regulation of ftn-1, as 

evidenced by decreased ftn-1 gene expression in a daf-16 RNAi mutant.192 The 

increased translocation of DAF-16 in our study suggests that a variety of genes 

related to oxidative stress may be affected by the tested Fe species. Although 

the Fe content after 24 h by 1 mM FeCl2 was five times and by FeGlu almost 

twice as high as after FAC treatment, no difference in MitoTracker fluorescence 

and DAF-16 translocation could be observed between the Fe species. The 

response of these two endpoints was the same after both treatment times. 

However, no changes in SOD activity could be measured after 24 h of treatment 

with 1 mM FeCl2. In a study with HepG2 cells, treatment with ferrous sucrose 

and ferrous dextran resulted in a concentration-independent increase in RONS, 

as measured by DCF fluorescence. Only ferric gluconate led to increased 
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fluorescence at higher concentrations, resulting in a Fe species-specific 

difference.252 Although increased Fe levels and oxidative stress are associated 

with increased GSSG, no elevation was detected by either Fe species at either 

treatment time. However, Piloni et al. showed that injection of Fe-dextran 

increased the Fe content in the brain of rats 4-fold, which was accompanied by 

lower GSH levels and increased GSSG and malondialdehyde (MDA) levels.253 

In our study, the markedly increased gene expression of ftn-1 indicates 

detoxification by minimizing reactive Fe(II) and thus also the formation of RONS. 

While the MitoTracker measures RONS and increased DAF-16 translocation 

and SOD activity are responses to this reactive species, lipid peroxidation may 

be a consequence of RONS. We hypothesize that the regulation of Fe 

homeostasis and antioxidative defense could be sufficient to keep the effects on 

GSH and GSSG low at the measured time points in this study. Furthermore, it 

was investigated whether overdosing with the three Fe species affects the 

degree of saturation or PE/PC ratio as an alteration can lead to negative 

consequences on the mitochondria or the endoplasmic reticulum.241 No 

alterations were observed for these endpoints compared to the untreated 

control. 

Along with the oxidative stress endpoints, apoptotic germ cells were also 

increased after treatment with all three species. Lyamzaev et al. showed that 

FAC in rat cardiomyocyte H9c2 cells led to mitochondrial RONS and lipid 

peroxidation, in addition to reduced cell viability. As the mitochondrial-targeted 

antioxidant SkQ1 restored these effects to the level of the untreated control, it 

was concluded that the mitochondrial changes contributed to cell death.254 Since 

we measured increased mitochondrial RONS and SOD activity, which are also 

expressed in the mitochondria, these changes could be involved in the 

increased formation of apoptotic cells. In the study by Senchuk et al., the 

function of daf-16 was investigated in long-lived mitochondrial C. elegans 

mutants. Increased translocation of DAF-16 and upregulation of its targeted 

genes were observed in these strains. The conclusion was that mild impairment 
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of mitochondrial function via DAF-16 positively affects longevity.255 This 

indicates that mitochondrial changes can also affect the regulation of DAF-16 in 

our study. 

Overall, we were able to show in this study that both the oxidation state and the 

ligand were particularly relevant in terms of bioavailability when it comes to the 

choice of Fe species. In addition, we gained further insights into relevant genes 

of Fe homeostasis in C. elegans. We demonstrated that the poorly studied 

genes dcytb (f55h2.5) and cp (f21d5.3) are involved in Fe homeostasis and 

affected the bioavailability of Fe. Although treatment with FAC, FeGlu, and FeCl2 

led to increased RONS formation and oxidative stress response, these effects 

were Fe species-unspecific, even though we measured species-specific Fe 

amounts. The upregulation of ftn-1 gene expression indicated Fe detoxification, 

but further studies would be necessary to investigate ferritin-bound Fe and the 

amount of reactive Fe(II). Another consequence of Fe overdosing was the 

increased number of apoptotic cells in C. elegans, which was determined in a 

species-unspecific manner. 
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Abstract  

Although the redox active essential trace element iron (Fe) is involved in 

many important biological processes, an overexposure can lead to the 

excessive formation of reactive oxygen and nitrogen species (RONS). Thus, 

Fe accumulation, as for example observed in neurodegenerative diseases or 

diseases as hemochromatosis, can lead to adverse consequences, 

especially if the antioxidant system is weakened. This system, and especially 

the most abundant antioxidant in organisms, glutathione (GSH), can be 

impaired by excess RONS levels, which is relevant during aging and in the 

context of neurodegenerative diseases. In this study, we demonstrate the 

consequences of Fe overdosing or/and GSH depletion in Caenorhabditis 

elegans (C. elegans) on Fe homeostasis, mitochondrial mass, phospho- and 

sphingolipidome, and on the neurotransmitter levels of acetylcholine, 

serotonin, dopamine, and γ-aminobutyric acid. Therefore, we treated L4 

nematodes with Fe(III) ammonium citrate (FAC) for 24 h or/and diethyl 

maleate (DEM) for 2 h or 24 h. While FAC treatment alone did not affect 

mitochondrial mass and cardiolipin content, it increased the amount of 

several lipid classes and the neurotransmitter acetylcholine. Treatment with 

DEM alone resulted in GSH depletion by 70% and was associated with 

decreased mitochondrial mass and increased Fe(II), lipid, acetylcholine, and 

serotonin levels. Transcriptomic analysis revealed that genes involved in 

GSH biosynthesis, Fe homeostasis, mitochondrial stress response, lipid 

biosynthesis, and neurotransmitter regulation are differentially expressed 

after DEM treatment. In addition, we were able to determine the GSH-DEM 

product in the nematode using HPLC-MS/MS. Although FAC treatment 

increased total Fe content in the nematode fivefold, the combined treatment 

with DEM showed no further effects compared to treatment with FAC or DEM 

alone. Together, these findings highlight the consequences of an impaired 

intracellular redox system on mitochondria, lipidome, and neurological 

endpoints, and identify several pathways, metabolites, and potential counter 

regulation as well as long lasting effects. 
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Chapter 4 – Iron Up and Glutathione Down: An Imbalance 

Impacting Iron Homeostasis, Mitochondria, Lipidome, and 

Neurotransmitters in C. elegans 

 

Figure 14. Graphical abstract of: Iron Up and Glutathione Down: An Imbalance Impacting Iron 

Homeostasis, Mitochondria, Lipidome, and Neurotransmitters in C. elegans. 

 

4.1. Introduction 

Iron (Fe), an essential trace element, is involved in many cellular processes, 

including energy production, DNA synthesis, and oxygen transport 7,8. These 

functions rely on the continuous redox cycling between Fe(II) and Fe(III), which 

may, in excess, lead to adverse consequences such as the enhanced formation 

of reactive oxygen and nitrogen species (RONS) via the Fenton reaction 220. 

Higher levels of RONS increase the risk of adverse modifications to 

biomolecules such as lipids, proteins, and DNA 219. Therefore, a particular 

perturbation of cellular function and integrity arises if Fe levels are increased, as 

it has been observed in aging human brains and diseases like hemochromatosis 

or diabetes mellitus 218. Fe accumulation in the brain is further associated with 

cognitive impairments and even neurodegenerative diseases such as 

Alzheimer’s (AD) and Parkinson’s diseases, but the underlying mechanisms are 
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not fully understood 218,256. Due to health risks associated with excessive Fe 

intake from food and food supplements, the European Food Safety Authority 

(EFSA) has defined safe intake levels of 10 mg/day for children and 40 mg/day 

for adults in 2024 2. Under optimal conditions, cells possess a robust 

antioxidative system to prevent excessive RONS production and oxidative 

stress. However, antioxidative capacity can be depleted by enhanced RONS 

production, toxins, or by aging, which can lead, aside from others, to a deficiency 

of the important antioxidant glutathione (GSH) 257. This endogenous tripeptide 

is one of the most abundant intracellular antioxidants, as it functions as a radical 

scavenger and as a co-enzyme for several enzymes like glutathione 

peroxidases (GPX), glutaredoxins, and glutathione-S-transferases (GST) 74. As 

a co-enzyme of GPX, GSH is crucial for the conversion of lipid hydroperoxides, 

which are discussed in the context of the Fe-dependent cell death, 

ferroptosis 258. Additionally, GSH plays an important role in Fe homeostasis, as 

it forms the major complex of the labile Fe pool (LIP). Thereby, free Fe is 

prevented from accumulating while ensuring its rapid availability, for example, 

for incorporation into Fe-dependent enzymes 4. The biosynthesis of heme and 

Fe-sulfur clusters primarily takes place in the mitochondria, leading to higher 

amounts of Fe in this organelle 259. This, combined with the high production of 

superoxide radicals during energy production in the form of adenosine 

triphosphate (ATP), increases the potential for mitochondrial oxidative stress 

and requires enhanced antioxidant defense 260. Since neurons have a high 

energy demand, they are rich in mitochondria, and impairments of these 

organelles are often discussed in the context of neuronal dysfunction and 

neurodegenerative diseases 261. This underlines the importance of a balanced 

Fe homeostasis and cellular redox system. 

The question arises about consequences for an organism in case of Fe 

overexposure and GSH depletion. To gain further mechanistic insights, we 

established a model organism showing increased Fe amounts, decreased GSH 

levels, or a combination of both. For this purpose, we treated the nematode 
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Caenorhabditis elegans (C. elegans) with iron(III) ammonium citrate (FAC) 

or/and the GSH binding molecule diethyl maleate (DEM) 83,206. In this study, L4 

worms were treated with FAC for 24 h, followed by short-term (2 h) and long-

term (24 h) treatment with DEM. These two time points resemble acute or long-

term effects, with the latter more relevant for adverse effects from chronic 

exposure. C. elegans is an established model organism for toxicological and Fe 

homeostasis studies, as it has many orthologous genes to those in mammals, 

which include genes associated with oxidative stress, cell death, neurological 

functions, and Fe homeostasis 169. 

4.2. Materials and Methods 

4.2.1 C. elegans handling and treatment with FAC and DEM 

The C. elegans strains Bristol N2 (wild type) and OH7193 (him-8 (e1489)) were 

obtained from the Caenorhabditis Genetics Center (CGC). 

The worms were cultivated on 8P agar plates coated with NA22 E. coli at 20 °C, 

as described previously 160. To ensure all experiments were performed using 

worms at larval stage 4 (L4), the nematodes were synchronized following 

established methods and subsequently grown on nematode growth medium 

(NGM) coated with OP50 E. coli 223. L4 worms were treated for 24 h with FAC 

(reagent grade, Sigma Aldrich), which was freshly dissolved in bidistilled water 

and added to inactive E. coli on NGM agar plates before each experiment. Since 

the chemical formula of FAC (xFe∙yNH4C6H7O8) is semi defined, we determined 

a Fe content of 14.8 ± 0.3% by weight (n = 3) using inductively coupled plasma-

optical emission spectrometry (ICP-OES) (instrumental parameters in 4.2.3) in 

the FAC batch used. The 20 mM FAC used in this study is equivalent to 

5.3 mg/mL FAC. The E. coli was inactivated as described previously 189. 

Following 24 h FAC treatment, day 1 adult nematodes were treated with DEM 

(Sigma Aldrich) for either 2 h in 85 mM NaCl solution or for 24 h on NGM plates 

prepared in the same manner as for FAC treatment. DEM was diluted in DMSO, 
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and the final concentration of DMSO was adjusted to 1% v/v under all 

conditions. DEM treatment did not involve additional FAC exposure. 

4.2.2 Protein determination via BCA Assay 

To normalize metal content, GSH, GSSG, nucleotides, lipids, malondialdehyde 

(MDA), and neurotransmitter levels to protein content, the protein amount was 

determined using bicinchoninic acid (BCA) assay as described previously 225. 

4.2.3 Quantification of total Fe and Zn via ICP-OES 

Quantification of total Fe and Zn was performed using ICP-OES (Avio 220 Max, 

Perkin Elmer) as previously described 189. The instrument parameters were as 

follows: Plasma power: 1500 W, cooling gas: 8 L/min, auxiliary gas: 0.2 L/min, 

nebulizer (MicroMist™) gas: 0.7 L/min. The analysis was performed using 

Yttrium (Y) as internal standard and the following element lines: Fe – 

259.939 nm, Zn – 206.200 nm, Y – 371.029 nm. The element contents were 

normalized to protein amount. 

4.2.4 Determination of GSH, GSSG, and GSH-DEM levels via HPLC-MS/MS 

Quantification of reduced (GSH) and oxidized (GSSG) glutathione levels was 

performed using high performance liquid chromatography-tandem mass 

spectrometry (HPLC-MS/MS, Agilent 1290 Infinity II, Sciex QTrap 6500+ triple 

quadrupole MS) as described by Thiel et al. 232. The product S-(α,β-

bis(ethoxycarbonyl)ethyl)glutathione (GSH-DEM) of the reaction of GSH with 

DEM was previously characterized by Kubal et al. using 1H NMR analysis 83. We 

adapted the method of Thiel et al. to include the determination of this molecule, 

with specific parameters detailed in the supplementary table (Supplementary 

Material for Chapter 4). GSH and GSSG were quantified using external 

calibration and normalized to protein content. To estimate the formation of the 

GSH-DEM product, the GSH-DEM/GSH ratio was calculated based on the 

integrated peak areas. 
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4.2.5 Transcriptomic analysis 

For transcriptome analysis, RNA was isolated from 750 day 1 and day 2 worms 

in 1 mL TRIreagent® (Sigma-Aldrich) using the phenol/chloroform extraction 

method as previously described 226. Isolated RNA was purified with the RNA 

clean and concentrator™-5 Kit (Zymo Research) according to the 

manufacturer’s instructions. The integrity of the RNA was verified using gel 

electrophoresis. Library preparation was performed with 300 ng RNA using the 

NEBNext® Ultra™ II directional RNA library prep kit for Ilumina® in conjunction 

with Poly(A) mRNA magnetic isolation (#E7760S, #E7490S, New England 

Biolabs) with 14 PCR cycles according to the manufacturer’s instructions. 

Library concentration was verified using the Qubit™ 1xdsDNA HS Assay Kit 

(#Q33230, Thermo Fisher Scientific) and the Qsep1 Bio-Fragment Analyzer 

(BiOptic Inc.) with a Standard DNA Cartridge Kit (catalogue no.: C105201) was 

used to check the library for adapter contamination and size distribution. 

Libraries were pooled and sequenced using a S4 Flowcell on the NovaSeq 6000 

Illumina platform (Illumina) in 100 bp paired-end sequencing mode. De-

multiplexing, quality trimming, and adapter removal were performed using 

TrimGalore (version 0.6.5, www.bioinformatics.babraham.ac.uk), which uses 

cutadapt 262. Reads were randomly subsampled using seqtk 

(https://github.com/lh3/seqtk) and single-end reads were mapped onto the 

C. elegans Bristol N2 genome using the bowtie2 plugin for Geneious Prime 

version 2025.1.2. Expression values of annotated genes were calculated using 

the “calculate expression values” function of Geneious Prime. Differences 

between the sample groups were visualized by PCA based on transcripts per 

million (TPM) expression level data using the prcomp and ggbiplot visualization 

function in R. Differentially expressed genes (DEGs) were calculated using the 

DESeq2 Plugin for Geneious Prime with a threshold of p-value <0.01 and log2 

fold change >1/<-1 for DEG characterization 263. Term analysis of DEGs was 

performed using the geneontology.org website 264,265 which uses PANTHER 266. 

http://geneontology.org/
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For visualization, an R-script from 267 was used. All sequencing data are 

available in the ArrayExpress database (http://www.ebi.ac.uk/arrayexpress) 

under accession number E-MTAB-15180. 

4.2.6 Determination of survival rate 

Survival rate was assessed to evaluate the lethality of DEM and combined FAC 

and DEM treatment. For this purpose, 20 – 30 worms were transferred to a 

3.5 cm NGM agar plate coated with OP50 E. coli following 24 h FAC and 2 h 

DEM treatment. After 24 h, the percentage of worms still moving and thus 

surviving was determined.  

4.2.7 Determination of labile Fe2+ via FerroOrange dye 

To assess the cytosolic labile Fe2+ status after FAC and DEM treatment, 2250 

day 1 and day 2 adult worms were treated with the BioTracker FerroOrange dye 

(Sigma-Aldrich). Following FAC and DEM treatment, the nematodes were 

washed three times with NaCl solution (85 mM, 0.01 % Tween® 20) to remove 

eggs and L1 worms by allowing the adult worms to sink to the bottom of the tube 

and removing the supernatant. The FerroOrange dye was freshly dissolved in 

DMSO just before each experiment, and the worms were treated with a final 

concentration of 10 µM dye for 2 h in the dark with gentle shaking. The worms 

were washed again three times with NaCl solution and transferred to NGM 

plates coated with OP50 E. coli for 1 h in the dark to excrete the dye from the 

intestine. After repeated washing and removal of the E. coli, the fluorescence of 

the dye (excitation: 540 nm, emission: 575 nm) and the auto-fluorescence of the 

worms (excitation: 405 nm, emission: 455 nm) for normalization were measured 

with a microplate reader (Infinite M Plex, Tecan). 

4.2.8 Determination of mitochondrial mass via MitoTracker™ Green FM 

The mitochondrial mass was determined using MitoTracker™ Green FM 

(Thermo Fisher Scientific) 228. This assay was carried out in Pdat-1::mCherry + 

Pttx-3::mCherry worms. Therefore, OH7193 worms were outcrossed and 

treated with FAC and DEM. The dye was dissolved in DMSO at a final 



Chapter 4 – Iron Up and Glutathione Down: An Imbalance Impacting Iron 
Homeostasis, Mitochondria, Lipidome, and Neurotransmitters in C. elegans 

 

64 
 

concentration of 2.5 mM, and aliquots were stored at -20 °C. After FAC and 

DEM treatment, the worms were treated with 1 µM MitoTracker™ Green for 1 h 

in the dark with gentle shaking. After the worms had been washed to remove 

the dye, they were transferred to NGM plates coated with OP50 E. coli to excrete 

the dye from the intestine for 1 h. The fluorescence of the MitoTracker™ dye 

(excitation: 485 nm, emission: 525 nm) and the red fluorescence of the worms 

(excitation: 560 nm, emission: 599 nm) were measured using a microplate 

reader (Infinite M Plex, Tecan). The green fluorescence of the MitoTracker 

Green FM was normalized to the worm number, which was measured as the 

red fluorescence of the worms. As a positive control, day 1 adult worms were 

treated for 1 h with 100 µM sodium azide (≥ 99.5%, Sigma Aldrich) 268. 

4.2.9 Quantification of energy-related nucleotides via HPLC-DAD 

The energy-related nucleotides ATP, adenosine diphosphate (ADP), adenosine 

monophosphate (AMP), nicotinamide adenine dinucleotide phosphate 

(NADPH), and nicotinamide adenine dinucleotide (NADH, NAD+) were 

quantified using HPLC with a diode array detector (DAD) according to Bornhorst 

et al. 269. Following treatment with FAC and DEM, 150 µL KOH (0.5 M) was 

added to 1500 day 1 and day 2 adult worms suspended in 100 µL NaCl solution. 

Immediately afterwards, the samples were homogenized with zirconia beads in 

a bead ruptor (40 sec, high, Biolab Products), and exactly 60 s after the addition 

of KOH, neutralized with 30 µL H3PO4 (10%). After centrifugation (20 min, 

18620 rcf, 4 °C), the nucleotides and the protein content were measured from 

the supernatant. Detection was carried out at 259 nm, and quantification was 

performed using an external calibration for each nucleotide. Sodium azide was 

used as a positive control as described in 4.2.8. Nucleotide levels were 

normalized to protein content. 

4.2.10 Determination of cardiolipins (CL) via 2D heart-cut HPLC-MS/MS 

To determine CL, 4500 day 1 and day 2 adult worms were washed in 1 mL NaCl 

solution, and 50 µL was taken for protein determination. The worm pellet was 
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resuspended in 100 µL NaCl solution for lipid extraction. Prior to lipid extraction, 

according to a protocol based on Matyash et al., all samples underwent three 

freeze-thaw cycles followed by sonication in an ultrasonic processor for cell 

disruption 243,270. The detailed protocol is provided in the Supporting Information 

(Supplementary for Chapter 4).  

For the determination of CL distribution, 2D heart-cut HPLC-MS/MS (Vanquish 

Flex Duo UHPLC-system, Q Exactive Plus; Thermo Scientific) was performed 

(Supplementary for Chapter 4). Chromatographic data analysis and CL 

identification were carried out with the open-source software MZmine 4 (version 

4.2.0; mzio GmbH) (Supplementary for Chapter 4) 271. To analyze CL 

distribution, relative peak areas of the identified CL species were determined 

(Supplementary Figure 45). The sums of CL were normalized to the internal 

standard CL 64:4 and the protein content. Absolute quantification was not 

performed. 

4.2.11 Determination of phospho- (PL) and sphingolipid (SL) composition 

For the determination of PL and SL compositions, worm pellets and lipid 

extraction were conducted as stated above (see 4.2.10). Mass spectrometric 

measurements, including ion mobility spectrometry, were performed on a 

timsTOF fleX (Bruker Daltonics GmbH & Co. KG) mass spectrometer after 

reversed-phase HPLC separation utilizing an UltiMate 3000 UHPLC system 

(Thermo Fisher Scientific GmbH). Data processing and evaluation were carried 

out with the Metaboscape 2023b software (Bruker Daltonics GmbH). Details 

regarding mass spectrometric and chromatographic methodologies are 

provided in the Supporting Information (Supplementary for Chapter 4). 

4.2.12 Quantification of MDA via HPLC-FLD 

MDA was quantified using HPLC with fluorescence detection (HPLC-FLD, 

Agilent 1260 Infinity II) according to Weishaupt et al. 272. After treatment with 

FAC and DEM, 1500 day 1 and day 2 adult worms were pelletized and 
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processed for analysis within one week. Results were normalized to protein 

content. 

4.2.13 Quantification of neurotransmitter level via HPLC-MS/MS 

The neurotransmitters acetylcholine, serotonin, dopamine, and γ-aminobutyric 

acid were quantified via HPLC-MS/MS (Agilent 1290 Infinity II, Sciex QTrap 

6500+ triple quadrupole MS) as described previously by Weishaupt et al. 213. 

For analysis, 1500 day 1 and day 2 adult worms were pelleted following FAC 

and DEM treatment, and neurotransmitters were quantified using deuterated 

internal standards 213. The results were normalized to protein content.  

4.2.14 Aldicarb sensitivity assay 

To investigate the synaptic transmission of cholinergic neurons, the aldicarb-

sensitivity assay according to Mahoney et al. was performed 273. Aldicarb 

(Sigma-Aldrich) was dissolved in 70% ethanol and added to NGM agar at a final 

concentration of 2 mM. The assay was performed as previously described, and 

the number of non-paralyzed worms was counted every 60 min for 360 min 213. 

4.2.15 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software). T-test with α = 0.05 was used with the following significance levels: 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

4.3. Results 

4.3.1 FAC increased the total Fe level and DEM bound to GSH 

To verify the total Fe content of the worms after FAC and DEM treatment, Fe 

was determined using ICP-OES. 24 h treatment with 20 mM FAC increased the 

total Fe content in the nematodes 5-fold (Figure 15A), and even 24 h post Fe 

treatment, the Fe content was 3 times higher compared to untreated control 

(Figure 15E). While Fe levels were increased, the Zn content was decreased at 

both time points (Supplementary Figure 42). DEM had no effect on the Fe 

content after both treatment times. HPLC-MS/MS measurement revealed that 

the short-term treatment of 2 h with DEM decreased GSH level to 30 % 
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(Figure 15B), while the ratio of GSH-DEM to GSH was between 1 and 2 

(Figure 15C). Whereas DEM treatment alone had no impact on GSSG level, it 

was markedly decreased after FAC treatment alone and combined with DEM 

(Figure 15D). Although long-term treatment with DEM for 24 h showed no impact 

on GSH levels (Figure 15F), a ratio of 0.015 ± 0.002 and 0.037 ± 0.004 of GSH-

DEM to GSH could be determined depending on the DEM concentration 

(Figure 15G). In contrast to the short-term treatment, GSSG levels were 

decreased after 24 h treatment with 75 mM DEM (Figure 15H). Based on this 

and the higher GSH-DEM to GSH ratio, solely 75 mM DEM was used in the 

investigation of further endpoints for the long-term treatment. 

4.3.2 Transcriptomic analysis 

Transcriptomic analysis was performed to get an overview of the mechanistic 

consequences at the level of gene expression after FAC or/and DEM treatment. 

The principal component analysis (PCA) shows variances in the gene 

expression pattern between the untreated controls and the samples treated with 

DEM, both alone and in combination with FAC, in both treatment scenarios 

(Figure 16A, B). FAC-treated samples showed almost no variance compared to 

untreated control at both times measured (2 h or 24 h post FAC treatment). 

However, the combined treatment with FAC and DEM partially shows other 

differentially expressed genes (DEGs) compared to untreated control than the 

treatment with DEM alone. Only 74% of the genes overlap after 2 h DEM 

treatment and 59% after 24h DEM treatment (Supplementary Figure 43). 
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Figure 15. Increased Fe levels and glutathione status after treatment with FAC and 2 h (A-D) or 24 h 

(E-H) treatment with DEM. A, E) Total Fe was measured via ICP-OES. B, F) GSH levels, C, G) GSH-

DEM/GSH ratio, and D, H) GSSG levels were measured via HPLC-MS/MS. Total Fe, GSH, and GSSG 

levels were normalized to protein content. Shown are the mean + SEM of ≥ 3 independent experiments. 

Significance is depicted as * compared to untreated control, § compared to other DEM concentrations, 

and # to DEM treatment only. 

 

 



Chapter 4 – Iron Up and Glutathione Down: An Imbalance Impacting Iron 
Homeostasis, Mitochondria, Lipidome, and Neurotransmitters in C. elegans 

 

69 
 

Transcriptomic analysis further indicates that DEM and the combined treatment 

with FAC led to changes in the expression of genes involved in GSH synthesis 

and GSH-dependent enzymes (Figure 16C). In addition to the genes shown 

here, several GST genes were also differentially expressed after DEM treatment 

for 2 h and 24 h, which are represented by the Gene Ontology (GO) term 

‘glutathione transferase activity’ (Figure 17). Furthermore, several additional GO 

terms, such as iron ion binding, catalytic activity, oxidoreductase activity, and 

molecular function, were enriched among the DEGs, particularly after short-term 

treatment with DEM. 

 

Figure 16. Principal component analysis (PCA) of PC1 and PC3 after treatment with FAC and 2 h (A) or 

24 h (B) with DEM. C) Proteins encoded by DEGs of GSH metabolism. C. elegans/human orthologue: 

GCS-1/GCLC: glutamate-cysteine ligase; E01A2.1/GCLM: glutamate-cysteine ligase catalytic subunit; 

GSS-1/GSS: glutathione synthase; GSR-1/GSR: glutathione disulfide reductase; GPX-1/2/GPX-4: 

glutathione peroxidase; GPX-3/5/GPX-3: glutathione peroxidase. 
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Figure 17. Heat map of a selection of Gene Ontology (GO) terms related to molecular function enriched 

among the up-(↑) and down-(↓) regulated DEGs after treatment with FAC and 2 h or 24 h DEM. No GO 

terms could be formed from the DEGs after treatment with FAC alone, and the down-regulated genes 

after the combined treatment with FAC and 24 h DEM. 
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4.3.3 DEM affects survival rate, Fe redox status, and genes of Fe 

homeostasis 

To investigate the toxicity of FAC and DEM, the survival rate was examined 24 h 

after treatment. While short-term treatment with 15 mM DEM had no impact on 

the survival rate, 20 mM DEM alone led to a decrease of 15 % (Figure 18A). 

The prior treatment with FAC for 24 h had no impact on this effect. Due to the 

slight toxicity of 20 mM DEM, this concentration was further used for short-term 

treatment. Long-term treatment with DEM did not lead to a reduction in the 

survival rate (data not shown). 

For the investigation of the Fe redox status, we treated the nematodes with 

FerroOrange following FAC or/and DEM treatment. This dye, also known as 

RhoNox-4, enables the detection of cytosolic labile Fe(II) through the irreversible 

reaction, resulting in a fluorescent compound (Figure 18D) 274. Even though the 

total Fe content increased markedly after FAC treatment, no alterations in the 

Fe(II) level could be observed by FAC only (Figure 18B, C). However, the Fe(II) 

level increased significantly after short-term treatment with DEM, both alone and 

combined with FAC, to the same extent (Figure 18B). Long-term treatment with 

DEM did not lead to any alterations (Figure 18C). 

Besides the redox status of Fe, changes in gene expression of Fe homeostasis 

genes also indicate an impact of DEM on Fe homeostasis (Figure 18E). This 

includes the downregulation of the Fe-importers smf-2 and smf-3, and of the 

ferroxidase f21d5.3. Interestingly, the Fe-exporter fpn-1.1 is upregulated, while 

another exporter, fpn-1.2, is downregulated. FAC alone and 24 h treatment with 

DEM led to increased gene expression of the Fe storage protein FTN-1, which 

stores Fe as Fe(III) species. 
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Figure 18. A) Survival rate after 24 h following FAC and 2 h DEM treatment. B, C) labile Fe(II) levels 

measured as FerroOrange fluorescence after treatment with FAC and 2 h (B) or 24 h (C) treatment with 

DEM were normalized to worm autofluorescence and untreated control. D) Representative Bright field, 

FerroOrange fluorescence (orange), and auto fluorescence (blue, excitation: 405 nm, emission: 455 nm) 

images of wild type worms after treatment with FerroOrange dye. E) Proteins encoded by DEGs of Fe-

homeostasis after treatment for 2 h and 24 h with FAC, DEM, and FAC + DEM compared to untreated 

control. Shown are the mean + SEM of ≥ 3 independent experiments. Significance is depicted as * 

compared to untreated control. C. elegans/human orthologue: SMF-2/3/DMT-1: divalent metal 

transporter; FTN-1/-2/FTH and FTL: ferritin; F21D5.3/DCYTB: duodenal cytochrome B; 

FPN 1.1/1.2/FPN: ferroportin. 

 

4.3.4 DEM led to mitochondrial impairment 

We used the MitoTracker™ Green FM dye to determine the mitochondrial mass 

to explore the impact of FAC or/and DEM on the mitochondrial number and 

activity. The fluorescence dye accumulated in the mitochondrial matrix in living 

worms, whereby the intensity of the fluorescence is evaluated as proportional to 

the mitochondrial mass (Figure 19A) 275. While treatment with FAC led to no 
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alterations, DEM led to decreased mitochondrial masses alone and combined 

with FAC in both short-term and long-term treatments (Figure 19B, C). In 

addition, transcriptomic data revealed that short-term treatment with DEM alone 

and in combination with FAC resulted in an upregulation of hsp-6, which is 

involved in the mitochondrial stress response (Table 2) 276. Although the 

mitochondria are the main source of the energy nucleotide ATP, none of the 

treatments led to alterations in the overall cellular energy balance, calculated as 

energy charge value (AEC) (Supplementary Figure 44). The PL subclass 

cardiolipin (CL) was determined via 2D heart-cut HPLC-MS/MS. This class is 

exclusively located in the mitochondrial membrane and showed a trend toward 

reduced levels after 24 h DEM treatment, both alone and combined with Fe 

treatment (Figure 19E). In addition, the distribution of CL was primarily affected 

by the 24 h treatment with DEM alone and in combination with FAC 

(Supplementary Figure 45). 

Table 2. Upregulated gene expression of hsp-6 after treatment with 2 h DEM, both alone and in 

combination with FAC. 

 

 
DEM 

(2 h) 

FAC + DEM 

(2 h) 

DEM 

(24 h) 

FAC + DEM 

(24 h) 

stress response hsp-6 ↑ hsp-6 ↑ - - 
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Figure 19. A) Representative Bright field, MitoTracker™ Green FM (green), and mCherry fluorescence 

(red) images of Pdat-1::mCherry + Pttx-3::mCherry worms after treatment with MitoTracker™ Green FM 

dye. MitoTracker fluorescence and the sum of cardiolipins (CL) were measured after treatment with FAC 

and 2 h (B, C) or 24 h (D, E) DEM. MitoTracker fluorescence (B, D) was normalized to mCherry 

fluorescence and untreated control. CL (C, E) were determined via 2D heart-cut HPLC-MS/MS and 

normalized to internal standard (S3), protein content, and untreated control. Shown are the mean + SEM 

of ≥ 3 (CL: 2 h DEM n = 2) independent experiments. Significance is depicted as * compared to 

untreated control. C+: 1 h treatment with 100 µM sodium azide as positive control. 

 

4.3.5 FAC and DEM treatment led to changes in the lipidome 

In addition to CL, numerous PL and SL are part of cellular and cell organelle 

membranes, as well as involved in several signal transduction processes related 

to stress response, cell death, and neuronal function. The distributions of the 9 

PL and 3 SL subclasses, measured in untreated control at both treatment times, 

are shown in Supplementary Figure 46. While no changes in total content of the 

different lipid classes could be observed after 2 h DEM treatment (Figure 20A), 
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FAC, DEM, and the combined treatment after 24 h led to a similar extent to 

increased levels of certain PL and SL subclasses (Figure 20B). After the long-

term treatment, phosphatidylethanolamine (PE), plasmanyl-PE (PE-O), lyso-PE 

(LPE), lysophosphatidylcholine (LPC), sphingomyelin (SM), ceramide (Cer), 

and hexosyl-Cer (HexCer) were affected. In addition, treatment with FAC alone 

and in combination with DEM led to alterations in the distribution of the number 

of double bonds in PE and PC (Supplementary Figure 47). 

 

Figure 20. Relative distribution of phospho- (PL) and sphingolipid (SL) subclasses determined from the 

peak areas. Measurement followed after treatment with FAC and 2 h (A) or 24 h (B) DEM, and areas 

were normalized to protein content and untreated control. Shown are the mean + SEM of ≥ 3 

independent experiments. Significance is depicted as * compared to untreated control. Abbreviations: 

PE phosphatidylethanolamine; PE-O plasmanyl-phosphatidylethanolamine; LPE 

lysophosphatidylethanolamine; PC phosphatidylcholine; LPC lysophosphatidylcholine; PI 

phosphatidylinositol; PS phosphatidylserine; SM sphingomyelin; Cer ceramide; HexCer 

hexosylceramide. 
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However, no changes in MDA content, which is a byproduct of lipid peroxidation, 

could be measured in our study (Supplementary Figure 48). The transcriptome 

analysis shows that several genes of the biosynthesis of Cer, HexCer, SM, PE, 

and PC are affected by DEM treatment, especially after 2 h (Figure 21). 

 

Figure 21. Proteins encoded by DEGs after treatment with FAC and DEM from the biosynthetic 

pathways of A) Ceramide (Cer), hexosylceramide (HexCer), and sphingomyelin (SM), B) 

phosphatidylethanolamine (PE), and C) phosphatidylcholine (PC). C. elegans/human orthologue: 

SPTL-2/SPTLC-2: serine palmitoyl transferase; LAGR-1/CERS-1: sphingosine N-acyltransferase; 

SMS-5/SMS-1: sphingomyelin synthase; CGT-1/UGCG: ceramide glucosyltransferase; GBA-2/GBA-1: 

glucosylceramidase; PCYT-2.1/PCYT-2: ethanolamine-phosphate cytidylyltransferase; CKB-2/CHKB: 

choline kinase. 

 

4.3.6 FAC and DEM affected neuronal endpoints 

Since neurons require a lot of energy and are therefore rich in mitochondria, we 

investigated whether FAC and DEM affect neurotransmitter levels. Treatment 

with FAC led to an increase in acetylcholine levels (Figure 23A), which 

recovered to control levels 24 h post FAC treatment (Figure 23D). While short-

term treatment with DEM led to an increase in serotonin levels (Figure 23B), 

both serotonin and acetylcholine levels were elevated after long-term treatment 

(Figure 23D, E). None of the exposure conditions affected dopamine and 

γ-aminobutyric acid levels (Supplementary Figure 49). 
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Since FAC and DEM affected acetylcholine levels, we investigated whether the 

synaptic transmission rate of acetylcholine in the neuromuscular junction was 

also altered. Therefore, we examined the sensitivity to the acetylcholinesterase 

inhibitor aldicarb, which leads to paralysis of the worms when applied over a 

longer period 273. The short-term treatment with DEM led to a slightly earlier 

paralysis of the worms compared to untreated control (Figure 23C), but this may 

also be due to the lower survival rate (Figure 18A), as no distinction could be 

made between paralyzed and dead worms. Following long-term treatment with 

DEM, a trend for resistance to aldicarb could be observed, which would indicate 

a lower transmission rate of acetylcholine compared to untreated control 

(Figure 23F). Treatment with FAC alone did not lead to any changes in aldicarb 

sensitivity. Short-term treatment with DEM alone and in combination with FAC 

led to DEGs of acetylcholinesterase, acetylcholine receptors, and serotonin 

biosynthesis compared to untreated control (Figure 22). 

 

Figure 22. Proteins encoded by DEGs after short-term treatment with DEM and in combination with FAC 

of A) acetylcholine and B) serotonin-associated genes. C. elegans/human orthologue: UNC-13/UNC-13; 

ACE-2/BCHE: acetylcholinesterase; ACR-18/23: acetylcholine receptor; EAT-2/CHRNA-1: subunit of 

nicotinic acetylcholine receptor; TPH-1/TPH-1/2: tryptophan hydroxylase. 
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Figure 23. Neurotransmitter levels and moving worm fraction of the aldicarb-sensitivity assay after 

treatment with FAC and 2 h (A-C) or 24 h (D-F) treatment with DEM. A, D) Acetylcholine and B, E) 

serotonin levels were measured via HPLC-MS/MS and normalized to internal standard, protein content, 

and untreated control. C, F) Fraction of moving worms after treatment with aldicarb. Shown are the 

mean + SEM of ≥ 3 independent experiments. Significance is depicted as * compared to untreated 

control. 

 

4.4. Discussion and conclusions 

Fe is essential for various biological processes, but in terms of overdosage, it is 

also discussed in context of several diseases, like neurodegenerative diseases, 

particularly those linked to aging. This could be associated with age-related 

weakening of various cellular systems, such as antioxidant defense 81. However, 
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there is a lack of studies addressing the effects of Fe overdosage and a 

decreased antioxidant capacity, especially in terms of affected mechanisms and 

potential counter regulating effects in a living organism. 

First of all, we were able to confirm that FAC treatment led to excess Fe level in 

C. elegans, and we identified adverse effects upon the treatment. By treating L4 

worms with 20 mM FAC for 24 h, we could gain a fivefold enrichment of total Fe 

content compared to untreated control. Although the difference was smaller 24 h 

post FAC treatment, it was still threefold higher compared to control, which is 

probably due to the lack of an active excretion mechanism of Fe 249. Valentini et 

al. treated C. elegans eggs until young adults with 9 mM FAC and measured a 

twofold increase of free Fe(III) using electron paramagnetic resonance. The 

treatment had no effect on lifespan, but increased ftn-1::gfp expression and led 

to decreased resistance to tert-butyl hydroperoxide 179. James et al. achieved 

approximately 50% increased Fe levels after 48 h treatment with 5 mg/mL FAC 

in young adult worms and showed that ftn-2 plays a dominant role in Fe storage 

in C. elegans. FAC treatment resulted in increased FTN-2 stored Fe in this study 

and led to a reduced lifespan in ftn-2 null worms 177,277. The differential 

expression of ftn-1 and the unchanged Fe(II) content after FAC treatment in our 

study suggests that the high amounts of Fe were stored at least to a large extent 

as Fe(III) in this storage protein, which can contain up to 1500 Fe atoms in 

C. elegans 184. Even though no altered gene expression of ftn-2 was measured 

in the transcriptomic analysis, FTN-2 is also expected to be involved in storing 

the excess Fe in our study. PCA analysis shows little variance between the FAC 

treated samples and the untreated controls. This suggests that FAC exposure 

is well buffered and needs only minor changes in gene expression. 

Nevertheless, 24 h post FAC treatment, nematodes showed significantly 

increased PE and PE-O amounts and trends toward higher amounts of SM, Cer, 

and HexCer. These two PL subclasses together form the largest lipid fraction in 

the cell membrane and are therefore important for its function and integrity, 

whereby ether lipids in particular are essential for the fluidity and function of 
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membrane proteins 242. The three SL subclasses are also located in the cell 

membrane and are found primarily in lipid rafts, where they are essential for the 

function of receptors and signaling proteins 278. The composition of lipids is 

therefore of great importance, and changes are often discussed in the context 

of neurodegenerative diseases such as AD. While several studies have 

measured decreased PE levels in the brains of AD patients, some studies have 

found increased SM and Cer levels 279. Wang et al. showed effects of FAC on 

lipid metabolism in C. elegans, as FAC treatment led to increased fatty acid 

uptake by the fatty acid transmembrane transporter ACS-20 and lipid 

accumulation 280. Fe accumulation is also discussed in the context of AD, which 

can become problematic with aging, when Fe homeostasis is no longer well-

regulated 281. Furthermore, FAC treatment led to a slight increase in the 

neurotransmitter acetylcholine, which was at the same level as the untreated 

control 24 h post FAC treatment. Studies in rat brains and in vitro indicate that 

Fe treatment can inhibit acetylcholinesterase activity, which could lead to an 

increase of the neurotransmitter 282,283. In our study, however, FAC does not 

affect the transmission rate of acetylcholine in the neuromuscular junction, as 

no difference between FAC-treated and untreated nematodes could be 

observed in the behavioral assay with aldicarb. In addition to its function as an 

excitatory neurotransmitter in important processes such as muscle contraction, 

acetylcholine is also discussed as a neuromodulator 284. 

We could further identify DEM as a suitable substance to model a lower 

antioxidant capacity in nematodes. With the short-term DEM treatment for 2 h, 

we decreased the GSH level with 20 mM DEM to 30% compared to untreated 

control. Although no alterations could be measured after long-term treatment for 

24 h, the GSH-DEM product was still detected in the samples, as with short-

term treatment. The fact that there are numerous GST genes among the DEGs 

after both treatment times indicates that they catalyze the binding of DEM to 

GSH in C. elegans, which has also been shown in vitro by Kubal et al. 83. The 

DEGs showed upregulated genes of GSH synthesis after both treatment times. 
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This may indicate an increase in GSH production, which could lead to no 

difference in GSH level between long-term DEM treatment and untreated control 

due to counter regulation. While short-term treatment with DEM led to a twofold 

increase in Fe(II) content, this effect could not be observed after long-term 

treatment, when GSH levels were similar to untreated control. Jenkins et al. also 

showed an increase of Fe(II) in C. elegans by treatment with DEM for 6 h and 

described a buffer limit of the organism when 30% of the Fe is present as Fe(II), 

while the Fe(II) content was 41% higher than in untreated control 206. The GSH 

depletion not only promotes the presence of reactive Fe-species but also 

impairs the antioxidant defense, with cells less capable of repairing damage 

caused by RONS. The fact that two out of seven GPX orthologues were 

upregulated after short-term DEM treatment could also be due to increased 

reactive Fe(II) species at this time point, as these may lead to lipid 

peroxidation 258. Although we could not measure alterations in the content of the 

lipid peroxidation byproduct MDA, there were changes in the total contents of 

PE-O, LPE, LPC, SM, Cer, and HexCer, especially after long-term treatment 

with DEM. Transcriptomic analysis showed that DEM treatment led to DEGs in 

the biosynthesis of PE, PC, SM, Cer, and HexCer. Additionally, we detected a 

slight decrease in CL content, which may be associated with slightly lower 

mitochondrial masses after DEM treatment. Since up to 15% of cellular GSH is 

found in the mitochondria and these organelles are exposed to the constant 

formation of RONS, GSH depletion could lead to mitochondrial impairment and 

thus to mitophagy 77. Cornell et al. showed that the mitochondrial stress 

response in the form of unfolded protein response (UPRmt) in C. elegans is 

coordinated by the neurotransmitters γ-aminobutyric acid and acetylcholine 

signaling. They showed that UPRmt induction, measured as HSP-6 expression, 

is associated with the lack of acetylcholinesterase and with elevated systemic 

acetylcholine levels 276. In our study, short-term treatment with DEM led not only 

to decreased mitochondrial masses but also to upregulation of hsp-6, while long-

term treatment resulted in elevated acetylcholine levels and altered aldicarb 
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sensitivity. Additionally, Cornell et al. showed that the lack of the 

acetylcholinesterases ace-1 and ace-2 increased mitochondrial fragmentation, 

and in our study, short-term treatment with DEM led to lower expression of the 

ace-2 gene 276. 

Interestingly, the combined treatment, which was associated with a combination 

of low GSH and increased total Fe and Fe(II) levels, did not lead to significant 

effects compared to DEM or FAC alone for any of the endpoints investigated in 

this study. 

To sum up, C. elegans treatment with FAC affects the acetylcholine level as well 

as PL and SL distributions even after prolonged time without further Fe 

treatment. In addition, it could be shown that increased total Fe levels do not 

necessarily lead to increased reactive Fe(II) species, but treatment with DEM 

and presumably GSH depletion increased Fe(II) species in C. elegans. 

Furthermore, the DEM treatment led to changes in the mitochondria, the PL and 

SL, and the neurotransmitters acetylcholine and serotonin. The transcriptomic 

analysis could support to identify possible key genes involved up or down 

stream in these effects. Overall, we were able to show that C. elegans is a 

suitable organism to model Fe overdosage by FAC and lower antioxidant 

capacity by DEM treatment. The two DEM treatment times indicate acute and 

long-lasting effects. Even if the long-term DEM treatment is not reducing GSH 

levels due to counter regulation, we could identify long-lasting adverse 

consequences for the nematodes. 
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Further work – The Impact of Lip-1 on Endpoints Altered by 

FAC and DEM 

4.8 Introduction 

Ferroptosis is a non-genetically induced cell death characterized by increased 

Fe(II) levels and associated lipid peroxidation.285 Fe is believed to initiate lipid 

peroxidation and to be involved in the reaction of the resulting hydroperoxides 

to alkoxyl radicals.118 Among other GSH-dependent enzymes, GPX4 plays a 

key role in the reaction of lipid hydroperoxides to less reactive alcohols, which 

is why GSH deficiency is also discussed in the context of ferroptosis.125 

Compared to other types of cell death, such as apoptosis and necrosis, 

ferroptosis is less understood, and more research is needed to understand the 

complete mechanism. However, some characteristics are known, including the 

lipid peroxidation and the involvement of GPX4, as well as changes in 

mitochondrial morphology, expression levels of certain genes, and TFR1 

mobilization.3 To identify ferroptotic cell death, several markers should be 

investigated, including markers of lipid peroxidation, but also the suppression of 

this oxidation and thus the prevention of cell death by using ferroptosis 

inhibitors. The arylamine Lip-1 is a synthesized molecule that is highly effective 

in inhibiting ferroptosis as an antioxidant, which has been shown already in 

several studies from human cells, to mice, and C. elegans.206,286,287 The 

mechanism is based on Lip-1 preventing lipid peroxidation by trapping chain-

carrying peroxyl radicals.128 

To investigate whether Lip-1 can rescue the survival rate decreased by FAC 

and DEM, we combined Lip-1 with FAC and DEM treatment. In addition, we 

investigated whether Lip-1 treatment reduces the effects of the combined FAC 

and DEM treatment on the different endpoints. Therefore, as in chapter 4, we 

treated L4 worms with FAC for 24 h and 2 h or 24 h with DEM. In addition, we 

added Lip-1 to the combination of FAC and DEM throughout the whole treatment 

time. 
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4.9 Materials and Methods 

4.9.1 Lip-1 treatment 

Lip-1 (99.88%, Selleck Chemicals) was dissolved in DMSO, and 100 mM 

aliquots were stored at -80 °C. Lip-1 was applied simultaneously with FAC or 

DEM, using 100 µM Lip-1 for 24 h and 40 µM Lip-1 for 2 h treatment. The final 

concentration of DMSO was adjusted to 1% v/v under all conditions. DMSO was 

also added to the control worms, which are referred to as untreated controls in 

the following sections. 

All experiments were performed as described in chapter 4.2. 

4.9.2 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software). T-test with α = 0.05 was used with the following significance levels: 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

4.10 Results and Discussion 

To investigate whether the decreased survival rate after FAC and 2 h DEM 

treatment can be increased by Lip-1, we treated Lip-1 throughout the combined 

treatment period. Survival rate was determined 24 h after treatment and was 

slightly increased after the triple treatment, but still significantly decreased 

compared to untreated control (Figure 24A). Jenkins et al. observed a 

decreased survival rate in day 4 adult C. elegans after 6 h DEM treatment, which 

could be slightly rescued by Lip-1. In their study, L4 worms were treated with 

200 µM Lip-1 for 4 days before being transferred to DEM-containing NGM plates 

for 6 h. In addition, there was no effect of Lip-1 on the decreased GSH levels 

achieved by DEM, and they concluded that ferroptosis was inhibited by Lip-1 

downstream of GSH depletion. However, Lip-1 treatment in their study 

prevented the age-related increase in Fe(II) levels, measured via X-ray 

absorption near edge structure spectroscopy.206 In our study, Lip-1 did not affect 

elevated Fe(II) levels after FAC and 2 h DEM treatment, which we investigated 

using FerroOrange dye (Figure 24B, C). Cañeque et al. showed that Lip-1 
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accumulates in the kidneys of mice and that labeled Lip-1 (cLip-1) co-localized 

intracellularly with a lysosomal marker. In addition, Lip-1 formed complexes with 

FeCl3 in vitro in an acidic environment, as it is found in lysosomes, and cyclic 

voltammetry indicated that Lip-1 alters the redox potential of Fe. They concluded 

that lysosomes, with their acidic environment and reactive Fe species, have high 

potential to catalyze the oxidation of membrane PL and thus play a crucial role 

in ferroptotic cell death.122 

 

Figure 24. A) Survival rate after 24 h following combined treatment with Lip-1, FAC, and 2 h DEM. B, C) 

labile Fe(II) levels measured as FerroOrange fluorescence after combined treatment with Lip-1, FAC, 

and 2 h (B) or 24 h (C) DEM were normalized to worm autofluorescence and untreated control. Shown 

are the mean + SEM of ≥ 3 independent experiments (B) FAC + DEM + Lip n = 2). Significance is 

depicted as * compared to untreated control. 

 

Transcriptomic analysis was performed to investigate whether Lip-1 has an 

impact on gene expression altered by FAC and DEM treatment. After short-term 

treatment, PCA shows no variance between FAC and DEM-treated samples and 
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the combined treatment with Lip-1 (Figure 25A). However, a variance between 

these samples can be observed after long-term treatment (Figure 25B). A 

comparable enrichment of several GO terms from the DEGs was observed with 

and without Lip-1 treatment (Figure 26). However, it is noticeable that GO terms 

associated with ion, cation, and metal binding were enriched among the 

upregulated genes after short-term treatment with FAC and DEM, but not in 

combination with Lip-1. Notably, the GO term ‘iron binding’ is also enriched in 

combination with Lip-1 (Figure 26). This term also includes ftn-1, which is 

upregulated following the combined short- and long-term treatment with Lip-1, 

but not with FAC and DEM alone (Figure 18E). However, Lip-1 had no impact 

on Fe(II) levels at the respective time points (Figure 24B, C). 

 

 

 

Figure 25. Principal component analysis (PCA) of PC1 and PC3 after combined treatment with Lip-1, 

FAC, and 2 h (A) or 24 h (B) DEM. 
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Figure 26. Heat map of a selection of GO terms related to molecular function enriched among the up-

(↑) and down-(↓) regulated DEGs compared to untreated control after combined treatment with Lip-1, 

FAC, and 2 h or 24 h DEM. No GO term could be formed from the down-regulated genes after the 

combined treatment with FAC and 24 h DEM. 

 

Since ferroptotic cell death is associated with mitochondrial alterations, we 

determined the mitochondrial mass using MitoTracker™ green and CL levels 

using a 2D heart-cut HPLC-MS/MS method after triple treatment. Lip-1 

treatment could not rescue the decreased mitochondrial mass after short-term 

FAC and DEM treatment, and the slightly decreased CL levels after long-term 
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FAC and DEM treatment (Figure 27). Since initial measurements showed no 

effect after long-term treatment with Lip-1 on mitochondrial mass, it was not 

investigated further (data not shown). However, CL levels were slightly elevated 

after short-term triple treatment compared to untreated control (Figure 27B). Li 

et al. showed in mouse neuronal hippocampal cells that lipopolysaccharide led 

to mitochondrial fragmentation, which was protected by Lip-1.288 In addition, 

Chen et al. demonstrated in mice morphine-induced shrunken mitochondria in 

soma and axons of spinal cord neurons, which was also protected by Lip-1.289 

In both studies, the substances led to total Fe accumulation in the neuronal cells, 

which was not observed by additional treatment with Lip-1.288,289 Since the 

endpoints were measured in the whole organism in our study, similar effects on 

certain regions of the worm could not be detected. 

 

Figure 27. A) MitoTracker™ green fluorescence after combined treatment with Lip-1, FAC, and 2 h DEM 

was normalized to mCherry fluorescence and untreated control. B, C) CL were determined via 2D heart-

cut HPLC-MS/MS following combined treatment with Lip-1, FAC, and 2 h (B) or 24 h (C) DEM and 

normalized to internal standard, protein content, and untreated control. Shown are the mean + SEM of 

≥ 3 independent experiments. Significance is depicted as * compared to untreated control. 
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Measurement of PL and SL revealed no effect of Lip-1 on most of the lipid 

classes (Figure 28). However, the slightly decreased PS levels after FAC and 

24 h DEM treatment were at control levels after combined treatment with Lip-1 

(Figure 28B). PE and PC are the most abundant lipid subclasses of the 

measured PL and SL. The combined treatment with FAC and DEM led to slight 

alterations in the distribution of double bonds in both classes (Figure 29A – D). 

After short-term treatment with FAC and DEM, both PEs and PCs had slightly 

decreased lipid levels in the 7 double bonds group (Figure 29A, C), and after 

long-term treatment, there were slightly decreased levels of PCs with 9 double 

bonds (Figure 29D). On the other hand, there was a slight increase in lipids with 

few double bonds, which, after short-term treatment, were PCs with one double 

bond (Figure 29C) and, after long-term treatment, PEs with 3 and PCs with 0 

double bonds were also increased (Figure 29B, D). The triple treatment with 

Lip-1 had no impact on these effects. The decrease of higher PUFAs could be 

caused by lipid peroxidation, as these are more susceptible to it than lipids with 

fewer double bonds.290 However, no alterations of MDA levels were measured 

after FAC and DEM treatment (Supplementary Figure 48), and the unaltered 

lipid levels after Lip-1 treatment also indicated a different mechanism.  
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Figure 28. A, B) Relative distribution of PL and SL subclasses determined from the peak areas. 

Measurement followed combined treatment with Lip-1, FAC, and 2h (A) or 24 h (B) DEM, and areas 

were normalized to protein content and untreated control. Shown are the mean + SEM of ≥ 3 

independent experiments. Significance is depicted as * compared to untreated control. Abbreviations: 

PE phosphatidylethanolamine; PE-O plasmanyl-phosphatidylethanolamine; LPE 

lysophosphatidylethanolamine; PC phosphatidylcholine; LPC lysophosphatidylcholine; PI 

phosphatidylinositol; PS phosphatidylserine; SM sphingomyelin; Cer ceramide; HexCer 

hexosylceramide. 
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Figure 29. Distribution of PE (A, B) and PC (C, D) based on the degree of saturation after combined 

treatment with Lip-1, FAC, and 2 h (A, C) or 24 h (B, D) DEM. Shown are the mean + SEM of ≥ 3 

independent experiments. Significance is depicted as * compared to untreated control. 
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Treatment with FAC and DEM led to DEG of elongases (elo-2, elo-9), 

desaturases (fat-5, fat-6), and acetyl-CoA synthetases (acs-2, acs-3, acs-6) 

after both treatment times (Table 3). The combined treatment with Lip-1 

additionally altered the gene expression of acs-6 and acs-7 after short-term 

treatment (Table 3). Elongases extend the carbon chain of fatty acids (FA), 

thereby providing the potential for additional double bonds, whereas 

desaturases introduce double bonds into the FA structure.291 Acetyl-CoA 

synthetases, on the other hand, modify FA so that they can be incorporated into 

lipid classes such as PL and SL.292 Alterations in gene expression suggest that 

both the distribution of lipid classes and the number of double bonds could be 

at least partly genetically regulated. 

Table 3. Up- and downregulated gene expression of elongases, desaturases, and acetyl-CoA 

synthetases after FAC and DEM alone (FAC + DEM) or combined with Lip-1 treatment (FAC + DEM + 

Lip-1) and compared to untreated control. 

Gene expression 
short-term long-term 

FAC + DEM + Lip FAC + DEM + Lip 

up-regulated elo-9 
elo-9 

acs-6 

fat-6 

acs-6 

fat-6 

acs-6 

down-regulated 

elo-2 

fat-5 

acs-3 

elo-2 

fat-5 

acs-3 

acs-7 

acs-2 - 

 

Neurotransmitter levels, measured via HPLC-MS/MS, were unchanged after 

triple treatment compared to combined short- and long-term treatments with 

FAC and DEM (Figure 30). Yong et al. demonstrated that Lip-1 can positively 

impact the behavior of C. elegans models of AD. In their study, L1 worms of the 

strain CL4176 (expressing human Aβ1-42 in its muscle cells) were treated with 

200 µM Lip-1 for 24 h, and the paralysis rate was determined, which was 

decreased after Lip-1 treatment compared to untreated control. In the BR5270 

strain (over-expression of the F3 pro aggregation fragment of human Tau 



Further work – The Impact of Lip-1 on Endpoints Altered by FAC and DEM 

 

94 
 

protein), 48 h treatment with Lip-1 resulted in the same slowing rate as in the 

control, which was lower in the BR5270 strain.293 Sarparast et al. showed no 

effect of Lip-1 on age-related degeneration of dopaminergic neurons in 

Pdat-1::gfp expressing worms, but a rescuing effect of Lip-1 on the degeneration 

caused by treatment with dihomo gamma linolenic acid. However, they also 

showed that apoptotic cell death also plays a role here, as the knockout of ced-3 

and the resulting lack of apoptosis led to less degeneration in the dopaminergic 

neurons and was fully rescued by Lip-1. Treatment was carried out in L4 until 

day 1 or day 8 adult worms on NGM plates coated with 250 µM Lip-1 and active 

OP50 E. coli.294 These studies demonstrated that Lip-1 may have a positive 

effect at neuronal level, but did not measure the effect on neurotransmitter 

levels.  

 

Figure 30. A, B) Neurotransmitter levels measured via HPLC-MS/MS following combined treatment with 

Lip-1, FAC, and 2 h (A) or 24 h (B) DEM were normalized to internal standards, protein content, and 

untreated control. Shown are the mean + SEM of ≥ 3 independent experiments. Significance is depicted 

as * compared to untreated control. 
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4.11 Conclusion and further perspectives 

The combined treatment with FAC and DEM led to alterations in survival rate, 

Fe(II) level, mitochondrial mass, PL and SL distribution, and neurotransmitter 

level. Changes in most of these endpoints are discussed in the context of 

ferroptosis.3 Nevertheless, lipid peroxidation is one of the most important 

hallmarks of ferroptosis, and the associated formation of MDA was not altered 

after FAC and DEM treatment in our study (Supplementary Figure 48). We 

investigated whether treatment with FAC and DEM and the associated Fe 

overdosage and GSH depletion led to ferroptotic cell death and which endpoints 

may be involved. The well-established ferroptosis inhibitor Lip-1 slightly 

increased the survival rate, reduced by FAC and DEM, which could indicate a 

partial role of ferroptosis. Nevertheless, Lip-1 did not significantly rescue any of 

the effects we investigated. This could also be because ferroptosis is not the 

only or main type of cell death in our study that led to a reduced survival rate. It 

is often observed that several types of cell death can occur simultaneously.106 

Although Lip-1 has been shown to impact Fe(II) levels, mitochondrial 

morphology, and neuronal endpoints in other studies, these studies often used 

other organisms, substances to induce ferroptosis, or treatment conditions for 

Lip-1. For further investigation, additional ferroptosis markers such as 

peroxidized lipids, 4-HNE, or GPX expression could be examined. Studies on 

other types of cell death could also provide further insight into the consequences 

of Fe overdosage and GSH depletion.  
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Abstract 

While copper (Cu) is an essential trace element for biological systems due to 

its redox properties, excess levels may lead to adverse effects partly due to 

overproduction of reactive species. Thus, a tightly regulated Cu homeostasis 

is crucial for health. Cu dyshomeostasis and elevated labile Cu levels are 

associated with oxidative stress and neurodegenerative disorders, but the 

underlying mechanisms have yet to be fully characterized. Here, we used 

Caenorhabditis elegans loss-of-function mutants of the Cu chaperone atox-1 

and Cu storage protein ceruloplasmin to model Cu dyshomeostasis, as they 

display a shifted ratio of total Cu towards labile Cu. We applied highly 

selective and sensitive techniques to quantify metabolites associated to 

oxidative stress with focus on mitochondrial integrity, oxidative DNA damage 

and neurodegeneration all in the context of a disrupted Cu homeostasis. Our 

novel data reveal elevated oxidative stress, compromised mitochondria 

displaying reduced ATP levels and cardiolipin content. Cu dyshomeostasis 

further induced oxidative DNA damage and impaired DNA damage response 

as well as neurodegeneration characterized by behavior and 

neurotransmitter analysis. Our study underscores the essentiality of a tightly 

regulated Cu homeostasis as well as mitochondrial integrity for both genomic 

and neuronal stability.  
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Chapter 5 – Dysfunctional Copper Homeostasis in 

Caenorhabditis elegans affects neuronal and genomic 

stability 

 

Figure 31. Graphical abstract of: Dysfunctional Copper Homeostasis in Caenorhabditis elegans affects 

neuronal and genomic stability 

 

5.1. Introduction 

Copper (Cu) is an essential trace element and micronutrient, participating in 

many physiological pathways as an enzyme cofactor 295. Due to the overuse of 

Cu-containing chemicals and fungicides in industry and agriculture, Cu is 

increasingly introduced into the environment, leading to a global concern 296. 

When exceeding the physiological range, Cu leads to the formation of reactive 

oxygen and nitrogen species (RONS) due to its redox activity, which may affect 

macromolecules such as lipids or the DNA 297. Therefore, a tightly regulated Cu 

homeostasis is crucial, since a Cu imbalance has been reported to induce 

oxidative stress as well as neurodegeneration 298,299. In a previous study, we 

demonstrated that a dysregulated Cu homeostasis results in elevated labile Cu 

levels in Caenorhabditis elegans (C. elegans) 188. Besides total Cu levels and 
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the activity of the Cu storage protein ceruloplasmin, labile Cu is discussed to be 

an additional marker for Cu status, as it is readily available for cellular uptake 

300. As previously shown, a Cu imbalance leads to a shift from bound Cu towards 

pools of labile Cu 188, which is associated with the loss of antioxidant defense, 

impaired energy production and in turn mitochondrial deficits 298. Indeed, 

Alzheimer’s disease (AD) has been posited to result from Cu imbalance based 

on a correlation between brain Cu levels and the prevalence of AD 301. The 

underlying mechanisms remain unknown, but are often linked to oxidative 

stress, which is induced by an imbalance of RONS and antioxidants 302. Cells 

are equipped with a variety of enzymes and small molecules for antioxidative 

defenses 197. Reduced and oxidized glutathione are key markers for oxidative 

stress 197,302. As previously stated, RONS can damage macromolecules, such 

as lipids. Malondialdehyde (MDA), a degradation product of lipid peroxidation of 

polyunsaturated fatty acids is a common biomarker of oxidative stress 303. A 

unique type of phospholipid class, exclusively present in mitochondria, are 

cardiolipins (CL) 304. CLs have recently emerged in the focus of 

neurodegenerative diseases, as a reduction in CL levels has been linked to 

oxidative stress and mitochondrial dysfunction in AD 305. Wilson’s disease (WD), 

a Cu metabolism disorder resulting in neurological deficits, is characterized by 

a mutation in the Atp7b gene. This results in non-expression of the Cu exporter 

protein Atp7b, thereby leading to Cu accumulation, primarily in the liver, but also 

in the brain 299. Studies reveal a progressive degradation of CLs in liver 

mitochondria of a WD mouse model (Atp7b-/-) 306, which underlines the link 

between CLs and the pathogenesis of neurodegenerative diseases 304. Massive 

RONS formation induced by Cu may further increase DNA lesions. An induction 

of DNA damage in response to elevated brain Cu levels was observed in AD, 

Parkinson’s disease (PD), as well as in WD 307. However, the mode of action of 

Cu-induced toxicity and neurotoxicity is still under debate.  
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This study aims to investigate the molecular mechanisms of labile Cu redox 

biology using the model organism C. elegans. The nematode is a  

well-established model to examine metal-induced oxidative stress and 

neurotoxicity 213. In addition, C. elegans conserved similar proteins related to 

the mammalian Cu metabolism, making it suitable for its investigation. 

Furthermore, we recently demonstrated that the nematode can model Cu 

homeostasis. Our previous study revealed that deletion mutants lacking the 

intracellular Cu chaperone atox-1 and the Cu storage protein ceruloplasmin take 

up less total Cu, but display elevated levels of labile Cu compared to wildtype 

worms 188. Our aim is to elucidate the toxic mechanisms upon a disrupted Cu 

homeostasis regarding oxidative stress, with special focus on mitochondrial 

integrity in terms of energy-related nucleotides such as ATP, as well as total CL 

levels and the CL profile. Furthermore, the consequences of oxidative stress on 

genomic and neuronal stability due to Cu dyshomeostasis in C. elegans will be 

investigated. 

5.2. Material and Methods 

5.2.1. C. elegans handling and treatment 

C. elegans strain Bristol N2 (wildtype) and TJ356 (daf-16::GFP) were obtained 

from the Caenorhabditis Genetics Center (CGC, Minneapolis, USA), which is 

funded by the National Institutes of Health Office of Research Infrastructure 

Programs. Additionally, deletion mutants (Δ) tm1220 (atox-1Δ) and tm14205 

(ceruloplasminΔ) were obtained from the Mitani Lab at Tokyo Women’s Medical 

University. All strains were cultivated on 8P and NGM agar plates, which have 

been coated with Escherichia coli (E. coli) and maintained at 20 °C as previously 

described 160. All experiments were performed using synchronous worms 308, 

which were placed on NGM agar plates until L4 larval stage. L4 stage worms 

were treated with Cu-enriched inactivated E. coli (CuSO4 ≥99.99%, Sigma 

Aldrich) on NGM plates for 24 h up to 2 mM for every experiment as previously 

shown 188. Optionally, 100 mM paraquat (PQ)-enriched E. coli for 24 h (Sigma 
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Aldrich) or 6.5 mM tert-butyl hydroperoxide (t-BOOH)  

(Sigma Aldrich) for 1 h in 85 mM NaCl solution were used as positive controls, 

but in wildtype worms only to verify assay procedures.  

5.2.2. daf-16 translocalization in daf-16::GFP mutants 

Worm strain daf-16::GFP was used to assess daf-16 translocalization by 

fluorescence microscopy. After Cu treatment, worms were transferred to  

4% agarose pads on microscope slides and anesthetized using 5 mM 

levamisole (Sigma-Aldrich). Analysis was performed using DM6 B fluorescence 

microscope and the Leica LAS X software (Leica Microsystem GmbH). GFP 

localization was assessed and categorized as 1) present in cytosol, 2) as 

intermediate or 3) localized into nucleus. For each experiment, ~ 25 worms were 

analyzed for each condition.  

5.2.3. Gene expression via quantitative real-time PCR analysis 

For gene expression assessment, RNA was isolated in pellets containing 500 

worms as previously published using the Trizol method 226, which was 

transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Thermo Fisher Scientific) as stated in the manufacturer’s protocol. 

Quantitative real-time PCR was carried out using TaqMan Gene Expression 

Assay probes (Applied Biosystems, Thermo Fisher Scientific) on an AriaMx 

Real-Time PCR System (Agilent). For normalization by the comparative 2-ΔΔCt 

method, we used AFDN homolog afd-1 as housekeeping gene 227. The following 

probes were used: afd-1 (Ce0241573_m1), sod-1 (Ce02434432_g1), sod-4 

(Ce02451138_g1), skn-1 (Ce02434432_g1), bli-3 (Ce02413442_m1), mpk-1 

(Ce02445290_m1), pmk-1 (Ce02456381_g1), nsy-1 (Ce02432208_g1), daf-16 

(Ce02422838_m1), gcs-1 (Ce02436726_g1), pme-1 (Ce02415136_m1) and 

pme-2 (Ce02437339_g1). 

5.2.4. Glutathione (GSH and GSSG) levels quantification by HPLC-MS/MS 

Reduced (GSH) and oxidized (GSSG) glutathione levels were assessed by 

liquid-chromatography tandem-mass spectrometry (HPLC-MS/MS). Following 
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Cu treatment, pellets were prepared by centrifugation of 1000 worms in 100 µL 

85 mM NaCl. Sample preparation and GSH/GSSG analysis was performed as 

previously published 232.  

5.2.5. HPLC-DAD analysis of energy-related adenine and pyridine 

nucleotides  

Sample preparation as well as analysis by ion-pair reversed phase HPLC were 

performed according Bornhorst et al. 269. 2000 worms were pelletized per 

condition in 100 µL 85 mM NaCl and immediately prepared as stated. The 

analysis was performed on an Agilent 1260 Infinity II liquid chromatography 

system with a photodiode array detector (DAD). Nucleotide contents were 

evaluated by external calibration of standard solutions of adenosine 

triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate 

(AMP), nicotinamide adenine dinucleotide phosphate (NADPH) and 

nicotinamide adenine dinucleotide (NADH and NAD+). Detection by DAD was 

performed at 259 nm and data analysis was carried out using the OpenLab 

(version 3.6) software (Agilent).  

5.2.6. Quantification of malondialdehyde 

Unbound and bound MDA were determined by high performance liquid 

chromatography with fluorescence detection (HPLC-FLD). The sample 

preparation was based on Grintzalis et al. 309 and optimized for C. elegans 

matrix. Phosphate buffer (3.54 g/L KH2PO4, 7.24 g/L Na2HPO4, pH 7.0) was 

stored at 4 °C. Following pelletizing of 2000 worms in 100 µL 85 mM NaCl, 

200 µL phosphate buffer and 1.5 µL 0.1 M 2-and-3-tert-butyl-4-hydroxyanisol 

(BHA) (Sigma Aldrich) were added and the pellet was stored at -80 °C up to one 

week. Samples were homogenized by 3 × freeze-thaw cycles (1 min liquid 

nitrogen,  

1 min 37 °C), 3 × sonication with an ultrasonic probe (20 sec, cycle 1, amplitude 

100%; UP100H, Hielscher) and in an ultrasonic bath (5 min). After centrifugation 

(5 min, 18620 rcf, 4 °C), 30 µL were transferred for protein measurement. 63 µL 
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of 100 % trichloroacetic acid (TCA) (Carl Roth) were added, following 5 min 

incubation on ice. Samples were centrifuged (15 min, 20000 rcf, 4 °C) and the 

entire supernatant (unbound MDA fraction) was transferred to a new tube and 

stored on ice until further use. For alkaline hydrolysis, 250 µL 1 M NaOH were 

added to the remaining pellet and incubated for 30 min at 60 °C. The hydrolyzed 

samples (bound MDA fraction) were cooled on ice and 25 µL conc. HCl was 

added. 1,1,3,3-Tetramethoxypropane (TMP) (Sigma Aldrich) was used for 

external calibration (20 – 500 nM), which forms an MDA-TBA product by 

derivatization with 2-Thiobarbituric acid (TBA) (Sigma Aldrich). For 

derivatization, 12.5 g/L TBA solution was prepared just before use by mixing 

solution A (100 % TCA, conc. HCl, ratio 5:1) and solution B (25 g/L TBA in  

0.2 M NaOH) in a ratio of 1:1. 50 µL 12.5 g/L TBA and 3 µL 0.1 M BHA were 

added to 200 µL of each a) unbound, b) bound MDA sample and c) TMP 

calibration solution. All solutions were heated at 100 °C for 20 min and 300 µL 

butanol was added after cooling. Following centrifugation (5 min, 20 000 rcf,  

4 °C), MDA levels were analyzed in an aliquot of the 1-butanol phase. Settings 

for the HPLC-FLD analysis as well as method validation parameters are listed 

in the Supplementary.  

5.2.7. Cardiolipin levels and distribution by 2D-LC-HRMS 

Cardiolipins were analyzed by 2D-HPLC-HRMS analysis. A detailed overview 

of the sample preparation and instrument parameters is listed in the 

Supplementary. 

5.2.8. 8oxodG measurement via ELISA 

8-oxoguanine (8oxodG) has been quantified by the OxiSelectTM Oxidative DNA 

Damage ELISA kit (Cell Biolabs). 2000 worms were treated with Cu and 

pelletized as stated above. In the first step, DNA was isolated of each sample 

using the Qiagen Tissue and Blood DNA extraction kit, following the 

manufacturer’s instruction. The amount of DNA was quantified by NanoDrop 

measurements and portioned in 40 µg aliquots, which were dried. In the second 
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step, DNA was hydrolyzed by enzymes to obtain mononucleotides as described 

by Nicolai et al. 310. As third step, 8-oxodG measurement was performed 

according the above-mentioned manufacturer’s kit instructions. 

5.2.9. HPLC-MS/MS analysis of PARylation levels  

Sample preparation for poly-(ADP-ribose) (PAR) extraction was done in pellets 

of 1000 worms and according 310. Analysis was performed by HPLC-MS/MS 

using an Agilent 1290 Infinity II liquid chromatography system (Agilent, 

Waldbronn, Germany), which is coupled to a Sciex QTRAP 6500+ triple 

quadrupole mass spectrometer (Sciex, Darmstadt, Germany). PAR 

quantification was assessed as described in 310, with minor changes in 

chromatography: Chromatographic separation was performed using a Hypersil 

Gold aQ 150 x 2.1 mm and corresponding 10 x 2.1 mm pre-column. Elution was 

carried out with bidistilled water + 0.1% formic acid (FA) and acetonitrile +  

0.1% FA and a flow of 0.3 mL/min. Total run time was 5 min, starting with  

0 – 25% of ACN in 2.5 min, to 100% ACN in 0.5 min, 100% ACN for 1 min, 

following re-equilibration to 0% ACN. Results were normalized to DNA content 

determined by Hoechst method 228.   

5.2.10. Neurotransmitter quantification via HPLC-MS/MS 

Dopamine, serotonin, γ-amino butyric acid and acetylcholine levels were 

determined by HPLC-MS/MS. Pellets of 1000 worms per 50 µL 85 mM NaCl 

were prepared after Cu incubation. Samples were added with 100 µL extraction 

buffer, processed and analyzed according to 213. Results were normalized to 

protein content analyzed by BCA assay (Sigma-Aldrich).  

5.2.11. Aldicarb-induced paralysis assay 

The assay is based on Mahoney et al. 311 and was performed as previously 

published 213. Plates with 2 mM aldicarb (stock solution in 70% EtOH) were 

always prepared fresh and the assay was performed as a blinded experiment at 

all times. 



Chapter 5 – Dysfunctional Copper Homeostasis in Caenorhabditis elegans 
affects neuronal and genomic stability 

 

105 
 

5.2.12. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software, La Jolla, USA) using 2-way ANOVA with Tukey’s multiple comparison 

or impaired t-test for one-to-one comparison. Significance level with α = 0.05:  

*: p ≤ 0.05; **: p ≤ 0.01 ***: p ≤ 0.001 compared to untreated control and  

§: p ≤ 0.05 §§: p ≤ 0.01 and §§§: p ≤ 0.001 compared to wildtype in same 

condition. 

5.3. Results 

5.3.1. daf-16 translocation visualized by daf-16::GFP fluorescence 

microscopy and mRNA levels of mitogen-activated protein kinases 

Protein kinases activated by stress, such as c-Jun N-terminal kinases (JNK) and 

p38 mitogen-activated kinases (MAPK), can stimulate Forkhead box O-class 

proteins (FoxO) expression and translocation from cytosol to nucleus, where it 

acts as transcription factor participating in DNA repair, RONS detoxification and 

apoptosis (Figure 32A) 238. The homolog of human FOXO4 is daf-16 in  

C. elegans, which can be visualized in the transgenic strain daf-16::GFP by 

fluorescence microscopy (Figure 32B). 24 h treatment with CuSO4 or PQ used 

as positive control leads to a significant translocation of daf-16 from cytosol into 

the nucleus (Figure 32C). Furthermore, we examined mRNA levels of 

daf-16/FOXO4 itself, but also representatives of MAPK’s subgroups p38, JNK 

and ERK1/2 (extracellular signal-regulated kinases): pmk-1/MAPK11,  

nsy-1/MAP3K5 and mpk-1/MAPK1. Gene expression of daf-16/FOXO4 as well 

as of the p38 and JNK kinases pmk-1/MAPK11 and nsy-1/MAP3K5 are not 

altered due to Cu treatment (Supplementary Figure 51), while ERK1/2 MAP 

kinase mpk1/MAPK1 is upregulated in wildtype worms in a dose-dependent 

manner (Figure 32D). Cu does not elevate mRNA levels of mpk-1/MAPK1 in 

atox-1 and ceruloplasmin-deficient worms, but basal levels are already 

increased to the level of Cu-treated wildtype worms. 



Chapter 5 – Dysfunctional Copper Homeostasis in Caenorhabditis elegans 
affects neuronal and genomic stability 

 

106 
 

 

Figure 32. (A) Schematic daf-16 translocation from cytosol into the nucleus under oxidative stress 

conditions. (B) Exemplary fluorescence images of worms displaying cytosolic, intermediate or nuclear 

localized daf-16 in mutant worm daf-16::GFP. (C) daf-16 localization [%] of worms treated 24 h with 

CuSO4 or PQ as positive control (C+). Presented are mean values of n = 3 (N = 25) independent 

experiments + SEM. (D) Relative mRNA levels of mpk-1/MAPK1 following 24 h Cu incubation. Data 

presented are mean values of n = 4 independent experiments + SEM. 

 

5.3.2. Reduced and oxidized glutathione, gcs-1/GCLC mRNA levels and 

energy-related nucleotides 

As a marker for the antioxidative capacity, reduced (GSH) and oxidized (GSSG) 

glutathione were quantified by HPLC-MS/MS. Cu exposure (2 mM) significantly 

reduced GSH levels by 23% in wildtype worms, 34% in atox-1 and 38% in 

ceruloplasmin deletion mutants (Figure 33A). Inversely, Cu elevates oxidized 

GSSG levels in all strains (Figure 33B), however, ceruloplasmin-deficient worms 

display significantly lower GSSG levels after 2 mM Cu treatment compared to 

wildtype worms. Gcs-1/GCLC, which is involved in GSH synthesis, is not altered 

upon Cu incubation in C. elegans, but mutants with impaired Cu homeostasis 

display elevated mRNA levels (Figure 33C). Energy-related nucleotides of 

interest, namely ATP, ADP, AMP, NADPH, NADH and NAD+ were assessed by 

HPLC-DAD analysis (Figure 33D-I). For all analytes tested, no alterations were 

detected by Cu treatment in wildtype worms. On the other hand, altered 

nucleotide levels were observed for the mutants displaying Cu dyshomeostasis, 

with ceruloplasmin-deficient worms seem to be specifically affected. 

Ceruloplasmin deletion mutants displayed reduced ATP levels compared to 
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wildtype worms, which are further reduced following Cu incubation. 

Furthermore, ADP and AMP levels were increased by Cu in atox-1 as well as 

ceruloplasmin mutants. While NADPH levels were elevated in atox-1-deficient 

worms, they were significantly reduced in ceruloplasmin-deficient worms. 

Moreover, both mutants contained lesser NADH levels compared to wildtype 

worms, and this effect was more pronounced in ceruloplasmin-deficient worms 

and was further exacerbated by Cu treatment. In addition, ceruloplasmin-

deficient worms showed increased NAD+ levels following Cu treatment. 

 

Figure 33. (A) GSH and (B) GSSG levels normalized to wildtype control [%]. (C) Relative mRNA levels 

of gcs-1/GCLC. Levels of (D) ATP, (E) ADP, (F) AMP, (G) NADPH, (H) NADH and (I) NAD+ compared 

to wildtype control [%]. PQ was used as positive control (C+) in wildtype worms. Data presented are 

mean values of n ≥ 4 independent experiments + SEM. 
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5.3.3. Malondialdehyde quantification and total cardiolipin levels and 

distribution 

Using alkaline hydrolysis, unbound MDA as well as bound MDA, for example 

bound to proteins or DNA, were assessed. Our data reveal no alterations 

induced by Cu or t-BOOH on the amount of bound MDA (Supplementary 

Figure 53). However, unbound MDA levels increased significantly by t-BOOH in 

wildtype worms as well as by Cu treatment in the deletion mutants atox-1 and 

ceruloplasmin (Figure 34A). CLs are exclusively found in mitochondria and are 

fundamental for the mitochondrial membrane 305. Our data showed no significant 

alterations in the CL profile induced by Cu supplementation in the tested worm 

strains but of the total CL content in the deletion mutant ceruloplasmin was 

reduced compared to wildtype worms (Figure 34B). Furthermore, our data 

revealed no alterations induced either by Cu supplementation or genetic Cu 

dyshomeostasis on the relative distribution of CL species with respect to chain 

length and the degree of saturation (Figure 34C and Supplementary Figure 54).  
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Figure 34. (A) MDA levels (unbound) normalized to wildtype control [%].(B) Total CL levels normalized 

to protein content and to wildtype control [%]. Data presented are mean values of n ≥ 3 independent 

experiments + SEM. (C) Representative distribution of CL species in terms of chain length and degree 

of saturation for untreated wildtype worms. t-BOOH was used as positive control (C+) in wildtype worms. 

 

5.3.4. Oxidative DNA damage (8oxodG), DNA damage response 

(PARylation) and pme/PARP mRNA levels 

We assessed levels of 8-oxoguanine (8oxodG), which is the most common DNA 

lesion initialized by RONS 312, as well as poly-(ADP-ribosylation) (PARylation) 

as a marker for DNA damage response. Data reveal increased 8oxodG levels 

for ceruloplasmin-deficient worms up to 350% following 2 mM Cu treatment, 

while wildtype and atox-1-deficient worms remained unaffected (Figure 35A). 

PAR levels showed no alterations in wildtype and ceruloplasmin mutants due to 

Cu supplementation. In contrast, untreated atox-1 mutants displayed reduced 

PAR levels compared to wildtype worms, but increased PARylation following Cu 

treatment (Figure 35B). Furthermore, mRNA levels of NAD+-dependent poly 
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(ADP-ribose) polymerases (PARP), were examined (Figure 29C+D). While 

pme-1/PARP1 remained unchanged, pme-2/PARP2 was downregulated to 

about 50% in untreated atox-1-deficient mutants compared to wildtype worms, 

yet it was upregulated in response to Cu treatment. 

 

Figure 35. Relative (A) 8oxodG and (B) PARylation levels normalized to wildtype control Relative mRNA 

levels of (C) pme-1/PARP1 and (D) pme-2/PARP2 following 24 h Cu incubation. Data presented are 

mean values of n = 4 independent experiments + SEM. [%]. As positive control (C+) t-BOOH was used 

in wildtype worms. 

5.3.5. Quantification of neurotransmitters DA, SRT, GABA and ACh levels 

and aldicarb-induced paralysis assay 

HPLC-MS/MS-based quantification of the four neurotransmitters DA, SRT, 

GABA and ACh revealed different quantities of all analytes in C. elegans (Figure 

36A-D). Untreated wildtype worms in young adult stage displayed 2.89 ng DA, 

0.78 ng SRT, 529 ng GABA and 11.21 ng ACh each per mg of protein. Cu 

treatment failed to alter levels of all tested neurotransmitters compared to 

untreated controls in wildtype worms. In addition, in ceruloplasmin-deficient 
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worms, Cu failed to induce any alterations in neurotransmitter levels, however, 

mutant strain ceruloplasmin displayed significantly reduced GABA levels 

compared to the wildtype. In contrast, atox-1-deficient worms had the similar 

basal levels of neurotransmitters in comparison to wildtype worms, but levels of 

DA, SRT, GABA and ACh were reduced upon treatment with 2 mM Cu for 24 h. 

The aldicarb-induced paralysis assay was used to examine alterations in the 

synaptic transmission rate at the neuromuscular junction in C. elegans 311,313. 

Results revealed significant differences between wildtype and ceruloplasmin-

deficient worms, as they displayed aldicarb resistance starting at 240 min 

aldicarb treatment compared to wildtype worms (Figure 36E). Cu failed to alter 

the aldicarb-induced paralysis (Supplementary Figure 55) and thus did not lead 

to changes in the synaptic transmission rate at the neuromuscular junction. 

 

Figure 36. Neurotransmitter levels in ng per mg protein in C. elegans quantified via HPLC-MS/MS. 

Assessed were levels of (A) DA, (B) SRT, (C) acid GABA and (D) ACh. Aldicarb-induced paralysis assay 

in (E) untreated wildtype (light grey), atox-1Δ (dark grey) and ceruloplasminΔ (black) worms. Plotted are 

the fraction of moving worms [%] against the assay procedure time [min]. Data presented are mean 

values of n ≥ 4 independent experiments ± SEM. 
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5.4. Discussion 

Cu is an essential trace element, but is toxic when exceeding the homeostatic 

range, leading to oxidative stress 314. Especially labile Cu, namely readily 

available Cu, is redox active and associated with neurodegenerative diseases, 

such as Wilson’s disease (WD), Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) 298,299. However, the exact underlying mechanisms of Cu toxicity 

and neurotoxicity are poorly understood. It is therefore of paramount importance 

to shed light on molecular mechanisms of (labile) Cu-induced oxidative stress 

and neurotoxicity, which was addressed herein. We used C. elegans mutants 

with a disrupted Cu homeostasis and quantified, by a variety of highly specific 

and sensitive techniques, oxidative stress-related metabolites. Worm mutants 

lacking Cu chaperone atox-1 or Cu storage protein ceruloplasmin display 

elevated labile Cu levels, which was characterized in detail in our previous 

work 188. 

MAP kinases induced by, among others, oxidative stress activate transcription 

factors like skn-1/NRF2 or daf-16/FOXO4, which then translocate into the 

nucleus to induce apoptosis, antioxidative defense or DNA repair 315. Cu 

treatment led to a significant activation and translocalization of daf-16/FOXO4 

in a concentration-dependent manner, corroborating earlier studies 316 and 

similar effects by other divalent metals like manganese (Mn) 317. mRNA levels 

of daf-16/FOXO4 remained unaffected after 24 h. However, as this is one of the 

first pathways affected by RONS, mRNA levels may have returned to normal. 

Urban et al. investigated gene expression levels of the antioxidant defense 

system over a time period of 10 days and display different time frames of  

up- and downregulation of genes related to oxidative stress 318. Other studies 

reported Mn- and zinc-induced oxidative stress and neurotoxicity, but in that 

scenario daf-16/FOXO4 mRNA levels were unaffected as well 224. Gene 

expression studies of representatives of the MAPK family revealed Cu-induced 

increase in mpk-1/MAPK1 levels in wildtype worms, as well as altered basal 
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levels in both deletion mutants of atox-1 and ceruloplasmin. He et al. corroborate 

these findings by displaying Cu-mediated cell death via p38 MAPK activation in 

vascular endothelial cells 319, while Wang et al. report the absence of  

Cu-induced apoptosis in C. elegans loss-of-function mutants of JNK and p38 

MAP kinases 320, indicating the participation of MAPKs in the regulation of Cu-

induced oxidative stress. 

Cu overload increases the formation of RONS and leads to oxidative stress, 

which alters, among others, SOD or GPX activity, which then leads to oxidative 

stress 296,297. It was shown that the GSH/GSSG ratio is reduced by Cu 

nanoparticles 319, supporting our data of reduced GSH and increased GSSG 

levels following Cu treatment. Notably, GSH levels were reduced by 23% in 

wildtype worms, whereas by 38% in ceruloplasmin-deficient worms, indicating a 

higher demand or consumption. A higher demand results in an increased 

synthesis 321, mediated by increased mRNA levels of gcs-1/GCLC in 

ceruloplasmin- and atox-1-deficient mutants. As stated above, Cu mediates p38 

downstream activation of transcription factors like daf-16/FOXO4 or  

skn-1/NRF2, which activates gcs-1/GCLC expression 197. GSH synthesis is 

ATP-dependent 322, potentially reducing ATP levels in ceruloplasmin-deficient 

worms, which are even further lowered by Cu treatment. Baldissera et al. also 

showed reduced hepatic ATP levels by Cu in Cichlasoma amazonarum 323. In 

turn, levels of ADP and AMP, which are formed during ATP consumption 324, 

are increased by Cu supplementation in atox-1- and ceruloplasmin-deficient 

worms. In addition to GSH, Cu also alters GSSG levels in wildtype and atox-1 

mutants, but significantly less in ceruloplasmin-deficient worms. This may 

indicate a higher rate of recycling or reducing GSSG back to GSH. This process 

is, among several others, NADPH-dependent, and is decreased in 

ceruloplasmin-deficient worms. Although this could be a possible explanation, it 

is noteworthy that energy-related nucleotides take part in other metabolic 

pathways as well. Thus, NAD+ is formed in the GSH/GSSG cycling, which gets 
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elevated by Cu treatment in ceruloplasmin-deficient worms. The Cu-sensing 

transcription factor Mac1 activates BNA expression and in turn quinolinic acid 

synthesis which results in de novo NAD+ synthesis, which has been 

demonstrated in yeast 325,326. Furthermore, Li et al. described a Cu-dependent 

S-Adenosylhomocysteine hydrolase inhibition, which results in a shift towards 

NAD+ in the NADH/NAD+ pool 327.  

Recent studies have uncovered a rise in MDA levels subsequent to Cu 

treatment across various organisms 319,328,329, including C. elegans 296. Our 

findings in wildtype worms demonstrated no alterations in either bound or 

unbound MDA levels, potentially attributed to our administration of (in wildtype 

worms) non-lethal Cu concentrations. Surprisingly, mutants deficient in atox-1 

and ceruloplasmin exhibited comparable baseline levels of unbound MDA, yet 

notably heightened levels post-Cu treatment compared to wildtype worms. This 

suggests an increased hypersensitivity to Cu-induced oxidative stress or 

impaired antioxidative response under conditions of disrupted Cu homeostasis. 

CLs are vulnerable to oxidative damage due to their exclusive location within 

the inner mitochondrial membrane, where RONS are generated as byproduct of 

cellular respiration 330. Oxidative stress can result in lipid oxidation and therefore 

in the formation of oxidized CL species 243. Our findings indicate no observable 

formation of oxidized cardiolipins following Cu incubation (data not shown). 

Blume et al. demonstrated a slight reduction in the total CL content following 

iron or manganese treatment, but no formation of oxidation products in 

C. elegans 331. Furthermore, the distribution of individual CL species, known as 

the CL profile, remains unaffected by Cu exposure or the genetic makeup of the 

worms. It is noteworthy, however, that our analysis may not quantify all existing 

CL species, thus limiting our analysis to those above the detection threshold. 

Moreover, the data presented herein were solely in reference to untreated 

wildtype worms, as the establishment of improved standards and normalization 

procedures was essential for facilitating quantitative assessments. 
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Nevertheless, the total sum of analyzed CL reveals a notable reduction in 

ceruloplasmin-deficient worms compared to the wildtype. Monteiro-Cardoso et 

al. stated that the total CL content drops significantly in the brain of an AD mouse 

model 305. Several studies have also indicated that the dysregulation of CL 

content, as well as alterations of its structure and distribution, mediated neuronal 

dysfunction. These abnormalities are associated with the aging process and 

play a pivotal role in the pathogenesis of various neurodegenerative disorders, 

including AD and PD 304. Aberrant levels of CLs have been linked to 

mitochondrial dysfunction, oxidative stress and impaired synaptic transmission, 

which are all hallmarks of AD and PD pathology. Understanding the 

mechanisms underlying cardiolipin-mediated neurodegeneration may offer 

novel therapeutic strategies aimed at preserving mitochondrial function and 

mitigating oxidative stress-related neuronal damage 304,305,332. 

Cu and Cu nanoparticles have been shown to disrupt genomic integrity by 

causing oxidative DNA damage and DNA strand breaks 333,334. Thus, it is 

surprising that Cu failed to induce PARylation. This leads to a first assumption 

that possible DNA damages may already be repaired and that PAR was already 

degraded in our chronic exposure scenario of 24 h. However, 8oxodG, which is 

the most common DNA lesion 312, was significantly increased in ceruloplasmin-

deficient worms following 24 h Cu incubation, refuting our first assumption. Like 

wildtype worms, ceruloplasmin mutants exhibited no alterations of PARylation 

levels, also this strain revealed Cu-induced DNA damage observed 

characterized by increased 8oxodG levels. PARylation is one of the largest 

consumers of NAD+ 335. Our data reveal normal levels of NAD+ in wildtype worms 

and even further increased levels in ceruloplasmin mutants. At first glance, this 

indicates that NAD+ deficiency can be ruled out as cause for normal PARylation 

levels. But it must be noted, that our data only reflect the total NAD+ content 

instead of organell-specific selective NAD+ levels. mRNA levels of 

pme-1/PARP1 and pme-2/PARP2 also remained unchanged in wildtype and 
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ceruloplasmin-deficient worms. Taken together, these findings suggest that Cu 

inhibited PARylation, as previously hypothesized by Schwerdtle et al. 336. Basal 

levels of PARylation were reduced in atox-1 mutants, possibly due to reduced 

Cu transport into the nucleus by the lack atox-1, but partially compensated by 

P-type ATPase ATP7B 337. In addition, atox-1 interacts with PARPs in a 

detoured manner. Atox-1 induced the expression of MDC1, a crucial protein for 

double strand repair 338. MDC1 interacts with aprataxin 339, which in turn works 

in concert with PARP’s 340, which could explain lowered PARylation and 

pme-2/PARP2 mRNA levels in atox-1-deficient mutants compared to wildtype 

worms. This needs to be further elucidated in C. elegans. Although 8oxodG 

levels were not altered in atox-1-deficient worms, Cu appeared to adversely 

affect the genomic stability of this mutants, as Cu treatment increased both 

PARylation and pme-2/PARP2 mRNA levels. The low basal PARylation raise 

further concerns, since inhibited PAR has been linked to cellular toxicity as well 

as neurological dysfunction 341. Although herein excess Cu failed to cause 

genotoxicity in wildtype worms, our data underline the importance of a properly 

functioning Cu homeostasis for genomic integrity. 

The loss of proper antioxidant capacity and energy production as well as 

impaired genomic integrity may cause neuronal death 298,342. Cu is known to 

cause neurotoxicity and is associated with neurodegenerative diseases, such 

as WD 343,344. Labile bound Cu is commonly mentioned in the context of  

Cu-induced neurotoxicity 299,345, but knowledge on underlying mechanisms is 

scarce. Ceruloplasmin-deficient worms revealed aldicarb-resistance, reflecting 

decreased synaptic transmission rate at the neuromuscular junction 313. Dabbish 

et al. demonstrated a correlation between aldicarb-sensitivity and reduced 

GABA levels 346. This is contrary to our findings, as ceruloplasmin mutants 

displayed, next to aldicarb-resistance, reduced GABA levels compared to 

wildtype worms, indicating that further unknown factors may be involved. One 

likely mechanism of reduced GABA levels in ceruloplasmin-deficient worms 
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might be that excess Cu, as described by D’Ambrosi et al. 347, reduces GABA 

receptor activity, resulting in altered GABA levels. Atox-1 deletion mutant’s basal 

levels of neurotransmitters remained unchanged compared to wildtype worms 

but were reduced due to 2 mM Cu treatment. Kelner et al. noted that atox-1 

suppressed oxidative damage and promoted neuronal survival 348. Furthermore, 

atox-1 is known to interact with α-synuclein and inhibit amyloid formation 349. 

This is in agreement with our findings on Cu-mediated reduction in 

neurotransmitter levels due to the lack of atox-1, reflecting Cu-induced 

neurodegeneration upon loss of atox-1. Our data support that the dysregulation 

of Cu homeostasis leads to oxidative stress and subsequent detrimental effects 

on neurocellular pathways, underlining the importance of a properly working Cu 

homeostasis. 

5.5. Conclusion 

A comprehensive approach was adopted, employing specific and sensitive 

techniques to quantify metabolites related to oxidative stress with special focus 

on mitochondria, oxidative DNA damage, DNA damage response as well as 

neurodegeneration in the context of disrupted Cu homeostasis. Loss-of-function 

mutants of Cu chaperone atox-1 and Cu storage protein ceruloplasmin 

displayed increased labile Cu levels despite lowered total Cu uptake 188 

concomitant with increased oxidative stress, reduced mitochondrial ATP levels 

and CL content, as well as oxidative DNA damage and impaired neuronal 

health. Our data underline the essentiality of a proper Cu homeostasis and the 

importance of valuable markers, such as labile Cu, to diagnose Cu 

dyshomeostasis. Furthermore, our study highlights the importance of 

mitochondrial integrity for genomic and neuronal health. As a future perspective, 

understanding the intricate interplay of CL dysregulation and neurodegenerative 

processes holds significant promise for the development of therapeutic 

interventions preserving genomic and neuronal stability. 
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Chapter 6 – Final Discussion and Future Perspectives 

As the most abundant trace element in numerous organisms, Fe is an essential 

key component in crucial biological processes. Due to the ubiquitous presence 

of Fe in food, drinking water, and food supplements, Fe is mostly ingested in 

bound or complexed forms in a variety of Fe species. The most biologically 

relevant oxidation states are Fe(II) and Fe(III). The redox interconversion 

between these forms is essential for Fe-dependent biological processes, but 

also the mode of action for the catalysis of RONS via Fenton reaction. Thus, 

both Fe deficiency and Fe overload in organisms may lead to adverse 

consequences and are associated with several diseases. Those associated with 

Fe overload include hemochromatosis, the most common genetic disorder 

worldwide, as well as neurodegenerative diseases, which often occur in aging. 

The latter is associated with accumulation of Fe in the brain, while additional risk 

factors may include weakened biological processes such as Fe homeostasis or 

antioxidative defense. 

The underlying mechanistic consequences of excess Fe, both induced by 

different Fe species and in combination with a weakened antioxidant system, 

are not fully understood. To shed more light on these topics, we worked with the 

nematode C. elegans as a well-established model organism for mechanistic and 

toxicological studies. In order to gain more mechanistic insights into the 

consequences of overdosing by different Fe species, we not only investigated 

bioavailability but also the effects on cellular processes such as Fe homeostasis, 

oxidative stress, and cell death. In addition, investigations in a model with 

elevated Fe and low GSH levels provided us with some mechanistic insights 

into Fe homeostasis, mitochondria, lipidome, and neurological endpoints, in 

conditions which are associated with the cell death ferroptosis and 

neurodegenerative diseases. We also investigated both acute and long-lasting 

effects in this model, as well as initial indications of whether these conditions 

could lead to ferroptotic cell death. Through the optimization and validation of 
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an HPLC-FLD method for investigating MDA levels, it was possible to examine 

whether lipid peroxidation is caused by elevated Fe and decreased GSH levels. 

Furthermore, this method was applied in a study focusing on dysfunctional Cu 

homeostasis regarding oxidative stress, mitochondrial, genomic, and neuronal 

integrity. In chapters 3 – 5, the results of these studies were already discussed 

in relation to the existing literature; this discussion is further expanded in the 

next chapters. 

6.1 The Impact of Different Fe Species on Several Biological Endpoints 

It is well known that heme Fe is absorbed more efficiently than nonheme Fe, 

and that Fe(II) is more bioavailable than Fe(III).235,247,350 With growing interest in 

vegan and vegetarian diets, food supplements, and fortified foods, nonheme Fe 

is becoming increasingly important in nutrition.216,247,351 Several studies are 

showing that different Fe species vary in their bioavailability.235,350 However, 

studies investigating cellular consequences beyond bioavailability caused by 

different Fe species are limited, and these either examine intravenously applied 

Fe or use liver cells as a model.237,252,352 To examine a more realistic scenario 

in our study, we treated an organism with additional Fe through its diet. We 

treated L4 C. elegans with FAC, FeGlu, and FeCl2 for 5 h and 24 h to obtain 

data for food-relevant Fe species and short-term as well as long-term effects 

within the same model. According to Commission Regulation (EC) No 

1170/2009, FAC and FeGlu are permitted to be added to food and food 

supplements in the European Union.217 In chapter 3, we showed that 

bioavailability can depend on the oxidation state and ligand of the Fe species, 

but that the impact on Fe homeostasis, oxidative stress, and cell death is similar. 

By including two treatment periods, it was possible to examine both counter-

regulatory responses and long-lasting effects. Although Fe homeostasis in 

C. elegans has been well studied and reviewed by Anderson et al., not all of the 

genes involved and their functions have been fully elucidated.190 Using deletion 

mutants and gene expression measurements, we were able to obtain further 
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insights into the function of genes associated with Fe homeostasis after 

treatment with the three Fe species. 

By enriching E. coli with the Fe species, we provided the compounds via food, 

although a certain amount was probably also absorbed through the worms’ 

cuticle. The doses and treatment times of Fe species applied were non-lethal, 

and no behavioral changes of the worms could be observed. While the total Fe 

content increased similarly across all Fe species after 5 h treatment, the Fe 

content differed significantly after 24 h treatment. Since the total Fe 

concentration after treatment of 0.5 mM and 1 mM FAC was similar after 24 h 

compared to after 5 h, a counter-regulation may have occurred that limited the 

uptake of Fe by FAC. Treatment with 1 mM FeGlu and FeCl2 resulted in 

significantly increased Fe contents after 24 h than after 5 h treatment. Since 

only the Fe content from the Fe(III) species is limited in time, this could suggest 

a counter-regulation or limitation of the reductive capacity in the worm. After 

24 h treatment, Fe contents were twice as high following FeGlu treatment and 

five times higher following FeCl2 treatment compared to FAC. Our study also 

revealed that smf-3, f55h2.5 (dcytb), ftn-1, ftn-2, and f21d5.3 (cp) are involved 

in the homeostasis of Fe provided by FAC, FeGlu, and FeCl2, with regulatory 

changes already evident after 5 h. After 5 h of treatment, gene expression of the 

importer smf-3 was decreased upon treatment with each species, and the Fe 

content in smf-3Δ was significantly reduced after 24 h compared to wild type. In 

this strain, both in untreated control and after treatment with all Fe species, more 

than 50% less Fe was measured compared to wild type. This indicates that 

SMF-3 could be the main transport protein for Fe from Fe(III) and Fe(II) species 

in the intestine, but it is probably not the only pathway. Since SMF-1 is also 

expressed in the anterior and posterior intestine, it should be investigated in 

future studies.175 The gene expression of the reductase dcytb was only 

decreased by 0.5 mM FeCl2 after 5 h, while Fe content in dcytbΔ was decreased 

after administration of each species for 24 h. However, Fe content after 
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treatment with each Fe species was increased compared to untreated control of 

this strain. This suggests additional enzymes or compounds that reduce Fe(III), 

or the involvement of other transport pathways that enable the import of Fe(III). 

Although treatment with all Fe species did not result in any alterations in the 

gene expression of the Fe storage protein ftn-2, they increased ftn-1 gene 

expression after 5 h and decreased total Fe levels in ftn-1;ftn-2ΔΔ after 24 h. 

The altered gene expression indicates a counter-regulation to protect the 

organism from reactive Fe(II) after treatment with each species. Low Fe levels 

in ftn-1;ftn-2ΔΔ additionally suggest counter-regulation of the Fe import, as there 

is no known active excretion mechanism for Fe. These findings demonstrate the 

importance of the storage proteins in Fe homeostasis after treatment with the 

used Fe species, maintaining low Fe levels within the organism already after 5 h 

of treatment. The gene expression of the Cu storage protein cp was slightly 

decreased by all species, and FeGlu and FeCl2 led to lower Fe levels in cpΔ 

compared to wild type. Since CP is involved in the oxidation of Fe(II) to Fe(III) 

extracellularly and presumably also intracellularly, cpΔ may have regulated Fe 

import to limit the Fe content. In mammals, the ferroxidase activity of CP and 

hephaestin enables Fe(III) to be bound and transported by TF through the 

plasma.28 However, it is unknown how Fe is systematically distributed in 

C. elegans, as the worm lacks both TF and plasma. 

After both treatment times, all three Fe species led to alterations in markers 

associated with oxidative stress and apoptotic cell death. Although the total Fe 

content varied considerably, treatment with all Fe species led to increased 

mitochondrial RONS, translocation of DAF-16, and apoptotic germ cells to a 

similar extent. While SOD activity was increased by FAC and FeGlu after both 

treatment times, FeCl2 only led to an increase after 5 h of treatment. These 

findings demonstrated the impact of each tested Fe species on the antioxidant 

defense system, as evidenced by counter-regulatory responses such as DAF-

16 translocation, increased SOD activity, and altered gene expression of 
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important Fe homeostasis-associated genes. The altered mitochondrial RONS 

and apoptotic germ line cells level can be seen even after 24 h of treatment, 

although counter-regulatory responses are already detected after 5 h of 

treatment. FAC was the only Fe species that led to increased GSH levels after 

24 h treatment compared to untreated control. Although GSH acts as a radical 

scavenger, it is an important co-enzyme of the GPX family, which inhibits lipid 

peroxidation, and the GST family, which catalyze the binding of GSH to toxic 

metabolites and xenobiotics. The enhanced antioxidant defense may prevent 

more severe damage that would otherwise need to be neutralized by GSH-

dependent enzymes. Consequently, despite alterations in other oxidative stress 

markers, no differences in GSH levels were detected. However, as with most 

studies, it should be noted that the effects were assessed only at the specific 

time points investigated. It cannot be excluded that processes are regulated 

differently earlier or between the 5 h and 24 h treatment. 

However, some limitations of this study must be considered for the interpretation 

of the findings. Firstly, it must be taken into account that the Fe species on the 

agar plates are in constant contact with oxygen. The compounds were freshly 

weighed before each experiment, dissolved in bidistilled water, mixed into E. coli 

suspension, and dried on the plates for as short as possible (1 – 2 h). 

Nevertheless, it cannot be excluded that the oxidation state of the Fe species 

may have changed to some extent, as may also be the case during liquid 

treatment. Even though we have already investigated two treatment times, both 

shorter and longer treatment periods would be very interesting to include. For 

example, Blume et al. showed that a 30 min treatment with FeSO4 in L1 worms 

increased Fe levels and affected the cardiolipidome, thereby impacting 

mitochondrial integrity.331 Shorter treatment times could help determine when 

Fe uptake reaches a plateau after FAC treatment, as no difference was 

observed between 5 h and 24 h treatment, and could also provide insights into 

the timing of early gene regulation and oxidative stress responses. Longer 
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treatment periods could provide more insights into long-lasting effects. It would 

also be interesting to examine the effects of aging if no further Fe is administered 

after the 24 h of treatment, especially regarding life span, oxidative stress, and 

cell death. A study by Baesler et al. demonstrated that the Fe content in day 2 

adult worms increased sixfold by day 12.224 In addition, James et al. showed 

that the administration of FAC to C. elegans led to increased ferritin-bound Fe 

and that this fraction decreased in ageing worms.177 If the similar effects of 

different Fe species on oxidative stress and cell death are due to Fe being stored 

redox-inactive in FTN, aging may increase the availability of redox-active Fe(II). 

Since Fe accumulation is associated with neurodegenerative diseases, 

neuronal endpoints such as neurotransmitters or the morphology of neurons 

should be investigated directly after Fe treatment, but also at a later stage in 

ageing worms. Capillary electrophoresis-ICP-MS (CE-ICP-MS) could be used 

to investigate how much of the Fe is present as Fe(II) and Fe(III), or the Fe(II) 

level could be determined by more available dye assays such as 

FerroOrange.353,354 Furthermore, it would be interesting to localize the Fe in the 

entire worm as well as at cellular level. Since mitochondrial RONS were 

observed as a consequence of the Fe treatment, isolating these organelles and 

subsequently determining their Fe content could be an option.355 In addition, 

further investigations into apoptosis, but also other types of cell death, should 

be carried out. The investigations with CED-1::GFP only focus on the 

engulfment of germ line cells. Using Differential Interference Contrast (DIC) 

microscopy, apoptotic and necrotic cells could be observed throughout the worm 

and in all developmental stages.356 
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6.2 The Impact of an Unbalanced Redox System due to Elevated Fe 

Content and Decreased GSH Level 

Both Fe accumulation and a weakened antioxidative system are associated with 

aging and neurodegenerative diseases. The population is aging, and 

understanding the mechanistic pathways of diseases is getting more important 

for disease prevention and therapy.357 To investigate the consequences of Fe 

excess and GSH depletion, we treated C. elegans with FAC for 24 h and/or DEM 

for 2 h or 24 h. Since the Fe species had similar effects on the tested endpoints 

in the previous study (chapter 3), and FAC as Fe(III) species is more stable in 

contact with atmospheric oxygen, we decided to use this Fe species for our 

further investigations. Since Fe accumulation presumably takes place over a 

longer period of time, during which the organism can partially counteract this 

process, we decided on a 24 h FAC treatment. The two treatment periods of 

DEM were intended to investigate both acute and long-lasting effects. Endpoints 

related to mitochondrial integrity, the lipidome, and the neurological system, 

which are associated with neurodegenerative diseases, were investigated. 

DEM is widely used in the literature for investigating consequences associated 

with GSH depletion. According to my knowledge, the product GSH-DEM was 

only characterized by Kubal et al. in 1995 using H1 NMR.83 To measure GSH-

DEM in C. elegans, the existing method developed by Thiel et al. for measuring 

GSH/GSSG using HPLC-MS/MS was modified in this thesis. We were able to 

detect GSH-DEM using the modified method both after in vitro synthesis and in 

worm suspension. This ensured that DEM binds to GSH in C. elegans, and we 

were able to calculate altered GSH/GSH-DEM ratios. 

FAC treatment led to a fivefold increase in total Fe levels compared to untreated 

control, regardless of the DEM concentration. The upregulated gene expression 

of ftn-1 and the unchanged Fe(II) levels compared to untreated control indicate 

a storage as Fe(III) in the Fe storage protein, whereby ftn-2 is also expected to 

play a role despite unchanged gene expression.177 The low variance between 
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untreated control and FAC-treated samples of PCA analysis indicates a well-

buffered Fe homeostasis, which requires only minor alterations in gene 

expression. FAC treatment did not affect GSH levels, but it led to decreased 

GSSG levels. Although increased mitochondrial RONS were measured in the 

study from chapter 3 after treatment with 0.5 mM and 1 mM FAC for 24 h, 

treatment with 20 mM FAC did not alter mitochondrial mass or CL levels. While 

FAC treatment led to slightly increased acetylcholine levels, it appeared not to 

affect the synaptic transmission rate of acetylcholine in the neuromuscular 

junction. In addition to its function as a neurotransmitter in the neuromuscular 

junction, acetylcholine acts as a neuromodulator and is therefore involved in 

changes of a neuron or group of neurons linked to neurotransmitter release or 

neuronal excitability.284 24 h after FAC treatment and without further FAC 

application during DEM treatment period, the Fe content was three times higher 

than in untreated control. This demonstrates that high levels of Fe remain in 

C. elegans over a prolonged period, which is presumably due to the absence of 

an active excretion mechanism of Fe. At this point, long-term effects on the 

lipidome could be detected, like elevated levels of numerous PL and SL. 

Alterations in the lipidome are often discussed in context of neurodegenerative 

diseases, as PL and SL in particular are essential for the function and integrity 

of cellular membranes.279 This is also associated with lipid peroxidation, which 

can be catalyzed by Fe. In our study, no evidence of elevated lipid peroxidation 

after FAC treatment could be detected by measuring the byproduct MDA. This 

could be linked to Fe being stored in ferritin in a redox inert state. Nevertheless, 

another endpoint for lipid peroxidation, such as the direct measurement of 

oxidized lipids, should be included to confirm this finding.358 

Short-term treatment with DEM decreased GSH levels to 30% and resulted in a 

GSH-DEM/GSH ratio between 1 and 2. DEM treatment had no impact on GSSG 

levels. Although long-term treatment with 75 mM DEM did not lead to any 

alterations in GSH levels, GSH-DEM was detected, and a GSH-DEM/GSH ratio 
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of between 0.01 and 0.04 was observed. In addition, 75 mM DEM led to 

decreased GSSG levels. However, it should be noted that while 6.2 ± 0.7 ng 

GSH/µg protein was measured in untreated control after 2 h treatment (day 1 

adults) and 1.4 ± 0.3 – 2.3 ± 0.3 ng GSH/µg protein after DEM treatment, GSH 

level after 24 h treatment in the untreated control (day 2 adults) was only at 1.6 ± 

0.2 ng GSH/µg protein. GSSG levels, on the other hand, were similarly in 

untreated controls at both measurement points. Jenkins et al. demonstrated in 

C. elegans that GSH levels decreased by almost 50% from day 1 adults to day 

10 adults.206 Since the difference in GSH levels observed in our study was 

greater, the type of DEM treatment in the buffer may also have impacted GSH 

levels. Transcriptomic analysis revealed that after 2 h DEM treatment, gcs-1, 

e01a2.1, and gss-1 associated with GSH synthesis, were upregulated. 24 h 

DEM treatment also resulted in upregulated expression of gcs-1, which is one 

of the limiting factors of GSH synthesis. This indicates that the nematode 

presumably counteracts the DEM treatment through increased GSH synthesis 

and that altered gcs-1 expression plays a long-lasting role in this process. Short-

term treatment with 20 mM DEM decreased the survival rate to 80%. Even 

though the antioxidative system comprises many molecules, enzymes, and 

pathways, this suggests that a certain amount of GSH is crucial for survival. 

Additionally, Fe(II) levels were increased, and gene expressions of smf-2, smf-3, 

cp, fpn-1.1, and fpn-1.2 were altered, which demonstrates the impact of DEM 

on Fe homeostasis. These effects were not observed after long-term DEM 

treatment, but the increased gene expression of ftn-1 at this time point indicates 

a counter-regulation in response to possibly previously elevated Fe(II) 

formation. One reason for the increased Fe(II) levels detected could be that 

GSH is less available for complexation of Fe(II) in the LIP, resulting in more 

reactive Fe(II) being present intracellularly. It is assumed that at pH 7, over 80% 

of Fe(II) in the LIP is complexed to GSH.359 Since the pH value in intestinal cells 

of adult worms is 7.6, Fe(II) may be mainly complexed to GSH also in this 

organism.214 This raises the question of how Fe(II) must be present to react with 
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FerroOrange, because it is always said that the dye detects labile Fe(II).274 

However, if an increased amount of Fe(II) reacts with FerroOrange, the Fe(II) 

will be present in such a form that it can also react with other molecules. 

Nevertheless, determining Fe(II) levels of the LIP is of great importance, as they 

are considered drivers of lipid peroxidation and ferroptosis.3 Future studies 

could investigate whether Fe(II) levels also increase after 2 h treatment with 

15 mM DEM, as this concentration depleted GSH to a similar extent as 20 mM 

DEM but did not decrease the survival rate. After both treatment periods, 

decreased mitochondrial masses were observed, with slight trends toward lower 

CL levels and altered distributions of CL species measured after long-term 

treatment. In addition, the upregulated gene expression of hsp-6 indicated 

mitochondrial stress after short-term treatment with DEM. In future studies, it 

would be interesting to isolate the mitochondria and measure total Fe, Fe(II), 

and GSH levels. In addition, mitochondria-specific antioxidants such as MitoQ 

could be used to investigate whether the decreased mitochondrial mass is a 

consequence of mitochondrial oxidative stress.360 Long-term treatment with 

DEM led to increased PE-O, LPE, LPC, SM, Cer, and HexCer levels in the 

lipidome and increased expression of genes involved in SL (lagr-1) and PC 

(ckb-2) biosynthesis. Although no alterations in PL and SL levels were 

measured after short-term treatment, genes involved in SL (sptl-2, sms-5, cgt-1, 

gba-2) and PE (pcyt-2.1) biosynthesis were upregulated. PLs are the main 

component of cellular membranes, and increased biosynthesis could indicate 

an increased requirement for membrane biogenesis or membrane remodeling. 

In addition, PLs are increasingly associated with the regulation of cellular and 

nuclear processes, such as generating signaling molecules or involvement in 

mechanisms against oxidative stress.361 While short-term treatment with DEM 

led to increased serotonin levels, long-term treatment additionally resulted in 

increased acetylcholine levels. The approx. 20% of worms that died after short-

term treatment made an interpretation of the transmission rate of acetylcholine 

unfeasible. However, after 24 h of treatment, the worms showed slowed 
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paralysis, indicating a decreased transmission rate of acetylcholine in the 

neuromuscular junction. After short-term treatment, transcriptomic analysis 

revealed altered expression of genes involved in acetylcholine homeostasis and 

serotonin biosynthesis. These involved downregulation of unc-13 (involved in 

vesicle exocytosis), ace-2 (acetylcholine degradation), and eat-2 (post-synaptic 

receptor subunit involved in pharyngeal pumping), and upregulation of acr-18 

(post-synaptic receptor with unknown function), acr-23 (post-synaptic receptor 

involved in muscle contraction), and tph-1 (serotonin biosynthesis). In order to 

confirm the effect on the neurological system through a further endpoint, future 

studies could investigate the effect on the basal and enhanced slowing response 

in contact with food. While basal slowing is controlled by dopamine-containing 

neural circuits, the enhanced slowing response of food-deprived worms in 

contact with food is mediated by serotonergic neurons.362 

The combined treatment with FAC and DEM and the associated combination of 

elevated Fe levels and decreased GSH levels did not alter any of the effects 

observed with FAC or DEM alone. One possible explanation for this could be 

that Fe is stored sufficiently in a redox-inactive form within the 24 h treatment 

period, so that an alteration in antioxidative capacity due to GSH depletion in 

our endpoints does not enhance these effects. Nevertheless, slight variations in 

the PCA analysis can be noted after both treatment periods between DEM alone 

and combined with FAC treatment. In the pathways we focused on, there are 

some differences in gene expression after long-term treatment. DEM alone led 

to changes in gene expression of gpx-2, ftn-1, and lagr-1, while the combined 

treatment lowered the gene expression of gpx-3 and enhanced that of fpn-1.1. 

The relevance of these genes in our exposure scenario could be investigated in 

future studies using deletion mutants or RNAi silencing of the respective 

gene.363 

Lip-1 slightly increased the survival rate in combination with FAC and DEM, but 

it was still significantly lower than in untreated control. This suggests that 
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ferroptosis may be at least partially a consequence of FAC and DEM treatment, 

but further markers such as oxidized lipids or GPX activity should be 

investigated. In addition, Lip-1 did not rescue the effects caused by FAC and 

DEM. Jenkins et al. showed that the Fe chelator salicylaldehyde isonicotinoyl 

hydrazone (SIH) increased the survival rate more effectively than Lip-1 after 

DEM treatment.206 Since SIH binds to Fe(II) of the LIP, and increased Fe(II) 

levels were measured in our study after DEM treatment, future studies may 

reveal whether SIH could rescue the effects of DEM observed in our 

experiments.364 Further investigations into other types of cell death could 

provide insights into the pathways that led to a decreased survival rate after 

treatment with DEM alone and combined with FAC. 

Even though we have deliberately chosen these treatment scenarios, 

treatments at other worm stages, different treatment orders, or times may lead 

to other results. The two treatment times in this study are not directly 

comparable, as we used different DEM concentrations and different forms of 

treatment. Treatment in buffer is suitable for investigating the mechanistic 

consequences following acute exposure, as only the investigated substance is 

taken up by the worm in addition to NaCl, and the preparation time until 

pelletizing and freezing of the worms can be kept to a minimum. Washing off 

worms treated on NGM plates would take too long in relation to the short 

treatment time, and this could potentially negate possible effects. Long-term 

treatment on NGM plates ensures that the worms have sufficient food and, 

through absorption via E. coli, offers a more realistic form of treatment. Since 

the measurements were taken in the entire worm, no conclusions can be made 

about the localization of the increased Fe(II) and decreased GSH level regarding 

the worms organs and cellular organelles. This knowledge would help to 

investigate possible pathways more specifically, even if initial investigations 

indicate the involvement of mitochondria. To enable further investigations into 

this organelle, the involvement of mitoferrin (required for Fe delivery into 
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mitochondria) could be examined. Huang et al. showed that knockdown of 

mitoferrin-1 decreased mitochondrial Fe levels and RONS in C. elegans 

Alzheimer’s models.365 In this study, it would also be interesting to investigate 

long-lasting effects in aging worms, as regulated Fe homeostasis appears to 

play an important role here as well, both after FAC and after DEM treatment. 

Since both Fe accumulation and low GSH levels are associated with 

neurodegenerative diseases, the mechanistic consequences in C. elegans 

models of Alzheimer’s or Parkinson’s disease could be investigated as well.79,366 

6.3 The Consequences of Dysfunctional Cu Homeostasis 

Findings from both Fe studies suggest that metal homeostasis plays an 

important role in the prevention of reactive Fe species, but that despite gene 

regulation of Fe homeostasis-associated genes, Fe can lead to changes in 

endpoints associated with oxidative stress, cell death, and neuronal alterations. 

In a previous study, Weishaupt et al. showed in C. elegans that deletion of the 

intracellular Cu chaperone atox-1 led to increased labile Cu levels after L4 

worms were treated for 24 h with 2 mM CuSO4 and that the basal level of labile 

Cu was increased in cp-deficient worms. In wild type worms, the total Cu level 

was increased six-fold, in atox-1Δ five-fold, and in cpΔ three-fold. The atox-1Δ 

and cpΔ strains showed a slight trend toward lower survival rates compared to 

wild type worms, which decreased significantly after 2 mM Cu treatment for 24 h, 

whereas the survival rate remained unchanged in wild type worms.188  

Through investigations of endpoints associated with oxidative stress and 

mitochondrial, genomic, and neuronal integrity, further consequences of 

dysfunctional Cu homeostasis with the same treatment conditions were 

demonstrated in Chapter 5. In this study, 2 mM CuSO4 in wild type worms led 

to increased GSH and decreased GSSG levels, but energy-related nucleotides, 

MDA, CL, and neurotransmitter levels remained unchanged. GSH and GSSG 

levels in atox-1Δ were similarly altered by CuSO4 compared to wild type, but the 

treatment led to altered ADP, AMP, NADPH, unbound MDA, dopamine, 
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γ-aminobutyric acid, serotonin, and acetylcholine levels in this mutant. In cpΔ, 

following CuSO4 treatment, GSH levels were also decreased, and GSSG levels 

were increased, while Cu treatment led to alterations in all investigated 

nucleotides, unbound MDA, and CL levels. In addition, compared to wild type, 

the basal level of γ-aminobutyric acid in cpΔ was lower, and the untreated 

mutant showed an aldicarb-resistance. These findings underscore the 

importance of regulated metal homeostasis, as already discussed in chapters 

6.1 and 6.2 with regard to Fe homeostasis. This, and especially the interaction 

between Cu and Fe, is underscored by the characteristic clinical symptoms of 

aceruloplasminemia patients. This disease is caused by a mutation in the cp 

gene, resulting in cellular Fe accumulation, including in the brain, and is 

associated with neurodegenerative diseases as well as other clinical 

symptoms.53 In Chapter 3, decreased total Fe levels were measured in 

untreated cpΔ worms (Supplementary Figure 37), but it could not be 

investigated whether Fe was distributed similarly to wild type worms or whether 

there was enhanced cellular Fe accumulation. In future studies, it would be 

interesting to investigate the consequences of combined Fe and Cu treatment 

in cpΔ, particularly with regard to neuronal endpoints. 

In the study from Chapter 3, lower basal levels of Fe, Mn, and Zn were measured 

in cpΔ, and lower basal levels of Fe, Mn, Zn, and Cu were measured in 

ftn-1;ftn-2ΔΔ compared to wild type (Supplementary Figure 37). In addition, 

significantly decreased total Fe and Cu levels were measured after FeCl2 

treatment in cpΔ compared to wild type. These results show that although the 

storage proteins are mainly associated with Cu or Fe homeostasis, they can 

impact other trace elements such as Mn and Zn. The most discussed 

interactions are those between trace elements during absorption or cellular 

import, which is an important aspect due to their coexistence in food and food 

supplements. A study in human epithelial Caco-2 cells showed that treatment 

with Fe(III) nitrilotriacetate decreased intracellular Cu and Zn content, while 
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treatment with Cu-histidin decreased intracellular Fe levels. Further 

investigations revealed competitive uptake interactions at the apical site: 

elevated Zn or Cu concentrations decreased Fe uptake, elevated Fe 

concentrations decreased Cu uptake, while elevated Zn concentrations had no 

effect on Cu absorption.140 It would be interesting to conduct such studies in 

C. elegans to investigate how trace elements affect the content of other trace 

elements in a whole organism, and also in context of dysfunctional Fe or Cu 

homeostasis. 

The measurement of MDA via reaction with TBA is widely used in a variety of 

studies.367 The optimization and validation of MDA measurement via HPLC-FLD 

in this study enabled reliable measurement of unbound and bound MDA levels 

in C. elegans samples. Therefore, the method could be used in both the Fe and 

Cu studies (chapters 4 and 5). Due to the high reactivity of MDA, the extraction 

from the worm pellets had to be adapted. The antioxidant BHA was added 

before the pellets were frozen for storage and the storage stability of MDA was 

verified. The recovery rate revealed that the samples should not be frozen 

at -80 °C for longer than one week. Furthermore, due a LOQ of 30 nM, pellets 

of 1500 adult nematodes were sufficient to reliably determine MDA levels. 

In sum, this thesis enabled a comparison of the Fe species FAC, FeGlu, and 

FeCl2 in the same organism, demonstrating that bioavailability depends on the 

oxidation state and ligand of the Fe species. This study also demonstrated how 

early and important the regulation of Fe homeostasis genes are and provided 

new insights into the function of f55h2.5 (dcytb) and f21d5.3 (cp) in C. elegans. 

In both Fe studies from chapters 3 and 4, the gene regulation of ftn-1 indicates 

that it is an important factor in antioxidative defense. The regulation of Fe 

homeostasis also plays a role after treatment with DEM and presumably due to 

the resulting GSH depletion. The product of GSH and DEM that led to the 

depletion of GSH could be detected using HPLC-MS/MS. In addition, GSH 

depletion was associated with alterations in mitochondria, PL, SL, and 
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neurotransmitter levels. Furthermore, dysfunctional Cu homeostasis 

demonstrated the importance of a well-functioning metal homeostasis. To a 

limited extent, this study also addressed the interaction between trace elements 

and their respective homeostatic regulation. Nevertheless, many questions 

remain unanswered, and these studies may provide initial insights into potential 

answers. 
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Appendix – Supplementary Material 

Supplementary for Chapter 3: Is Ferric the Same as Ferrous? Effect of 

Nutritionally Relevant Iron Species in C. elegans: Bioavailability, Iron 

Homeostasis, Oxidative Stress, and Cell Death 

 

Figure 37. Bioavailability of Fe, Mn, Cu and Zn in (A) smf-3Δ, (B) dcytbΔ, (C) ftn-1;ftn-2ΔΔ, (D) cpΔ after 

treatment for 24 h with Fe species [ng/µg protein]. Relative gene expression of (E) ftn-2 and (F) fpn-1.1 

after treatment for 5 or 24 h with Fe species. (G) Bioavailability of Cu in N2 and cpΔ after treatment for 

24 h with Fe species [ng/µg protein]. Shown are mean + SEM of n ≥ 3 independet experiments. 

Significance are depicted as * compared to untreated control and § compared to wild type. 
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Figure 38. Relative gene expression of (A) daf-16, (B) skn-1, (C) sod-3, (D) sod-4, (E) gcs-1 and (F) 

gst-4 after treatment for 5 or 24 h with Fe species. Shown are mean + SEM of n ≥ 3 independet 

experiments. Significance are depicted as * compared to untreated control. 

 

Figure 39. PC/PE ratio compared to untreated control [% of control]. Shown are mean + SEM of n ≥ 3 

independet experiments. 
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Table 4. Areas normalized to protein of PC and PE species used for determination of the distribution by 

degree of saturation and PC/PE ratio. Listed are mean ± SEM of n ≥ 3 independet experiments. 

Lipid 
Sum 

Formula 

Area/Protein 

Control FAC FeGlu FeCl2 

PC 32:0 C40H80NO8P 
1.2.E+07 

± 2.6.E+06 

1.5.E+07 

± 1.9.E+06 

1.2.E+07 

± 2.8.E+06 

1.3.E+07 

± 1.0.E+06 

PC 32:1 C40H78NO8P 
4.2.E+07 

± 7.1.E+06 

5.6.E+07 

± 6.5.E+06 

4.0.E+07 

± 2.2.E+06 

4.3.E+07 

± 3.1.E+06 

PC 32:2 C40H76NO8P 
2.2.E+07 

± 6.1.E+06 

2.7.E+07 

± 1.1.E+06 

2.4.E+07 

± 3.6.E+06 

2.6.E+07 

± 6.2.E+05 

PC 33:1 C41H80NO8P 
6.7.E+07 

± 1.3.E+07 

9.0.E+07 

± 9.7.E+06 

7.0.E+07 

± 7.9.E+06 

7.1.E+07 

± 5.5.E+06 

PC 33:2 C41H78NO8P 
7.1.E+07 

± 2.0.E+07 

8.4.E+07 

± 5.5.E+06 

7.5.E+07 

± 1.3.E+07 

7.7.E+07 

± 5.3.E+06 

PC 34:1 C42H82NO8P 
8.0.E+07 

± 1.7.E+07 

9.6.E+07 

± 6.8.E+06 

7.1.E+07 

± 5.8.E+06 

7.9.E+07 

± 6.1.E+06 

PC 34:2 C42H80NO8P 
7.1.E+07 

± 6.6.E+06 

1.4.E+08 

± 3.8.E+07 

9.4.E+07 

± 2.3.E+07 

1.0.E+08 

± 2.4.E+07 

PC 35:1 C43H84NO8P 
9.7.E+07 

± 2.7.E+07 

1.1.E+08 

± 6.7.E+06 

8.4.E+07 

± 9.2.E+06 

6.1.E+07 

± 9.1.E+06 

PC 35:2 C43H82NO8P 
2.8.E+08 

± 3.0.E+07 

3.6.E+08 

± 2.5.E+07 

2.7.E+08 

± 3.5.E+06 

3.0.E+08 

± 2.1.E+07 

PC 36:2 C44H84NO8P 
3.0.E+08 

± 1.9.E+07 

4.3.E+08 

± 4.2.E+07 

3.1.E+08 

± 3.4.E+06 

3.4.E+08 

± 3.1.E+07 

PC 36:3 C44H82NO8P 
1.9.E+08 

± 2.9.E+07 

2.3.E+08 

± 1.8.E+07 

2.1.E+08 

± 1.9.E+07 

2.2.E+08 

± 5.5.E+06 

PC 36:7 C44H74NO8P 
1.1.E+07 

± 2.2.E+06 

1.6.E+07 

± 1.8.E+06 

1.1.E+07 

± 1.1.E+06 

1.1.E+07 

± 2.1.E+06 

PC 37:2 C45H86NO8P 
2.4.E+08 

± 1.4.E+07 

3.1.E+08 

± 1.5.E+07 

2.3.E+08 

± 6.5.E+06 

2.6.E+08 

± 1.4.E+07 

PC 37:6 C45H78NO8P 
2.2.E+08 

± 1.8.E+07 

3.1.E+08 

± 2.1.E+07 

2.1.E+08 

± 5.1.E+06 

2.3.E+08 

± 1.4.E+07 

PC 38:2 C46H88NO8P 
7.6.E+07 

± 6.8.E+06 

9.5.E+07 

± 6.7.E+06 

6.4.E+07 

± 5.9.E+06 

7.8.E+07 

± 3.0.E+06 

PC 38:4 C46H84NO8P 1.2.E+08 1.6.E+08 1.2.E+08 1.3.E+08 
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± 1.5.E+07 ± 1.6.E+07 ± 7.9.E+06 ± 8.5.E+06 

PC 38:6 C46H80NO8P 
6.3.E+08 

± 6.3.E+07 

8.9.E+08 

± 1.0.E+08 

6.8.E+08 

± 2.2.E+07 

7.2.E+08 

± 4.4.E+07 

PC 40:4 C48H88NO8P 
7.7.E+06 

± 2.2.E+06 

8.5.E+06 

± 6.9.E+05 

7.6.E+06 

± 7.7.E+05 

7.8.E+06 

± 4.9.E+05 

PC 40:6 C48H84NO8P 
5.0.E+07 

± 1.0.E+07 

6.2.E+07 

± 6.7.E+06 

5.2.E+07 

± 4.6.E+06 

5.2.E+07 

± 4.2.E+06 

PC 40:8 C48H80NO8P 
1.9.E+08 

± 2.1.E+07 

2.6.E+08 

± 2.1.E+07 

1.9.E+08 

± 8.2.E+06 

2.0.E+08 

± 5.7.E+06 

PE 32:1 C37H72NO8P 
3.2.E+06 

± 3.6.E+05 

6.9.E+06 

± 7.6.E+05 

5.2.E+06 

± 1.8.E+06 

4.1.E+06 

± 7.1.E+05 

PE 32:2 C37H70NO8P 
9.8.E+05 

± 7.2.E+04 

2.3.E+06 

± 3.4.E+05 

1.5.E+06 

± 4.4.E+05 

1.5.E+06 

± 2.9.E+05 

PE 33:1 C38H74NO8P 
6.4.E+06 

± 1.1.E+06 

1.1.E+07 

± 2.1.E+06 

7.9.E+06 

± 4.1.E+06 

7.5.E+06 

± 1.1.E+06 

PE 33:2 C38H72NO8P 
2.1.E+06 

± 4.1.E+05 

4.4.E+06 

± 5.0.E+05 

3.3.E+06 

± 9.9.E+05 

2.4.E+06 

± 4.2.E+05 

PE 34:1 C39H76NO8P 
1.2.E+07 

± 2.6.E+06 

2.1.E+07 

± 2.4.E+06 

1.8.E+07 

± 6.0.E+06 

1.3.E+07 

± 2.0.E+06 

PE 34:2 C39H74NO8P 
6.8.E+06 

± 6.9.E+05 

1.3.E+07 

± 1.9.E+06 

1.0.E+07 

± 3.2.E+06 

8.7.E+06 

± 2.3.E+06 

PE 34:4 C39H70NO8P 
6.4.E+05 

± 9.9.E+04 

1.6.E+06 

± 3.3.E+05 

1.0.E+06 

± 1.6.E+05 

1.0.E+06 

± 1.5.E+05 

PE 36:1 C41H80NO8P 
1.4.E+07 

± 4.6.E+06 

2.2.E+07 

± 1.5.E+06 

2.1.E+07 

± 7.7.E+06 

1.4.E+07 

± 1.8.E+06 

PE 36:2 C41H78NO8P 
2.8.E+07 

± 6.6.E+06 

4.9.E+07 

± 4.3.E+06 

4.4.E+07 

± 1.5.E+07 

3.4.E+07 

± 6.2.E+06 

PE 36:3 C41H76NO8P 
1.4.E+07 

± 3.2.E+06 

2.7.E+07 

± 2.7.E+06 

2.3.E+07 

± 7.9.E+06 

1.8.E+07 

± 3.7.E+06 

PE 36:4 C41H74NO8P 
6.4.E+06 

± 8.5.E+05 

1.4.E+07 

± 1.9.E+06 

9.0.E+06 

± 1.7.E+06 

7.9.E+06 

± 1.5.E+06 

PE 37:1 C42H82NO8P 
4.4.E+06 

± 1.0.E+06 

6.6.E+06 

± 4.6.E+05 

6.2.E+06 

± 1.9.E+06 

4.0.E+06 

± 9.0.E+05 

PE 37:2 C42H80NO8P 1.8.E+07 3.0.E+07 2.6.E+07 2.0.E+07 
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± 4.4.E+06 ± 2.4.E+06 ± 8.3.E+06 ± 3.8.E+06 

PE 37:6 C42H72NO8P 
1.7.E+06 

± 4.0.E+05 

2.9.E+06 

± 7.2.E+04 

2.0.E+06 

± 3.4.E+05 

1.7.E+06 

± 3.9.E+05 

PE 38:1 C43H84NO8P 
2.2.E+06 

± 6.9.E+05 

3.7.E+06 

± 3.7.E+05 

3.5.E+06 

± 1.5.E+06 

2.4.E+06 

± 3.0.E+05 

PE 38:3 C43H80NO8P 
3.6.E+06 

± 1.2.E+05 

6.4.E+06 

± 1.1.E+06 

5.7.E+06 

± 8.3.E+05 

5.9.E+06 

± 2.8.E+05 

PE 38:6 C43H74NO8P 
1.5.E+07 

± 3.5.E+06 

2.9.E+07 

± 3.8.E+06 

2.2.E+07 

± 5.4.E+06 

1.9.E+07 

± 4.2.E+06 

PE 39:1 C44H86NO8P 
1.3.E+06 

± 4.5.E+05 

1.8.E+06 

± 1.1.E+05 

2.0.E+06 

± 8.1.E+05 

1.4.E+06 

± 2.3.E+05 

PE 39:5 C44H78NO8P 
4.7.E+06 

± 1.7.E+06 

6.6.E+06 

± 1.4.E+06 

4.3.E+06 

± 1.7.E+06 

5.2.E+06 

± 1.2.E+06 

PE 40:1 C45H88NO8P 
1.0.E+06 

± 3.6.E+05 

1.4.E+06 

± 1.3.E+05 

1.6.E+06 

± 6.6.E+05 

1.1.E+06 

± 2.2.E+05 

PE 40:2 C45H86NO8P 
1.1.E+06 

± 5.5.E+05 

1.3.E+06 

± 2.2.E+05 

1.4.E+06 

± 6.5.E+05 

1.0.E+06 

± 2.1.E+05 

PE 40:3 C45H84NO8P 
7.2.E+05 

± 9.9.E+04 

1.3.E+06 

± 1.9.E+05 

1.1.E+06 

± 1.6.E+05 

9.9.E+05 

± 4.2.E+04 

PE 40:5 C45H80NO8P 
2.2.E+06 

± 8.7.E+05 

4.2.E+06 

± 3.2.E+05 

3.5.E+06 

± 1.6.E+06 

2.5.E+06 

± 1.4.E+05 

 

Supplementary for Chapter 4: Iron Up and Glutathione Down: An 

Imbalance Impacting Iron Homeostasis, Mitochondria, Lipidome, and 

Neurotransmitters in C. elegans 

S1. Method parameters for GSH-DEM determination 

To identify the product GSH-DEM and its fragments by LC-MS/MS, the reaction 

of GSH and DEM was carried out in vitro based on Kubal et al. 83 For the stock 

solutions, DEM was diluted in DMSO and GSH was weighed in freshly and 

dissolved in 0.2 M phosphate buffer. The reaction was performed at equimolar 

amounts of both reagents (5 mM) and 1% DMSO in phosphate buffer for 3.5 h 

at 20 °C. Figure S1 shows the structure of GSH-DEM with the fragmentation 
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patterns measured in this study. The used collision energy, collision cell exit 

potential, and declustering potential are shown in Table S1. Figure S2 shows 

representative chromatograms of the synthesized GSH-DEM standard (Fig. 

S2A) and a C. elegans sample after 2 h DEM treatment (Fig S2B). 

 

Figure 40. Structural formula of the GSH-DEM product with the fragmentation patterns and the 

corresponding m/z. 

 

Table 5. Parameters for detection of the fragments of GSH-DEM. Quantifier is marked with an asterisk. 

Fragmentation 

[m/z] 

Collision energy 

[V] 

Collision cell exit 

potential [V] 

Declustering 

potential [V] 

480 > 333 23 10 25 

480 > 351* 21 10 25 

480 > 405 26 10 25 

 

 

Figure 41. Representative MRM chromatograms of A) mass transitions of GSH-DEM in phosphate buffer 

and B) GSSG, GSH, and GSH-DEM in C. elegans treated with 20 mM DEM for 2 h. 
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S2. Chemicals  

The isotopically labeled lipid standard 1,2-dipalmitoyl-d62-sn-glycero-3-

phosphocholine (PC 32:0-d62 [PC 16:0 / 16:0 - d62]) was obtained from Biomol 

GmbH (Hamburg, Germany, PN 28751). 16:1 cardiolipin (CL 64:4), ammonium 

formate (pur. ≥99.995%) and ammonium acetate (≥99.99%) were purchased 

from Sigma-Aldrich Corporation (Steinheim, Germany). Butylhydroxytoluene 

was acquired from Fisher Scientific GmbH (Schwerte, Germany). LC grade 

chloroform and methyl-tert-butylether (MTBE) were obtained from Merck KGaA 

(Darmstadt, Germany). LC-MS grade acetonitrile (ACN), methanol (MeOH) and 

2-propanol (IPA) as well as acetic (≥99.8%) and formic acid (≥99%) were 

obtained from VWR International GmbH (Darmstadt, Germany). Water was 

purified utilizing a Milli-Q EQ 7000 system purchased from Merck KGaA 

(Molsheim, France). 

S3. Lipid extraction  

For lipid extraction of C. elegans samples (4500 adult day 1 and 2 nematodes 

each), an extraction according to the protocol by Matyash et al. was performed 

as follows.243,270 The pellets were resuspended with 200 µL of water and three 

freeze-thaw cycles utilizing liquid nitrogen were applied. Afterwards, 20 µL of a 

40 µM solution of PC 32:0-d62 was added prior to extraction. The solution was 

adapted to a final concentration of 2 µM for phospholipid (PL) and sphingolipid 

(SL) determination. This isotopically labeled internal standard was utilized to 

ensure proper extraction. Additionally, 20 µL of a 65 mM butylhydroxytoluene 

solution as antioxidant were added. Before sonication in an ultrasonic processor 

(20 min, P = 20 W, C = 50 %, A = 80 %; UP200St, Hielscher Ultrasonic GmbH, 

Germany), 750 µL of ice cold MeOH were added. Subsequently, 750 µL of 

MeOH and 5 mL of MTBE were added and samples incubated for 1 h under 

agitation (700 rpm, MULTI-TX5, VELP Scientifica Srl, Italy) at room 

temperature. Furthermore, 1.25 mL of water were added and samples were 

incubated for 15 min. Phase separation was supported by centrifugation at 
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5000 rpm for 5 min (Centrifuge 5804, Eppendorf AG, Germany). After collection 

of the upper organic phase, another extraction cycle of the remaining aqueous 

phase was performed by adding 2 mL of MTBE/MeOH/Water (10/3/2.5, v/v). 

Combined organic phases were evaporated under a gentle nitrogen stream at 

40°C. The residue was reconstituted in 1000 µL of MTBE/MeOH (3/1, v/v) and 

subsequently aliquoted for the analysis of cardiolipins (800 µL) as well as PL 

and SL (200 µL). For PL and SL determination, 200 µL of sample extract were 

dried under a gentle nitrogen stream at 40°C and the residue reconstituted with 

80 µL of IPA. For cardiolipin analysis all 800 µL of sample extract was 

resuspended in 80 µL of IPA containing CL 64:4 (0.5 M), after drying under a 

gentle nitrogen stream at 40°C. 

S4. Lipid Nomenclature 

Lipid denomination is based on the shorthand notation established by Liebisch 

et al.234,368 Phospholipids are described by their respective subclass notation, 

followed by the total number of carbon atoms (X) and double bonds (Y) found in 

the fatty acyl chains, e.g. PC X:Y. For sphingolipid species the total number of 

carbon atoms (X) and double bonds (Y) between the sphingoid base and fatty 

acyl chain are given, similar to phospholipid nomenclature. Additionally, the 

number of hydroxy groups (Z) is given, e.g. SM X:Y;OZ. 

S5. Chromatographic setup for determination of CL composition 

For 2D chromatographic separation of CL, a Vanquish Flex Duo UHPLC-system 

(Thermo Scientific, Dionex, Dreieich, Germany; Dual Split Sampler FT, Dual 

Pump F, Column Compartments H) incorporating a 6-port valve was utilized. 

Xcalibur 4.1 software and the SII Chromeleon plugin were used for instrument 

operation. Phospholipid classes were separated in the first dimension using an 

iHILIC Fusion(+) column (250 x 2.1 mm, 3.5 μm, 100 Å, HILICON AB, Umeå, 

Sweden) and a gradient based on our previous work, comprising an ammonium 

formate buffer (20 mM, pH 3.5, 5% ACN, A1) and ACN (B1).243 Before a series 
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of measurements, a 20-minute equilibration step at 60% B1 was employed to 

attain a reproducible HILIC separation and retention times. Additional 

chromatographic parameters included a flow rate of 0.4 mL/min, an injection 

volume of 2 µL and a column temperature maintained at 40°C. The HILIC 

gradient was initiated at 95% B1 for two minutes, followed by a linear decrease 

to 60% B1 within 15 min. This mobile phase composition was maintained for six 

minutes before being increased to 95% B1 where it was held for the remainder 

of the method (33 min total run time). Intra-class separation of CL species in the 

second chromatographic dimension was achieved utilizing a RP-HPLC XSelect 

Premier CSH C18 column (100 x 2.1 mm, 2.5 μm, 100 Å; Waters Corporation, 

Milford, MA, USA) under gradient elution. The gradient system was composed 

of an aqueous ammonium acetate buffer (10 mM, pH 3.5, 5% MeOH) (A2) and 

MeOH/IPA (60/40, v/v, containing 10 mM ammonium acetate buffer, 0.01% 

acetic acid; B2). Further HPLC parameters included a flow rate of 0.3 mL/min at 

40°C column temperature. The RP-HPLC gradient started at 80% B2 and was 

held for 14 min, then linearly increased to 92% B2 in one minute. Subsequently, 

B2 was further increased to 98% over 14 min, followed by an increase to 100% 

B2 within 0.5 min. After maintaining this composition for 2.5 min, B2 was 

decreased to 80% within 0.4 min and held until the end of the run. In the 2D-LC 

heart-cut setup, both chromatographic dimensions were connected through a 6-

port valve and a valve configuration as previously described.243 The timing of 

the 6-port valve switching was determined by the elution window of the CL-class 

(heart-cut window: 12.1-12.7 min). To enable separation in the second 

dimension, the heart-cut fraction was collected in a 500 µL sample loop.  

S6. Mass spectrometric setup for determination of CL composition 

For CL analysis via 2D-HPLC heart-cut MS/MS, mass spectrometric detection 

was carried out using a Q Exactive Plus mass spectrometer and a heated 

electrospray ionization source (HESI-II, Thermo Scientific, Bremen, Germany). 

Electrospray ionization was conducted in negative ionization mode, and HESI-
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II probe parameters were set as follows: source voltage -3.5 kV, probe heater 

temperature 300 °C, sheath gas flow rate 45 arbitrary units, auxiliary gas flow 

rate 10 arbitrary units, spare gas flow rate 1 arbitrary unit, and capillary 

temperature 325 °C. The s-lens rf level was set to 85. Full MS measurements 

were performed with a resolution of 140,000 (FWHM at m/z 200), an AGC target 

set to 3e6 and a maximum C-trap injection time of 100 ms. For structural 

elucidation, data-dependent MS/MS acquisitions were obtained at a normalized 

collision energy of 24 eV (based on a m/z of 500) and a resolution of 17.500 (at 

m/z 200). The isolation window for precursors was set to 1.5 Da. For MS/MS 

experiments, a maximum C-trap injection time of 50 ms was applied. 

S7. Chromatographic setup for determination of PL and SL composition 

Chromatographic separation of phospholipid (PL) and sphingolipid (SL) species 

was performed utilizing an UltiMate3000 UHPLC system (Thermo Fisher 

Scientific GmbH, Dreieich, Germany) consisting of the following modules. A 

DGP-3600RS dual gradient pump module, WPS-3000TRS autosampler, SRD-

3600 degasser and TCC-3000SD column oven. RP separation was carried out 

with an XSelect Premier CSH C18 column (100 x 2.1 mm, 2.5 μm, 100 Å; Waters 

Corporation, Milford, MA, USA). With this, a binary gradient of A: H2O/MeOH 

(95/5, v/v) and B: IPA/MeOH (85/15, v/v) with a total runtime of 28.5 min was 

applied as depicted in Table S2. A constant flow rate of 0.3 mL/min, column 

oven temperature of 40°C and injection volume of 3 µL were maintained.  

Table 6. Binary gradient for RP separation of phospholipids with A: H2O/MeOH (95/5, v/v) and 

B: IPA/MeOH (85/15, v/v). 

time [min] 0.0 1.0 2.0 16.0 18.0 24.0 24.5 28.5 

% B 60 60 72 80 100 100 60 60 
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S8. Mass spectrometric setup for determination of PL and SL 

composition 

Mass spectrometric measurements for PL and SL determination including ion 

mobility spectrometry were carried out on a timsTOF fleX mass spectrometer 

(Bruker Daltonics GmbH, Bremen, Germany). Parameters for electrospray 

ionization (ESI) -trapped ion mobility spectrometry (TIMS) -tandem mass 

spectrometry (MS/MS) were adapted from Rudt et al. and tailored to the here 

required conditions.369 

All measurements were performed in negative ionization mode with these 

following ESI source settings: end plate offset 500 V, capillary voltage 3500 V, 

nebulizer pressure 2.0 bar, dry gas flow rate 9.0 l/min, and dry gas temperature 

220 °C.  

For ion mobility spectrometry measurements via TIMS, a mobility range of 0.8 

– 1.65 Vs/cm2 in combination with a ramp time of 300 ms was applied. The 

utilized tunnel voltages were set as following: Δt1 20.0 V, Δt2 120.0 V, Δt3 -

80.0 V, Δt4 -100.0 V, Δt5 0.0 V, Δt6 -100.0 V, collision cell in -220.0 V. 

Additionally the accumulation was locked to the mobility range and ion 

accumulation was limited to a target value of 7.5 million via ion charge control 

for reduction of overcharge effects.  

A mass range of m/z 100 – 1350 combined with the following ion transfer 

parameters was applied: deflection 1 delta -80.0 V, funnel 1 RF 360.0 Vpp, 

isCID energy -0.0 eV, funnel 2 RF 250.0 Vpp, multipole RF 200.0 Vpp. Collision 

cell energy and RF were set to 10.0 eV and 1100.0 Vpp respectively. 

Quadrupole ion energy and low mass settings were 5.0 eV and m/z 150.0. 

Transfer time and pre pulse storage for pre TOF focus were set to 65.0 µs and 

7.0 µs respectively.  

For MS/MS experiments, data dependent acquisition (dda) with parallel 

accumulation serial fragmentation (PASEF) was utilized. Fragmentation via 
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dda-PASEF was applied with a collision energy of 40 eV for ions between a 

charge range of 0 – 1 and a m/z range of 300 – 1350. Quadrupole ion selection 

was based on an isolation width of m/z 1.75 with an intensity threshold of 100 

and a target intensity of 4000. Selected ions were actively excluded and 

released from selection after 0.1 min. For each cycle two PASEF ramps were 

applied.   

Initial mass calibration was performed according to sodium formate clusters 

utilizing a 5 mM solution of sodium formate in IPA/H2O (1/1, v/v). For initial ion 

mobility calibration, a tuning mix (ESI-L Low Concentration Tuning Mix; Agilent 

Technologies Inc., Santa Clara, CA, USA) was used with calibration points 

depicted in Table S3. Additionally, an online calibration has been applied after 

each measurement utilizing a mixed mass and mobility calibrant solution (1/1, 

v/v). Therefore a 20 µL sample loop was connected to the six-port valve of the 

timsTOF fleX instrument and continuously filled with calibrant solution via the 

integrated syringe pump and a flow rate of 1 µL/min. Valve switching at minute 

26.5 of the LC run introduced the calibrant into the timsTOF fleX instrument via 

LC flow. 
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Table 7. Calibration for mass spectrometric measurements utilizing a 5 mM sodium formate solution 

(left) and mobility calibration with ESI-L Low Concentration Tuning Mix (right). 

 

Calibration point 
Mass Calibration Mobility Calibration 

m/z m/z Mobility [V/cm2] 

1 112.9856 601.9790 0.8824 

2 180.9731 1033.9881 1.2582 

3 248.9605 1333.9689 1.4073 

4 316.9479 
  

5 384.9353 
  

6 452.9227 
  

7 520.9102 
  

8 588.8976 
  

9 656.885 
  

10 724.8724 
  

11 792.8599 
  

12 860.8473 
  

13 928.8347 
  

14 996.8221 
  

15 1064.8096 
  

16 1132.797 
  

17 1200.7844 
  

18 1268.7718 
  

19 1336.7593 
  

 

S9. Data Processing and Lipid Identification for determination of CL 

composition 

Chromatographic data processing and identification of CLs were performed 

using the open-source software MZmine 4 (version 4.2.0; mzio GmbH, Bremen, 

Germany).271 The annotation of CL species was based on accurate mass and 

matching MS/MS spectra. A batch processing method was created for negative 

ionization mode with noise levels set at 5000 for MS1 and 250 for MS2, 
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respectively. For the ADAP chromatogram builder a mass tolerance of 15 ppm 

was set. 

S10. Data Processing and Lipid Identification for determination of PL and 

SL composition 

The data processing, annotation and identification workflow was performed 

utilizing Metaboscape 2023b software (Bruker Daltonics GmbH, Bremen, 

Germany). For data processing the following parameters were applied. Features 

were extracted between a retention time of 0.5 – 24.5 min and a m/z of 100 – 

1350. Furthermore, a minimum 4D peak size of 50 data points, recursive feature 

extraction of 25 data points and intensity threshold of 200 counts was required. 

Primary ions were selected as [M-H]- while seed ions were [M+CH3COO]-, 

[M+Cl]-, [M-2H]2- and common ions were [M-H-H2O]- all with a 0.8 EIC 

correlation. For annotation of extracted features, the integrated rule-based lipid 

annotation as well as external MSDIAL-TandemMassSpectralAtlas-VS68-Neg 

library were applied.370,371 Respective narrow and wide tolerances were set as 

CCS 2% and 5%, m/z 2.0 ppm and 5.0 ppm, MS/MS score 800 and 500, 

85 mSigma (isotopic pattern matching). Annotated features were revised 

manually utilizing lipid-class specific 4D-Kendrick mass plots (KMD (CH2), m/z, 

tR, CCS) and considering deviation values calculated by Metaboscape 

software.372 

 

Figure 42. Zn levels after treatment with FAC and 2 h (A) or 24 h (B) DEM. Shown are mean + SEM of 

≥ 3 independent experiments. Significance is depicted as * compared to untreated control and # to DEM 

treatment only. 
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Figure 43. Number of up- and down-regulated DEGs after treatment with FAC and 2 h (A) and 24 h (B) 

DEM. Visualized using Venny. 373 
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Table 8. List of GO terms with corresponding GO numbers. 

GO name GO number 

ABC-type transporter activity GO:0140359 

acyl-CoA hydrolase activity GO:0016289 

alcohol dehydrogenase (NAD+) activity GO:0004022 

alcohol dehydrogenase [NADP)+] activity GO:0018455 

alcohol dehydrogenase [NADP+] activity GO:0018455 

binding GO:0005488 

catalytic activity GO:0003824 

cation binding GO:0043169 

DNA-binding transcription factor activity GO:0003700 

fatty acid elongase activity GO:0009922 

flavin adenine dinucleotide binding GO:0050660 

FMN binding GO:0010181 

G protein-coupled receptor activity GO:0004930 

galactoside binding GO:0016936 

glucuronosyltransferase activity GO:0015020 

glutathione disulfide oxidoreductase activity GO:0015038 

glutathione transferase activity GO:0004364 

glycosyltransferase activity GO:0016757 

heme binding GO:0020037 

hexose transmembrane transporter activity GO:0015149 

hexosyltransferase activity GO:0016758 

hypotaurine monooxygenase activity GO:0047822 

ion binding GO:0043167 

iron ion binding GO:0005506 
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Continuation of Table 8. 

GO name GO number 

lysozyme activity GO:0003796 

metal ion binding GO:0046872 

molecular function GO:0003674 

molecular transducer activity GO:0060089 

monooxygenase activity GO:0004497 

mRNA 5'-diphosphatase activity GO:0034353 

N,N-dimethylaniline monooxygenase activity GO:0004499 

NAD(P)H oxidase H2O2-forming activity GO:0016174 

oxidoreductasae activity GO:0016491 

oxidoreductasae activity, acting on CH-OH group of donors GO:0016614 

oxidoreductase activity, acting on NAD(P)H, oxygen as acceptor GO:0050664 

oxidoreductase activty, acting on paired donors, with incorporation 

or reduction of molecular oxygen, reduced flavin or flavoprotein as 

one donor, and incorporation of one atom of oxygen GO:0016712 

oxidoreductase activity, acting on the CH-OH group of donors, 

NAD or NADP as acceptor GO:0016616 

sequence-specific DNA binding GO:0043565 

signaling receptor activity GO:0038023 

small molecule binding GO:0036094 

sodium ion transmembrane transporter activity GO:0015081 

structural constituent of chromatin GO:0030527 

tetrapyrrole binding GO:0046906 

transcription regulator activity GO:0140110 

transferase activity GO:0016740 

transferase activity, transferring alkyl or aryl (other than methyl) 

groups GO:0016765 

transition metal ion binding GO:0046914 

transmembrane transporter activity  GO:0022857 

transporter activity GO:0005215 

UDP-glycosyltransferase activity GO:0008194 

zinc ion binding GO:0008270 
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Figure 44. Cellular energy charge value after treatment with FAC and 2h (A) or 24 h (B) DEM. Shown 

are mean + SEM of ≥ 3 independent experiments. Significance is depicted as * compared to untreated 

control. C+: 1 h treatment with 100 µM sodium azide as positive control. 
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Figure 45. Distribution of CL species after treatment with FAC and 2 h (A) or 24 h (B) DEM. Shown are 

mean + SEM of ≥ 3 (2h DEM n = 2) independent experiments. Significance is depicted as * compared 

to untreated control. 
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Figure 46. Distribution of phospho- and sphingolipids determined from peak areas in d1 adult (A) and 

d2 adult (B) untreated controls. Distribution of phospho- and sphingolipids based on the degree of 

saturation after treatment with FAC and 2 h (C) or 24 h (D) DEM. Shown are mean + SEM of ≥ 3 

independent experiments. 
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Figure 47. Distribution of PE (A, B) and PC (C, D) based on the degree of saturation after treatment with 

FAC and 2 h (A, C) or 24 h (B, D) DEM. Shown are mean + SEM of ≥ 3 independent experiments. 

Significance is depicted as * compared to untreated control. 
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Figure 48. Total MDA content after treatment with FAC and 2 h (A) or 24 h (B) DEM. Shown are mean 

+ SEM of ≥ 3 independent experiments. 

 

Figure 49. Dopamine (A, C) and γ-aminobutyric acid (B, D) content normalized to protein amount and 

untreated control after treatment with FAC and 2 h (A, B) or 24 h (C, D) DEM. Shown are mean + SEM 

of ≥ 3 independent experiments. 
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Supplementary for Chapter 5: Dysfunctional Copper Homeostasis in 

Caenorhabditis elegans affects genomic and neuronal stability 

 

S11. MDA: Settings for LC-FLD analysis and method validation parameters 

LC-FLD parameters for MDA quantification 

Analysis was performed by LC-FLD using an Agilent 1260 Infinity II liquid 

chromatography system. The chromatographic separation was performed using 

a Chromolith Performance RP-18 100 x 4.6 mm column at 40 °C. 5 mM KH2PO4 

(pH 7) and MeOH were used as eluents. At a flow rate of 0.7 mL/min, the total 

run time was 9 min. The measurement started with 0 – 100% of MeOH in 1 min, 

100% MeOH for 5 min, 100 – 0% in 2 min and 1 min equilibration at 0% MeOH. 

Detection was performed by a FLD at extinction of 515 nm and emission of  

553 nm. 

Method validation parameters 

The method for determination of MDA using LC-FLD was validated according to 

the “ICH guideline Q2(R2) on a validation of analytical procedures” of the 

European Medicines Agency. All samples and standards were derivatized with 

2-Thiobarbituric acid (TBA) before the measurements. The linearity, limit of 

detection (LOD) and limit of quantification (LOQ) were determined by adding a 

defined amount of homogenized worm (wild type) matrix to TMP standards 

before derivatization with TBA. The concentration range of the standards was 

between 0 – 500 nM TMP. The LOD and LOQ were determined using following 

formulas: LOD = 3 x SDy/b and LOQ = 10 x SDy/b (SDy = standard deviation of 

analyte concentration in 4 blank measurements, b = slope of calibration curve). 

To determine the accuracy, 20 nM, 200 nM and 500 nM TMP were analyzed 

five times each. The ratio of the measured concentration to the expected 

concentration was calculated to determine the accuracy. The recovery was 

determined by analyzing four samples with a defined amount of worm matrix, 
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four samples with a defined TMP concentration and four samples containing 

both. To calculate the recovery, the ratio of the measured standard with matrix 

and the quantity of the standard without matrix was determined. To determine 

the intraday precision, five samples were pelletized on one day and for interday 

determination, five samples were pelletized on five different days. The unbound 

and bound MDA concentrations of these samples were normalized to protein 

content and the precision is stated as the relative standard deviation of the 

samples in percent (RSD%). 

Table 9. Overview of linearity, LOD, LOQ, accuracy and recovery of the MDA method validation. 

 

Correlation coefficient [R2] 0.9995 

LOD [nM] 9 

LOQ [nM] 30 

Accuracy [%] 

20 nM TMP 

134 ± 13 

200 nM TMP 

98 ± 10 

500 nM TMP 

100 ± 6 

Recovery [%] 98 ± 8 

 

Table 10. Overview of intraday and interday of unbound and bound MDA. 

 unbound MDA bound MDA 

intraday 16 % 10 % 

interday 19 % 29 % 

 

S12. Experimental procedure for cardiolipin analysis 

Chemicals and materials 

Methanol (MeOH), acetonitrile (ACN), 2-propanol (LC/MS grade), formic acid 

(99-100% p.a.) and acetic acid (≥99.99%) were obtained from VWR 

International GmbH (Darmstadt, Germany). Methyl-tert-butylether (MtBE)  
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(LC grade) was purchased from Merck KGaA (Darmstadt, Germany). 

Ammonium formate (≥99.995%) was purchased from Sigma Aldrich (Steinheim, 

Germany). Ammonium acetate (≥99.99%) was delivered by Honeywell (Seelze, 

Germany). 18:2 Cardiolipin-d5 (> 99%) (d5-CL 72:8) was obtained from Avanti 

Polar Lipids (Birmingham, AL, USA). Water was purified by a Milli-Q EQ 7000-

System (18.2 MΩcm; 0.2 μm filter; Millipore, Molsheim, France). All chemicals 

were used as received. 

Lipid extraction 

Lipid extraction of C. elegans samples was carried out according to a modified 

protocol of Matyash et al. 270 including an additional extraction cycle previously 

described by Helmer et al 243. C. elegans nematodes in the fourth larvae stadium 

(L4) were extracted in pellets of 4500 worms. For resuspension of the pellet, 

100 µL of water was added. Additionally, 20 µL of 65 mM BHT as an antioxidant 

was added before three freeze-thaw cycles in liquid nitrogen were performed. 

This step was followed by sonication (UP200St, Hielscher Ultrasonics GmbH, 

Germany) of the sample after adding 1.5 mL MeOH and  

20 µL 5 µM d5-CL 72:8 as internal standard (IS). Lipid extraction was induced 

by adding 5 mL MtBE to the sample in 12 mL glass vials with Teflon caps. The 

sample was shaken for 1 h at 600 rpm at room temperature. For phase 

separation, 1.25 mL water was added to the extraction mixture followed by an 

additional 10 min incubation at room temperature. After centrifugation of the 

sample for 10 min at 2500 rpm (Centrifuge 5804, Eppendorf SE, Germany), the 

upper organic phase was collected. A second extraction cycle was then applied 

to the aqueous phase by adding 2 mL MtBE/MeOH/water (10:3:2.5; v/v/v). 

Pooled organic supernatants were dried utilizing a gentle nitrogen flow. The 

residue was resuspended in 200 µL of 2-propanol, resulting in a concentration 

of 0.5 µM IS and 6.5 mM BHT. Lipid extracts were then directly used for analysis.  
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Cardiolipin analysis via 2D-LC-HRMS 

2D-LC-HRMS analysis was carried out utilizing a Thermo Scientific Vanquish 

Flex Duo UHPLC-system (Thermo Fisher Scientific, Dreieich, Germany) 

hyphenated to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). The instrument setup was controlled via the XCalibur 4.1 

software using the SII plug-in. The instrument and heart-cut setup was applied 

as previously described by Blume et al. 331 and Helmer et al. 243,374. In first 

dimension (1D) HILIC separation of phospholipid classes was performed utilizing 

an iHILIC Fusion(+) column (20 x 2.1 mm, 5 µm, 100 Å) (HILICON AB, Umeå, 

Sweden). Gradient elution was performed using an aqueous ammonium 

formate buffer (35 mM, pH 3.5, 5% ACN) (A) and ACN (B) as organic solvent 

374. Equilibration of the stationary phase at 60% B for 20 min took place 

beforehand to ensure reproducible retention times. In second dimension (2D) 

RP separation was optimized for efficient separation of CL species on an 

Xselect Premier CSH C18 column (100 x 2.1 mm, 2,5 µm) (Waters Corporation, 

France). For gradient elution, aqueous ammonium acetate buffer (10 mM, 

0.01% acetic acid, 5% MeOH) (A) and MeOH/2-isopropanol (60:40 (v/v), 10 mM 

ammonium acetate, 0.01% acetic acid). The gradient started at 80% B with an 

equilibration step during the HILIC separation in first dimension 243. Table 9 

gives a detailed gradient overview of 1D HILIC and 2D RP separation. For the 

heart-cut approach, a transfer window from 5.8 min to 6.4 min was applied. A 

six-port valve integrated into the column compartment was equipped with a 

400 µL stainless-steel sample loop for the heart-cut setup as described earlier 

243,331. Analyte transfer onto the RP column in 2D was carried out by back-

flushing the sample loop. Gradient elution as described in Table 9 started 

simultaneously. The total run time including both separation dimensions was 

28 min with a sample injection volume set to 5 µL.  
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Table 11. Gradient overview containing both gradients for the HILIC separation in the first and the RP 

separation in the second dimension and the switching positions of the six-port-valve for the heart-cut 

setup. 

1D HILIC gradient 2D RP gradient Valve set-up 

time 

/min 

flow 

/mLmin-1  %B 

time 

/min 

flow 

/mLmin-1  %B 

time 

/min position 

0.00 0.3 97 0.00 0.3 80 0.00 2_1 

0.2 0.3 97 7.70 0.3 80 5.80 1_6 

0.5 0.3 93 8.70 0.3 92 6.40 2_1 

2.75 0.3 93 22.70 0.3 98 7.70 1_6 

7.50 0.3 60 23.10 0.3 100 25.00 2_1 

11.00 0.3 60 26.90 0.3 100   

11.50 0.3 97 27.40 0.3 80   

14.00 0.3 97 28.00 0.3 80   

14.10 0.05 97      

24.50 0.05 97      

28.00 0.3 97      

 

 

Figure 50. Six-port-valve positions for the heart-cut setup. 

 

Negative electrospray ionization (ESI) was performed by a HESI-II probe 

(Thermo Fisher Scientific, Bremen, Germany) prior mass spectrometric 

detection. Probe parameters were set to the following values: source voltage -

3.5 kV, probe heater 300 °C, sheath gas flow rate 45 arbitrary units, auxiliary 
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gas flow rate 10 arbitrary units, spare gas flow rate 1 arbitrary unit, capillary 

temperature 325 °C. The s-lens rf level was set to 85. Data-dependent MS/MS 

experiments for structural elucidation were performed at a normalized collision 

energy of 24 eV (based on a m/z of 500) by HCD with a resolution of 17,500 (at 

m/z 200). Full scan resolution was set to 140,000. An isolation window of 1.5 Da 

for precursors was set to avoid isotopic interferences. The maximum C-trap 

injection time was set to 100 ms in full scan mode and 50 ms for MS/MS 

experiments.  

Data processing 

For data processing of the HRMS data, the open source software MZmine 3 271 

(version 3.4.21) was utilized. CL annotation was performed by the lipid search 

module based on accurate mass and matching MS2 spectra. A batch processing 

method was created using the processing wizard. The UHPLC-Orbitrap-DDA 

setup was chosen. Polarity was set to negative with a noise level of 5000 for 

MS1 and 1000 for MS2 level. A mass tolerance of 10 ppm was set for the ADAP 

chromatogram builder 375. Subsequently, the created feature lists were aligned 

and gap filled. 

For the analysis of the CL distribution, all peak areas of identified CL species 

were normalized to the peak area of the IS (0.5 μM d5-CL 72:8) in addition to 

the protein content. Subsequently, all normalized peak areas of identified CL 

species were summed up and the relative abundance of all CL species in 

comparison to the overall CL amount was calculated. An absolute quantification 

was not carried out. Due to the normalization of the data set, comparable results 

in wild-type and mutant samples could be observed. 
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Lipid nomenclature 

Lipids were named according to the shorthand notation proposed by Liebisch et 

al. 234 The total number of carbon atoms in the fatty acyl residues is given 

together with the number of double bonds i.e. CL 72:8. 

Supplementary Figures 

 

Figure 51. Relative mRNA levels of (A) daf-16/FOXO4, (B) nsy-1/MAP3K5 and (C) pmk-1/MAPK11 

following 24 h Cu incubation. Data presented are mean values of n = 4 independent experiments + 

SEM. 
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Figure 52. Relative mRNA levels of (A) skn-1/NRF2, (B) bli-3/DUOX2, (C) sod-1/SOD-1 and (D) sod-

4/SOD-3 following 24 h Cu incubation. Data presented are mean values of n = 4 independent 

experiments + SEM. 

 

 

 

Figure 53. MDA levels (bound) normalized to wildtype control [%]. PQ was used as positive control (C+) 

in wildtype worms. Data presented are mean values of n = 4 independent experiments + SEM. 
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Figure 54. Representative distribution of CL species in terms of chain length and degree of saturation 

for untreated (A) atox-1 and (B) ceruloplasmin deletion mutants. 

 

 

Figure 55. Aldicarb-induced paralysis assay in (A) wildtype, (B) atox-1Δ and (C) ceruloplasminΔ worms 

treated with 0 mM (light grey), 0.5 mM (dark grey) or 2 mM (black) CuSO4 for 24 h. Plotted are the 

fraction of moving worms [%] against the assay procedure time [min]. Data presented are mean values 

of n = 3 independent and blinded experiments ± SEM. 
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