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Preliminary remarks to the structure of the dissertation

This semi-cumulative dissertation consists of 7 chapters, whereby chapters 3 — 6 are based
on first-author publications published or submitted to peer-reviewed journals. These
chapters include suggestions of co-authors, reviewers, and journal editors as an outcome
of the peer-review process. Within chapter 2 (Background Information), the most relevant
fundamentals for understanding the publications are described. Chapter 7 contains a
general conclusion and outlook of the entirety of the project. Each isolated publication

offers a more specific introduction, conclusion, and outlook of the respective topic.

Despite the studies being published in different journals and publication styles, it was
chosen to combine the bibliographies, figure and table legends for reasons of clarity and
comprehensibility. The original layouts of the publications were therefore altered, and
some editorial changes have been made. If applicable, the sources of the original
publications are marked clearly at the beginning of each chapter. Due to the different
publication styles of each journal, inconsistency in abbreviations, nomenclature, and

spelling (British and American English) might be noticeable.

The nomenclature for human/ mammalian genes and proteins was chosen as the
following: GENE names are written in italicized and upper case letters, while PROTEIN
names are written in non-italicized upper case letters. Whereas the nomenclature for
C. elegans genes and proteins was chosen as the following: gene names are written in
italicized and lower case letters, while protein names are written in non-italicized lower

case letters.
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Summary

Manganese (Mn) is an essential trace element needed as a cofactor for many cellular
processes, but (chronic) overexposure of the transition metal has been associated with
various adverse neurological effects. Mn is omnipresent in food and drinking water; a
deficiency is therefore not of concern. However, due to the rising industrial use of Mn as
a transition metal and the resulting environmental pollution, Mn uptake is constantly
increasing, and overexposure has become more relevant, not only in an occupational
setting but also for the general population, leading to a rapidly evolving research interest
in Mn-induced neurotoxicity. Oxidative stress, meaning the imbalance of reactive oxygen
and nitrogen species (RONS) formation and degradation, has been identified as one of the
main pathways in Mn toxicity. Mn-induced oxidative stress can affect many diverse
cellular mechanisms, which eventually may cause Mn-induced neurotoxicity. Despite the
ongoing research, the underlying mechanisms of Mn-induced neurotoxicity, key targets
of the Mn-induced oxidative stress and the neurodegeneration itself are not yet fully

understood.

This work was conducted to investigate the link between oxidative stress and
neurotoxicity after Mn overexposure further, focussing hereby on RONS-induced DNA
damage, DNA damage response, and DNA repair. For this, the multicellular model
organism Caenorhabditis elegans (C. elegans) was used for studying genomic integrity in
an entire organism, and dopaminergic-like differentiated Lund human mesencephalic
neuronal (LUHMES) cells were used to focus the research on the genomic integrity in

neuronal cells.

The first part of this work consisted of developing novel methods for assessing oxidative
stress and genomic integrity in C. elegans. The nematode has gained increasing
recognition in research regarding oxidative stress, DNA damage and DNA repair, but

methods for measuring specifically genotoxicity in C. elegans are still scarce.

Cardiolipins (CLs) are exclusively located in mitochondria and therefore offer a unique
relevance regarding oxidative stress, mitochondria dysfunction, and related diseases. Due
to their location and the high level of unsaturation of these lipids, CL oxidation products

(CLox) can be an early and sensitive biomarker for oxidative stress.

Utilising online two-dimensional liquid chromatography hyphenated with high-
resolution mass spectrometry (2D-LC-HRMS), the CL and CLox distributions in C. elegans

XV



were determined. The method was then tested on its applicability as an oxidative stress
marker by provoking RONS formation in C. elegans using tert-butyl hydroperoxide
(tBOOH). The results proved a concentration-dependent formation of oxidised CL after
tBOOH treatment and confirmed the great potential of this method for CLox analysis as

a feasible and sensitive marker of oxidative stress.

For genotoxicity assessment in C. elegans, we developed a reliable and practicable lysis
method and adapted the alkaline unwinding (AU) assay to the nematode matrix. This
allows investigations of DNA damage by measuring the percentage of double-stranded
DNA (dsDNA) and calculating the DNA strand breaks as a marker for genomic integrity.
Utilising C. elegans for genotoxicity assessment allows working within the niche of less
transferable in vitro and costlier rodent experiments. This novel approach of the
established in vitro AU assay was validated using the genotoxic substances bleomycin
(BLM) and tBOOH as positive controls, and the method proved to be highly meaningful
and reproducible. Therefore, the AU assay in C. elegans is a reliable genotoxicity test
within the 3R concept (reduction, refinement, and replacement of animal experiments)
and can be used to complement the classic genotoxicity bacterial, cell culture, or rodent

experiments by a multicellular model organism.

After method development, the effects of Mn on oxidative stress, DNA damage, and DNA
repair were analysed in C. elegans to elucidate the mode of action of Mn-induced
neurodegeneration. For this, worms were exposed to MnClz and bioavailability and
lethality were assessed for optimal concentration finding for genotoxicity testing. DNA
damage induction was analysed by measuring DNA strand breaks using the AU assay
and measuring the formation of 8-oxo-7,8-dihydroguanine (8oxodG). Different deletion
mutants were then used to investigate the role of DNA damage response induction (via
analysis of poly(ADP-ribosyl)ation (PARylation)) and the oxidative DNA damage-specific
DNA repair (base excision repair) in Mn-induced toxicity. The results illustrate a Mn
uptake that is dose- and time-dependent and correlates directly with the lethality rate of
exposed C. elegans. Measuring the DNA damage and gene expression of BER-involved
enzymes revealed a decrease in genomic integrity and induction of DNA repair after
excessive Mn exposure. Additionally, we were able to show that the poly(ADP-ribose)
glycohydrolase 1 (parg-1) accounts for most of the glycohydrolase activity in C. elegans.
Collectively, these results highlight the vital role of genomic integrity in Mn-induced

neurotoxicity and broaden the molecular understanding of the underlying pathways.
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The last part of this work consisted of similar investigations as those described above, but
by changing the model system, we were able to focus the research specifically on
neurotoxicity instead of global effects. Previous in vivo studies observed that Mn
accumulation in the brain occurs mainly in dopamine-rich regions, indicating that
dopaminergic neurons are a primary target for Mn-induced neurotoxicity. Using
LUHMES cells, assessment of Mn bioavailability, cytotoxicity, DNA damage induction,
DNA repair, and consequences of Mn overexposure on the neurite network in
dopaminergic-like neurons was possible. Thus, conclusions about the neurotoxicity of
Mn can be drawn. Measurements of bioavailability and cytotoxicity indicated a
concentration-dependent uptake and cytotoxic effect again. The formation of DNA
damage (80oxodG and DNA strand breaks) showed, likewise to C. elegans investigations,
a significant dose- and time-dependent increase after Mn exposure. Analysing
PARylation and DNA repair gene expression implies induction of the DNA damage
response that is not regulated on a transcriptional level. The neuronal outgrowth is also
adversely affected by Mn overexposure, as this was shown by a significant degradation

of the neuronal network.

Altogether, these results confirm the important role of adverse effects of Mn and Mn-
induced oxidative stress on the genomic integrity, globally in an entire organism, but also

specifically in post-mitotic dopaminergic-like neurons.
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Chapter 1
Motivation and Scope of the Thesis



Chapter 1

1.1 Introduction

Manganese (Mn) is an essential trace element that is needed as a cofactor for a large
number of cellular processes. Exposure to this metal is omnipresent in food and drinking
water; a deficiency is therefore not of concern for the general population. In contrast to
this, chronic overexposure is of higher importance [1]. High levels of Mn exposure have
been associated with various adverse neurological effects and possible occurring
symptoms resembling those of Parkinson’s disease [2]. The association of chronic Mn
overexposure and neurodegenerative diseases has been discussed extensively.
Considering the increasing exposure due to the rising industrial use of Mn as a transition
metal, research in the field of Mn-induced neurotoxicity is rapidly evolving [3]. Possible
underlying mechanisms for neurodegeneration are being discussed, and investigations
are ongoing, for example, regarding neuro-inflammation, dysregulation of mitochondrial
function, redox homeostasis, and altered neurotransmitter metabolism [4]. Induction of
oxidative stress, so the imbalance of reactive oxygen and nitrogen species (RONS)
formation and degradation, by Mn has been identified as a main intermediate mechanism
of Mn-induced neurotoxicity, which then affects many diverse cellular mechanisms [3, 5,
6]. However, the underlying mechanisms and the role of Mn-induced oxidative stress in
the pathophysiology of those key targets and, ultimately, neurological diseases are not

yet fully understood.

Utilising two different model organisms/ systems, this research work was conducted to
investigate in depth the link between Mn-induced oxidative stress and neurotoxicity,
focussing hereby on genomic integrity. Interactions of RONS with DNA is a constant
cellular event that is under physiological conditions balanced by the DNA damage
response and DNA repair. However, excessive production of RONS or insufficient DNA
repair after Mn exposure might increase the formation and persistence of oxidative DNA
damage, putting the genomic integrity in jeopardy [7]. This, in turn, could promote the
neurological dysfunction after Mn exposure observed in humans and experimental in vivo

studies [4].

While some published in vitro and in vivo studies of Mn toxicity started to address
endpoints of genomic integrity [8-11], their results are not well comparable and are often
incomprehensive. Moreover, classical rodent experiments are often cost- and time-
intensive. Taking advantage of the simple but multicellular model organism

Caenorhabditis elegans (C. elegans), this work aimed to establish a “complete” model for
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Motivation and Scope of the Thesis

meaningful in vivo genotoxicity testing, from oxidative stress endpoints, quantifying the
DNA damage and analysing the activation of the DNA damage response and DNA repair.
Additionally, utilising C. elegans allows less expensive, less time-consuming and higher
reproducible in vivo experiments within the ethics of the 3R principle (reduction,
refinement, and replacement of animal experiments), and still conduct experiments that
are easier transferrable to animal experiments than classical cell culture systems [12].
Thus, creating a modern approach for genotoxicity testing that is then applicable for

mechanistic studies of Mn-induced neurotoxicity.

Further research was then conducted, focussing less on adverse outcomes of Mn exposure
globally on a complete organism but more intensively on the aspect of the neurotoxicity
itself. Based on the location of Mn brain accumulation and decrease of dopamine release,
dopaminergic neurons are identified to be one of the main targets of Mn toxicity [13-15].
Additionally, altered neurotransmitter (y-aminobutyric acid, glutamate, and dopamine)
release, mediated by effects of Mn on the neurotransmitter systems and their convoluted
interplay, has been associated with Mn overexposure [3]. By utilising the differentiated
Lund Human Mesencephalic (LUHMES) neuronal cell line, investigations on the effects
of Mn on cellular mechanisms in post-mitotic cells, like Mn uptake, cytotoxicity, genomic
integrity, and neurite outgrowth, were analysed. After differentiation of these cells, they
become dopaminergic-like neurons, showing many properties of dopaminergic neurons,

and are therefore highly relevant for Mn-induced neurotoxicity research [16].

In combination, the two model organism/ systems provide a well-rounded basis for
research on the role of genomic integrity and the associated pathways in Mn-induced

neurotoxicity.



Chapter 1

1.2 Scope of the Thesis

This work was focused on the following key points

Development of new markers for the assessment of oxidative stress and genotoxicity

in the multicellular model organism C. elegans.

Investigations of bioavailability, oxidative stress, DNA damage, DNA repair and

survival after Mn exposure in C. elegans.

Analysis of Mn-induced neurodegeneration by utilising LUHMES cells for
mechanistic studies of bioavailability, cytotoxicity, genomic integrity, and tubulin

expression after Mn exposure in a dopaminergic-like neuron.
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Chapter 2

2.1 Oxidative Stress

The balance of generation and depletion of RONS is a crucial objective for biological
systems. At low and moderate levels, the formation and presence of RONS are needed for
various cellular processes and signalling pathways, like the immune response, protein
phosphorylation, activation of transcription factors, and apoptosis [17-21]. In addition to
intrinsic RONS scavengers (e.g. glutathione, ascorbic acid, carotenoids), cells contain
several different antioxidant systems that are used to lower the number of free radicals.
These defence systems mainly rely on enzymatic activity, like the glutathione peroxidase
(GPX) or the superoxide dismutase (SOD), to protect cells from RONS-induced damage
[22-24]. If the balance is shifted towards the induction of RONS and physiological levels
are exceeded, increasing interactions of RONS with important cellular structures will
occur, causing harmful modifications of proteins, lipids, and nucleic acid [25]. This
phenomenon of excess RONS is commonly referred to as oxidative stress and has, with
varying degrees of importance, been associated with the onset and progression of several
diseases and accelerated ageing processes. Examples of RONS are superoxide radicals
(O2"), hydrogen peroxide (H20:z), hydroxyl radicals (OH), and nitric oxide (NO) [17].
Endogenously, they are mainly formed as metabolic by-products under physiological and
pathological conditions in mitochondria (cellular respiration, arachidonic acid
metabolism), endothelial cells, and inflammatory cells [26]. In addition, metals, like
iron(Il) (Fe?*) and Mn?*, can act as cofactors for the formation of the most reactive free
radical species, -OH, by the reaction of Oz~ with water, namely Fenton(-like) reactions
[27, 28]. Exogenously caused free radical production is stimulated by the degradation and
metabolising of environmental pollutions, heavy metals (e.g. mercury, cadmium, arsenic,
Fe and Mn), certain drugs (e.g. bleomycin, cyclosporine), chemical solvents, and “lifestyle”
pollutions (e.g. alcohol, cigarette smoke, smoked meat). Irradiation is also known to
induce RONS-formation [17, 23, 29-34]. DNA is prone to oxidative damage, causing loss
of epigenetic information and increasing the risk of mutagenicity. Oxidative base damage
is a prevalent occurrence under excessive RONS, with 8-oxo-7,8-dihydroguanine
(80x0dG) being the most invested modification of DNA bases [25]. Aside from DNA
damage, RONS-induced excessive lipid peroxidation (and subsequent radical chain
reactions) result in cell membrane and lipoprotein damage and can affect large quantities
of lipid molecules [35]. Upon oxidative stress, also conformational modifications of

proteins occur, which are causal to loss or impairment of the enzymatic activity [25].



Background Information

2.1.1 Biomarkers of oxidative stress

Oxidative stress has been linked to many (neurological) diseases and is considered to be
either a primary or secondary cause of many multifactorial syndromes. This makes a
quantitative assessment of oxidative stress indispensable for many research fields within
toxicology, pharmacology, and clinical settings. The most direct estimation of oxidative
stress is likely the measurement of RONS itself. Different dyes, mostly
2’-7"-dichlorodihydrofluorescein diacetate (DCFH-DA), MitoTracker®red, or MitoSOX™,
are used to quantify RONS via fluorescent or chemiluminescent signals [36-39].
Analytical or biochemical measurements of glutathione levels provide another approach
towards the assessment of the redox balance in cells and organisms. Glutathione is likely
the most important intracellular redox buffer [40]. Under physiological conditions, most
of the redox-active glutathione molecules are present in the reduced form (GSH). In the
presence of RONS, GSH is oxidised to glutathione disulphides (GSSG), causing a reduction
of the reactive species and reducing its oxidative capacity. Quantification of the
GSH/GSSG ratio can therefore be used as an indicator of the redox status of an organism

[41-43].

Analysing the expression and activity of antioxidant enzymes is an indirect measure of
oxidative stress and the redox status of an organism. Gene expression is classically
measured by reverse transcription combined with quantitative polymerase chain reaction
(RT-gPCR) [44, 45]. From relative-fold changes in transcription levels, information on the
regulation of specific signalling cascades and protein levels can be drawn, while it does
not allow the assessment of enzyme activity. An example of enzyme activity
determination is the analysis of the inhibition of the superoxide-induced lucigenin
chemiluminescence by superoxide dismutase (SOD) activity [46]. A second large
approach of indirect investigations of oxidative stress is the measurement of oxidative
damage on proteins, lipids, or DNA. Here it is very important to understand the nature
of the present reactive species, as they target different, and in some cases very specific,
endpoints. For example, protein carbonylation is highly inducible by HOCI, whereas DNA
and lipids are no likely targets for this specific radical. Protein oxidation is often
investigated using 2,4-dinitrophenylhydrazine (DNPH) [47], which reacts specifically
with the carbonyl groups of aldehydes and ketones, causing a spectrophotometric change.
Analytical and biochemical quantification of isoprostanes and malondialdehyde (MDA)

are common examples of lipid peroxidation endpoints [48, 49]. Directly resulting from
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RONS attack, oxidative DNA damage levels can be assessed to conclude on the redox
status. Oxidative damage of the guanine base is likely the most investigated oxidative
DNA damage [50-52] and will be discussed in more detail in Section 2.2.2. An overview
of some recognized oxidative stress markers is given in Table 1. It is important to notice
that each biomarker has its advantages and disadvantages. Dye methods are usually fast
and easy to perform, but their binding might be relatively unspecific and radicals are
often short-lived. Analytical methods are far more specific but the stability of molecules
of interest might not always be given. Additionally, RONS have various diverse endpoints
that might be site-specific and exhibit different sensitivities towards oxidative stress [53-
55]. Finding and developing an optimal combination of oxidative stress biomarkers is

therefore of essential importance.

Table 1 Overview of some selected examples of frequently used oxidative stress biomarkers.

Endpoint Possible method

Cellular and mitochondrial RONS

Chemiluminescent/ fluorescent measurements: MitoTracker, MitoSOX, DCFH-
DA, Amplex Red, Lucigen [56-59]

RONS
High-performance liquid chromatography-mass spectrometry (HPLC-MS)

analytical measurements: 2,3-Dihydroxybenzoic acid [60]

Fluorescent/ spectrophotometric measurement: redox-cycling assay for
quantification of GSH/ GSSG [61]

HPLC-MS/MS or HPLC-qTOF measurements: GSH/ GSSG simultaneously [41,
52]

Glutathione

Antioxidant enzymes

Enzyme activity Chemiluminescent/ fluorescent measurements: SOD, catalase (CAT), GPX [62]

Quantitative measurement of changes in gene expression levels via RT-qPCR

Gene expression
[45, 63]

Oxidative damage endpoints

Immunoblotting: OxyBlot [64]
Carbonylated
Chemiluminescent/ fluorescent measurements: DNPH,
proteins
fluorescein-5-thiosemicarbazide (FTC) [47, 65]

Fluorescence measurements: lipofuscin [66]

Lipid oxidation
HPLC-MS/MS: Isoprostanes [48, 67]

products

HPLC-FLD: MDA [68]

Immunofluorescence: (8-hydroxy deoxy-guanine) 80HdG [52, 69]
Oxidative DNA HPLC-MS/MS: (8-0x0-7,8-dihydroguanine 8oxodG) [50, 70]
damage qPCR: non-polymerase blocking DNA damage [51]

general oxidative DNA damage: Fpg-modified alkaline COMET assay [71]
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2.2 Genotoxicity as a Consequence of RONS

Genotoxicity describes the potential of a substance to cause genetic alterations, which
can lead to several negative outcomes, like impaired transcription, replication, and
apoptosis. Affecting somatic cells, genotoxicity will potentially result in cancer (if proto-
oncogenes or tumour suppressor genes are affected) and non-cancerous genetic diseases.
Arising in germ cells, those genetic alterations can cause infertility, heritable DNA
damage (= mutations) and intergenerational genetic diseases [30, 72-74]. Concerningly,
DNA damage that occurs in single cells at only low exposures and might only manifest
after unusually long periods following the exposure can be causal to the adverse
outcomes [75]. Mutations include changes in single base pairs and genes, chromosomal
alterations (breaks, stable deletions, duplications, or rearrangements), and changes of
chromosomal number (loss or gain), which are changes that are persistent and heritable.
Mutations can either be caused by mutagens or via mitotic recombination. Genotoxicity
includes mutagenicity but also non-heritable DNA damage caused by processes such as
unscheduled DNA synthesis, DNA strand breaks, DNA base modifications and DNA
adduct formations [76]. RONS-mediated genotoxicity is well recognized. Free radicals
have the potential to directly cause DNA strand breaks or damage the DNA by forming
oxidative base modifications. Accumulation of RONS under oxidative stress is also
associated with the induction of mitochondrial DNA lesions, strand breaks and the

degradation of mitochondrial DNA [77-79].

2.2.1 Genotoxicity testing

Testing for the genotoxic potential of a substance is part of the mandatory approval
procedures within the chemical and pharmaceutical industry and is required for risk
assessment of food ingredients and other substances. The procedures for genotoxicity
testing are strictly defined by the Organisation for Economic Co-operation and
Development (OECD) guidelines [76]. Due to the wide variety of possibly induced/ arising
DNA damages, testing batteries are usually applied for a systematic assessment of
multiple genotoxicity endpoints. These include assays for 1) measurement of the
mutagenic potential as well as 2a) quantification of the DNA damage itself, which may or
may not cause permanent genetic alterations, and for 2b) mechanisms involved in the

preservation of genome integrity. Therefore, the two latter groups are no direct methods
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for measuring mutagenicity but reflect the efficiency of the genomic integrity
maintaining machinery [76]. The guidelines recommend a battery, which is adaptable to
the nature of the tested substance and is built on bacterial reverse mutation assays (AMES
test), in vitro evaluations of chromosomal damage, and finally, in vivo (mostly rodents)
assessment of chromosomal damage [80-82]. Which specific tests should be performed
strongly depends on the chemical properties of the test substance and the results assessed
previously within the test battery but are usually set up in order of increasing (ethical)
complexity. An overview of the genotoxicity tests currently regulated by the OECD test
guidelines (TGs) can be seen in Figure 1. Additionally, the TGs include indicator tests,
which detect the primary DNA damage but give no information on the resulting
physiological outcome of these damages (repair of the DNA, mutation, or cell death).
These tests are used for preliminary screening, mechanistic investigations, as an estimate

for exposure biomarkers, or as an in vivo follow up of positive in vitro results [75].

in vive mutation test

TG 488

in vivo chromosomal aberration tests
TG 475 TG 483

in vivo micronucleus test

TG 474
in vivo dominant lethal test
TG 478
in vivo heritable translocation test
TG 485
in vitro chromosomal aberration test
TG 473
in vitro micronucleus test
TG 487

bacterial reverse mutagenicity ("AMES") test
TG 471

in vitro gene mutation tests

TG 476, TG 490

Indicator tests

in viva unscheduled DNA synthesis
TG 486

in vivo alkaline comet assay
TG 489

Figure 1 Overview of TGs for genotoxicity testing defined by the OECD guidelines. The scheme
shows all currently included tests of the OECD genotoxicity (and indicator) test guidelines. Summarized
from [75]. The methods are presented from left to right with increasing (ethical) complexity and indicator

test are shown separately.
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2.2.2 Oxidative DNA damage

DNA damage caused by RONS is a constant challenge for the genome as reactive species
are ubiquitously present within cells. Oxidative DNA lesions are distributed
heterogeneously over the genome, and the level of occurrence differs immensely,
depending on many factors like mitochondrial activity, DNA repair efficiency, as well as
cell- and tissue-type [7, 23, 83]. Oxidative DNA damage is one of the main drivers of
mutagenic processes within the germline and has been associated with ageing and age-
related diseases like neurodegeneration and cancer. Depending on its genomic location,
oxidative DNA damage has also been identified as a site-specific gene regulator and
impacts functional genomic features by changing the DNA secondary structure and DNA

replication efficiency [84-86], thus acting resembling epigenetic marks.

RONS induce many different modifications of the DNA bases, which occur with different
frequencies due to the varying oxidation potential of the initial bases and the stereo-
chemical properties of the products. Both genomic bases, as well as bases within the
nucleotide pool (NP), can be oxidatively altered. Common oxidised base lesions include
formamidoadenine, 8-oxo-adenine, 5-hydroxy-cytosine, 5-hydroxy-uracil, and thymine
glycol [87]. Persisting DNA damage can cause loss of information, disruption of cellular
functions by altering DNA-protein binding of transcription factors (e.g. SP1, p50, CREB)
and changing the DNA secondary structure in the form of changed G-quadruplex folds
or stacked guanine groups. Consequently, genomic stability, gene regulation, telomere
length, and replication can be affected [86, 88-91]. Under physiological conditions, most
base lesions are repaired without loss or change of genetic information within minutes.
But if not repaired properly, oxidative DNA damage or its repair intermediates can

promote loss of information or even mutation.

Likely, the most intensely studied oxidative DNA base modifications are 8oxodG or its
equilibrium partner SOHdG. Guanine, both within the genome and the NP, is particularly
prone to oxidation by singlet oxygen due to its low oxidation potential [92, 93]. It is
estimated that every day 8oxodG is generated 100 — 500 times in every human cellular
genome [7]. 80xodG is prone to mispairing with adenine during replication instead of
cytosine [94] and, if not recognized and corrected by proofreading and mismatch repair
mechanisms, can manifest into C>A mutations [95] (Figure 2). During DNA repair,
8oxodG is converted into AP sites, causing a loss of information. During the following

replication, adenines are typically inserted as bases opposite of these gaps, following the
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“A rule”, which also results in C>A mutations [96, 97]. Lastly, T>G mutations can occur

after mismatching adenine with 80oxodG from the NP instead of thymine [98].

) o C>A G>T T>G/A>C
N o NH
(/ / oxidative siress \V\ guanine guanine adenine
3 NH —— / NH - r
N
/ ;{ s — P I I >
R N R N ) ) [
NH; NH cytosine cytosine thymine
guanine 8oxodG ®
base damage PYS
: replication with
8oxodG AP site O
/H I--W---l 8oxodG .* .*
e H— .y [ ]
fN [0} H—N ) = *
/ cytosine cytosine
R/NM—H—-— N/ \)
N==( >_N\ replication
/N—H ---0 R adenine
guanine H cytosine 8oxodG AP site W
EITIT TTTTI o
H H 0X0l
| / > .’ o
HoN N 0----HN N adenine adenine replication/
\lr ﬁ inati repair
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= - N
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Figure 2 Overview of 80ox0odG and resulting mutations. The oxidative modification of guanine causes
the formation of 8oxodG, which can cause mispairing with adenine instead of cytosine (C>A). Other
transversions can occur during the repair process at AP sites (G>T) or during replication (T>G/ A>C).

Adapted from [7].

2.3 DNA Damage Response and DNA Repair

To cope with the constant occurrence of DNA damage, organisms have developed an
efficient and far-reaching DNA damage response, which coordinates complex pathways
to maintain cell viability, prevents neoplasia, maintain genomic integrity, and, as a last
resort, induces controlled cell death. DNA damage response encompasses many
mechanisms regulating and affecting DNA damage detection, the cell cycle, chromatin
remodelling, metabolism, DNA repair, and apoptosis [99]. Often, these pathways are
intertwined and cannot properly function alone. As a result of DNA damage response
impairment, genomic instability is promoted by insufficient DNA repair and lack of

elimination of cells with damaged DNA via apoptosis [77].
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2.3.1 Poly(ADP-ribosyl)ation

A major mechanism of the DNA damage response is the posttranslational modification
of proteins via poly(ADP-ribosyl)ation (PARylation), which is associated with DNA
repair, protein turnover, and metabolic regulation [100, 101]. Within DNA repair, from at
least 17 poly(ADP-ribose) polymerases (PARPs), the highest PARylation activity is
exerted by PARP1 and PARP2, whereby PARP1 employs more than 90% of this activity
[102-104]. In general, PARPs are a superfamily of multi-domain proteins, which carry
(ADP-ribosyl)transferase domains that catalyse the cleavage of nicotinamide adenine
dinucleotide (NAD") into nicotinamide and ADP-ribose [105]. The ADP-ribose moiety is
then transferred to either PARP itself, other acceptor proteins, specific amino acid
residues, or other ADP-ribose units [106, 107], resulting in polymeric, linear or branched,
ADP-ribose chains [104]. Usually, the ADP-ribose units are transferred to the most distal
ADP-ribose terminus, but branching can occur [108]. Some polymerases (PARP1 and
PARP2) are able to add multiple ADP-ribose residues to a single acceptor, which can
create chains up to hundreds of units long. However, the significance of chain length and

severity of branching has not been completely unravelled yet [109].

PARP1 and PARP2 both possess DNA binding domains that facilitate their interaction
with the DNA [107]. DNA damage activates the two polymerases, which then bind to the
DNA at the damage site and perform PARylation of various target proteins, DNA ends,
as well as auto-modification. Thus creating a recruitment platform for downstream repair
enzymes, like XRCC1 [102]. Next to protein recruitment, PAR chains enable relaxation of
the chromatin condensation, DNA strand dissociation, changes in protein-protein
interactions due to the strong electro-negativity of the PAR chains and topographic
changes on the acceptor protein [110, 111], as well as stabilization of the DNA replication

fork under replication stress [112].

Degradation of PAR chains (dePARylation) is performed by different enzymes, like ADP-
ribose hydrolases, ADP-ribosyl lyases, and most importantly, by poly(ADP-ribose)
glycohydrolases (PARGs), which are responsible for the rapid removal of the ADP-ribose
units from modified proteins [101]. This is achieved partly by endo-glycohydrolase but
mostly by exo-glycohydrolase activity, which promotes the removal of mono ADP-ribose
units from the most distal ADP-ribose residues of the PAR chains but also cleaving
multiple connected units at once [113]. Thus, NAD* is recycled back into the cellular
system from nicotinamide and the free ADP-ribose unit. Additionally, dePARylation
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facilitates the translocation of the recruited XRCC1 directly from PAR to the DNA
damage site [114]. The degradation of PAR chains also enables PARPs to move on to
further DNA damage sites. Additionally, persisting PARP-DNA complexes might become
DNA lesions themselves by acting as replication barriers and collapse of replication forks
[115]. Under conditions of hyper-PARP activation, the endo-glycohydrolase activity
becomes a major dePARylation pathway, promoting the formation of free PAR chains
that are implicated to act as death signals within the apoptosis pathway [116]. Thus,
highlighting the importance of a balance between PARylation and dePARylation and a

cell’s decision to move into DNA repair or controlled cell death.

2.3.3 Base Excision Repair

There are several repair pathways known in mammalian cells, which are quite specific
for distinct DNA lesions. Oxidative DNA damages are largely repaired by base excision
repair (BER), as they are mostly small lesions that do not cause changes to the double
helix structures of the DNA [117]. This repair pathway acts both in the nuclei and in
mitochondria. The BER pathway has been described in detail by Enni Markkanen [118]
and is schematically shown in Figure 3. Initiated is BER by lesion-specific DNA
glycosylases (e.g. 8-Oxoguanine DNA glycosylase OGG1 and DNA N-glycosylase NTH1),
which remove the damaged base. During this process, abasic sites (AP sites) are formed
that are in turn cleaved by AP-endonucleases DNA backbone incision. This causes the
formation of single-strand breaks (SSB), which triggers the formation of DNA-PARP-
complexes. The production of long poly(ADP-ribose) chains promotes recruitment of
several transcription factors, DNA polymerase, ligases and flap endonucleases needed for
the last steps of BER. The gap-filling and ligation can occur either via short patch or long
patch BER, depending on DNA strand orientation [117, 119]. BER is generally well
understood, but gaps of knowledge still exist regarding its cell type- and tissue-specific

efficiency.
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Figure 3 Overview of base excision repair. BER is initiated by DNA N- glycosylases, which cleave the
glycosidic bond linking the altered base and the deoxyribose. AP sites are formed. AP-endonucleases will
then remove the base-free deoxyribosyl phosphate. The resulting single nucleotide gap induces the
formation of DNA-PARP complexes needed for the recruitment of downstream enzymes of short or long

patch BER. Adapted from [120].

2.3.2 The role of DNA damage response and DNA repair in neurodegeneration

DNA repair is especially important for long-lived neurons, where keeping the genomic
integrity is of high importance for neuronal function. While insufficient DNA repair
facilitates an accumulation of DNA damage which in turn may lead to neurodegeneration,
excessive DNA repair is also associated with neuronal cell death. Within the DNA damage

response, PARylation is activated to initiate further downstream repair processes. PARP1
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activity consumes large amounts of NAD* causing a cellular NAD* depletion at high
PARylation activity levels, which in combination with ATP loss and deregulated PAR
synthesis mediates cell death (namely “parthanatos”) [121]. Further, NAD* and ATP
production are needed for axonal regeneration [122], and an in vitro study by Brochier
et al. in 2015 showed that inhibiting PARylation, by either genetic loss of PARP1 or
inhibition of PARP activity, promoted neurite outgrowth [123]. On the other hand,
further studies highlight the importance of PARP activity in learning and long-term
memory [124, 125], and inhibition of PARP1 caused impaired long-term memory
formation [126]. This indicates further that a tightly regulated PARP activity is of great

importance to neuronal survival and function.

Additionally, repair intermediates can also be disrupting genomic integrity and genome
function. AP sites derive from the repair of oxidatively modified bases via BER and occur
in total up to 10,000 times per day in a genome [83]. Similar to oxidative DNA damage,
they also have strong effects on DNA secondary structure and protein binding, which can
interfere with transcription and replication [88, 127, 128]. Additionally, AP sites harbour
reactive aldehyde groups, which may interact with amino groups of proteins, resulting in
DNA-protein crosslinks [129], again interfering with genomic integrity at risk. The risk
of persisting AP sites as DNA repair intermediates might therefore exceed the danger of
the initial DNA damage, and a precise balance of retaining the oxidative DNA damage
within the genome and DNA repair is called for. An example of this balance regulation
process is the 8oxodG DNA glycosylase OGG1 which becomes enzymatically inactive
under conditions of excessive oxidative stress, which results in cell death rather than

DNA repair [130].

2.4 Manganese

Despite being toxic at high concentrations, Mn is required as a cofactor for many cellular
processes. An understanding of its homeostatic mechanisms, cellular functions, and
adverse effects are therefore very important. In the following paragraphs, the chemistry,
sources and exposure, physiology and metabolism, health consequences, and the
proposed mechanisms of Mn-induced toxicity will be discussed. The European Food
Security Association (EFSA) Panel on Dietetic Products, Nutrition and Allergies has

published the latest scientific opinion on dietary reference values for Mn in 2013. While
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parts of this opinion will be reviewed here, a detailed summary and description of Mn
biochemistry would exceed the scope of this work. For further information, the following
sources are recommended: EFSA Journal 2013;11(11) [1], Li et al. 2018 [5], and Chen et al.
2018 [131].

2.4.1 (Bio)chemistry

The transition metal Mn is one of the most abundant naturally occurring elements in the
earth’s crust and can be very easily oxidised. Thus, Mn does not usually exist in its
elemental form but as silicates, carbonates or oxides [132]. The element can be found in
several oxidative states, with Mn(II) and Mn(Ill) being the most prominent forms in
biological systems [133]. Mn is an essential trace element, functioning as a cofactor for
several enzyme systems. Mn(Il) ions show catalytic and regulatory activity exemplarily
required for the Krebs cycle, the maintenance of mitochondria, glutamate synthetase and
gluconeogenesis [134, 135]. Due to similarities in structure (crystal structures, electron
distribution) and liganding properties between Mn(II) and magnesium(Il) (Mg) [136],
most enzymatic reactions catalysed by Mn(Il) are unspecific, as they can also be activated
by Mg(II) [137]. Mn(III) can be found in the manganese-dependent SOD, which primary

function is the detoxification of superoxide radicals [137, 138].

2.4.2 Sources and exposure

Large amounts of Mn are released into the air, soil, and waterways by natural erosion and
combustion of gas for energy consumption. Adding to this, Mn is used for the
manufacturing of steel and iron alloys, batteries, glass, fireworks, unleaded patrol,
fertilizers and fungicides (e.g. Mancozeb and Maneb) [134, 139, 140]. Mn can then be
absorbed by microorganisms, plants, and animals, causing extensive bioaccumulation.
Due to its natural occurrence in soil, water, air and food, as well as industrial pollution,
not only occupational workers are exposed to Mn, but also the general population. South
Africa, Russia, Gabon, Australia, and Brazil rank among the countries with the richest
deposits for Mn [141]. Serving as an essential nutrient, Mn is commonly added in high
concentrations to total parenteral nutrition and infant formula [142]. For the general

population, the highest exposure is via food with an estimated consumption of
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0.7 - 10.9 mg/day according to the World Health Organization (WHO) or 2 - 6 mg/day
according to the EFSA [1, 140]. The average daily intake of vegetarians and heavy tea
drinkers might be higher compared to the general population, since leafy greens, rice,
nuts, grains, and tea are all foods with high Mn-content. The adequate intake is defined
as 3 mg/ day for adults (all genders, including pregnant or lactating women) [1]. Mn is
also used for medical applications. Due to its chemical properties (paramagnetism), the
transition metal can be used as a contrast agent in magnetic resonance imaging (MRI)

[143].

2.4.3 Physiology and metabolism

Exposure to Mn can occur via inhalation, orally or dermally, with oral exposure being
most relevant to the general population. Uptake of Mn via food and drinking water is
followed by gastrointestinal absorption through active transport and passive diffusion
[144, 145]. Intestinal absorption was observed between 1.7 — 10.2% depending on the
administration carrier (vegetable source or as manganese chloride (MnClz)) [146, 147].
Mn is then taken up from the blood by the liver and transported bound to transferrin,
albumin, or a-2-macroglobulin to extrahepatic tissues [148, 149]. The liver, kidney,
pancreas, and brain are the organs with the highest Mn concentrations [132, 150]. The
cellular uptake of Mn has not been identified conclusively yet, but evidence suggests that
the uptake of Mn(Il) into the cells takes place via cell type-specific membrane-bound
transport mechanisms, including calcium(Il) (Ca) channels [151], the Mn citrate
transporter [152], and the divalent metal transporter 1 (DMT1) [153]. Results published
by Aschner et al. [154] indicate that Mn(Il) is transported into the cells via transferrin
mechanisms similar to iron(Il), but the process has to be investigated further [154, 155].
Once in the cells, Mn can be found mainly in nuclear fractions and mitochondria [156]
and can also be metallothionein-bound [157]. ZIP14 (SLC39A14), ZnT10 (SLC30A10), and
the multiple metal transporter ZIP8 (SLC39A8) are thought to be some of the main Mn
transporters regulating the brain Mn homeostasis [3]. Recent studies by Michalke et al.
showed that passage of transition metals across neural barriers into the cerebrospinal
fluid is in general strictly controlled, but less so for Mn [158]. This might be even more
problematic for infants due to their immature, leaky blood-brain barrier and insufficient
Mn excretion [159]. In the overall human brain, physiological concentrations are

estimated to be between 20.0 — 52.8 pM Mn [160], which can increase strongly due to
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accumulation. Concentrations vary greatly between different brain regions, whereby the
accumulation is especially high in the mitochondria of the dopamine-rich region of the
basal ganglia, particularly the substantia nigra [13, 161, 162]. The bodily half-life of Mn
shows large inter-individual variations between 13 — 17 days. Suggested factors for the
strong differences in half-life are gender and iron status, as well as the homeostatic
response to Mn dietary levels [147, 163, 164]. The route of elimination is mainly via bile

into the small intestine, followed by excretion via faeces [132].

2.4.4 Health consequences

Mn deficiency is associated with poor bone growth, skin alterations, ataxia, skeletal
abnormalities, and hypocholesterolaemia [148, 165], but due to the rich exposure, a
deficiency is a rare concern. Mn-induced toxicity caused by excessive and chronic
overexposure is of higher importance. High levels of inhaled Mn are acutely toxic to the
respiratory system. The primary target organ for Mn toxicity after chronic Mn
overexposure is the brain. Epidemiological studies link the overexposure of the trace
element to various neurological effects in children and adults all over the world [132,
166]. The adverse effects present as impairment of movement, cognition, emotion, and/
or behavioural responses. The variety of psychiatric and motor disturbances are summed
up as “Manganism” and are generally not reversible. This disease resembles idiopathic
Parkinson’s disease and includes symptoms like compulsive behaviour, emotional
liability, movement disorder, and memory loss [140, 167]. In contrast to parkinsonism,
manganism cannot be therapeutically treated via stimulation of the D2 dopamine
receptors (e.g. levodopa) [168]. Vulnerable populations include infants and small children
due to their high amounts of Mn/ kg body weight, resulting from a higher intestinal Mn-
absorption rate and poorer biliary excretion rate compared to adults [132, 169].
Additionally, the still leaky blood-brain barrier and developing brain increase infants'
sensitivity to Mn-induced neurotoxicity [151, 159]. A second vulnerable population
includes persons on parenteral nutrition. The intravenous administration increases the
bioavailability to 100%, and if Mn uptake exceeds the excretion, Mn homeostasis is
omitted. Hypermanganesemia is common in patients treated with long-term parenteral
nutrition [170]. Polymorphisms also contribute to the formation of vulnerable groups. An
epidemiological study by Zheng et al. in 2001 identified the CYP2D6L (encoding for phase

I oxidative bio transforming protein CYP2D6) gene polymorphism as a possible influence
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of manganese-induced neurotoxicity, as a homozygote mutation (single nucleotide
polymorphism) in that gene caused a 90% decreased risk of developing manganism
compared to the wild type gene [171]. Polymorphisms in PARKZ2 (encoding for E3
ubiquitin-protein ligase) and ATP13A2 (encodes for a cationic transporter ATPase) are
likewise indicated to have effects on the risk of manganism. Mutations in both genes are
also associated with Parkinson’s disease, indicating similar underlying mechanisms
resulting from the polymorphisms of the two clinically comparative neurological diseases

[172-174].

2.4.5 Proposed mechanisms for Mn-induced (neuro)toxicity

While the association between Mn and neurodegeneration is avowed, little is known
about the mechanistic pathways of neurotoxicity. Investigations by Kalia et al. in 2008
indicate that in brain epithelial and neuronal cells, the nuclei are the primary pool of
intracellular Mn [175]. These findings are in line with in vivo experiments, but only under
physiological Mn conditions. Under high Mn exposure, the subcellular site of highest
relative Mn accumulation shifted from the nucleus to mitochondria [162]. This indicates
that the metal is indeed able to enter the nucleus, where the Mn ions might form chelation
complexes with phosphates oxygens and bases of the DNA strands [176, 177], but Mn-
DNA aggregation is due to chemical properties only likely at extremely high Mn ion
concentrations [178]. Under conditions of Mn overexposure, it is, therefore, more likely
that the genotoxic effect of Mn is caused indirectly via RONS production in mitochondria.
Mn, as a transition metal, can cause excessive production of RONS, either directly via
Fenton-like reactions or indirectly by disturbing the respiratory chain in mitochondria
[179, 180]. Mn-induced mitochondrial RONS generation occurs mainly at the site of
complex II of the respiratory chain, promoting the reduction of the mitochondrial
membrane potential and formation of mitochondrial permeability pores, which causes
the loss of low-molecular-weight antioxidants [181, 182]. The increase of oxidative stress
after chronic Mn exposure has been shown by in vitro and in vivo experimental studies
[10, 41, 183, 184]. The oxidative stress, in turn, might increase oxidative DNA damage.
Additionally, (Mn-induced) oxidative stress has the potency to interact with proteins of
the DNA damage response and DNA repair pathways [185], causing an accumulation of
(improperly repaired) DNA damage. This combination might then contribute to

neurological dysfunction [41, 186]. Astrocytes and neuronal cells in the dopamine-rich
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area of the basal ganglia have been proposed to be the primary target cells in Mn-induced
neurotoxicity due to their location in the brain and the high number of mitochondria
[186-189], causing especially dopaminergic neurodegeneration [13, 161, 162].
Nevertheless, the genotoxic potential of Mn and the fate of neurotoxic endpoints are still

not fully elucidated.

2.5 Alternative Model Organism and Cell Culture System

For the investigations of Mn-induced toxicity, two very different model systems were
used. Both can be used, to some degree, for scientific investigations within the 3R
principle. The goal of 3R is to conduct research as humane as possible by 1) avoiding
animal experiments altogether (Replacement), 2) limiting the number of research animals
(Reduction), and 3) reducing the suffering of animals to the absolute minimum
(Refinement). By replacing in vivo experiments (rodents or animals of a higher tier) for
mechanistic studies with cell culture experiments and investigations in multicellular
model organisms, one can reduce the number of (unnecessary) animal experiments [12].
Apart from ethical reasons, using cell lines or model organisms has several advantages.
In vitro experiments are often cheaper and less time-intensive due to shorter live cycles.
Additionally, it is often easier to identify specific mechanisms in simplified models, and

genetic modifications are less complicated.

2.5.1 Caenorhabditis elegans

The invertebrate model organism C. elegans can be classified somewhere in the niche
between classic in vivo animal models and in vitro cell culture systems [190]. In the 1960s,
Sydney Brenner was the first researcher utilising the nematode for research of genetics
and molecular biology, in the hope of creating a model system that is “simple enough” to
understand and conserved enough on cellular and molecular level to other animals and
humans to be relevant. Today, C. elegans is a widely used model organism for research
on development, ageing, neurodegeneration and many related fields. The transparency, a
lifespan of 2 — 3 weeks, a short generation time of 3.5 days, high growth rates, cell
consistency, and the fully sequenced genome are just a few factors contributing to the
attractiveness of this model organism for research. C. elegans reaches a maximum size of

1 mm and is usually kept on agar plates in large populations, with Escherichia coli (E. coli)

23



Chapter 2

bacteria as the food source [190, 191]. Its transparency allows observation of individual
cells and subcellular details, as well as in vivo fluorescent staining of proteins and
subcellular compartments [192]. The worm exists in two sexes, hermaphrodites and
males, whereby males are only naturally occurring with a percentage of 0.1 — 0.2%. Under
laboratory settings, they are used to isolate, maintain and move mutations between
different strains [193]. Self-fertilizing hermaphrodites create homozygous offspring that
are genetically identical, and a single worm can sustain an entire population. Thus,
C. elegans carry cell consistency, meaning an invariant number of somatic cells
(hermaphrodites: 959 somatic cells, males: 1031 somatic cells, including the 302/385
neurons). This was exploited to unravel a complete cell lineage; every cell can be tract
from fertilization to adulthood [194, 195]. C. elegans is the first multicellular organism to
be fully sequenced [196], and forward and reverse genetics are routinely used for
molecular identification of important key genes in development and cellular processes
[190]. Efficient genome-editing methods (TALEN, CRISPR/Cas9) enable the fairly easy
creation of targeted mutations, and by utilising RNA interference (RNAI), specific protein
knock-downs can be generated [197, 198]. Despite the apparent simplicity of C. elegans,
many similarities in the cellular and molecular processes exist between the nematode and
other metazoans across the evolutionary time. In fact, 60 — 80% of all human genes have
orthologues in the worm’s genome [199], and 40% of human disease-associated genes

have also distinct orthologues in C. elegans [200].

The length of the life cycle of C. elegans depends very much on the temperature
conditions. The worms can be kept from 12 - 25 °C, and by changing temperature, one
can easily control the growth rate. Through self-fertilization, hermaphrodites can
produce up to 300 identical offspring, while fertilization by males can induce the
production of ~ 1000 progenies. Embryogenesis lasts ~ 16 h after fertilization, whereby
the embryos are usually retained within the hermaphrodite until the 24-cell stage.
Embryos are protected by virtually impermeable eggshells and are not dependent on the
parental worm, neither during in utero nor ex utero development. After hatching,
C. elegans will only develop from the first larval stage (L1) into the subsequent larval
stages (L2 — L4) if food is present. While the L1 stage lasts about 16 h, the duration of the
L2 - L4 larval stages is shorter, approximately 12 h each. As soon as the worms reach
adulthood, they begin with egg-laying [190]. Under suboptimal conditions, like food

depletion, high temperatures, or overcrowding of the agar plates, nematodes will transit
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into a “Dauer” stage. This facultative diapause stage enables C. elegans to survive up to

4 months in a sleep-like period of inactivity [201]. The life cycle is schematically shown

in Figure 4.
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Figure 4 Schematic overview of the C. elegans life cycle at ~20 °C. After hatching, C. elegans undergo
four larval stages before becoming reproducing adults. The length of the life cycle greatly depends on the

surrounding temperature.

Oxidative stress and genomic integrity of C. elegans

C. elegans offers promising possibilities to study oxidative stress and all aspects of
genomic integrity due to many evolutionary maintained processes. For instance, the
major oxidative stress pathways, e.g. insulin/IGF-1 signalling pathway, Nrf2/SKN-1
signalling pathway, and the p38 MAP kinase signalling pathway are highly conserved in
nematodes and humans [202-204]. Most enzymes involved in the antioxidant system of
mammals (like SOD, GPX, CAT) are also present in the worm [205, 206]. Furthermore,
several DNA repair mechanisms have been identified in C. elegans, including nucleotide
excision repair, BER, mismatch repair, non-homologous end-joining, and homologous

recombination [207, 208]. In general, most methods for oxidative stress measurements
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developed for in vitro investigations can also be adapted for use in C. elegans and enable
a more adequate reflection of the in vivo situation. Alongside direct measurements of
ROS, oxidative damage endpoints, and gene expression (described in the oxidative stress
Section 2.1), mutant worms and transgenic worms containing reporter genes can be used
additionally for the identification of mechanistic pathways in the oxidative stress and the
DNA damage response. The gst-4::gfp strain is a prevalent transgenic strain for the
analysis of the oxidative stress defence [209], and mutant worms can exemplarily be used

for investigating PARylation in the nematode, as described by Neumann et al. [41].

Both C. elegans sexes are diploid for five autosomal chromosomes. Differences only exist
in the sex chromosomes. While hermaphrodites have 2X, males only have a single X
chromosome (X0) [210]. The worm’s genome size encompasses ~100 million bp (including

the mitochondrial genome), with ~ 20,000 currently identified protein-coding genes [211].

Neurodegeneration in C. elegans

Utilising C. elegans enabled research on many aspects of neurobiology, like neuronal
generation and specification, synapse formation, neurite regeneration, neuronal
degradation, and cell death [190, 212, 213]. The nervous system of the adult
hermaphrodite consists of 302 neurons, which are located as a few discrete ganglions in
the head, ventral cord, and tail. The male nervous system, however, consists of
383 neuronal cells [194]. In contrast to the human nervous system, most C. elegans
neurons have a simple structure with only 1 - 2 neurites attached to each cell body.
Merely the mechanosensory neurons can form an elaborated neurite network [214].
Distinguishing neurites as either axons or dendrites is mostly not possible, as both
provide and receive synaptic signals [215]. The most common neurotransmitters in
vertebrates can also be found in the nematode. Several receptors for the detection of
dopamine, serotonin, acetylcholine, glutamate, and y-amino butyric acid (GABA) are
present in the worm [216]. Many behaviour patterns of C. elegans, e.g. chemotaxis,
thermotaxis, response to touch and food, learning, and mating rituals, are strongly linked
to very specific neurological events [217-220]. The combination of the study of this
behaviour, the microscopic analysis of the neuronal system, quantification of
neurotransmitters and the structure of the C. elegans nervous systems enables that most

problems of cellular and molecular neurobiology can be addressed in the nematode.
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Manganese homeostasis in C. elegans

In general, C. elegans contains highly conserved pathways for metal homeostasis, which
have been investigated comprehensively, but the homeostatic regulation of Mn is not
fully elucidated yet. Due to the worm’s thick cuticle, Mn uptake is mainly via the mouth,
and experimental exposure should be well thought out, as many laboratory conditions
influence the bioavailability of the metal (detailed reviewed in Taylor et al. (2020) [221]).
Absorption is then primarily regulated by C. elegans homologs (smf-1, smf-2, and smf-3)
of the DMT1, which are expressed mainly in the apical gut epithelium but also in sub-
apical cell compartments [222]. C. elegans does not express any functional homology of
the SLC30A10 exporter, Mn cellular clearance is therefore likely done by the basolateral
Fe exporter ferroportin (FPN), which is expressed in three C. elegans homologs (fpn-1.1,
fpn-1.2 and fpn-1.3) [223]. As those mechanisms are also involved in Fe transport, uptake
and excretion of Mn might be intertwined with Fe homeostasis [224]. In addition, mRNA
studies of the metallothioneins (particularly mtl-1) indicate a prominent role in Mn
homeostasis [225]. Summarized, C. elegans is a suitable model organism to investigate
effects after Mn exposure, as the metal homeostasis is well regulated, even though not all

known transporters from mammals have homologues in the nematode.

Advantages and limitations

While many of the worms attributes are highly useful for research, C. elegans, like all
model organisms, has some limitations. Despite showing a 60 — 80% homology, worms
are evolutionary far from humans. The nematodes lack some physiologically relevant
systems and organs for vertebrates, like the brain, circulatory systems, or the adaptive
immune system [226]. Although the small size is beneficial for cultivation, it can cause
great difficulty to obtain enough material for biochemical investigations [227]. For
neurobiology, in particular, it might be limiting that some features of vertebrate neurons,
like myelination of axons, are not conserved in C. elegans [195]. Furthermore, gene
silencing via RNAi, which is very efficient for specific knock-downs of most genes, is
refractory for many genes of the nervous system. Genetic modifications are relatively
easy to conduct in the worm, but only about 30% of C. elegans genes can be mutated to
visible phenotypes, as the rest results in high levels of lethality [228]. Cultivating strains

for long periods (over years) or different laboratory conditions might cause the strains to
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develop adaptive mutations, causing the unwanted introduction of additional factors
[229]. Although this can easily be avoided by freezing and storing the worms in inactive
states at -80 °C and genotyping all strains regularly [230]. Variances in assay conditions
have a strong influence on the results, as well as their interpretation. Especially in
C. elegans research, contradictory results by different authors are frequently published,
which might be explained by varying laboratory settings, like substance concentration in
the media, time and duration of the incubation, bioavailability, or worm age. Especially
the thick cuticle hampers easy drug uptake and reduces the bioavailability of some
substances [221]. Up to today, there are no official guidelines present that regulate the
laboratory methodology of C. elegans nor data interpretation, and the tendency of over-
interpretation of phenotypes with little to no evidence of their actual causes can be

observed in some publications.

Despite these limitations, C. elegans is a highly useful multicellular model organism for

various fields of research, including neurodegeneration.

2.5.2 Luhmes

Further investigations regarding specifically the neurodegeneration LUHMES cells were
used as a second model system. General cultivation is similar to that of other cell lines,
but all cell culture dishes must be pre-coated to enable LUHMES cells to attach and grow.
The cell line was first derived from an 8-week old (female) embryonic human
mesencephalon at Lund University, Sweden. LUHMES cells are conditional immortalized
by a tetracycline-responsive v-myc oncogene (TET-off) [231]. By exposing the cells to
tetracycline, cyclic AMP (cAMP), and glial-derived neurotrophic factor (GNDF), LUHMES
cells differentiate from mitotic cells into post-mitotic dopaminergic-like neurons. This
allows the proliferation of the cells to large scales before transforming them into stable
post-mitotic neurons. While tetracycline suppresses the y-myc gene and allows the cells
to exit the cell cycle, cAMP and GNDF enable the formation of dopaminergic features [16,
231]. During the differentiation, which takes ~ 6 days to be completed, mRNA levels of
specific neuronal and dopaminergic-neuron markers increase at some point during
differentiation. Examples include genes for tubulin beta-3 (Tuj1), the potassium inwardly-
rectifying channel (KCNJ6), Synapsin I (SYN1), and synaptophysin (SYP) and
dopaminergic-specifically: tyrosine hydroxylase (TH), the dopamine transporter (DAT),
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and the nuclear receptor-related 1 (Nurr1). On day 6, they express dopaminergic neuron
biochemical markers and develop extensive neurite networks, which highly resembles
primary neurons [232]. Additionally, LUHMES cells assert spontaneous electrical
activities and express functional DAT1 in the membrane for dopamine uptake and release
[16]. This all suggests a high relevance of the differentiated LUHMES cells for human

dopaminergic neurons.

Genomic integrity in LUHMES cells

DNA damage has been identified as an important initiator of neuronal death and is
associated with a variety of (age-related) neurodegenerative diseases [233]. While post-
mitotic cells are terminally withdrawn from the cell cycle, they still remain
transcriptionally active, and the need to preserve genomic integrity is of high importance
for neuronal function. Due to the high metabolic rate of neurons (high mitochondrial
RONS formation) and constant exogenous sources of oxidative stress, an adequate DNA
damage response is necessary for genomic integrity. Thus, continuous repair of DNA is
essential for neuronal survival and normal neuronal function throughout the entirety of
an organism’s lifespan. BER is the main repair pathway in neurons, probably due to the
fact that most DNA lesions occurring in the brain are oxidative modifications of the bases

[234].

Advantages and limitations

One of the main advantages of in wvitro models, in general, is the consistency and
reproducibility of results that can be retrieved from using clonal cells. Moreover, cell
culture conditions are strongly regulated and constantly examined so that an influence
of the physiochemical environment is kept to an extreme minimum. As LUHMES are an
immortalized cell line, they are relatively easy to use and offer the advantage of prior
knowledge of their specific culture requirements. They have high physiological
relevance, a good batch to batch consistency, and can be cultivated on large scales. This
is useful for meaningful high-throughput screening. Compared to other (dopaminergic-)
neurodegenerative cell systems, like differentiated SH-SY5Y and PC12 cells, LUHMES
cells show a higher relevance for human dopaminergic neurons by expressing

dopaminergic markers (tyrosine hydroxylases, dopamine D2 and D3, DAT) more truthful

29



Chapter 2

to human dopamine neurons [235-237]. A practical disadvantage of LUHMES cells is the
expense and effort needed for cultivation, which is compared to other cell lines or even
C. elegans relatively high, but culturing procedures of LUHMES cells are not as complex
as culturing primary dopaminergic neurons from rodent embryos. Plus, variation among
different primary culture preparations can be avoided. However, the physiological
relevance to in vivo experiments might be slightly diminished. Another limitation still
present today is the lack of a thorough understanding of the differences between
differentiated LUHMES cells and neurons. It is still unknown whether the regulatory
signalling pathways in vivo is captured by this cell system [232]. Follow-up studies in
rodent primary neurons and in vivo models might therefore be needed to confirm specific

research results.
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Abstract

The investigation of neurodegenerative and age-related diseases is a highly relevant topic
in current research. Especially oxidative stress is thought to be the common underlying
mechanism in diseases such as Parkinson’s or Alzheimer’s disease. The nematode
Caenorhabditis elegans (C. elegans) is a prominent model organism, which is often used
for such investigations and has gained extensive recognition in research regarding the
linkage of reactive oxygen species (ROS) and neurodegeneration. Not only studies
regarding genomics and proteomics have been increasingly conducted, also the number
of studies based on the lipidome is rising. The phospholipid class of cardiolipin (CL) is a
unique lipid class, which is exclusively located in mitochondria and is therefore of great
relevance regarding oxidative stress and associated diseases. CL oxidation products have
become a prominent marker for oxidative stress in various species. However, the CL
distribution in the nematode C. elegans is still scarcely known on the molecular level and
oxidation products have not yet been identified. In this work we demonstrate the
importance of CL distribution and the applicability of CL oxidation products as a sensitive
marker for oxidative stress in C. elegans. For this reason, the CL distribution was
determined by means of online two-dimensional liquid chromatography hyphenated with
high-resolution mass spectrometry (2D-LC-HRMS). Subsequently, worms were treated
with tert-butyl hydroperoxide (tBOOH) in order to provoke oxidative stress and induce
the artificial formation of oxidised CL. We were able to detect increasing amounts of CL
oxidation products of highly unsaturated CL species in a concentration-dependent
manner. This finding emphasizes the great potential of CL oxidation products as a
sensitive marker substance of oxidative stress in C. elegans, which is not only directly
linked to mitochondria function but also favourable to other oxidative stress markers in
terms of the needed sample material, relative substance stability, and specificity of the

oxidation site.



Chapter 3
Cardiolipin Oxidation Products as a
New Endpoint for Oxidative Stress in

C. elegans

Investigation of cardiolipin oxidation products as a new endpoint for oxidative stress in
C. elegans by means of online two-dimensional liquid chromatography and high-

resolution mass spectrometry

Based on:

Patrick O. Helmer?, Merle M. Nicolai?, Vera Schwantes, Julia Bornhorst, Heiko Hayen,
Free Radical Biology and Medicine 2020, Jan;162:216-224

DOI: 10.1016/j.freeradbiomed.2020.10.019

A These authors contributed equally.



Chapter 3

o] o] [o] o]
AT uo'\’ R-o TS R Ao \og
== (o W8 C. elegans S o A R
H ~aH
CL(80:15) g = o CL(80:15+0 o © 0
iy iyl P

o=

R
on
=, c(tBOOH)
B\

CL(80:16) - Y “ 2 - =OmM - 1mM  E25mM  =6.5mM
) CL(80:15) =

L(80 19) " no stress / oxidative stress
lipid extraction

lipid extraction T T
time

CL distribution [ 2D-LC/HRMS ] CL oxidation products

CL(80:14)+O CL(80:15)+O CL(80:16)+O

Figure 5 Graphical Abstract: Cardiolipin oxidation products as a new endpoint for oxidative

stress in C. elegans.

Highlights

e Cardiolipin species distribution in C. elegans reveals a high potential as ROS target
e Cardiolipin oxidation products as a new marker for oxidative stress in C. elegans

¢ Increased amount of cardiolipin oxidation products after BOOH treatment

e Tailored analysis for increased sensitivity by heart-cut LC-MS approach
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3.1 Introduction

Over the last years, the nematode Caenorhabditis elegans (C. elegans) has become a
recognized model organism to study age-related as well as neurodegenerative diseases,
such as Parkinson's and Alzheimer’s disease. The organism allows extensive
investigations regarding genomics, proteomics and lipidomics, but still, defined
neurodegenerative pathways are hard to identify [39, 238, 239]. Oxidative stress, defined
as the imbalance of antioxidants and oxidants towards an abundance of reactive oxygen
species (ROS), and its resulting changes on cellular and organismic level have been

believed to be strongly associated to age- and neurodegenerative-related diseases [240-
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242]. Typical oxidative stress endpoints, such as decrease of mitochondrial activity [243],
decreasing glutathione levels [41], protein modifications [244] and oxidative DNA
damage [245] are being studied increasingly in the nematode. However, information on
lipid composition and oxidation in C. elegans is still limited. Given that the oxidation of
polyunsaturated phospholipids is a major outcome of a persistent ROS abundance and
the direct involvement of phospholipids in mitochondrial activity and cell death, both
linked to neurodegeneration, their systemic identification and quantification is of high
interest. [240] Cardiolipin (CL), a mitochondria-specific phospholipid class is highly
sensitive to peroxidation of its double bonds by extracellular and intracellular ROS and is
directly associated with mitochondrial dysfunction. Furthermore, CL can be target for
reactive nitrogen species (RNS) as well [246]. Based on its dimeric structure, the lipid class
of CL is paramount for stabilising the protein complexes of the respiratory chain. [247]
Decreasing CL levels in the inner mitochondrial membrane, for example due to oxidative
processes lead to a destabilization of these complexes. Furthermore, CL oxidation is linked
to apoptotic events by the release of cytochrome c (cyt c). [248-250] CL oxidation products
(CLox) can be generated by ROS but also cyt c is known to be involved as a catalyst [251-
253]. In most cases, CL species with polyunsaturated fatty acyl moieties are targets for
oxidation [252]. This makes CL oxidation products an interesting marker for various
diseases. CLox have been gaining in importance for Parkinson's disease [253, 254]
research in in vivo and in vitro research, but knowledge of CL in general as well as CLox
in nematodes is scarce. Due to its high structural diversity, the analysis of CL itself is very
challenging in biological samples and requires powerful analytical methods. Further
oxidation increases this diversity even more which necessitate tailored approaches.
Liquid chromatography and mass spectrometric detection is in most cases the method of
choice. [255] For this reason, we used a selective and sensitive method based on online
two-dimensional liquid chromatography to identify, quantify and compare CLox species
in wild type C. elegans. Using tert-butyl hydroperoxide (fBOOH) as a prominent ROS
inducer, we demonstrate the suitability of CLox as a significant marker of oxidative stress

for this model organism.
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3.2 Material and Methods
3.2.1 Chemicals and materials

Methanol (MeOH), acetonitrile (ACN) and 2-propanol (IPA) (LC/MS grade) were
purchased from VWR International GmbH (Darmstadt, Germany). Methyl tert-butyl ether
(299.99%) was delivered by Fluka (Darmstadt, Germany). Ammonium formate (299.995%),
ammonium acetate (299.99%) and acetic acid (=99.99%) were obtained from Sigma Aldrich
(Steinheim, Germany). Formic acid (99-100% p.a.) was purchased from Th. Geyer
(Renningen, Germany). Water was purified by a Milli-Q Academic-System (18.2 MQcm;

0.2 um filter; Millipore, Molsheim, France). All chemicals were used as received.

The WT N2 Bristol C. elegans strain was provided by the Caenorhabditis Genetic Center
(CGC; University of Minnesota).

3.2.2 C. elegans culture conditions and tBOOH treatment for cardiolipin analysis

For the experimental setting the wild type (N2) Bristol strain was used, which was
provided by the Caenorhabditis Genetic Center (CGC; University of Minnesota). The
worm culture was handled and maintained as described in Brenner, 1974 [256]. All
experiments were performed using synchronized L4 stage populations. For this, L1 stage
worms were seeded on OP50- covered NGM plates after hatching and were allowed to
develop until L4 without further interference. 6000 L4 stage nematodes per sample were
incubated with different concentrations, up to 6.5 mM of BOOH (Sigma-Aldrich,
Steinheim, Germany) diluted in 85 mM NaCl for 1 h in siliconized tubes while rotating on
low speed to ensure equal substance uptake. After exposure, worms were washed at least
three times with 85 mM NaCl containing 0.01% Tween® before shock-freezing the pellets
with liquid nitrogen for storage at -80 °C.

3.2.3 Carboxy-DCFH-DA Assay for RO(N)S measurement

The generation of RO(N)S caused by BOOH was measured in L4 stage C. elegans likewise,
but the experimental set-up did not allow the removal of tBOOH during quantification.
Hence, worms were incubated with the substance at lower concentrations, only up to

100 uM  tBOOH, but for longer time periods. The 5(&6)-carboxy-2",7 -
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dichlorodihydrofluorescein-diacetate (Carboxy-DCFH-DA)-based plate reader assay was
performed as previously published in Rohn et al. 2020 [257]. Briefly, worms were
incubated with 500 uM carboxy-DCFH-DA (Invitrogen) diluted in M9 buffer for 2 h in the
dark. After washing three times using M9 buffer, 500 worms were transferred to each
well of a 96-well plate and worms were exposed to different concentrations of tBOOH
diluted in dH20. Kinetics of the oxidised DCFH-DA were monitored (excitation 485 nm/
emission 535 nm) at various time points (0, 3, 60, 120, 180, 240, 300 and 360 min) using a

microplate reader (Tecan Infinite M200 Pro).

3.2.4 Lipid extraction

C. elegans worm pellets of 6000 L4 stage nematodes were extracted according to the lipid
extraction protocol of Matyash et al.[258]. All extraction steps were carried out utilising
ice-cold solvents and on ice. The worm pellet was resuspended in 100 pL of water and
20 uL of 65 mM BHT as antioxidant. Before extraction, three freezing-thawing cycles
were carried out followed by addition of 1.5 mL MeOH and 10 min sonication utilising an
ultrasonic processor (UP200St, Hielscher Ultrasonics GmbH, Germany). Subsequently,
20 pL of 5 uM d5-CL 72:8 as internal standard (IS) was added before extraction. The
extraction was carried out in 10 mL glass vials with teflon caps. 5 mL MtBE were added
to the sample and shaken on ice for 1 h at 150 rpm. After that, 1.25 mL water were added
to the sample followed by additional incubation on ice for 10 min. Organic and aqueous
phases were separated by centrifuging for 10 min at 1000 x g (Centrifuge 5416, Eppendorf
AG, Germany). The upper MtBE phase was collected and the aqueous phase was extracted
a second time by adding 2 mL of MtBE/MeOH/water (10:3:2.5; v/v/v). The pooled organic
supernatants were dried utilising a gentle nitrogen flow. The residue was dissolved in
200 pL IPA, which results in a IS concentration of 0.5 pM and a BHT concentration of
6.5 mM.

3.2.5 Cardiolipin analysis via 2D-LC-HRMS

2D-LC-HRMS was carried out utilising a Thermo Scientific Ultimate 3000 system with
dual gradient pump hyphenated with a Q Exactive Plus mass spectrometer. Xcalibur 4.1
software and the SII plugin software for instrument control was utilised. The general

instrument and heart-cut setup was described earlier [259]. Phospholipid separation via
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HILIC in first dimension (!D) was carried out using a iHILIC Fusion(+) column
(20 x 2.1 mm, 1.8 pm, 100 A). The method was optimized in terms of separation efficiency
for CL species of C elegans. For this reason an Accucore C30 column (150 x 2.1 mm, 2.6 pm,
80 A) was used and a new gradient was developed in second dimension (?D). An
ammonium acetate buffer (10 mM, 0.01% acetic acid, 5% MeOH) (A) and MeOH/IPA
(20:80 (v/v), 10 mM ammonium acetate, 0.01% acetic acid) (B) were used for gradient
elution on 2D RP-LC separation. The !D HILIC gradient was previously described [259].
The 2D RP-LC gradient started at 70% B. Re-equilibration of the RP phase was carried out
during the 'D HILIC separation. A transfer window from 5.75 min to 6.30 min was
determined for analyte transfer. A detailed gradient overview for the !D HILIC and
2D RP-LC separation method is shown in Table 2 of the Supporting Information (SI). Due
to the high back-pressure of more than 600 bar the six-port valve, which was used for the
heart-cut setup (cf. Figure 31), was equipped with a 400 pL sample loop of stainless steel.
The analyte transfer was carried out by back-flushing the sample loop onto the D RP
column. Subsequently, the gradient elution according to Table 2 started. The total run
time was 25 minutes including D HILIC separation. An injection volume of 5 pL was

chosen.

Mass spectrometric detection was carried out in negative electrospray ionization (ESI)
mode utilising a HESI-II probe (Thermo Scientific). Probe settings were set as follows:
Source voltage -3.5 kV, probe heater 300 °C, sheath gas flow rate 45 arbitrary units,
auxiliary gas flow rate 10 arbitrary units, spare gas flow 1 arbitrary units, capillary
temperature 325 °C, s-lens rf level 85; m/z 600-1800, resolution 140,000 for fragmentation
experiments and 280,000 (full width at half maximum peak height at m/z 200) for full MS
measurements. For structural elucidation, data-dependent MS/MS experiments were
performed at a normalized collision energy of 24 eV (based on an m/z of 500) by HCD.
The resolution was set to 17,500 (at m/z 200). For precursor isolation a window of 1.5 Da
was chosen to avoid isotopic interferences. A maximum C-trap injection time of 100 ms

in full scan and 50 ms for MS/MS experiments was used.

3.2.6 Data processing using MZmine 2

The open source metabolomics software package MZmine 2 (version 2.53) was utilised

for orbitrap HRMS data processing and CL species identification based on accurate mass
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library matching utilising Lipid search module. The noise level for “exact mass” detection
algorithm was set to 2.0E3. Chromatograms were build utilising the ADAP chromatogram
builder module (10 ppm m/z tolerance) [260]. Chromatogram deconvolution was carried
out using the local minimum search algorithm. The isotopic peaks grouper was set as
described earlier. [261] Lipid search module was utilised to identify and annotate CL
species and their oxidation products [262]. Subsequently, the created feature lists were

aligned and gap filled.

3.2.7 Lipid nomenclature

The lipid nomenclature in this work is based on the recommendations of Liebisch et al.
[263]. Fatty acyl (FA) composition of CL species are described as CL x:y, where x
represents the total carbon number and y the total number of double bonds. CL 80:15 has
a total number of 80 carbon atoms and 15 double bonds in total. Individual FA
composition is specified using a slash for a specific position and an underscore were sn-1

and sn-2 position cannot be distinguished.

3.3 Results and Discussion
3.3.1 Cardiolipin composition of the model organism C. elegans

In recent years, C. elegans has been used as a versatile model organism in many areas of
biochemical and aging research [196, 199, 264]. While the genome has been completely
decoded and despite numerous studies, there are just few approaches described in the
literature with focus on the metabolome or the lipidome. Many studies with regard to the
lipid composition of C. elegans is based on the genome and proteome. [265, 266] Lipids,
for example oxidative modified phospholipids are often used as markers revealing
oxidative stress. [252, 253, 267, 268] Especially for mitochondria, cardiolipin (CL) is a
prominent phospholipid class for the investigation of oxidative stress and mitochondrial
dysfunction. [252, 269] The main fatty acyl composition of C. elegans, based on GC-MS
studies, was specified by Hou et al. [270]. However, the variety of molecular CL species
have only been described to track metabolic changes [271] and have not been identified
in detail. Especially CL species with polyunsaturated fatty acids are considered as

substrates for oxygenation. Due to their specific location in the inner mitochondrial
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membrane and their involvement in energy metabolism of the respiratory chain, CL are

target of ROS formed in mitochondria. [252]

In order to establish CL oxidation products as marker for oxidative stress in C. elegans
mitochondria, the investigation of CL molecular species is the first step. Recently, we
developed a method of high sensitivity and selectivity for the analysis of CL and their
oxidation products in total lipid extracts based on two-dimensional liquid
chromatography. In the first dimension (!D), different phospholipid classes (c.f. Figure 6)
are separated according to their head group by hydrophilic interaction liquid
chromatography (HILIC) and transferred via heart-cut on the second dimension (?D). Due
to the highly polyunsaturated character of CL species in C. elegans, the separation of CL
species based on reversed phase liquid chromatography (RP-LC) in 2D was modified to
increase the chromatographic resolution as described in the Supporting Information
(Table 2). While a sufficient separation of CL species of C. elegans could not be achieved
utilising a phenyl-based stationary phase as described in our previous work, the
stationary phase and gradient was adjusted [259]. By using a C30 stationary phase, a
better resolution was achieved. For the most critical CL species in terms of chain length
and degree of saturation (CL 80:14, CL 80:15 and CL 80:16) a resolution R of >1.5 was
achieved (CL 80:14 vs. CL 80:15 R = 1.5; CL 80:15 vs. CL 80:16 R = 1.7). To guaranty a
sufficient elution strength, the amount of IPA in the mobile phase was increased to from
10% to 80% (v/v) in solvent B while solvent A remained the same. In addition to an
increased chromatographic resolution, also shorter retention times, which result in an

overall shorter method duration of in total 25 minutes were achieved.

Figure 6 shows the total ion chromatogram (TIC) of the pre-separation into different
phospholipid classes via HILIC. Due to the high carbon number and degree of
unsaturation the co-elution of all CL species, which is required for a quantitative transfer
to the second dimension was investigated. The extracted ion chromatograms (EICs) of
three CL species with different numbers of carbon atoms and double bonds indicate the
pursued co-elution with retention times of approximately 6.05 min. The mass spectrum
shows a wide distribution of different CL species. Keeping in mind, that due to the co-
elution an identification exclusively by accurate mass is not unequivocally possible.
Sodium adducts as one example can lead to false interpretation [261]. For this reason, the
characterization was carried out by RP-LC in 2D after HILIC pre-separation and analyte

transfer via heart-cut. A C30-based stationary phase was used due to its distinct
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selectivity with respect to acyl chains but also to oxidation products as executed by

Colombo et al. in the analysis of oxidised aminophospholipids [272].

In addition to the most abundant CL species with a total carbon number of the fatty acyl
moieties of 80, 78 and 76 also odd numbered CL species with 77 and 79 carbon atoms were
observed. Carbon numbers higher than 80 have been indicated as potassium, sodium or
sodium acetate adducts (depending on the sample matrix) of the high abundant CL (78:X)
(27.6 £ 3.4%) and CL(80:X) (56.5 + 4.5%) species. Odd numbered CL can be explained by
the capability of C. elegans of producing and using odd numbered fatty acids. [33] As
already mentioned CL species of C. elegans consist of polyunsaturated fatty acids with up
to five double bonds. The total number of double bonds in the identified CL species varies
from 7 to 17 double bonds (see Supporting Information Figure 32). This pronounced

degree of unsaturation underlines the high potential of being target of ROS.
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Figure 6 Illustration of the 1D HILIC separation and the pursuit co-elution of CL species.
Demonstration of the 1D HILIC separation (total ion chromatogram (TIC)) and the pursuit co-elution of CL
species (extracted ion chromatograms (EICs)) which is important for an efficient transfer via the utilised
heart-cut setup. The mass spectrum shows the distribution of various CL species with differences in the
number of carbon atoms and degree of unsaturation. The asterisks indicate formate clusters based on the

modifier salt in the mobile phase used for HILIC separation and the calibration standard (Ultramark).
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Figure 7 Separation, distribution and fragmentation of main CL species of C. elegans by ?D C30
RP-LC. (A) Separation of main CL species of C. elegans by 2D C30 RP-LC. Despite the usage of maximum
mass spectrometric resolution power, especially 3C; isotopes of abundant CL species have a high potential
for false interpretation. (B) Overview of the CL species distribution in C. elegans. (C) Exemplary
presentation of the fragmentation pattern for structural elucidation of CL(80:15) by MS/MS. Based on the
observed fragments, the fatty acyl composition was determined as 20:3_20:4/20:4/20:4. The displayed m/z

values are rounded to one decimal place for better visualisation.

Figure 7 (A) and (C) show the 2D RP-LC separation of the most abundant species
CL(80:14), CL(80:15) and CL(80:16) as well as the distribution of different CL species based
on their chain length. The EICs of the chosen CL species with a mass tolerance of 5 ppm.
However, a mass tolerance of 5 ppm is not completely sufficient for resolving a species
and the 13C; isotope of a species with an additional double bond. Hence, a
chromatographic separation of homologous species is required to prevent interferences
based on the isotopic overlap. In addition, fragmentation experiments are important for
structural elucidation to identify homologous CL species. The fragmentation pattern has
been detailed by Hsu and Turk. [273] The combination of HILIC pre-separation with a

fast and powerful separation utilising a C30 RP-LC column along with high-resolution
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mass spectrometry and fragmentation experiments enables a CL analysis with high
confidence and accuracy (Figure 7). Latter, is especially important if we want to analyse
oxidised CL species, which are, compared to the main species, of low concentration. CL
species which were identified in this work have a relative mass deviation of less than
1.5 ppm with respect to the calculated m/z value. A detailed summary of CL species in
C. elegansbased on accurate mass and fragmentation experiments utilising 2D-LC-HRMS

is listed in Table 3 and Table 4 of the Supporting Information.

3.3.2 Measurement of ROS levels after tBOOH treatment

Following identification of the CL composition, peroxidation of CL caused by oxidative
stress was investigated, as ROS was shown to cause mitochondrial dysfunction by
impairing the electron transport chain at complex I and III through oxidative damage of
CL in other organisms [274, 275]. tBOOH is commonly used as an oxidative stress inducer
in many different in vivo and in vitro studies, even though that the exact mechanism of
ROS induction is not yet fully understood. The simple lipophilic alkyl hydroperoxide has
been reported to induce dose-dependent oxidative stress and damage in various cell lines
[276, 277]. The tBOOH derived alkoxyl and alkyl radicals induce a cellular redox
imbalance, which can cause damage to various intracellular endpoints and may end in
apoptosis. [278, 279] To ensure that the tertiary hydroperoxide leads to CL peroxidation
via ROS induction as hypothesized, total RO(N)S levels were measured in L4 C. elegans
using the Carboxy-DCFH-DA assay. Worms were exposed to 25 pM, 50 pM, 100 pM,
150 pM, and 200 uM for up to 6 h. Results indicate an immediate increase of RO(N)S at all
tBOOH concentrations as can be seen in Figure 8. Concentrations of 50 pM BOOH and
above lead to highly significant increases of RO(N)S after 1 h of exposure compared to
initial levels, which are only half as high. Over time RO(N)S levels decrease continuously,
but levels are still distinctively higher at the last time point of measurement (6 h)
compared to control animals. This might indicate an upregulation of various possible
antioxidant systems contained in C. elegans [280] in response to the oxidative stress.
Significant differences between the concentrations are not distinctively detectable, as
already low concentration seem to reach the upper limit of RO(N)S induction. Thereby,
the assay clearly proves an artificially production of ROS by fBOOH exposure in
C. elegans, which in turn might lead to the lipid peroxidation next to other oxidative stress

endpoints.
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Figure 8 Induction of RO(N)S by tBOOH in wild type C. elegans. The induction of RO(N)S by
tBOOH occurs in a concentration- and time-dependent manner. Wild type C. elegans were incubated with
25 uM, 50 uM, 100 pM, 150 puM and 200 pM BOOH for up to 6 hours. Significant increases of RO(N)S levels
can be seen for 50 pM and above after 1 h or longer incubation. Data are expressed as means = SEM of at
least three independent experiments. Statistical analysis via unpaired t-test. Significance is depicted as

*: p<0.05, **: p<0.01, and ***: p<0.005*** vs. control of respective time point 0.

3.3.3 Analysis of cardiolipin oxidation products after treatment with tBOOH

After initially examining untreated worms to investigate the CL distribution, tBOOH-
stressed worms were extracted and analysed. Lipid extraction is a crucial step regarding
lipid oxidation. To prevent lipid oxidation during sample preparation, BHT (5 mM) was
added as an antioxidant to the sample before extraction. Also all extraction steps were
carried out on ice. With this precautionary measures no oxidation products in untreated
worms were observed. For this reason, falsification of the results obtained from the
sample preparation was avoided. For tBOOH treatment three different concentrations
(1 mM, 2.5 mM, and 6.5 mM) have been chosen for the experiments, based on previous
studies. [41, 67] In contrast to the untreated worms for all three tBOOH concentrations,
CL oxidation products were identified utilising 2D-LC-HRMS. Based on the shift to lower

retention times, the accurate mass and fragmentation experiments oxidation products of
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the main CL species CL(80:14), CL(80:15) and CL(80:16) were identified in all treated
samples. Besides the main oxidation products, also other oxidation products were
observed but not in all replicates. Along with increasing tBOOH concentrations we
observed higher amounts of oxidation products of CL species containing polyunsaturated
fatty acyl moieties. Exclusively mono-oxygenated CL species were detected. While the
formation of CL hydroperoxides is often described for artificial oxidation for example by
Fenton reaction or cyt ¢/H202 [281-283] the finding of mono-oxygenated CL species
in vitro is usual due to subsequent degradation. [252, 282, 284] However, in order to
ensure that BHT does not have any influence of hydroperoxylated CL species we oxidised
CL(72:8) of bovine heart by means of Fenton reaction and added 5 mM BHT. After an
incubation time of 2 h on ice the samples were analysed. No reduction of the hydroperoxy
CL(72:8) species to the corresponding hydroxy species was observed, as for example

shown utilising triphenylphosphine. [261]

Figure 9 (A) displays the EICs of the most abundant oxidation products and their origin
CL species. By MS/MS fragmentation experiments the structure was confirmed
(Figure 9 (B)). In comparison to the fragments shown in Figure 9 (C), fragments based of
the oxygenated fatty acid FA (20:4) confirm the oxygenation of the presence of oxidised
CL species. Different oxidation products such as hydroxy, hydroperoxy and epoxy species
are described in the literature [252, 282]. tBOOH triggers the formation of ROS which
initially leads to lipid hydroperoxydation. Based on the work of Pope et al, the reduction
of hydroperoxides to their corresponding hydroxy species is highly plausible. [252]
However, the determination of the location of the hydroxy group was not further
pursued. Figure 9 (C) shows the formation of oxidation products depending on the tBOOH
concentration. With increased concentration an enhanced formation of CL oxidation
products was observed. This is especially pronounced in comparison to the non-treated
worms. This finding emphasizes the suitability of CL oxidation products as marker for
oxidative stress induced by the formation of ROS in the model organism C. elegans. In
comparison to other oxidative stress markers such as glutathione or isoprostanes, CL
oxidation products are specific for oxidation processes in mitochondria. Unintentional
oxidation can be avoided utilising BHT or other antioxidants, which also makes it possible
to store the samples at for example -70 °C without degradation. Further information with
respect to the CL distribution of untreated and tBOOH treated worms is provided in

Table 3 and Table 4 of the Supporting Information.

45



Chapter 3

A

3.0x10%7 ¢ B0:14 P 5.0x10°7 CL 80:15 | 3.2x10%1 CLB{I:1E||
> ||k_ |||'-, ||""._
£ 0.0l Sy 0.0y 0.0-fep g
nE} 12 14 16 18 12 14 16 18 12 14 16 18
£ 22x10%q f 3.4x10% 5 2 Ex10%
1 I"|| CLBO:1440 - Jr|| CL80:15+0 |'| CL 80:16+0
|
' |
e |\ l \\,_
aD AL L oo L 0o L
12 14 18 18 12 14 16 18 12 14 16 18

time / min

B 3'3.:“',‘ 2

0 4412
RN N, L, N L N .-'I'L-\.O)‘-"\ s F' Q' 7435
T T, S e H_.-""\-._,-’D H 9’!" bod
23 u v HOW LK
Tox0iq U2 0 r30320%)
' ﬂr_l'__}) .-"'-“'-. .-"ﬁ"'\-\. .ﬂ'ﬂ.\"'-\. .-‘"II"'\-. 'ﬂ.\' "ﬂ 'H_r"“""— '-J.I' f_'lf“ TH‘-'G' Fl'- U.:‘-L-’.l
] H /
- 3192 Ao A Y
= 5.
i 4 39.2 © 3192
4
‘E 3.5x10 4 Z F45 5
. | " . 759.5
| | " 1562.0
0.0 I| - by T T T T T L T
200 4'DD ﬁﬂﬂ BDD 1000 1200 1400 1600
C miz
207 momM - 1mM =2.5mM =6.5mM
o151
(5]
® 1.0 4
-
o
=

niu *ji Jal

CL{78:14)+0 CL(T8:15+0 CL(B0:14)+0 CL(80:15)+0 CL(BO:16)+0
CL oxidation products

Figure 9: EICs of the main CL species and their oxidation products, fragmentation and
distribution exclusively in the tBOOH samples. (A) EICs of the main CL species and their oxidation
products which were found exclusively in the BOOH samples. The EICs were observed from samples
treated with 6.5 mM fBOOH. (B) Exemplary presentation of the fragmentation pattern for structural
elucidation of CL(80:15)+0O by MS/MS. Based on the observed fragments the fatty acyl composition was
determined as 20:3_20:4/20:4:1_20:4. The displayed m/z values are rounded to one decimal place for better
visualisation. (C) Distribution of CL oxidation products based on the total amount of CL in % + SEM, n = 3.

For untreated worms no oxidation was observed.
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3.3.4 CLox identification as oxidative stress marker in C. elegans compared to

conventional methods

C. elegans is a multicellular organism and persistent oxidative stress can lead to systemic
manifestation of various damaged endpoints. Excessive endogenous and exogenous
production of ROS can interfere with macromolecules such as the DNA, proteins, and
lipids, which is often associated with ageing-related and neuropathological diseases. [242,
285] It is therefore crucial to ensure reliable measurement of oxidative stress, especially
when using a model organism often used for investigations regarding neurodegeneration
and aging. Some of the advantages of the described method for use as oxidative stress
biomarker have been highlighted in the sections above, but it is crucial to understand the
complexity of oxidative stress endpoints when deciding which endpoint is used. In an
effort to understand the interaction of ROS, CL peroxidation and mitochondrial
disturbance, many studies have been conducted using isolated mitochondria from cell
culture experiments, but in vivo experiments utilising the model organism C. elegans are
rare. Various other oxidative stress endpoints can be measured analytically in the
nematode, like glutathione levels [41], energy relevant nucleotides [286], or
malondialdehyde, being one endpoint used in the worms [287] also involved in the lipid
peroxidative chain reaction. To be useful as an oxidative stress indicator, the biomarker
must be reasonably stable and present in a quantity that makes reproducible
measurements possible and economic. Using the approach of forward genetics it is
possible to knock-down/ knock out oxidative stress-relevant genes in the nematode and
compare the deletion mutants to wild type worms regarding survival and behaviour [288,
289], but this method does not allow to draw any conclusions regarding the mechanistic
pathway. Making use of the transparent body of C. elegans it is possible to either stain
oxidative stress markers using fluorescent-coupled antibodies or to use transgene
nematode strains that show oxidative stress-relevant protein expression by GFP-coupled
proteins, such as the gst-4:gfp strain [290]. There are also several other dye methods
available, such as DCF or MitoTracker™, which directly or indirectly indicate oxidative
stress. All fluorescent-based methods have its advantages in simplicity and visualisation
but are lacking in specificity, quantification and reproducibility between different
operators as microscopic differences can hardly be overcome. These qualitative methods
should always be used in combination with quantitative methods to ensure distinctive

measurements between different samples.
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Downside to using C. elegans as the model organism in analytical approaches is that often
large quantities of worms have to be used to ensure sufficient amount of material for
measurements. Even though that oxidised CL have a relatively low abundance in the
nematodes, the here developed method is sensitive enough to detect small differences in
various concentrations of the ROS inducer tBOOH. In comparison to a previous published
method by Rund et al. to measure isoprostanes as oxidative stress marker, 50% less
animals can be used (6,000 vs. 12,000) while still ensuring well evaluable results, cutting
down cultivation time and costs [67]. Insensitivity of analytical oxidative stress
measurement is also often related to a large matrix effects by ion suppression. Using
2D-LC-HRMS based on RP-LC in combination with a pre-separation utilising HILIC in D
allows the removal of interfering substances and thus avoids co-elution of for example
cholesterol-ester and triacylglycerols [259]. The LC-HRMS based analysis of CL oxidation
products as marker substances also allows the utilisation of BHT which eliminates
artificial ROS production during sample preparation. As can be seen in Section 3.2 control
animals do not show any evaluable amounts of CLox pointing to sample preparation that
does not artificially produce more oxidative stress. Research during the last years has
been increasingly linked to mitochondria disturbance, caused by endogenous and
exogenous oxidative stress. CL are crucial for proper mitochondria function, as oxidation
leads to the malfunction of complex I and III. CLox identification is therefore a promising
endpoint to study in neurodegeneration models. CL are highly sensitive to oxidative
damage of its double bonds to the high content of polyunsaturated fatty acids, allowing

its identification to be used as an early oxidative stress marker.

3.4 Conclusion

CL are exclusively mitochondrial-bound phospholipids that are highly sensitive to
oxidative stress due to their high level of unsaturation. Their activity is directly linked
mitochondria activity and oxidation can cause mitochondrial dysfunction and the
subsequent failure of additional downstream processes. Still, little is known about the
correlation of oxidative stress, CL and neuropathology. Using the nematode C. elegans, a
recognized model organism for neurodegeneration, we extended the research of CL
distribution and its oxidation products to develop a practical method for a sensitive
oxidative stress marker, which can be later applied for C. elegans research in the field of

neurodegeneration. Despite the rising interest in the lipidome of C. elegans, so far, the CL
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distribution was not precisely described yet. By online two-dimensional liquid
chromatography the CL distribution of C. elegans was determined on the molecular level.
Due to the HILIC pre-separation in the first dimension and the automated transfer of CL
and CLox utilising a heart-cut setup, co-eluting lipid species were removed which
guaranteed increased sensitivity and selectivity. The identified CL species consist of
polyunsaturated fatty acyl moieties with an overall number varying from 7 to 17 double
bonds in a CL species. The most abundant species are CL(80:14), CL(80:15) and CL(80:16)
consisting fatty acyl moieties of 20 carbon atoms and 3 to 4 double bonds. The high degree
of unsaturation correlates with the high potential of CL being targeted by ROS. This in
turn leads to the assumption that CL is one of the most sensitive and earliest endpoints
of oxidative stress. For this reason, worms were treated with varying concentration of the
hydroperoxide tBOOH and the presence of CL oxidation products was analysed. Oxidised
CL species are of relatively low abundance compared to the main species. However,
utilising online 2D-LC-HRMS offers the required selectivity and sensitivity for the
analysis and characterization of formed oxidised CL species without the usage of time-
consuming sample preparation steps. Further structural elucidation was carried out by
means of MS/MS fragmentation experiments. With increasing tBOOH concentrations, CL
oxidation products increase compared to the non-treated control group. In addition to
that, LC-MS based analysis of CL oxidation products might be a new approach for
monitoring oxidative stress in the model organism C. elegans as demonstrated in this
work. As oxidative stress can cause a variety of changes on different endpoints, one must
wisely chose which biomarker is useful to monitor and a combination should always be

preferred.
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Abstract

The identification of genotoxic agents and their potential for genotoxic alterations in an
organism is crucial for risk assessment and approval procedures of the chemical and
pharmaceutical industry. Classically, testing strategies for DNA or chromosomal damage
focus on in vitro and in vivo (mainly rodent) investigations. In cell culture systems, the
alkaline unwinding (AU) assay is one of the well-established methods for detecting the
percentage of double-stranded DNA (dsDNA). By establishing a reliable lysis protocol,
and further optimization of the AU assay for the model organism Caenorhabditis elegans
(C. elegans), we provided a new tool for genotoxicity testing in the niche between in vitro
and rodent experiments. The method is intended to complement existing testing
strategies by a multicellular organism, which allows higher predictability of genotoxic
potential compared to in vitro cell line or bacterial investigations, before utilising in vivo
(rodent) investigations. This also allows working within the 3R concept (reduction,
refinement, and replacement of animal experiments), by reducing and possibly replacing
animal testing. Validation with known genotoxic agents (bleomycin (BLM) and tert-butyl
hydroperoxide (tBOOH)) proved the method to be meaningful, reproducible, and feasible

for high throughput genotoxicity testing, and especially preliminary screening.
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4.1 Introduction

Maintenance of genome integrity is an organism's top priority to ensure a healthy life
and successful reproduction of the species [99]. The genomic DNA is under constant
attack of extrinsic and intrinsic genotoxic agents which may result in genetic alterations
in somatic and/ or germ cells, which in turn might manifest target place-dependent
negative outcomes, such as impaired transcription or replication, apoptosis, or necrosis,
or fixation to mutation. This potentially will lead to cancer and non-cancer genetic
diseases for somatic cells and infertility, heritable damage and intergenerational genetic
diseases for germ cells [30, 72-74]. The purpose of genotoxicity testing is to identify such
genotoxic agents and their potential for genotoxic alterations. The testing is part of
approval procedures and testing strategies of the chemical and pharmaceutical industry,
as well as risk assessment of food ingredients. Due to the wide potential spectrum of DNA
damages, it is imperative to consider multiple endpoints to systematically assess
genotoxicity. As defined in the OECD guidelines, genotoxicity testing includes assays that
measure direct, irreversible damage to the DNA that is transmissible to the next
generation (i. e. mutagenicity), as well as tests that evaluate directly the induced DNA
damage that may or may not result in permanent alterations (and is therefore no direct
evidence of mutagenicity) [76]. In both cases in vitro and in vivo models (mostly rodents)
are used and guidelines recommend a test battery starting with testing for gene mutation
in bacteria, followed by in vitro assays using mammalian cell lines, before recommending

an in vivo test system [80-82]. Although these tests are routinely used, they present
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crucial limitations (i. e. lack of xenobiotic metabolism and bacteria-specific reactions
[291], use of tumor cells), which affect the usefulness of the assays to predict the
genotoxic potential of a substance in vivo. With the emergence of a stronger awareness
of animal welfare in scientific experiments, classic and well-established in vivo studies
are increasingly attempted to be replaced by equally meaningful tests, which follow the
3R (refine, reduce, replace) principle. [292, 293] For this purpose, as well as to overcome
present limitations, current efforts include the usage of 3D cell culture models or
alternative in vivo model organisms. Within this study, the model organism C. elegans
was applied for genotoxicity testing. The well-established in vitro method of DNA
alkaline unwinding [9, 10] was optimized for detecting the proportion of dsDNA in
C. elegans and was verified using validated genotoxins in order to provide a rapid

genotoxicity evaluation in a metazoan organism.

4.2 Materials and Methods
4.2.1 Worm cultivation and exposure to positive controls

For assay development, the wild type (WT) N2 Bristol C. elegans strain was used, which
was provided by the Caenorhabditis Genetic Center (CGC; University of Minnesota).

Worms were cultivated on agar plates at 20 °C as described by Brenner, 1974 [256]. After
synchronization and hatching, L1 (larval stage 1) worms were seeded on OP50 E. coli
covered NGM plates until the population reached L4 without further interference. For
treatment BOOH and BLM were used as positive controls in ranges of 0 — 5 mM tBOOH
and 0 — 80 uM BLM for 1 h. BLM sulfate was purchased from Selleckem (NSC125066) and
tBOOH from Merck (CAS 75-91-2). Both chemicals were used as received and diluted in
85 mM NaCl to the desired concentration. 3000 L4 larvae were incubated in liquid (85 mM
NaCl) in the absence of E. coli while rotating slowly to ensure equal substance uptake.
Afterward, samples were washed at least three times with 85 mM NaCl + 0.01% Tween®

before continuing with the survival or alkaline unwinding assay.

4.2.2 Survival

The toxicity of the substances was determined using the survival assay as described

previously [143]. After treatment, a specific number of worms were transferred to OP50-
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seeded NGM plates. Alive and dead worms were manually counted 24 h post-treatment.
The vitality of the animals was checked via the mechanical stimulus of touch using a
platinum/zirconium wire, which stimulates the worms to move. Any worms that did not

respond to the stimulus were considered dead.

4.2.3 Adapted alkaline unwinding for use in C. elegans

After treatment, worms were placed in 1 mL alkaline unwinding buffer (AU buffer; 0.5 M
NaH2POs, 0.5 M NazHPO,, 0.1 M EDTA, pH 7.5). To reduce possible additional strand
breaks during sample preparation, samples were kept on ice at all times and all
experimental steps were performed in the dark. Worms were made assailable for the
alkaline solution by using slight sonification and a large liquid volume (UP100H
ultrasonic processor (Hielscher), 1 mL AU buffer, 2 x 20 sec on lowest setting, 100%
amplitude). After centrifugation (1400 rpm, 2 min, 4 °C) and removal of the supernatant,
1.5 mL alkaline solution (0.9 M NaCl, 10 mM Na2HPOy4, 0.03 N NaOH in dH20) was added
to all samples. The DNA was allowed to unwind at RT in the dark for exactly 15 min,
before neutralizing the solution with 0.1 N HCI (exact volume was adapted to reach
pH 6.8 + 0.02), sonification on ice (15 sec, highest setting), and adding SDS to a final
concentration of 0.05%. The single- and double-stranded DNA were separated by
successional elution of 0.15 M and 0.35 M potassium phosphate buffer over 1 mL
hydroxyapatite columns at 60 °C. The amount of DNA for the single-stranded DNA
(ssDNA) and dsDNA fraction were determined using Hoechst stain (Hoechst 33258
nucleic acid stain) at a final concentration of 7.5 x 107 M and the fluorescence was
measured using a microtiter fluorescence reader (Infinite Pro, Tecan, Switzerland; 360 nm
excitation wavelength and 455 nm emission wavelength). As described by Hartwig et al.
1993, staining availability of Hoechst was tested, which allowed calculations for dsDNA
fraction (Eq. 1) [294]. For this, the fluorescent signals of ssDNA and dsDNA were
compared, which yield 0.4 x lower values for dsSDNA compared to ssDNA, resulting in
the following calculation (Eq 1). Statistical evaluation was performed using Graph Pad

Prism 9.

fluorescence dsDNA

dsDNA =
s fluorescence dsDNA + (fluorescence ssDNA x 0.4)

(1)
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4.3 Results and Discussion
4.3.1 Method development

Alkaline unwinding was initially developed for cell culture systems [294, 295] and is a
frequently utilised genotoxicity test, even though it does not belong to the primal OECD
genotoxicity tests. Nevertheless, alkaline unwinding is a well-established and rapid assay,
which can be categorized as an indicator genotoxicity test [75]. Similar to the alkaline
COMET assay (which is (in vitro) also not part of the primal OECD genotoxicity tests),
using alkaline unwinding one can quantify DNA strand breaks caused by genotoxins via
direct interactions with the DNA; alkali labile sites; or as a consequence of transient
strand discontinuities resulting from nucleotide- and base excision repair. [76, 296] In
principle, the percentage of dsDNA is detected, which serves as a marker for genomic
stability. A highly alkaline solution is used to enable the unwinding of the DNA and form
ssDNA at sites of single-strand breaks. The quantification of dsDNA and ssDNA allows
to draw conclusions regarding the amount of initial DNA single-strand breaks. Compared
to the COMET assay, the procedure for alkaline unwinding does not call for isolation of
intact cells, which can be complex in C. elegans. Despite being published [245], the
COMET assay is experimentally demanding, as various cell types are present in worm
extracts, background noise/ matrix is high, little comparable data is present and results
are challenging to reproduce. For alkaline unwinding, the DNA within the worms needs
to be accessible to the alkaline solution, but it is not necessary to isolate intact cells.
Lysing the worms is the critical step during this method since it is of crucial importance
that DNA damages are not caused by the lysing process itself. We found that gentle
sonification (Ultrasonic Processor, UP 100H, 2 x 20 sec, in 1 mL liquid) works better for
that purpose than using chemical dissipation of the cuticle (e. g. protein kinase K, pronase
E, papain, Triton X-100), breaking of the cuticle with high pressure (French pressure cell
press, as used for yeast cell lysis [297]) or slicing worms using syringes as described for
germ cell isolation [298]. Except for the gentle sonification, the other methods resulted in
additional DNA damage as we detected only very low amounts of dsDNA (data not
shown). Making use of transgenic worm stains did not facilitate the workflow in this
particular case. The tested bus-5 deletion mutant (DC19, bus-5(br19) X), which presents
higher porosity, and therefore higher cuticle permeability for various substances
compared to the wild type (N2) strain [299], showed high levels of damage even in non-

exposed controls. Mutant strains were therefore discarded as an alternative method for
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the lysing process and did not facilitate the accessibility of the alkaline solution.
Experiments regarding the optimal incubation time with the alkaline solution can be seen
in Figure 10. The unwinding time was reduced from 30 min (used in cell samples) to 15
min as data indicate increased sensitivity of the worm DNA compared to DNA retrieved
from cell culture (HepG2, BeWo b30) to the alkaline solution. This finding corresponds
to earlier observations in a worm study pointing out that the C. elegans genomic DNA
was detected to be degraded under alkaline electrophoresis condition used in a classical
comet assay [300]. All following steps are identical to the in vitro setup (see Figure 11),
which was adapted from Hartwig et al. 1993 [294]. To keep DNA damage caused by the
experimental setup to a minimum, worm samples were prepared in the dark and on ice
after the compound treatment process was finished. For calculation of the percentage of
dsDNA, the affinity of the Hoechst 33258 dye to dsDNA and ssDNA was tested. In
contrast to cell samples, where a factor of 2.1 is present, in dsDNA of worms the binding
affinity is reduced by a factor of 0.4 of dsDNA compared to ssDNA. This, and the higher
sensitivity of C. elegans DNA to the alkaline solution may indicate a slightly different
coiling and stability of the DNA, which can also be a reason for the difficulties in the
COMET assay, that has also been described by Park et al., as they found increased DNA
damage in worms incubated with alkaline solutions at pH 12.3 for 30 min compared to
controls [300]. Additionally, both effects collectively may explain the high fluorescence
following 30 min unwinding time (Figure 10 (A)). Nevertheless, when adapting the
alkaline unwinding to worm DNA, this genotoxicity test proves to be meaningful,

reliable, and practicable for high throughput.
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Figure 10 dsDNA [%] to total DNA concentration of C. elegans with different incubation times for
the alkaline solution. [A] Comparison of percentage of dsDNA to total DNA concentration of C. elegans
with different incubation times of alkaline solution in control worms. Highest basal levels of dsDNA can
be reached when incubating the alkaline solution for 15 min or 30 min. [B] Percentage of dsDNA to total
DNA concentration when exposing worms to 5 mM fBOOH for 1 h. Significant differences between
negative (0 mM fBOOH) and positive (5 mM tBOOH) controls can only be detected when using the alkaline
solution for 15 min. Data are expressed as means + SEM of at least 6 independent experiments. For statistical

analysis, the unpaired t-test was performed. ** p < 0.01 *** p < 0.001.
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Figure 11 Schematic overview of the experimental setup for alkaline unwinding. Schematic
overview of the experimental setup for alkaline unwinding in A) cell culture systems (Hartwig et. al [294]
and B) C. elegans probes. While the alkaline solution can be directly added to exposed cell samples, worms
need to be made accessible using an ultrasonic disruptor before adding the alkaline solution. After DNA
unwinding, both probes are then sonicated to shred the DNA. Using hydroxyapatite, dsDNA and ssDNA

can be separated and finally quantified using fluorescence staining.
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4.3.2 Positive controls

For assay evaluation and verification, the positive controls tBOOH and BLM were used,
as those chemicals are known to induce DNA strand breaks by different modes of action.
tBOOH is a recognized inducer of oxidative stress and DNA damage in various in vitro
and in vivo models, which is also effective and often applied in C. elegans [143, 276, 277].
It is proposed that the oxidant causes the iron-dependent formation of tert-butoxyl (tBO")
and tert-butyl peroxyl (BOO) radicals, resulting in cellular redox imbalance associated
with lipid peroxidation, Ca?*-dependent DNA cleavage, and apoptosis [301-303]. BLM is
applied as an anti-cancer antibiotic. In comparison to tBOOH, BLM directly affects the
DNA by causing athymic sites leading to single strand splitting [304]. Worms were
incubated with both substances at sub-toxic concentrations for 1 h, which were
determined in earlier studies [41] or survival assays (Figure 12). As expected, a highly
significant and dose-dependent reduction of dsDNA is caused by exposing worms to
tBOOH. Incubation of the substance of concentrations higher than the LD2s (2.5 mM
tBOOH for 1h [41]), does not show any stronger effects, as the results show a maximum
decrease of ~ 50% at this point (Figure 13 (A)). Exposure of C. elegans to BLM does also
lead to a dose-dependent significant induction of strand breaks and resulting decrease of
dsDNA at 20 uM and 40 uM BLM (< LD2s) compared to non-incubated control samples
(Figure 13 (B)).

100

% Survival

orr——rrrrrrrrrrrrrerrrr
0 100 200 300
BLM [pM]

Figure 12 Survival of C. elegans (WT) treated with BLM for 1 h. Percentage of survival after treatment
with BLM for 1 h in a concentration range of 0 — 300 pM BLM. Survival of worms was quantified 24 h after

exposure. Data are expressed as means = SEM of at least 3 independent experiments.
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Figure 13 dsDNA [%] to total DNA concentration of C. elegans treated with tBOOH or BLM.
Percentage of dsDNA to total DNA concentration of C. elegans treated with tBOOH [A] or BLM [B] for 1 h.
Data are expressed as means + SEM of at least 3 independent experiments. For statistical analysis, the

unpaired t-test was performed. ** p < 0.01 *** p < 0.001.

4.3.3 Advantages of the model organism and alkaline unwinding compared to

other genotoxicity tests

Factors that contribute to the genotoxicity potential of a compound on an organism are
complex and often intertwined. Polymorphisms, age, gender, metabolic-enzyme
expression, and lifestyle are a few examples that contribute to the vulnerability of an
organism [305]. While most of these attributes can be modelled in rodent experiments,
they are not preferentially used for first screenings and indicator tests due to high time
and cost intensity. Bacteria assays and cell culture systems are often used for initial
investigations as they are less expensive and ethically acceptable for broad-spectrum
screening. Prokaryotes and eukaryotes have developed complex biochemical responses
to DNA damage that activate numerous processes like activation of repair mechanisms,
transient cell cycle arrests, transcriptional upregulation of response proteins, and in
metazoans apoptosis as the last resort. Considering that the DNA damage response and
DNA damage checkpoints in higher eukaryotes are more complicated than those found
in prokaryotes or unicellular eukaryotes, an easily accessible metazoan model organism
is required to study the more complex aspects of genotoxicity [207]. The use of C. elegans

is a valuable addition to genotoxicity assessment, as the nematode can be used as model

61



Chapter 4

organism for follow-up studies of in vitro testing and thus can improve the predictability
for a possible genotoxic potential of a substance or treatment. With better predictability
of genotoxicity, it would be possible to avoid unnecessary in vivo follow-up testing (and
therefore replacement and reduction of animal testing). Genotoxicity testing in C. elegans
is slowly getting more recognized, but validated methods are scarce. Besides the comet
assay and rad-51 immunohistochemistry staining, very little is published for direct
measurements of DNA damage in this model, and therefore a great need for additional,
valid methods persists [245, 300, 306]. Detecting the compound-induced genomic
instability by the alkaline unwinding method in worms can be useful for a) preliminary
screening (high throughput), b) as follow up test of an in vitro positive result, c) for
mechanistic studies (the xenobiotic metabolism is highly conserved in C. elegans) and d)
exposure marker demonstrating that a substance is affecting the genomic stability. We
are fully aware that the worm is a model organism with limitations, but it might provide
a valuable addition to already existing strategies. The nematode is a multicellular and
metabolising organism, which is not given in cell lines or bacteria cultures (as used for
the Ames test), where a metabolic activation system in form of liver-derived enzymes has
to be additionally added via S9 fraction [307]. Additionally, the worm has a rapid life cycle
and short generation time which will allow high throughput testing [308, 309]. Most of
the pathways involved in genomic integrity that are known through studies of bacteria,
yeast, mammals, and human cell lines are also highly conserved in C. elegans, which
makes the worm an experimental model greatly suited for research on processes involved

in genomic stability [310, 311].

4.4 Limitations, Opportunities, and Future Directions

For method development, L4 larvae were chosen since they bear a fully developed DNA
repair system but are not yet reproducing. Additionally, incubation of the positive
controls was conducted in the absence of E.coli to avoid bacterial interferences. The two
positive controls tBOOH and BLM were used as proof of principle for the AU assay in
C. elegans. Both substances are validated DNA damage inducers (directly and indirectly)
and no bioactivation is required for either of the substances. However, many other
xenobiotics show only a genotoxic potential after being metabolised. Common examples
are benzo[a]pyrene (BaP) and nitrosamines [312-314]. The great advantage of the

nematode compared to in vitro models is that the toxicodynamic pathways (phase I + II
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metabolism) needed for bioactivation are relatively similar to higher eukaryotes [315].
Phase I metabolising enzymes are necessary for the oxidation, reduction, and hydrolysis
of xenobiotics and are broadly expressed in somatic cells of C. elegans. Over
85 cytochrome P450 isoforms have been identified in the nematode (compared to ~ 60 in
humans) and many have been associated with xenobiotic metabolism [316]. Investigating
substances that might only show their genotoxic potential after bioactivation is therefore
very well possible in the nematode, but one must be aware of the differences that do exist
between worms and mammals. For example, cytochrome P450 requires a heme cofactor
and the coenzyme cytochrome P450 reductase. While emb-8 is the worm’s homolog to
the human P450 reductase, worms are not able to synthesize heme and need to scavenge
this component from their diet [317]. Another metabolic difference can be found in the
bioactivation of BaP, which causes the production of ROS and DNA adducts. In rodents
and humans, BaP is predominantly metabolised by CYP1A1 leading ultimately to
BaP-7,8-dihydrodiol-9,10-epoxide. While CYP1 enzymes do not exist in nematodes,
studies still show the existence of DNA strand breaks in worms after BaP exposure,
indicating a genotoxic potential of BaP caused by an alternative pathway of bioactivation
[245, 318]. An additional challenge of utilising C. elegans for investigations regarding
genomic stability is the current lack of data regarding enzyme activity, not only from
metabolising enzymes but also enzymes that are involved in DNA repair — making

research in this area even more important.

The optimized and with acute genotoxins validated method provides a rapid genotoxicity
evaluation in the model C. elegans. In future studies, the scope of the application will be
extended to the investigations of known substances which are genotoxic upon metabolic

activation, as well as being applied more chronic exposure scenarios.
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Abstract

Although manganese (Mn) is an essential trace element, overexposure is associated with
Mn-induced toxicity and neurological dysfunction. Even though Mn-induced oxidative
stress is discussed extensively, neither the underlying mechanisms of the potential
consequences of Mn-induced oxidative stress on DNA damage and DNA repair, nor the
possibly resulting toxicity are characterized yet. In this study, we use the model organism
Caenorhabditis elegans to investigate the mode of action of Mn toxicity, focusing on
genomic integrity by means of DNA damage and DNA damage response. Experiments
were conducted to analyze Mn bioavailability, lethality, and induction of DNA damage.
Different deletion mutant strains were then used to investigate the role of base excision
repair (BER) and dePARylation (DNA damage response) proteins in Mn-induced toxicity.
The results indicate a dose- and time-dependent uptake of Mn, resulting in increased
lethality. Excessive exposure to Mn decreases genomic integrity and activates BER.
Altogether, this study characterizes the consequences of Mn exposure on genomic
integrity and therefore broadens the molecular understanding of pathways underlying
Mn-induced toxicity. Additionally, studying the basal poly(ADP-ribosylation)
(PARylation) of worms lacking poly(ADP-ribose) glycohydrolase (PARG) parg-1 or parg-
2 (two orthologue of PARG), indicates that parg-1accounts for most of the glycohydrolase

activity in worms.
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Figure 14 Graphical Abstract: Effects of manganese on genomic integrity in the multicellular

model organism Caenorhabditis elegans.
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5.1 Introduction

Exposure to the transition metal and essential trace element manganese (Mn) occurs both
naturally and anthropogenically. Natural sources of Mn are diverse and ubiquitous with
Mn being the 12% most abundant element in the earth’s crust. Mn does not usually exist
in its elemental form, but is found as silicates, carbonates, and oxides [132]. The element
can exist in several oxidative states, with Mn(Il) and Mn(III) being the most common
forms in biological systems [319]. Due to the rich natural occurrence of Mn in vegetables,
cereal products, and drinking water, the adequate intake of 3 mg/day for adults is
generally met [1]. Therefore, Mn deficiency has not been observed in humans [165].
Continuous scientific progress and rising industrial processes have led to increased
release of Mn into the environment, which causes short- and long-term environmental
and health risks [141]. Although the essential trace element is needed as a component for
several enzyme systems [131, 320], overexposure is associated with various toxicity

endpoints in humans [321]. For the general population, chronic overexposure due to
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contaminated drinking water or food is of the greatest concern. Bioaccumulation of the
metal can further increase the Mn concentration in specific regions or food items. An
example is the significant bio-concentration of Mn in water by aquatic biota, which are
taken up by marine and freshwater plants, phytoplankton, aquatic invertebrates, and
finally fish [141]. In addition to natural sources, emission from mining, Mn alloy,
production, welding, coke oven, dry battery manufacturing, Mn salt production, gasoline
additive (MMT), and Mn-containing agrochemicals increase regional soil and water Mn
concentrations to new extreme levels [132, 166]. Currently, South Africa, Russia, Gabon,
Australia, and Brazil have the richest deposits for Mn [141]. High concentrations of
inhaled Mn, mostly in an occupational setting, cause acute toxicity in the respiratory
system. Even higher nutritional Mn exposure arises from long-term parenteral nutrition

therapy [322, 323] or in formula-fed infants [150, 324].

Mn overexposure is associated with neurodegeneration and can have a negative impact
on movement, cognition, emotion, and behavioural responses [140, 167]. Recently, several
epidemiological studies have indicated an association between environmental exposure
to Mn and neurological effects in children and adults. It has been observed that Mn
accumulates in the dopamine-rich region of the basal ganglia, causing dopaminergic
neurodegeneration [13, 161, 162]. In fact, in vivo extrapolations suggest a 1 — 5-fold
increase in the Mn concentration in this region of the human brain under occupational
exposure, causing dopaminergic neurodegeneration [325, 326]. Animal models have been
used extensively to study the pathobiology of neurotoxicity by applying translationally
human-relevant Mn concentrations [221]. Additionally, in vitro models have been used to
understand Mn uptake, homeostasis, and toxicity to single cell lines. However, effective
concentrations are not comparable between different cell lines and are not capable of
reflecting the situation in a whole (human) organism. Despite the published
investigations, little is known about the underlying mechanisms of neurodegeneration. A
proposed mechanism for the pathological changes and symptoms of Mn overexposure is
the induction of oxidative stress [183]. Excessive production of reactive oxygen and
nitrogen species (RONS), either directly via a Fenton-like reaction or indirectly by
inhibiting the respiratory chain in mitochondria, leads to increased interactions with
macromolecules such as DNA [179]. Recent evidence from in vitro studies suggests that
Mn may damage the DNA or disturb cellular DNA damage response pathways under

conditions of either overload due to high exposure or disturbed homeostasis [10]. The
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resulting DNA damage in combination with an insufficient DNA repair system might
contribute to the neurological dysfunction [41, 186]. However, the results regarding the
genotoxic potential of Mn are inconsistent and further studies are needed to clarify
whether Mn species are genotoxic. The soil-dwelling nematode Caenorhabditis elegans
(C. elegans) is a well-established model organism used for investigating developmental
biology, aging, neurobiology, and genetic toxicology, as well as toxicity testing. 60 — 80%
of C. elegans genes have human homologs and most DNA repair pathways found in
mammals are conserved in the worm [309, 315, 327, 328]. Easy genetic manipulation and
the short life cycle allow us to use forward genetics to gain knowledge about specific
genes involved in the DNA damage response. Accordingly, this study was conducted to
address these open questions in an in vivo model organism to gain further insight into
the underlying mechanisms of Mn-induced adverse effects, focusing on genomic integrity

by means of DNA damage and DNA damage response.

5.2 Results and Discussion

5.2.1 Excessive Mn exposure causes concentration- and time-dependent increase

of Mn content and lethality

To investigate Mn uptake after acute Mn exposure, L4 C. elegans wild types were
incubated with MnCl: both for 1 h and 4 h at various concentrations between 0 mM -
250 mM MnCl; or 0 — 60 mM MnClz, respectively. The results presented in Figure 15
indicate dose- and time-dependent uptake of Mn that inversely correlates with the
survival rate of the worms. Nematodes incubated with 250 mM MnCl: for 1 h show a total
Mn content of ~4.7 ng Mn/ug protein (Figure 15 (A)). N2 (WT) exposed to MnCl; for 4 h
reach similar total body concentrations at 60 mM MnCl; (approximately 1/4™ of the
corresponding concentration for 1 h) (Figure 15 (B)). Lethality increases at 100 mM MnCl;
(1 h) and above, reaching an approximated LDso at 200 mM MnCl: for 1 h. Lethality testing
after 4 h exposure indicates an LDso value of ~50 mM MnClz. Similar lethality results were
already seen by Neumann et al. [41] where the dosing regime was comparable, whereby
small varieties might be caused by different laboratory settings [221]. All further
experiments were conducted with nematodes exposed to MnCl: at sub-toxic to toxic
concentrations (in detail: up to 250 mM MnCl; for 1 h (survival 37 + 6%); up to 60 mM

MnCl: for 4 h (survival 40 + 4%)), as genotoxic chemicals are expected to induce decreased
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genomic integrity at doses that do not trigger extensive cell death and might follow a

non-linear dose-response relationship in genotoxicity testing [329, 330].
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Figure 15 Mn bioavailability and lethality of N2 (WT) after 1 h and 4 h Mn overexposure. Results
show dose- and time-depending survival curves [%] and concentration-dependent Mn uptake [ng Mn/
pg protein] of L4 stage N2 (WT) following [A] 1 h and [B] 4 h MnCl; exposure. Survival of worms was
quantified 24 h after exposure and bioavailability was measured analytically via ICP-OES. Data are

expressed as means + SEM of at least four independent experiments.

5.2.2 Mn causes a decrease in genomic integrity and the formation of oxidative

DNA damage at sub-toxic and toxic concentrations

Mn-induced toxicity is implicated to be mediated by induction of oxidative stress [331,
332], which can cause increased interactions of RONS with macromolecules such as DNA
[7, 333]. Oxidative DNA damage is one of the main mutagenic events in germline cells
and genomic integrity is especially important as C. elegans germline is the site of cell
mitosis, meiosis, and oocyte maturation [334-336]. Nevertheless, genomic integrity is
equally important in post-mitotic cells, which are found outside of the mature nematode’s
germline and are irreversibly withdrawn from the cell cycle [337, 338]. We decided to
investigate the DNA damage in total worms, therefore looking into global effects of Mn
on the organism’s genome without differentiating between cell types or tissues,
especially, since post-mitotic cells incur DNA damage over a protracted time [338]. As
our studies show that the bioavailability at LDso values for 1 h and 4 h was proportional

to time and concentration (Figure 15), we decided to focus on the investigation of DNA
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damage after 1 h MnCl; exposure. Previous studies also showed that 1 h Mn exposure
already causes adverse outcomes for various oxidative stress endpoints in C. elegans,
suggesting that this exposure scenario could also lead to DNA damage [41]. Initially, we
focused on quantifying DNA strand breaks, which are caused directly by exogenous or
endogenous sources or resulting as DNA repair intermediate and can cause loss of
information and mutations, DNA-protein crosslinks, and can also have strong effects on
the secondary DNA structure [127-129]. For quantification, the alkaline unwinding
method was utilised, which uses the percentage of dsDNA out of total DNA as a marker
for genomic integrity. DNA strand breaks provoke DNA strands to unwind at those sites
in an alkaline environment, leading to a decrease of dsDNA. Results of the alkaline
unwinding assay show a significant dose-dependent decrease of the percentage of dsSDNA
after 1 h Mn exposure, starting at sub-toxic concentrations (50 mM MnCly) (Figure 16 (A)).
At 250 mM MnCl; dsDNA is reduced from 60% to 40%, indicating an increase of DNA
strand breaks and a decrease of genomic integrity. DNA strand breaks have multiple
upstream causes, one source may be oxidative DNA modifications or apurinic/

apyrimidinic (AP) sites formed during DNA repair 7, 118].
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Figure 16 Changes in genomic stability-related markers in Mn exposed N2 (WT) C. elegans.
Changes in genomic stability-related markers in Mn exposed N2 (WT) C. elegans. [A] Percentage of dsDNA
to total DNA concentration of N2 (WT) C. elegans treated with MnCl, for 1 h. 40 uM Bleomycin for 1 h was
used as the positive control (C+). [B] Relative SOHAG levels of N2 (WT) exposed to 100 mM and 250 mM
MnCl; for 1 h. 6.5 mM tBOOH was used as positive control (C+). Data are expressed as means + SEM of at

least three independent experiments. For statistical analysis, the unpaired t-test was performed.
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Oxidative DNA modifications (and also other base modifications) are repaired via BER
(see Figure 17). The damaged base is, in both mammals and worms, excised by
glycosylases, leaving AP sites, which are then processed further to DNA single-strand
breaks by endonucleases before being repaired by further BER repair enzymes [311, 339,
340]. To investigate the origin of DNA strand breaks and potential RONS-induced
oxidative DNA damage after Mn exposure, 80HdG was measured utilising the
OxiSelect™ Oxidative DNA Damage ELISA kit. Guanine is likely the most intensely
investigated DNA base for oxidative DNA damage, as its low oxidation potential makes
it particularly susceptible to incur RONS-induced damage [92, 341]. The interaction of
singlet oxygen with guanine leads to the formation of 8-oxo-7,8-dihydroguanine
(80x0dG) and 80OHAG, which are in equilibrium with each other and are equally used as
biomarkers in both in vitro and in vivo studies [342]. The base modification disrupts
cellular functions by altering protein-DNA binding and the DNA secondary structure,
which can cause changes in genome stability, gene regulation, and telomere protection
(88, 90, 343, 344]. BOHdG was shown to be a reliable oxidative DNA damage marker in
nematodes, proven by Ahn et al. [345]. Here, silver nanoparticles caused an increase of
the base modification, demonstrating that SOHdG formation also occurs in C. elegans
under oxidative stress conditions. The method, as applied by Ahn et al. [345], was
improved by quantifying the content of dC and a respective isotopically labelled IS (dC-
IS) after hydrolysis using HPLC-MS/MS. This allowed normalization to the respective
hydrolysis rate as well as the actual DNA content. A significant increase in damage was
induced by a 1 h Mn exposure to 100 mM and 250 mM MnCl; (Figure 16 (B)). Differences
between those two doses were not detectable. These findings of decreased genomic
integrity (increase of DNA strand breaks and oxidatively modified DNA bases) caused by
Mn are in line with studies performed in neuroblastoma cells (SH-SY5Y) [9] and further
corroborate the results of Yang et al. [346], which show that Mn induces increased levels
of 80OHAG in the striatum of mice. Other investigations in mammals and (neuronal) cell
lines come to the same conclusion [10, 338], but studies performed by Sava et al. and
Oikawa et al, suggested that Mn causes an increase of 80oxodG levels of neuronal cells
(PK-12), but only if co-incubated with dopamine or melanin [11, 347]. Another in vitro
study was performed on Mn-toxicity resistant cells (SCOV-3 clones) and showed that
these cells have an increased ability of DNA repair, by means of enhanced PARP and AP

endonuclease activity compared to the non-resistant original cell line. This indicates that
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formation of Mn-induced DNA damage is compensated by the higher DNA repair levels
of those cells [348].
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Figure 17 Schematic overview of base excision repair and DNA damage response. Schematic
overview of base excision repair and DNA damage response. BER is initiated by DNA N-glycosylases, which
cleave the glycosylic bond linking the altered (oxidised pyrimidic) base and the deoxyribose, resulting in
AP site formation. AP-endonucleases will then remove the base-free deoxyribosylphosphate. The resulting
single nucleotide gap can be filled either by short patch BER or long patch BER. In the case of short patch
BER, the single-nucleotide gap is simply filled and ligated by DNA polymerase 8 and DNA ligase. If long
patch BER occurs, polymerase § or & will replace part of the damaged DNA strand beyond the gap by
extending the 3strand. A flap endonuclease will then remove the displaced DNA strand and the remaining
nick will be ligated by a DNA ligase III. PARylation facilitates the recruitment of XRCC and other BER

enzymes and PAR chains are removed again by PARGs.
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5.2.3 Increased Mn-caused DNA damage does not lead to the formation of

apoptotic bodies

We then proceeded to examine if those doses of Mn causing increased lethality and
genotoxic events, also lead to the formation of apoptotic bodies in the N2 (WT).
Surprisingly, acridine orange staining showed no induction in the formation of apoptotic
bodies with incubations of 50 mM, 100 mM, or 250 mM MnCl; for 1 h (Figure 18). This
suggests that other cell death pathways lead to the increased lethality after Mn
overexposure. 200 J/m? UV-C was used as the positive control and induced apoptosis as

anticipated.

No. apoptotic cells/ gonad arm

0 50 100 250 C+
MnCly [mM]

Figure 18 Measurement of apoptotic bodies in N2 (WT) C. elegans using acridine orange staining.
The number of apoptotic cells per gonad arm was determined 24 hours after treating wild type C. elegans
with MnCl; at sub-toxic and toxic concentrations. 200 J/m? UV-C radiation was used as positive control
(C+). Data are expressed as means = SEM of two independent experiments, with > 10 worms per sample.

For statistical analysis, the unpaired t-test was performed.

5.2.3 Gene expression studies indicate activation of BER after Mn exposure in

addition to slight modification of AP site incision activity

DNA damage caused by Mn-induced oxidative stress may further trigger an induction or
dysregulation of DNA repair pathways. BER is the main pathway of DNA repair of
oxidative DNA damage in mammals [349], and most likely also in C. elegans [311]. The

repair pathway is highly conserved in the nematode and functional homologs exist for
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most repair enzymes (see Figure 17). After 1 h exposure, gene expression studies showed
a significant increase in the uracil-glycosylase ung-1 (homolog to human UNG) and AP-
endonuclease exo-3 (homolog to human APE1) at 100 mM and 250 mM MnCl; compared
to non-exposed worms (Figure 19). The 4 h incubation with 25 mM and 60 mM MnCl;
caused a significant increase in gene expression of ung-1, the N-glycosylase nth-1
(homolog to human NTH1), and exo-3, which all act in the initiation of the BER. While in
mammals, NTH1 is responsible for the detection and removal of oxidised pyrimidines, it
is assumed that the C. elegans homolog nth-1 can also detect and remove oxidised purines,
such as SOHdG. A homolog for the glycosylase OGG1, that removes 80OHdG in mammals,
is lacking in C. elegans [350, 351].
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Figure 19 Increase of gene expression of BER-involved genes after excessive MnCl; exposure. N2
(WT) were exposed to MnCl, for [A] 1 h (0 mM, 100 mM, and 250 mM) and [B] 4 h (0 mM, 25 mM, and
60 mM) and the relative gene expression of ung-1, nth-1, exo-3 and apn-1 compared to non-treated worms
was analysed. Data are expressed as means = SEM of four independent experiments. For statistical analysis,

the 2way ANOVA with Tukey’s multiple comparisons test was performed.

The incision activity assay was applied to study the effect of Mn on the capacity to incise
AP sites after excessive exposure to the trace element. No significant changes were
observed after 1 h Mn exposure with doses of 50 mM, 100 mM, or 250 mM MnCl;
(Figure 20 (A)). After the 4 h incubation with Mn, at the highest concentration (60 mM

76



Effects of Manganese on Genomic Integrity in the Multicellular Model Organism C. elegans

MnCly) incision activity towards the AP site containing oligonucleotide was significantly
reduced (63% * 7.5%) compared to non-exposed N2 (WT) (Figure 20 (B)). Olaparib was
used as positive control. In general, not much data regarding DNA repair after Mn
exposure is published, especially when looking into incision activity of nematodes. While
BER incision activity was measured in mice with varying trace element status [352], the
effect of Mn alone on DNA repair efficiency has yet to be studied. Other studies focus on
the sensitivity of different BER deficient species/ cells towards Mn, but not the adverse
consequences of Mn on DNA repair (e.g. [353]). Further research is therefore called for,
especially considering the importance of BER in post-mitotic cells like neurons [338]. A
failure of DNA damage in those cells might be associated with neurodegeneration after

genotoxic events.
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Figure 20 Measurement of AP site incision activity after Mn exposure. BER incision activity was
determined towards an AP site analogue containing oligonucleotide by non-radioactive incision activity
assay in N2 (WT). Worms were exposed to MnCl2 for [A] 1 h (0 mM, 50 mM, 100 mM, and 250 mM) and
[B] 4 h (0 mM, 12.5 mM, 25 mM, and 60 mM). Olaparib was used as a positive control (C+) at 200 uM for
1 h. Data are expressed as means + SEM of four independent experiments. For statistical analysis, the

unpaired t-test was performed.
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5.2.4 Reverse genetic studies indicate a slight phenotype of the nth-1(A) mutant

and significant differences in parg-1 and parg-2 activity

To investigate the individual roles of BER-involved enzymes in response to Mn, the
knock-down strains ung-1(A), nth-1(A), exo-3(A), and apn-1(A) were examined for distinct
Mn-dependent phenotypes. The induction of oxidative stress by Mn exposure observed
in wild-type C. elegans by Neumann et al. 2019 [41] was also observed in the investigated
deletion mutants defective in a single BER protein (Supporting Information, Figure 34),
but Mn concentration-dependent differences between the strain were not detectable.
However, changes in lethality after excessive Mn exposure were observed for the nth-1(A)
strain. A functional knock-down of the N-glycosylase nth-1 caused higher sensitivity
towards Mn following 1 h exposure (Figure 21 (A)). This supports the hypothesis that
nth-1 in C. elegans may also be capable of detecting and excising 8SOHdG as discussed
above. However, no differences in the survival rate were observed after 4 h incubation
with MnCl,. Further studies found that the exo-3(A) strain is hypersensitive to other
oxidising agents, reflected in decreased life span and brood size, developmental delay, and
abnormal vulval organogenesis [339, 354], but lethality data shown here do not capture

the sensitivity of that strain under the given conditions.
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Figure 21 Dose-response curves of MnCl; on BER- and DNA damage response-deletion mutants
compared to wild type C. elegans. Worms were incubated with various concentrations of MnCl; for [A]

1 h or [B] 4 h. Data are expressed as means + SEM of at least three independent experiments.
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For investigations regarding the DNA damage response, we build on the studies
performed by Neumann et. al 2019 [41], who investigated PARylation in N2 (WT) and
pmel(A) (orthologue of human PARP1) and pme-2(A) (orthologue of human PARP2)
strains. These results show that after 1 h and 4 h incubation Mn does not exert any effects
of PAR induction in wild-type C. elegans. While deletion of the genes, responsible for the
induction of PARylation, caused an overall basal reduction of R-Ado levels, exposing
pme-1(A) worms to 250 mM MnCl; for 1 h caused a significant increase of PARylation
[41]. While the poly(ADP-ribose) polymerases PARP-1 and 2 both have obvious roles in
DNA repair by binding to the DNA damage site and post-translationally modifying
proteins to form “recruitment platforms” for other proteins needed for DNA repair, such
as XRCC1 [107, 355], it is also discussed that the poly(ADP-ribose) glycohydrolase PARG
co-operates to facilitate downstream cellular DNA repair processes [101]. PARG is
responsible for the degradation of PAR, releasing monomeric ADP-ribose moieties [113],
which might be needed for DNA damage response at different damage sites. It is also
posited, that once PARylation caused the recruitment of XRCC1, removal of the PAR
chain facilitates the translocation of XRCC1 from PAR directly to the DNA strand break
and increases the repair kinetics of downstream processes [114]. In contrast to humans,
worms have two functional orthologues of the glycohydrolase [356, 357]. Evaluation of
basal PAR levels of these two PARG deletion mutant strains parg-1(A) and parg-2(A),
showed significant differences between the glycohydrolase activities (Figure 22 (A)). A
knock-down of parg-1(A) caused basal PAR levels to increase 70-fold (699 pmol PAR/ mg
DNA) compared to wild-type and parg-2(A) (10 pmol PAR/ mg DNA). This data suggest
that the main degradation activity is exerted by parg-1 and that parg-2 is not able to
compensate for a deficiency. These results are corroborative of those by Janisiw et al.,
which showed by immunostaining that parg-1has the main PAR glycohydrolase activity
in the C. elegans germline [358]. Present knowledge on the functional role of parg is
scarce, especially in the context of global effects in whole organisms. When exposing
those three strains (parg-1(A), parg-2(A), and N2 (WT)) to Mn, a significant induction of
PAR was not observed (Figure 22 (B)). PAR levels of the wild-type strain N2 (WT) and
mutant strain parg-2(A) were comparable, while PARylation in parg-1(A) was both, less
inducible by the positive control tBOOH, as well as less suppressed by the PAR inhibitor
Olaparib. This is most likely due to the already high basal PAR levels in this strain.
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Figure 22 Determination of PARylation levels via HPLC-MS/MS. [A] Comparison of the basal
PARylation levels in non-treated N2 (WT), parg-1(A), and parg-2(A) worms. [B] Relative PARylation levels
of N2 (WT), parg-1(A), and parg-2(A) worms treated with 1 h MnCl; at sub-toxic and toxic concentrations.
PAR levels are normalized to the DNA amount and compared relatively to the respective untreated control.
6.5 mM tBOOH (1 h) was used as positive control (C+) and 100 uM Olaparib (1 h) as PAR inhibitor (PARi).
Data are expressed as means + SEM of at least three independent experiments. For statistical analysis, the

unpaired t-test was performed.

5.3 Materials and Methods
5.3.1 C. elegans maintenance and exposure to Mn

The C. elegans wild type N2 (WT) and the deletion mutant strains nth-1(A) (ok724),
ung-1(A) (tm2862), parg-1(A) (gk120), and parg-2(A) (0k980) (all from Caenorhabditis
Genetics Center (CGC), Minneapolis, USA) and exo-3(A) (tm4374), apn-1(A) (tm6691)
(Mitani laboratory, National BioResource Project, Japan) were cultivated on E. coli-
covered 8P plates at 20 °C as described in previous studies and by Brenner 1974 [143, 256].
After synchronization, eggs were allowed to hatch overnight and L1 larvae were seeded
on NGM plates with OP50 E. coli as the food source. Worms were allowed to reach L4
larvae stage without further interference. For Mn exposure, 3000 synchronized L4 worms
per sample were incubated in liquid (85 mM NaCl) with MnClz (99.9% Manganese(II)
chloride tetra-hydrate, Sigma-Aldrich 203734) for 1 h and 4 h in the absence of E. coli at
different concentrations between 0 mM - 250 mM MnCl,. Afterwards, worms were
washed at least three times with 85 mM NaCl + 0.01% Tween®, before shock-freezing the
pellets in liquid nitrogen for storage at -80 °C or directly proceeding with the following

experiments.
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5.3.2 ICP-OES measurement of Mn bioavailability

For analysis of Mn uptake, inductively coupled plasma-optical emission spectrometry
(ICP-OES (Spectro)) was used. Frozen samples were homogenized by three freeze-thaw
cycles and sonication (UP100H ultrasonic processor (Hielscher), 3 x 20 sec, 100%
amplitude, highest setting), dried, and finally, acid-assisted digested (HNO3:H20Oz; 1:1) at
95 °C. The following device parameters were chosen for the analytical measurements:
plasma power: 1400 W, refrigerant gas flow: 12 L/min, auxiliary gas flow: 1 L/min,
nebulizer gas type, and flow: MicroMist, 1 L/min, and wavelength: 257.611 nm. The purity
of the plasma torch argon was greater than 99.99%. For quantification, an external
calibration was conducted using a multi-element mix (Spetec-645) and measurement
accuracies were assessed using single-cell protein standards certified for trace elements
(Commission of the European Communities, Community Bureau of References, BCR). For
analysis, the Spectro Smart Analyzer software was used and all samples were normalized
to protein content measured by BCA analysis (bicinchoninic acid assay-kit (Thermo

Scientific)).

5.3.3 Lethality studies after Mn exposure

The acute toxicity of Mn was determined by lethality testing. After 1 h and 4 h treatment,
a known number of worms was transferred to OP50-seeded NGM plates. Alive and dead
worms were manually counted 24 h after the treatment. Animals that did not respond to
the mechanical stimulus of touch (using a platinum/ zirconium wire) were considered as

dead.

5.3.4 Measurement of DNA damage after Mn exposure utilising alkaline

unwinding

The adapted alkaline unwinding assay was employed as described previously [359].
Shortly, worms were placed in 1 mL alkaline unwinding buffer (AU buffer;
0.5 M NaH2POy, 0.5 M Na2HPOy, 0.1 M EDTA, pH 7.5) after Mn treatment and were made
assailable to the alkaline solution by using slight sonication (1 mL AU buffer, 2 x 20 sec
on lowest setting, 100% amplitude). After centrifugation and removal of the supernatant,

1.5 mL alkaline solution (0.9 M NaCl, 10 mM Na;HPO4, 0.03 N NaOH in dH20) was added
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to all samples. Unwinding was conducted at room temperature (RT) in the dark for exactly
15 min, before neutralizing the solution with 0.1 N HCI, sonication on ice (15 sec, highest
setting), and adding SDS to a final concentration of 0.05%. The single- and double-
stranded DNA were separated by successional elution of 0.15 M and 0.35 M potassium
phosphate buffer over 1 mL hydroxyapatite columns at 60 °C. The amount of the single-
stranded DNA (ssDNA) and double-stranded DNA (dsDNA) fractions was determined
using Hoechst stain (Hoechst 33258 nucleic acid stain) at a final concentration of 7.5 x
107 M and the fluorescence was measured using a microtiter fluorescence reader (Infinite
Pro, Tecan; 360 nm excitation wavelength and 455 nm emission wavelength). The
percentage of dsDNA indicates the genomic integrity of the worms as in alkaline
environments, sSDNA occurs at sites of DNA strand breaks, and higher levels of dssDNA
correlate with higher levels of genome integrity. The anti-cancer drug bleomycin was

used as positive control at a concentration of 40 uM for 1 h.

5.3.5 ELISA measurement of SOHdG

The OxiSelect™ Oxidative DNA Damage ELISA kit (Cell Biolabs, Inc.) was used for the
rapid detection and quantification of 8-hydroxyguanine (8OHdG) in DNA samples
obtained from N2 (WT) pellets, as described by Ahn et al. 2014 [345] but with some
modifications as described in the following. The DNA was isolated from 3000 animals
each, using the Qiagen Tissue and Blood DNA extraction kit, following manufacturer’s
instructions. DNA content was measured using a NanoDrop, samples were aliquoted to
~40 pg DNA/ sample. After vacuum drying the samples, enzymatic hydrolysis was used
to get mononucleotides. For this, dried DNA samples were dissolved in 10 uL. dH20 and
butylated hydroxytoluene (BHT) at a final concentration of 6.5 mM was added to each
sample. Then, dsDNA was separated into single DNA strands by incubating all samples
for 3 min at 100 °C while shaking. Immediate cooling on ice for another 2 min allows the
DNA to re-form double helixes, but more loosely than before. At this point, 2.5 pL of
50 pM desoxy-cytosine (dC) internal standard (IS) was added to each analyte for later
normalization. 5 pL. Na-Succinate/ CaClz (100 mmol/L 50mmol/L, pH 6) buffer were added
before pipetting 1.6 pL 0.556 U/pL micrococcus nuclease to each sample. The mixture was
vortexed thoroughly before adding 2.5 uL. 0.001 U/uL phosphodiesterase. All samples
were vortexed once again and shortly centrifuged. Enzyme incubation was conducted at

37 °C overnight. The next day, 2 pL 1 U/pL alkaline phosphatase was added and incubated
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for another 2 h at 37 °C. Lastly, samples were filtered using a 10 kDa cut-off filter
(Nanosep 10K, Pall), and samples were centrifuged for 20 min at 13,000 rpm at RT. 2 pL
of each sample were used for cytosine quantification via HPLC-MS/MS for normalization
(as described by Finke, Winkelbeiner et al. 2020 [360]), the rest was used for the semi-
quantitative measurement of 80HdG via the competitive inverse ELISA Kkit.
Manufacturer’s instructions were followed and all requisite reagents were included in the

kit. As positive control, 6.5 mM tert-butyl hydroperoxide (tBOOH) was used.

5.3.6 Measurement of apoptotic bodies

For determination of apoptosis, early L4 larvae were incubated with MnCl: for 1 h in
liquid followed by a 24 h regeneration period on a lawn of E. coli-covered NGM plates.
For measurement of the apoptotic bodies, worms were incubated with acridine orange as
described in Gartner et al. [361], and individual nematodes were anesthetized with 15 mM
sodium azide as described before. Worms were examined under the fluorescence
microscope (Olympus CJX41) at 40x magnification and apoptotic bodies were counted in

the posterior germline loop. 200 J/m? UV-C irradiation was used as the positive control.

5.3.7 Quantitative real-time PCR analysis for gene expression studies

Gene expression studies were performed using TagMan™ Gene expression assays. RNA
was isolated using the TRIzol® method from incubated worm pellets as described
previously [331]. 1 pg of isolated RNA was used for cDNA synthesis utilising the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The quantitative real-
time PCR (BioRad) using TagMan™ Gene expression Assay probes (Life Technologies)
for each gene was used and afd-1 (actin homolog) was used as the housekeeping gene for
normalization. Fold difference was determined via the comparative 2-2ACt method. The
following probes were used: afd-1 (Assay ID: Ce02414573_ml), nth-1 (Assay
ID: Ce02445360_g1, ung-1 (Assay ID: Ce02453385_m1), exo-3 (Assay ID: Ce02423726_g1),
and apn-1 (Assay ID: Ce02435571_g1).
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5.3.8 Measurement of incision activity for AP sites

For AP site incision activity analysis, the method of non-radioactive base excision repair
(BER) incision activity described by Winkelbeiner et al. 2020 [352] was used. After extract
preparation of samples with 3000 worms each and protein quantification via BCA, 5 pg
of protein were used for each sample for optimal determination of enzyme activity.
Extracts were incubated with the fluorescently labelled DNA lesion containing hairpin-
oligonucleotides (AP site analogue containing). Using polyacrylamide gel electrophoresis
(PAGE), intact and incised oligonucleotides were separated and quantified via
fluorescence measurement. The ratio of intact and incised oligonucleotides correlates
with the incision activity of glycosylases involved in BER. The PAR polymerase (PARP)
inhibitor Olaparib was used as positive control at 200 uM for 1 h.

5.3.9 Analysis of PAR levels via HPLC-MS/MS

Preparation of samples for poly(ADP-ribose) (PAR) extraction was conducted with
3000 worms per sample. All steps were conducted as described before [41, 362]. In brief,
the worm'’s cuticles were broken by four freeze-thaw cycles before homogenizing the
samples with a tissue disruptor (Qiagen) in 1 mL 20% ice-cold trichloroacetic acid.
Samples were washed twice with 70% EtOH and dried at 37 °C. Afterwards, pellets were
resuspended in 400 pL 0.5 M KOH and incubated at 37 °C for 50 min. After removal of cell
debris, supernatant was neutralized with 4.8 M MOPS (pH 5.9) and DNA concentration
was measured via the Hoechst method for later normalization. 2.5 pmol 3C,'>N labelled-
PAR was added as an internal standard before digesting the nucleic acids with DNase and
RNase, followed by digestion by protein kinase K overnight. Samples were enriched by
the High Pure miRNA isolation kit (Roche) and digested to the monomeric units with
alkaline phosphatase and phosphodiesterase I. All enzymes were removed with a 10 kDa
cut-off filter (Nanosep 10K, Pall). The analytes were vacuum-dried and resuspended in
water for HPLC-MS/MS analysis. PAR analysis was conducted on an Agilent HPLC
system (Agilent 1260 Infinity II) coupled to a Sciex triple quadrupole-mass spectrometer
(Sciex QTrap 6500+) equipped with an electrospray ion source operating in positive mode
(ESI+). Separation was conducted using a Hypersil Gold aQ 150 x 2.1 mm particle size
3 micron and corresponding pre-column and an isocratic flow with 1% ACN + 0.01%

formic acid and 99% water + 0.01% formic acid was used. The flow rate was 0.3 mL/min.
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The following optimized source parameters were used: curtain gas = 35, collision gas
= medium, ion spray voltage = 5500, temperature = 600, ion source gas 1 = 40, ion source
gas 2 = 40, declustering potential = 66, entrance potential 10, and collision cell exit
potential = 8. Quantification was conducted in MRM mode and the transitions of
m/z = 400 > 136 (collision energy = 27) and m/z = 415 > 146 (collision energy = 27) for
ribosyladenosine (R-Ado) and 13C,>N R-Ado, respectively. 6.5 mM tBOOH was used as
positive control (described previously [41]) and 100 mM Olaparib was used as a PARP

inhibitor.

5.3.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software,
La Jolla, USA). Significance is depicted as *: p<0.05, **: p<0.01, and ***: p<0.005 compared

to respective untreated mutant strains or N2 (WT).

5.4 Conclusions

Mn is constantly being introduced into the environment and rising industrial use of this
transition metal causes increased pollution and exposure. It is therefore imperative to
understand the short- and long-term environmental and health risks of the exposure to
this metal, as well as the underlying pathways of its toxicity. Utilising the multicellular
model organism C. elegans allowed us to investigate the adverse effects of Mn. The results
of the current study are shedding more light on the underlying mechanisms of Mn-
induced toxicity attributing to oxidative stress. Moreover, Mn-induced DNA damage
(decreased genomic integrity), interfered with DNA repair and DNA damage responses.
The increase in BER gene expression upon Mn exposure implies that the decreased
genomic integrity results in activation of BER. PARylation and apoptosis were not
triggered by excessive Mn exposure in this study design. To validate the results further,
more studies on proteins linked to PARylation are required. Regarding BER specifically,
the results show a significant role for nth-1, although further investigations are needed
to understand the underlying mechanistic pathways. To confirm or refute the hypothesis
that observed oxidative DNA damage caused by Mn is associated with the Mn-induced

neurodegeneration examined in other studies, neurodegeneration assays are needed.

85



Chapter 5

5.5 Acknowledgement

This work was supported by the DFG Research Unit TraceAge (FOR 2558, BO4103/4-2).
Additional funding was obtained from the DFG project BO4103/2-1.

5.6 Author Contributions

Experiments were designed and mostly performed by MMN, AKW conducted the
experiments regarding PARylation. VB and AW performed and analysed the acridine
orange staining. JB (Jessica Baesler) performed the gene expression studies. NW helped
with experimental set-up and AG assisted with experimental execution. Data analysis and
interpretation were performed by MMN, JB (Julia Bornhorst) and MMN conceptualized
the study and wrote the manuscript. MA, GF and TS contributed to data interpretation,
helped with ideas for experimental setup, and revised the manuscript critically for
important intellectual content. All authors were involved in compiling the manuscript
and approved the final version. JB (Julia Bornhorst) rendered this work possible. All

authors have read and agreed to the published version of the manuscript.

86






Abstract

Manganese (Mn) is an essential trace element, but overexposure is associated with
toxicity and neurological dysfunction. Accumulation of Mn can be observed in dopamine-
rich regions of the brain in vivo and Mn-induced oxidative stress has been discussed
extensively. Nevertheless, Mn-induced DNA damage, adverse effects of DNA repair, and
possible resulting consequences for the neurite network are not yet characterized. For
this, LUHMES cells were used, as they differentiate into dopaminergic-like neurons and
form extensive neurite networks. Experiments were conducted to analyze Mn
bioavailability and cytotoxicity of MnCl,, indicating a dose-dependent uptake and
substantial cytotoxic effects. DNA damage, analysed by means of 8-oxo-7,8-dihydro-
2'-guanine (8oxodG) and single DNA strand break formation, showed significant dose-
and time-dependent increases of DNA damage upon 48 h Mn exposure. Furthermore, the
DNA damage response was increased which was assessed by analytical quantification of
poly(ADP-ribosyl)ation (PARylation). Gene expression of the respective DNA repair
genes was not significantly affected. Degradation of the neuronal network is significantly
altered by 48 h Mn exposure. Altogether, this study contributes to the characterization of
Mn-induced neurotoxicity, by analysing the adverse effects of Mn on genome integrity

in dopaminergic-like neurons and respective outcomes.
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Highlights
e Manganese decreases the DNA integrity of differentiated LUHMES cells
e Degradation of the neurite network is induced by manganese overexposure

e Analytical measurement of 8oxodG allows semi-quantitative analysis in vitro
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6.1 Introduction

Manganese (Mn) is an essential trace element required as a cofactor for many cellular
systems involved in growth, metabolism, neuronal functions, and cellular homeostasis
[131, 320]. The ubiquitous divalent metal is naturally occurring in food (nuts, grains,
vegetables) and drinking water in varying concentrations and a deficiency in humans has
therefore not been observed [150, 363]. Due to the increasing industrial use of Mn and its
mining, environmental exposure has been rising immensely in some regions, causing
risks of adverse health effects to exposed humans [141]. Chronic Mn overexposure is
associated with neurodegeneration, and recently published epidemiological studies also
link the overexposure of the trace element to various neurological effects in children and
adults all over the world [132, 166]. Recent results from Michalke et al. 2021 indicate, that
the neural barriers in general strictly control the passage of transition metals into the
cerebrospinal fluid, but less so for Mn [158]. This finding elevates the problematic nature
of rising environmental Mn levels. Physiological concentrations of Mn in the human brain
are estimated to be between 5.32 - 14.03 ng Mn/mg protein (corresponding to 20.0 -
52.8 UM Mn) [160], but bioavailability studies showed that Mn can accumulate strongly
upon overexposure. Concentrations vary greatly between different brain regions,
whereby the accumulation is especially high in mitochondria of the dopamine-rich region
of the basal ganglia, particularly the substantia nigra [13, 161, 162]. The primary target
cells in Mn-induced neurotoxicity are discussed to be astrocytes and neuronal cells [187-
189]. While the association between Mn and neurodegeneration is avowed, little is known

about the mechanistic pathways behind the adverse effects of Mn on movement,

90



Mechanistic Studies on the Adverse Effects of Mn Overexposure in Differentiated LUHMES Cells

cognition, emotion, and behavioural responses, with severe neurological dysfunctions
similar to Parkinson’s disease [140, 183, 364]. A better understanding of the neurotoxic
mechanism is therefore of highest importance. Mn, as a transition metal, can induce
increased formation of reactive oxygen and nitrogen species (RONS), either directly by
Fenton-like reactions or indirectly by inhibiting the respiratory chain in mitochondria
[365, 366]. Especially neurons are enriched in mitochondria and possess a rather high
metabolic turn-over [367]. Increased RONS in turn might increasingly interact with
macromolecules, such as proteins, lipids, and DNA; potentially causing DNA damage and/
or impairment of the DNA damage response [87, 179, 180]. It has been shown before, that
Mn overexposure causes oxidative stress in vitro and in vivo and an increase of DNA
damage and disturbed DNA damage response under high Mn conditions [10, 41, 183, 184].
Nevertheless, results regarding the genotoxic potential are inchoate and the fate of
neurotoxic endpoints is still unclear. Especially to safeguard the cellular genome from
(oxidative) damage in post-mitotic neurons which incur DNA damage, the DNA damage
response is of central importance [338]. Therefore, we decided to focus the investigations
on Mn-induced DNA damage and cellular DNA damage response in neuronal cells and
the consequences on the neuronal network. For that reason, the Lund human
mesencephalic (LUHMES) cell line was chosen for experimental investigations. Once
differentiated, which is achieved by treatment of the neurons with tetracycline, cyclic
AMP (cAMP), and glial-derived neurotrophic factor (GDNF), the cells exit the cell cycle
and develop into dopaminergic-like neurons within one week. At this point, they express
dopaminergic neuron-specific biochemical markers and develop an extensive neurite
network [231, 232]. LUHMES are TET-off immortalized cells and are derived from
embryonic human mesencephalons. This cellular system offers a high physiological
relevance, acceptable culture procedures, and a large culture scale, needed for efficient

and meaningful investigations of the mechanisms underlying Mn-induced neurotoxicity.

6.2 Materials and Methods
6.2.1 Cell culture of human neurons

LUHMES were cultivated and differentiated as described previously [368, 369]. In short,
undifferentiated LUHMES cells were seeded on pre-coated dishes (50 pg/mL
poly-L-ornithine hydrobromide (Sigma Aldrich), 1 pg/ mL fibronectin from bovine plasma
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(Sigma Aldrich)). For proliferation medium, advanced DMEM/F12 (Life Technologies
GmbH) was supplemented with N2 supplement (Life Technologies GmbH), 2 mM
L-glutamine (Biochrom), and 40 ng/mL recombinant human basic fibroblast growth factor
(FGF, R&D Systems). The differentiation process was initiated after 24 h of cultivation by
changing the proliferation medium to differentiation medium (Advanced DMEM/F12,
supplemented with N2, 2 mM L-glutamine, tetracycline (Sigma Aldrich), dibutyryl cyclic
adenosine monophosphate sodium salt (CAMP, Sigma Aldrich), recombinant human cell-
derived neurotrophic factor (GDNF, R&D Systems)). Two days later, cells were seeded on
pre-coated culture dishes with a defined cell density of 150,000 cells/cm?. The medium
was replaced 48 h after seeding. Cells are completely differentiated and qualified for

treatment after six days.

6.2.2 Incubation with MnCls;, preparation of the stock solution, dosage

information/ regimen

Cells were exposed to MnCl; for 24 h or 48 h with 10 — 1000 uM MnCl; for cytotoxicity
assays and bioavailability studies were performed at 25 — 300 uM MnCly, as this
concentration span proved to be most relevant for cytotoxicity. The genotoxic potential
of Mn was assessed after 48 h at various sub-toxic concentrations (around the most
sensitive effective concentration of 30% (EC30) in cytotoxicity assessment) or in a time-

dependent manner.

Stock solutions of MnCl: (> 99.9% purity, Sigma Aldrich) were prepared in sterile dH20,
filtered and diluted shortly before the experiment.

6.2.3 Bioavailability of Mn, and other trace elements

For assessment of the bioavailability of Mn, copper (Cu), magnesium (Mg), calcium (Ca),
iron (Fe), zinc (Zn), and selenium (Se) cells were differentiated and seeded in pre-coated
24-well cell culture plates. After Mn exposure, cells were pelletized on ice using RIPA
(NaCl, Tris (pH 7.6), EDTA (pH 7.6), sodium-deoxycholate (Sigma Aldrich), Triton™
X-100, and 10% sodium dodecyl sulphate (Roth)). To ensure complete cell rupture, cells
were sonicated (UP100H ultrasonic processor (Hielscher), 6 sec, 100 % amplitude, cycle

0.5) and centrifuged at 15,500 x g for 20 min at 4 °C. The protein level of the supernatant
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was measured via the Bradford assay (Bio-Rad Laboratories) for normalization. For acid-
assisted digestion, the cell suspensions were firstly dried overnight at 60 °C. Afterwards,
500 pL digestion solution (35% H202, 65% HNO3; 1:1) were added to the cell pellets, mixed
well, and finally digested overnight at 95 °C. For analysis, digested pellets were
resuspended in 1 mL 10% HNOs3 and 10 pg/L Rhodium as internal standard and mixed
well before diluting the analytes 1:1 in 10% HNO:s.

The analytical quantification was conducted by inductively-coupled plasma coupled to
tandem mass spectrometry (ICP-MS/MS, both Agilent) using the following parameters:
plasma RF power 1550 W, plasma gas flow 15 L/min, auxiliary gas flow: 0.9 L/min,
nebulizer gas (argon) flow 4.3 mL/min, and nebulizer gas (helium) type MicroMist®. The
certified reference material NIST Trace Elements in Natural Water 1640A (LGC Standards
GmbH) were used for internal quality control. The following mass to charge (m/z) ratios
were used for trace element and internal standard (IS) identification and quantification:
Mn m/z 55 = 55, Fe m/z 56 = 56, Cu m/z 63 = 63, Zn m/z 66 = 66, and rhodium
m/z 103 = 103.

6.2.4 Cytotoxicity testing

Cytotoxicity was assessed by investigating the dehydrogenase activity, mitochondrial
membrane potential, and cell number. For this, cells were differentiated and seeded in

pre-coated 96-well cell culture plates.
Dehydrogenase activity

Dehydrogenase activity was measured by the resazurin reduction assay as described
before [368]. The method is based on the reduction of the blue non-fluorescent redox dye
resazurin to the pink fluorescent resorufin by intracellular dehydrogenases. NADH is
used as the cofactor. After incubation with MnCl, the medium was replaced with a
5pug/ mL resazurin solution (7-hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt
(Sigma Aldrich), differentiation medium). Incubation lasted for 3 h at 37 °C before
measuring the fluorescence (Tecan Infinite Pro M200, Tecan) with excitation: 530 nm and

emission: 590 nm).
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Mitochondrial membrane potential normalized to cell number

Mitochondrial membrane potential and cell number were determined simultaneously
using MitoTracker™Orange CMTMRos (Invitrogen) [370, 371] and Hoechst 33258 (Merck)
staining [372]. After incubation with MnCl, the medium was replaced with 300 nM
MitoTracker™Orange CMTMRos in assay buffer (80 mM NaCl, 75 mM KCl, 25 mM
D-glucose, 25 mM HEPES pH 7.4) for 30 min at 37 °C. After incubation, cells were fixed
with 3.7 % formaldehyde in assay buffer for 10 min at 37 °C. After replacing the
formaldehyde with assay buffer, fluorescence was measured at excitation: 544 nm and
emission: 590 nm. Thereupon, cell membranes were permeabilized using 2.2% Triton™
X-100 (Sigma Aldrich) for 10 min at 37 °C to allow Hoechst 33258 staining. For this, 6 pM
Hoechst 33258 in PBS was incubated at 37 °C for 30 min, before replacing the solution
once again with assay buffer. Fluorescence was measured with the fluorescence plate
reader (ex: 355 nm, em: 460 nm). The mitochondrial membrane potential was calculated

and normalized to the cell number.

6.2.5 Detection of 80x0dG using HPLC-MS/MS

The oxidative DNA damage 8-oxo-7,8-dihydro-2"-guanine (8oxodG) was quantified
analytically by high-performance liquid chromatography coupled to tandem-mass
spectrometry (HPLC-MS/MS). For this, cells were differentiated and seeded into 25 cm?
flasks and incubated with MnClz. Cells were pelletized and the DNA was isolated using
the Qiagen Tissue and Blood DNA extraction kit, following the manufacturer’s
instructions. After vacuum drying the DNA samples, enzymatic hydrolysis was used to
obtain mononucleotides, which is based on methods by Greer et al. (2015) and Finke et al.
(2020) [360, 373]. Dried DNA samples were dissolved in 10 uL. dH20 and 6.5 mM butylated
hydroxytoluene (BHT) was added to each sample. Then, dsSDNA was separated into single
DNA strands by incubating all samples for 3 min at 100 °C while shaking. Immediate
cooling on ice for another 2 min allows the DNA to re-form double helixes, but more
loosely than before. At this point, isotope-labelled internal standards (IS) for 8oxodG and
deoxycytidine (dC) were added to each analyte for later normalization. 5 pL. sodium-
succinate/ CaClz (100 mmol/ 50mmol/l, pH 6) buffer were added before pipetting 1.6 pL
0.556 U/pL micrococcus nuclease to each sample. The mixture was vortexed thoroughly

before adding 2.5pL 0.001 U/pL phosphodiesterase. All samples were vortexed
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thoroughly for enzyme incubation overnight at 37 °C. Afterward, 2 pL. 1U/uL alkaline
phosphatase were added for an incubation of 2 h at 37 °C. All enzymes were obtained
from Sigma-Aldrich. Lastly, samples were filtered using a 10 kDa cut-off filter (Nanosep
10K, Pall), and samples were centrifuged for 20 min at 13,000 rpm at RT. HPLC-MS/MS
was conducted using an Agilent HPLC system (Agilent 1260 Infinity II) coupled to a Sciex
triple quadrupole-mass spectrometer (Sciex QTrap 6500+). Separation was conducted
using a YMC Triart-PFP column (reversed-phase; hybrid silica material modified with
pentafluorophenyl propyl; 3 x 150 mm; 3 pm; 120 A) and a corresponding pre-column of
the same material. Samples were separated at a flow rate of 0.3 mL/min, using a 15 min
mobile phase gradient with 5 mM ammonium formate in dH20 (pH 4.2) and 5 mM
ammonium formate in MeOH as eluents. Electrospray ionization in positive ion mode
(ESI+) was used for ionization. Quantifier mass transition of 8oxodG (m/z 284->168) was
used in relation to the mass transition of 8-oxo-dG-13C,-’N; (m/z 287->171). For
normalization, dC was measured in samples diluted 1:200 in dH20. All analysed mass m/z
transitions (Table 5), MS parameter (Table 6), and the LC mobile phase gradient (Table 7)

can be found in the Supporting Information.

6.2.6 Determination of DNA single-strand breaks by alkaline unwinding

Quantification of DNA strand breaks was realized by alkaline unwinding, a method
described before [184, 374], and adapted for LUHMES cells. Briefly, cells were incubated
with MnClz in 12-well cell culture plates and washed with ice-cold PBS. An alkaline
solution (0.03 M NaOH, 0.02 M NasHPOy, and 0.9 M NaCl) was added to each sample and
incubated in the dark for 30 min. After neutralizing, transfer of the cell pellets into glass
tubes, sonification of the cell mixtures, and addition of sodium dodecyl sulphate (SDS),
single- and double-stranded DNA (ssDNA/ dsDNA) were separated using 60 °C tempered
hydroxyapatite columns. The ssDNA and dsDNA were eluted using 0.15 M and 0.35 M
potassium phosphate buffers, respectively. By adding Hoechst dye to the obtained DNA
solutions and measuring the fluorescence using a microplate fluorescence reader (Tecan,
SPECTRA Fluor), relative DNA fractions can be determined. The calculation of DNA
strand breaks is based on calibrations with X-ray irradiations as described by Hartwig

et al. [375].
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6.2.7 Quantification of poly(ADP-ribosyl)ation (PAR) levels

For analysis of PAR levels, an isotope-diluted LC-MS/MS method was adapted from a
previously published method [41, 362, 376]. Cells were differentiated and seeded in
12-well cell culture plates. After Mn exposure cells were washed with 1.5 mL ice-cold PBS
before adding 1.5 mL of ice-cold 20% (w/v) TCA for cell lysis and precipitation of
macromolecules. Afterward, cells were placed on ice and acid-insoluble materials were
scraped from the cell culture dish using a cell scraper before transferring the cell
suspension into a 2 mL reaction tube. Cell culture dishes were washed with another
0.5 mL ice-cold 20% (w/v) TCA to ensure complete transferal. The samples were
centrifuged (3000 x g at 4 °C for 5 min) and pellets were washed twice with 500 pL ice-
cold 70% EtOH. After the last washing step, samples were air-dried at 37 °C. The alkaline
treatment was initiated by adding 255 pL 0.5 M KOH to detach protein-bound PAR. Pellets
were resolved at 37 °C while shaking (600 U/min) constantly until no pellet was visible.
This may take up to 70 min (depending on cell number used) and vortexing was done for
30 s every 20 min. When the solution was clear, 50 pL. 4.8 M MOPS were added and mixed
in for neutralization. 30 puL of the solution were stored at -80 °C for determination of DNA

concentration by the Hoechst method [41].

2.5 pmol of 3C,°N labelled-PAR were added to each sample, before adding 6.25 uL. 2 M
MgClz, 2.5 pL 100 mM CaClz, 15.5 pL 2 mg/mL DNAse (Qiagen) and 2.5 pL 10 mg/mL
RNAse (ThermoFisher Scientific) for nucleic acid digestion. The mixture was incubated
at 37 °C on a shaker (400 U/min). After a 3 h incubation, 1.25 mL 40 mg/mL protein kinase
K were added, mixed well, and samples were further incubated overnight. To enrich
samples for PAR, a High Pure miRNA kit (Roche) was used. 624 pL binding buffer were
added to each sample before adding 400 pL binding enhancer. The solutions were re-
suspended until completely clear and 700 pL were transferred onto a high pure column
and centrifuged at 15,700 x g for 30 s. The flow-through was discarded and the last
centrifugation step was repeated until the entire mixture was filtered. The filter was
washed with 200 pL washing buffer (15,700 x g for 30 s) and dried by centrifuging at
15,700 x g for 1 min. The columns were placed into new reaction tubes and 100 pL. dH20
were added for another centrifugation step (15,700 x g for 1 min). Columns were discarded
and the digestion of the purified PAR was initiated by adding 342 pL of digestion master
mix (60 pL 10 mM MgAc, 60 uL 250 mM NHaAc, 220 puL dH20, 1 pL 10 U/pL alkaline
phosphatase, 1 pL 0.5 U/uL PDE). Samples were vortexed and incubated for 3 h at 37 °C
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while shaking (400 U/min). After incubation, samples were transferred to Nanosep
Omega 10K filter and filtered at 13,000 x g for 10 min to remove the enzymes. Samples
were then vacuum-dried and pellets resuspended in 25 pL. Millipore dH20 for HPLC-
MS/MS measurements. Quantification of PAR was conducted using an Agilent 1260
Infinity LC system coupled with an Agilent 6490 triple quadrupole-mass spectrometer
(LC-MS/MS) (both Agilent) interfaced with an electron-ion source operating in the
positive ion mode (ESI+) which is described in detail by Neumann et al. (2020) [41].

6.2.8 Gene expression screening of DNA repair associated genes

Relative mRNA expressions of genes involved in the relevant repair pathways were
analysed using the qPCR-based method. Cells were differentiated and seeded in 25 cm?
cell culture flasks. After Mn exposure (20 pM, 48 h (ECso)) cells were trypsinised,
centrifuged, washed with ice-cold PBS, and pellets were stored at —20 °C. Using the
“NucleoSpin RNA 1I kit” (Machery-Nagel), RNA was isolated and the concentration was
measured using a Nanodrop (ThermoFisher Scientific). 1 pyg RNA was used for reverse-
transcribed to cDNA by using the “qScript Kit” (Quanta Biosciences). Primer sequences
and efficiencies, thermal cycling programs and calculations of relative gene expressions
for the 96-well based RT-qPCR method were described in Ebert et al. 2016 [377]. Actin

serves as the housekeeping gene.

6.2.9 Assessment of neurite toxicity via tubulin staining

For the assessment of Mn toxicity on the neurite network, immunofluorescence staining
of the neuronal cytoskeleton protein PIII-tubulin was conducted, followed by a semi-
automatic quantification of the neurite mass as described by Witt et al. 2017 [378]. Briefly,
differentiated LUHMES cells were seeded on pre-coated 18 mm glass coverslips and cells
were incubated with MnCl; for 48 h. Afterward, cells were fixed with PBS containing 1%
formaldehyde (Roth), washed with PBS containing 0.05% Tween® 20 solution,
permeabilized with PBS containing 0.2% Triton™ X-100, washed again, and incubated with
1% bovine albumin in PBS for 30 min at RT. The primary antibody (anti-tubulin 3
[TUBB3], Clone: Tujl, BioLegend GmbH) was incubated overnight at 4 °C before
incubating the secondary antibody (Alexa Fluor® 488 goat anti-mouse IgG, Invitrogen)
for 1 h at RT, both in blocking buffer (PBS, 1% bovine albumin). For low background
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signalling, several washing steps with washing buffer were carried out after each
antibody incubation. Lastly, cells were mounted in Vectashield mounting medium
containing DAPI (Vector Laboratories), and the neuronal network was assessed on a Leica
DMé6 B wide-field fluorescence microscope, equipped with a microscope lens HC Plan
APO 10X and 20X/0.70, a CTR6 LED lamp and a cooled Leica DFC 365 FX CCD camera.
For quantification of the neurite mass, the LAS X Core 2D Analyse imaging software
(Leica) was used. The relative fluorescence of the intensity of neuronal network
surrounding the nuclei (identification via DAPI staining), was measured. A minimum of

20 images per sample was evaluated for neurite mass.

6.2.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software,
La Jolla, USA). Statistical tests performed are listed in the respective figure captions and
significance is depicted as *: p<0.05, **: p<0.01, and ***: p<0.005 compared to respective

untreated control.

6.3 Results and Discussion

6.3.1 Cellular bioavailability, cytotoxicity, and adverse effects of Mn on the

mitochondrial membrane potential

For investigations of Mn uptake by neurons, differentiated LUHMES cells were incubated
with MnCl; for 24 h and 48 h with various concentrations of up to 300 uM MnCl;, and
50 pM MnCl: respectively. The cellular Mn concentrations increased in a dose- and time-
dependent manner in both incubation periods (Figure 23) for up to the highest tested
concentrations each. Cells incubated with 300 pM MnCl: for 24 h showed a total Mn
content of ~0.56 pg Mn/mg protein. A 48 h incubation with 50 pM MnCl; resulted in a
total Mn concentration of ~0.12 pg Mn/mg protein. The same concentration of MnCl; after
only 24 h incubation caused an increase of the cellular concentration to 0.078 ug Mn/mg
protein, indicating that the Mn uptake is almost directly proportional to the incubation
time. This linear uptake of Mn after 24 h and 48 h incubations was not observed in earlier
studies using different human cell lines (CCF-STTG1 (CCL-185"), A549 or HeLa cells)
[184, 366, 379]. Astrocytes for example do not show significant differences in Mn uptake
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after either 24 h or 48 h exposure to the same MnCl; concentration. In addition, comparing
the cellular Mn concentrations of astrocytes and neurons, Mn bioavailability is 15 -
20 times higher in LUHMES cells [379]. The effect of excessive Mn uptake on the status
of other trace elements was also investigated in LUHMES, as other studies suggest an
interrelation of other trace elements in uptake and homeostases [380]. Analysis of Cu,
Mg, Ca, Fe, Zn, and Se indicated that the overexposure of differentiated LUHMES cells
with up to 40 uM Mn for 48 h does not significantly affect the homeostasis of these trace

elements (Supporting Information,

Figure 35). The cytotoxicity assessment was likewise conducted for cells exposed to MnCl>
for 24 h and 48 h. The metabolic activity was determined using the resazurin assay, which
measures the dehydrogenase activity. Concentrations of = 50 pyM MnCl; caused a highly
significant decrease of the metabolic activity for both incubation times (Figure 24 (A and
B)), which is dose- and time-dependent. The EC3y is estimated to be ~150 pM MnCl; and
40 uM MnCl; after a 24 h incubation and 48 h, respectively (Figure 24 (C)). The decrease
of the cell number yielded more sensitive cytotoxic concentrations of MnCl in the
differentiated neurons compared to the resazurin assay. Highly significant decreases of
cell numbers after 24 h and 48 h incubation were reached at concentrations of > 25 pM
MnCly. The approximated EC3p values are at 58 pM MnCl; for 24 h Mn exposure and > 25
UM MnCl; after 48 h Mn exposure. These results indicate that neurons are a highly
important target for Mn-induced toxicity as they are much more sensitive than other
brain-associated cell lines. Astrocytes incipient cytotoxic effects at incubation

concentrations of 1000 uM for 24 h [379].

Measuring the mitochondrial membrane potential using MitoTracker® Orange allowed us
to draw conclusions regarding the effect of Mn on mitochondrial function. Excessive
levels of free radicals can disturb the mitochondrial integrity, which in turn can cause
further formation of RONS. Additionally, Mn ions showed to induce H20: generation at
the binding site of the complex II of the respiratory chain in mitochondria [381].
Mitochondrial membrane potential is therefore a likely target of Mn-induced oxidative
stress. Exposing differentiated LUHMES cells for 24 h affected the potential already at
low concentrations (< 50 uM MnClz) and a 50% reduction can be seen at 75 uM MnCl;
(Figure 25 (A)). Even higher concentrations (= 200 pM MnCl2) lead to a constant low level
of ~ 15% compared to non-exposed cells. Incubation with Mn for 48 h showed an EC3¢ of

25 pM MnCl: (Figure 25 (B)), which is, likewise to the 24 h incubation, marginally under
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the ECsp cytotoxicity values. The disturbance of the membrane potential by Mn shown in
this study can correlate with oxidative stress, as the endpoint is both, an indicator for a
cause and consequence of increases in RONS. This is in line with previous studies (in vitro
and in vivo) that have shown before that Mn causes an increase in oxidative stress [10,
41, 184]. Consequences of oxidative stress, especially in neurons, are of great concern,
due to the inability of self-replenishment of post-mitotic cells. On account of the almost
linear cellular bioavailability and estimated EC3¢ values, we decided to conduct all
following mechanistic studies after a 48 h Mn exposure with 0 pM, 20 uM, and 40 pM
MnClz. This allowed the investigation of genotoxic endpoints at concentrations of sub-

toxic (10 pM and 20 pM MnClz) and toxic concentrations (40 uM MnCly).
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Figure 23 Mn bioavailability in LUHMES cells after Mn overexposure. Results show dose- and time-
depended Mn uptake [pg Mn/ mg protein] in differentiated LUHMES cells following a [A] 24 h and [B] 48 h
incubation. Bioavailability was measured analytically via ICP-MS/MS. Data are expressed as means = SD

of at least six independent experiments.
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Figure 24 Cytotoxicity assessment of LUHMES cells after 24 h and 48 h Mn overexposure. [A] The
metabolic activity measured via the resazurin reduction assay decreases dose- and time-dependently after
MnCl; incubation. [B] Measurement of the cell number via the Hoechst assay indicates a decrease of cell
number that is concentration-, but not time-dependent. [C] Comparison of the ECs levels of the different
endpoints. Data are expressed as means + SD of at least six independent experiments. For statistical

analysis, the 2way ANOVA with Dunnett’s multiple comparisons test was performed.
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Figure 25 Measurement of mitochondrial membrane potential using MitoTracker™ Orange.
Results show a dose-dependent decrease of the mitochondrial membrane potential after [A] 24 h and [B]

48 h MnCl; incubation of differentiated LUHMES cells. Data are expressed as means + SD of at least six

independent experiments.
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6.3.2 Mn overexposure reduces the DNA integrity of post-mitotic neurons

Oxidative DNA damage is a major adverse outcome of oxidative stress, causing genomic
integrity to be in jeopardy. An imbalance of antioxidant systems and oxidative stress can
induce increased interactions of RONS with macromolecules such as DNA, causing DNA
damage [7, 333]. While genomic stability is immensely important in cells that still
undergo mitosis and meiosis (e. g. germline cells), it is equally important in post-mitotic
cells, which are irreversibly withdrawn from the cell cycle [337, 338]. DNA damage can
occur in the nuclei and even more in mitochondrial DNA. The latter is especially
important for neuronal cells, due to their high mitochondrial mass and great energy
dependence [382, 383]. A slow build-up of DNA damage in the genome causes loss of
information that transfers from DNA to proteins. This could increase the transcription of
defective proteins, their accumulation, cell death, and eventually neurodegeneration and
disease [382, 384]. For this study, we decided to investigate DNA damage in the entirety
of the neurons, not only mitochondrial DNA modifications, to elucidate the effect of Mn
on the DNA integrity of the whole post-mitotic cell. For this, differentiated LUHMES cells
were again exposed to Mn for 48 h at sub-toxic and toxic concentrations. First, 8oxodG
was analytically quantified by HPLC-MS/MS, after isolating and hydrolysing the DNA of
MnCl; incubated cells. The simultaneous quantification of the cytosine content allowed
normalization to the respective hydrolysis rate as well as the actual DNA content. 8oxodG
is the most investigated and likely the most frequently occurring oxidative DNA base
modification, due to the low oxidation potential of guanine [385]. The interaction of
singlet oxygen with guanine leads to the formation of 80xodG and 8-hydroxyguanosine
(80OHAG), which are in equilibrium with each other and are equally used as biomarkers
in both in witro and in vivo studies [92, 341, 342]. The results of the analytical
quantification show that exposure of differentiated LUHMES cells to Mn caused a linear
increase of the DNA damage, which is significantly different at 40 pM MnCl. compared
to non-incubated cells (Figure 26). At this concentration, the level of oxidative DNA
damage is three times higher as compared to control cells. If repaired, 8oxodG, and other
oxidative DNA modifications, are repaired mainly via base excision repair (BER), which
causes single-strand breaks as repair intermediates [386]. The damaged bases are excised
by glycosylases, leaving apurinic/ apyrimidinic (AP) sites, which are then processed
further by endonucleases to DNA single-strand breaks before being repaired by further
BER repair enzymes [311, 339, 340]. Apart from DNA repair, strand breaks can be caused
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directly by exogenous or endogenous sources and can lead to loss of information and
mutations, DNA-protein crosslinks, and alterations of the secondary DNA structure [127-
129]. Quantifying the percentage of double-stranded DNA (dsDNA) and thereby strand
breaks per cell using the alkaline unwinding assay allows us to draw conclusions
regarding the overall genomic integrity. In Mn-incubated cells, again for 48 h, a high
increase of DNA strand breaks is detectable compared to control cells, already starting at
10 uM MnCl2 (Figure 27 (A)). Exposure to 20 pM MnCl; caused a further increase to 4*103
strand breaks per cell. Doubling the incubation concentration does not further increase
the damage and a plateau is reached with 50% dsDNA. When looking at the time-
dependent effect of Mn exposure, a coherence is visible between the amount of strand
breaks and exposure time. The neurons were incubated with 20 pM MnCl; for 0 h, 2 h,
4 h, 8h, 24 h, or 48 h and the data suggest a consistent increase of DNA strand breaks and
decrease of dsDNA (Figure 27 (B)). The results of both genotoxicity endpoints indicate
significant induction of DNA strand breaks and oxidative DNA damage 8oxodG. These
results are in line with other in vitro [9, 10, 338] and in vivo [346] studies that investigated
DNA damage (DNA strand breaks and DNA base modifications) after Mn exposure,
employing the alkaline COMET assay or analytical and immunohistochemical analysis of

oxidative base modification.
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Figure 26 Induction of 80x0odG formation in LUHMES cells after 48 h Mn exposure. The increased
formation of 8oxodG was measured analytically via HPLC-MS/MS. Sub-toxic (10 pM — 20 pM MnCly) and
toxic (40 pM MnCl;) concentrations of Mn cause a dose-depend increase of oxidative DNA damage that is
significantly higher at 40 uM MnCl; compared to control cells. Data are expressed as means + SD of at least
six independent experiments. For statistical analysis, the ordinary one-way ANOVA with Dunnett’s

multiple comparisons test was performed.
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Figure 27 Measurement of dsDNA [%] and strand breaks per cell using the alkaline unwinding
assay as marker for genomic integrity. [A] Differentiated LUHMES cells were exposed to 0 uM, 10 pM,
20 puM and 40 pM MnCl, for 48 h. [B] Differentiated LUHMES cells were incubated with 20 uM MnCl, for
different exposure times (0 h, 2 h, 4 h, 8 h, 24 h, and 48 h). Data are expressed as means * SD of at least nine
independent experiments. For statistical analysis, the 2way ANOVA with Dunnett’s multiple comparisons

test was performed.

6.3.3 Induction of the DNA damage response and increased DNA repair gene

expression are results of Mn overexposure

Unrepaired DNA damage may trigger cell death, making an effective DNA repair crucial
for neuronal survival. The DNA damage response involves different pathways and genes
responsible for sensing and responding to DNA damage and therefore initializing DNA
repair, apoptosis, and in case of proliferating cells cell cycle regulation [387]. Poly(ADP-
ribose) (PAR) signalling is one of the first activated pathways upon DNA damage and is
needed to ensure access of repair protein to the DNA lesion in the otherwise tightly
packed DNA double-helix [388, 389]. The PAR polymerase (mainly PARP1) recognizes
and binds to DNA lesions, and then catalyses the formation of PAR chains on close-by
histones and itself [390-392]. These PAR chains can act as binding platforms for
downstream pathway proteins, e.g. XRCC1, which initializes the DNA repair [393].
Relative PAR levels can be analytically quantified as a measure of the onset of the early
DNA damage response. Results of this study showed that PARylation in 10 uM and 40 uM
MnCl;-treated differentiated LUHMES cells were significantly higher compared to non-
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incubated cells, indicating a response to DNA damage (Figure 28 (A)). PARylation has
also been identified as a sensitive endpoint in other brain cells. Previous studies in
astrocytes identified an efficient disturbance of PARylation upon Mn exposure [366].
Gene expression studies allow the conclusion that the increased levels of PARylation in
Mn-exposed LUHMES might be regulated by enzyme activity or protein translation; not
on RNA level. The gene expression analysis of PARP1 and genes involved in base and
nucleotide excision repair showed no significant changes in Mn-exposed cells compared
to controls (Figure 28 (B)). A slight increase in gene expression can be detected for OGG1,
which encodes for the bifunctional 8-oxoguanine DNA glycosylase. This glycosylase
removes 8oxodG and initializes the base excision repair by nicking the DNA backbone
[394]. There is evidence that OGG1 is involved in the repair of oxidative damage in
neurons and high gene expression levels were found in the substantia nigra of patients
suffering from neurodegenerative diseases [395]. The results of this study indicate that
Mn does not have a strong effect on OGG1 but further studies are needed to confirm the

results on a protein and enzyme activity level.
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Figure 28 Analysis of DNA damage response and DNA repair in differentiated LUHMES cells
upon Mn exposure. [A] Analytical measurement of relative PAR induction after 48 h MnCl2 (10 pM -
40 pM) exposure via HPLC-MS/MS. [B] Measurement of relative gene expression of DNA damage response
and BER-involved genes after 48 h incubation with 20 pM MnCl2. Data are expressed as means + SD of at
least four (A) or three (B) independent experiments. For statistical analysis, the unpaired t-test was

performed.
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6.3.4 Decreased tubulin expression indicate Mn caused neurodegeneration

Immunofluorescence staining of the neuronal cytoskeleton protein BIII-tubulin was used
to investigate the adverse effects of Mn on the neurite network. Maintenance of the long
intercellular synaptic connections is required for the propagation of electrochemical
signals across vast cellular distances [396]. Changes in the synaptic morphology are
linked to neurodegeneration and adverse changes can be observed in patients with
Parkinson’s disease [397, 398]. Differentiated LUHMES cells are well suitable for neurite
toxicity testing, as they form extensive dendrite outgrowth and neuronal networks [231,
232]. The immunofluorescence staining of cells incubated with 20 pM or 40 uM MnCl: for
48 h showed a significant decrease compared to non-incubated cells (Figure 29 (A)). Both
concentrations caused a relative decrease of around 20%. The degradation of the neurite
network is also visible in the exemplary microscopic pictures shown in Figure 29 (B). The
results indicate an adverse effect of Mn on the tubulin expression and therefore neuronal
network. These results are in line with observations by Stanwood et al. 2009 that showed
that acute Mn exposure induces early and profound changes in neurite length and
integrity of primary mesencephalic culture cells at sub-toxic Mn concentrations (100 uM

MnClz) [399].
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Figure 29 Immunofluorescence staining of BIII-tubulin for assessment of neurite mass. [A] Semi-
automatic measurement of the relative PII-tubulin expression in immunofluorescence-stained
differentiated cells. LUHMES were incubated for 48 h with 0 pM, 10 pM, 20 pM or 40 pM MnCl2. Data are
expressed as means = SD of at least 2 independent experiments. For statistical analysis, the ordinary one-
way ANOVA with Dunnett’s multiple comparisons test was performed. [B] Representative microscopic
images of the neuronal network of LUHMES cells after 48 h Mn exposure with 0 uM (I + II), 20 uM (III +
IV), and 40 pM (V + VI) MnCl,. BllI-tubulin was stained with TUBB3 and Alexa Fluor® 488 (portrayed in

green) and nuclei using DAPI (portrayed in blue). 10 x and 20 x objectives were used.
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6.4 Conclusion

Mn is a ubiquitous trace element and due to increased industrial use, rising exposure to
the transition metal is unavoidable. While Mn overexposure has been linked to
neurodegeneration before, understanding the underlying neurotoxic mechanisms is
imperative. Utilising the LUHMES cell line allowed us to investigate the adverse effects
of Mn on dopaminergic-like neurons. Determination of bioavailability and cytotoxicity
of MnCl; allowed us to find the right dosing regimen for investigations of Mn-induced
DNA damage and DNA damage response/ DNA repair. Additionally, the results indicate
that mitochondria function is disturbed, which can be both a consequence and cause of
RONS. An increase of 8oxodG and a decrease of the dsDNA in Mn-exposed cells indicate
a loss of genomic integrity. While the DNA damage response was triggered by Mn
exposure, gene expression studies revealed only minor alterations in BER-involved genes.
The neurite network, assessed via immunofluorescence staining of tubulin, on the other
hand, showed significant adverse changes induced by Mn. Altogether, the results of this
study are shedding more light on the underlying mechanisms of Mn-induced
neurotoxicity. The outcome of the investigations confirms the hypothesis that Mn at high
exposure leads to increased genomic instability. Future studies of specific endpoints of
oxidative stress could help to understand the nature of Mn-induced RONS. For a deeper
insight, studies of repair enzyme expression and activity levels are required. Especially
the link between genomic instability and the degradation of the neurite network is of
high interest and will be the focus of follow-up repair studies to understand the

persistence and consequences of DNA damage in more detail.
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7. General Discussion and Future Perspectives

The association of the trace element Mn and neurodegeneration has been shown in
various in vitro, in vivo, and epidemiological studies. High Mn exposure is associated with
various adverse neurological effects. In physiological ranges, the trace element is needed
for a large number of cellular processes, and exposure is omnipresent in food, drinking
water, occupational settings, or the environment. A deficiency has therefore not been
reported for the general population. Chronic overexposure, on the other hand, is of higher
importance, not only in an occupational setting but also for vulnerable population groups

discussed in Chapter 2.4 [132, 140, 166, 167, 321].

This work was conducted to elucidate the underlying mechanisms of oxidative stress,
DNA damage, DNA repair, and their functional interaction in Mn-induced
neurodegeneration. In that process, it was pursued to utilise the multicellular model
organism C. elegans as an alternative to the classic in vitro and in vivo systems for
genotoxicity testing and provide a full test system for oxidative stress-mediated
genotoxicity. Additionally, the dopaminergic-like LUHMES cell line was used to increase
the focus of this research on underlying mechanisms of changes in DNA integrity and

the resulting neuronal cell fate.

Before starting to investigate any adverse effects of Mn-induced neurotoxicity, the focus
was set on establishing new and reliable methods for the analysis of oxidative stress and
genomic integrity in the model organism C. elegans. While the nematode has many
advantages, not at least being a multicellular and metabolizing organism, using the worm
has the great drawback that it is not yet routinely used for oxidative stress and
genotoxicity assessment. Validated methods for oxidative stress and DNA integrity

endpoints are therefore still scarce.

7.1 CLox as a Highly Sensitive Oxidative Stress Biomarker in C. elegans

Oxidative stress is defined as a state where levels of oxidants exceed the detoxifying
capacity of cellular antioxidant systems [25]. Oxidants are endogenous and/ or exogenous
highly reactive species containing one or more unpaired electrons, namely free radicals.
Due to their high reactivity, they pull electrons from other molecules to attain increased
stability. Thereby the attacked molecules lose their electrons and become free radicals

themselves. Thus starting a chain-reaction that can cause damage to cellular
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macromolecules, like lipids, proteins and DNA [400]. These oxidative-stress induced
damages of various cellular components can then induce impairment of many
macromolecular functions and pathways, associated with numerous diseases, cell death
pathways and other toxicity endpoints [240-242]. Investigating the oxidative stress status,
its induction and target pathways, as well as possible endpoints, is not only important for
mechanistic studies but is also of clinical relevance. Various different reactive species can
exist in cells, and their location can be very specific to certain cellular compounds [401-
403]. This causes the assessment of oxidative stress to be challenging. The target
endpoints of RONS are diverse, site-specific and show different sensitivity, all depending
on the nature of the oxidant [53, 404]. Many different oxidative stress biomarkers are
routinely used for the assessment of oxidative stress in vitro and in vivo (an overview of
some examples are given in chapter 2.1.1), but not all are relevant for every test substance
or test system. Assessment of multiple endpoints is therefore always recommended to
ensure a comprehensive investigation of the oxidative stress status. An additional factor
influencing the choice of biomarker is the preference of the detection methods. On the
one hand, using dyes usually has the advantage of being relatively easy and quick. On the
other hand, staining can be less specific, radicals are often short-lived, and analyses are
semi-quantitative. Analytical measurements are highly specific and quantitative, but the
molecules of interest might not be stable enough for a reliable assessment [53-55].
Carefully weighing up possible biomarkers and developing better options for the

assessment of oxidative stress is therefore of high priority.

By developing an online two-dimensional liquid chromatography method for
measurements of the peroxidation of CL (described in Chapter 3), a sensitive and
quantitative method for oxidative stress detection specific to the oxidation of lipids in the
mitochondria of C. elegans was developed. CL possess a high level of unsaturation,
making this biomarker a very early and sensitive indicator of RONS. Additionally, the
fact that CL are exclusively mitochondrial-bound phospholipids might be especially of
interest for substances like Mn that disrupt the respiratory chain resulting in an increase
of RONS at the site of mitochondria [246, 247, 252]. CL activity is directly linked to
mitochondrial activity, and their oxidation can cause mitochondrial dysfunction leading
to subsequent failure of downstream processes and production of even more RONS [250,
253, 254]. Furthermore, CL oxidation impacts the production of ATP, which is needed for

many cellular processes, like the DNA damage response or neurite outgrowth [100, 405,
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406]. The HILIC pre-separation and heart-cut set-up increased the sensitivity and
selectivity of this method needed for CLox detection, as they are usually low in
abundance. This set-up also allowed to skip time-consuming sample preparation. The
method was initially developed for C. elegans probes and proved to be a highly sensitive
oxidative stress marker in nematodes, but can also be used for other in vitro or
multicellular model/ animal model organisms. In addition, using the online two-
dimensional LC method, we were able to investigate the cardiolipin distribution in
C. elegans on a molecular level, something that has not been done in the nematode before

and gives further insights into the mitochondrial membrane structure.

The method was then additionally adapted and altered to suit the selective analysis of
sphingolipids in C. elegans (published by Scholz et al. in 2021) [407], which allows feasible,
reproducible, and robust analysis of this lipid class. Sphingolipids exert many different
cellular functions, e.g. stabilising of cell membranes and bioactive roles in cell signalling,
and changes in the sphingolipid concentration are associated with cardiovascular diseases
and neurodegeneration alike, making this an additional, new and relevant investigatory

endpoint for many pathways [408], including metal-induced neurodegeneration [409].

Other popular oxidative stress biomarkers can likewise be used for investigations of
RONS and assessment of their targets in C. elegans. The ratio of GSH and GSSG
exemplarily can be measured analytically or via the biochemical redox assay described
before [41, 52]. In vivo staining of the transparent worm by MitoTracker™ is another
common method used for oxidative stress assessment in C. elegans [410]. Nevertheless,
investigating CL distribution and its oxidation productions proved to be a highly sensitive
and feasible oxidative stress marker in C. elegans which now can be used to investigate
the underlying mechanisms of neurodegeneration and other oxidative stress-related
pathologies in a multicellular organism. Especially for research on substances possibly
disturbing mitochondria function (like Mn), this endpoint is of high relevance due to the

exclusive existence of CL in mitochondria.

7.2 Genotoxicity Testing in C. elegans via Alkaline Unwinding

C. elegans has increasingly been used for toxicity testing in a wide variety of endpoints,
but particularly genotoxicity assessment in the nematode is still scarce, despite the many

advantages of C. elegans [315, 411, 412]. Classical genotoxicity testing relies on various
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in vitro and in vivo methods that measure mutations, chromosomal aberrations, and in
the case of indicator tests, DNA damage itself [75]. The advantage of these methods is
that the experimental setup, as well as data interpretation, are described extensively in
TGs. The fact that they are also routinely used adds to results comparability and high
reproducibility [76]. Adding C. elegans as a test model for genotoxicity assessment might
allow to overcome some of the limitations found in in vitro and animal experiments.
Bacterial or cell culture experiments can give first insights into the genotoxic potential of
substances, but their single-cell nature and lack of metabolism are diminishing their
transferability to higher evolved organisms [291, 413]. C. elegans as a model organism is
an experimental bridge between in vitro and animal models. The nematode is a
multicellular, metabolizing organism that contains various cell types and tissues. Thus,
one can conduct meaningful and more complex investigations without having to
immediately opt for cost- and time-intensive animal experiments. Furthermore, utilising
C. elegans might allow the reduction of unnecessary animal experiments [292, 293].
Currently, the only genotoxicity test included in in vitro/ in vivo OECD TGs that was
adapted to C. elegans is the alkaline COMET assay [245] which is time-intensive,
experimentally demanding, and hard to reproduce due to high background noise in worm
samples. Additionally, during the method development for alkaline unwinding (Section
4.3.1), it was observed that C. elegans DNA is much more sensitive to the alkaline solution
compared to DNA isolated from human cell pellets (HepG2 liver carcinoma cell line),
which is in line with previous investigations by Park et al. [300]. Thus, it is likely that
high amounts of DNA damage are readily artificially caused during the alkaline COMET
assay, which includes a denaturation step at high pH. Opting for the neutral COMET
assay for C. elegans probes might be an alternative but limits the DNA damage detection
from simultaneous measurement of single-strand breaks, double-strand breaks and alkali
labile sites to only DNA double-strand breaks. Depending on the test substance and its
resulting kind of DNA damage, this might still be a very sensitive method to detect DNA
damage on a single-cell level [71, 414, 415].

Other DNA damage detection methods in C. elegans rely on antibody staining (80HdG or
indirectly via the repair enzyme gene rad-51/ cep-I) or very indirectly by concluding the
relative change of DNA damage from survival rates of transgenic strains lacking specific
DNA repair enzymes [345, 416, 417]. The transparent body of the nematode allows in vivo

fluorescence staining and enables visualisation of the damage location [309]. A practical
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downside of being dependent on antibody staining is that many, if not most, antibodies
do not bind specifically in C. elegans probes, and the demand for better C. elegans
antibodies production is not strong enough yet. Utilising transgenic strains can provide
information regarding possible DNA damage endpoints and underlying mechanisms but

prohibits any assertions regarding the damage amount, kind, or location.

By establishing the AU assay in C. elegans, described in Chapter 4, we developed a method
that can be used for preliminary high throughput screening, valuable follow up tests of
positive in vitro results, genomic stability assessment, and mechanistic investigations.
Thus, creating a rapid tool to better decide if a substance should be further investigated
in animal experiments. AU is not part of the OECD guidelines, neither in vitro nor in vivo,
but could be categorized as an indicator test. This method allows the detection of DNA
strand breaks caused directly, via AP sites, or as a consequence of DNA repair, and can

therefore be used to analyse the genotoxic potential of a wide variety of chemicals.

In future studies, it could be of high interest to extend the AU by a method including the
bacterial-derived formamidopyrimidine-DNA glycosylase (FPG) protein as described by
Hartwig et al. [418]. FPG is an enzyme that specifically cleaves 80HdG (and to small
amounts 8-hydroxy-adenine) and thus, in addition to generally detecting DNA strand
breaks, also specifically oxidative DNA damage can be analysed. Other lesion-specific
enzymes could likewise be used, as it is frequently done for COMET assays. Exemplarily,
the endonuclease III (recognition of oxidised pyrimidines) and the 3-methyl-adenine DNA
glycosylase II (detection of alkylated bases) can give valuable information on different
kinds of DNA lesions, which might occur as a natural background “noise” or might be
specifically induced by a genotoxic agent [419]. This is not only interesting for Mn-

toxicity research but for genotoxicity assessment in C. elegans in general.

The germline of C. elegans offers a possibility for cell-specific genotoxicity investigations.
In C. elegans, the germline is a distinct “compartment” with two U-shaped gonad arms,
which have defined mitotic and meiotic regions, and gametes move through those regions
during gametogenesis [336]. Fluorescent staining of DNA damage and DNA repair
markers can be conducted to draw indirect conclusions about DNA integrity in the
heritable germline cells at different stages of the gamete development [420]. In addition,
by isolating and collecting the germline, one could quantify the DNA damage directly in
the heritable germline cells using AU to quantify the DNA lesions.
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The COMET and AU assay are the first of the classic genotoxicity tests adapted to
C. elegans, but other assays (e.g. micronuclei test, mutation screening) could in principle
be established for nematode probes as well. This could significantly improve the
informative value and ethical conditions of genotoxicity testing and is therefore a main

focus for further research.

in vivo mutation test
T T T T > TG 488
in vivo chromosomal aberration tests
| TG 475, TG 483
in vive micronucleus test

TG 474
in vivo dominant lethal test
TG 478
in vivo heritable translocation test
TG 485
in vitro chromosomal aberration test
TG 473 .
in vitro micronucleus test |
TG 487

bacterial reverse mutagenicity (*AMES") test

TG 471 |

TG 476, TG 490

Indicator tests

in vivo unscheduled DNA synthesis
TG 486

in vivo alkaline comet assay
TG 489

Figure 30 Overview of the OECD TGs for genotoxicity testing and possible C. elegans methods.
Green: genotoxicity tests in C. elegans that are published and could be used as indicator tests. Yellow:
methods that might be adaptable to C. elegans probes or are already used but not for genotoxicity

assessment yet.

7.3 Investigations of Bioavailability, Oxidative Stress, DNA Integrity, and

Survival after Mn Exposure in C. elegans

The second part of this research project focused on investigations of underlying
mechanisms of Mn-induced neurotoxicity, focusing on oxidative stress and DNA
integrity. By utilising C. elegans, we were able to conduct the research on a complete
organism rather than individual single cell lines. Chapter 5 highlights the findings of DNA

damage induction and DNA repair after Mn exposure. Before any mechanistic studies
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were conducted, the bioavailability of Mn and survival rate after exposure were
determined for optimal dose-finding for genotoxicity assessment. This is necessary for
many reasons, including that genotoxins are expected to induce DNA damage at doses
that do not trigger extensive cell death or the fact that genotoxicity might follow a non-
linear dose-response relationship [329, 330]. Bioavailability strongly depends on the
exposure scenario, larval stage, and compound species (reviewed in detail by Taylor et al.
[221]) and should therefore always be determined before conducting further research.
The results indicate not only a concentration-dependent but also a time-dependent
uptake of Mn. This allowed us to reduce the exposure scenarios to only sub-toxic (50 mM

MnClz) and toxic (100 mM, 250 mM MnClz) concentrations of Mn after 1 h of exposure.

Further bioavailability studies focusing on subcellular bioavailability and distribution
could elucidate the cell compartment-specific Mn accumulation. This is especially
interesting for mitochondria, as in the case of higher mitochondrial Mn accumulation, the
levels of CLox should increase as well, causing a reduced mitochondrial function (as
described in Section 7.1). Also of interest is the bioavailability and accumulation after
long-term Mn incubation and the resulting adverse effects on genomic integrity,
neurodegeneration, and possible adaptive effects. For this, incubation must be performed
on agar plates covered with inactivated E. coli (as described by Baesler et al. [225]) rather
than the incubation in liquid that was performed for the studies in Chapter 5, which might

have the advantage of a more transferrable exposure scenario to other organisms [221].

The genotoxicity assessments (8OHdAG and alkaline unwinding) indicate induction of
DNA damage after Mn exposure, which is likely caused by Mn-induced oxidative stress
shown in previous studies and different organisms [41, 183, 332]. While the results of the
gene expression studies and analytical measurements of PAR indicate induction of DNA
repair and increase of BER gene transcription after Mn exposure, specific functional
deletion of single BER enzymes did not alter Mn-induced toxicity (as assessed by the
survival rate). While these targeted investigations shed more light on oxidative-stress
induced DNA damage and induction of PARylation, DNA repair and other stress
mechanisms might need to be analysed in a more general way. Future studies should
therefore focus on less-targeted investigations, for example, by transcriptomics,

proteomics, or global post-translational modification analysis [421].

First transcriptome analyses have already been conducted in cooperation with Marcello

Pirritano and Prof. Dr. Martin Simon (University of Wuppertal) and might indicate

118



General Discussion and Future Perspectives

improper protein folding as a consequence of Mn-induced oxidative stress and cause for
decreased genomic integrity (data not shown) by inhibiting DNA repair, but the
evaluation is still ongoing. In fact, the unfolded protein response under endoplasmic
reticulum stress is associated with altered DNA damage and DNA repair [422]. Moreover,
PARylation causes the formation of long, branched and negatively charged PAR chains

[423] that might cause alterations of protein folding of close-by enzymes.

Another further research goal is direct investigations of the neurotoxicity of Mn and its
link to other neurodegenerative diseases in a living organism. Previous studies showed
that the neurotransmitter release is affected by Mn and that Manganism, Parkinson's
disease and other neurodegenerative diseases are closely linked [13, 172, 173]. However,
studies focused on DNA damage induction, and DNA repair in deletion mutants (e.g. pdr-
1, djr-1, and pink-1 gene deletions/ function knock-downs) could help to further
understand similarities and differences of the underlying mechanisms [424]. In addition
to investigating DNA integrity in Parkinson’s-associated C. elegans mutant strains,
investigating CLox in pink-1 (human: PINK-1) and pdr-1 (human: PARKIN/ PARK-2) could
be of high relevance. These genes encode for enzymes that are located in mitochondrial
membranes and are associated with mitochondrial quality control. Mutations in those
genes are linked to mitochondrial damage [425]. Investigating changes in CLox status of
single deletion strains or multiple deletion mutants (e.g. BER and Parkinson’s disease-
relevant genes) compared to wild type worms might elucidate the nature of the

mitochondrial dysfunction in (Mn-induced) neurodegeneration further.

7.4 Effects of Mn on Genome Integrity and Neurite Outgrowth in LUHMES Cells

Dopaminergic neurons were identified as a major target of Mn, and by utilising the
LUHMES cell line, we were able to investigate the adverse effects of Mn specifically on
dopaminergic-like neurons [13, 161, 162]. Similar to the studies performed in C. elegans,
bioavailability and cytotoxicity of Mn in the LUHMES cells were determined to find the
right dosing regimen for investigations of Mn-induced DNA damage, DNA damage
response, and DNA repair. Additionally, the mitochondrial function was shown to be
affected by Mn, which can be both a consequence and a cause of RONS formation [426].
Further investigations of the adverse effect of Mn on mitochondrial function can be

achieved by quantifying the CLox levels, which can provide information about the
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oxidative stress status in LUHMES cells after Mn exposure, as well as the functionality of

the mitochondrial membrane (see Section 7.1).

DNA strand breaks were analysed utilising the AU assay, and by analytical measurements
of 80oxo0dG, the oxidative DNA damage was quantified precisely. Both methods indicate
an overall decrease in genomic integrity after Mn exposure and are therefore in line with
the results in C. elegans. While the DNA damage response increased after Mn exposure,
gene expression studies revealed only minor alterations in BER-involved genes, also
shown in the nematode. This indicates that DNA repair is regulated on the level of protein

activity instead of on the transcriptional level.

Significant adverse changes were observed in the tubulin expression upon Mn exposure,
which indicates a strong reduction of the neurite network. Combining these results of the
investigations in LUHMES cells confirms the hypothesis that high Mn exposure causes a
decrease of genomic integrity by inducing DNA damage. The role of DNA repair could
not yet be elucidated completely. Studies regarding the repair kinetics might deepen the
understanding of the DNA damage response and DNA repair capacity. AU can be used to
assess the progress of DNA damage control over time (e.g. every 30 min after exposure

for a longer time period), as described by Fleck et al. [427].

Of particular interest is the possible link between decreased genomic integrity and the
degradation of the neurite network. One possible mechanism could be the induction of
PARylation accompanied by high cellular energy consumption, which causes a decrease
of ATP and NAD* availability needed for neurite outgrowth and regeneration of neurites
[406, 428]. Thus, investigating the cellular status of energy-related nucleotides (ADP,
AMP, ATP, NAD*, and NADH) and PARylation activity simultaneously could be of high

importance.

The here presented results additionally raise the question of whether Mn-induced
neurodegeneration can be counteracted. One possibility might be the use of N-acetyl
cysteine (NAC), which is a potent RONS scavenger and antioxidant. NAC is a precursor
of GSH and in vitro studies by Qian et al. showed that NAC induces neuronal
differentiation and neurogenesis [429]. In vivo, NAC showed to increase the enzymatic
and non-enzymatic antioxidant levels of rats and significantly reduce the oxidative stress
in old animals [430], and a case-control study in Parkinson’s disease patients indicates

that NAC has a positive effect on the dopaminergic system in conditions of
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neurodegeneration in humans [431]. While these studies focus on the antioxidant
capacity of NAC, it would be of high interest to investigate the status of DNA integrity
in LUHMES exposed simultaneously and time-displaced to Mn and NAC, to study the
specific role of oxidative stress in Mn-induced toxicity as well as the neuroprotective

effect of NAC upon Mn exposure.
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9.1 Supporting Information Chapter 3

Table 2 Detailed information of the 2D-LC method utilising a heart-cut setup.

Pump 1 (HILIC) Pump 2 (RP) Valve
time/ min  flow mL/min % B | time/ min Flow mL/min % B | time/ min Position
0 0.3 97 0 0.3 70 0 A
0.2 0.3 97 8.2 0.3 90 5.75 B
0.5 0.3 93 20.2 0.3 100 6.3 A
2.75 0.3 93 23.7 0.3 100 7.8 B
7.5 0.3 60 24 0.3 70 24 A

11 0.3 60
11.5 0.3 97
14.0 0.3 97
14.1 0.05 97
21.9 0.05 97
22.0 0.3 97
"Pump 1 —{_HILIC ] Waste
Position A: 2_1
MS C30 Pump 2
Pump 1 — HILIC ~ Waste

()

3 Valve 6

MS — C30 fHf——r T Pump 2

Position B: 1_6

Figure 31 Overview of the used heart-cut setup by means of a dual gradient pump LC system and
a six-port valve. In position A, 1D HILIC separation was carried out. By switching the valve to position
B, the eluting analyte was transferred into a 400 pL sample loop. The analyte fraction was transferred to

the RP column by switching the valve back to position A.
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Table 3 Summary of identified cardiolipin species of C. elegans and oxidation products after
tBOOH treatment Based on accurate mass (mass deviation less than # 5 ppm) and MS/MS fragmentation
experiments. The lipid nomenclature in this work is based on the recommendations of Liebisch et al. [263].
Fatty acyl (FA) composition of CL species are described as CL x:y, where x represents the total carbon
number and y the total number of double bonds. CL 80:15 has a total number of 80 carbon atoms and 15
double bonds in total. Individual FA composition is specified using a slash for a specific position and an

underscore were sn-1 and sn-2 position cannot be distinguished.

Identified CL species

Species MS/MS Ion m/z exp m/z calc dm/m [ppm] | rt[min]
CL(74:7) 18:1/18:1/18:1_20:4 [M-H]- | 1478.0135 1478.0119 1.1 16.44
CL(74:8) 18:1_18:2/18:1_20:4 [M-H]- | 1475.9962 1475.9962 0.0 16.13
CL(74:9) N/A [M-H]" | 1473.9806 | 1473.9806 0.0 15.81
CL(74:10) 18:1_18:4/18:1 20:4 | [M-H]" | 1471.9649 | 1471.9649 0.0 15.54
CL(74:11) 18:1_18:3_18:3 20:4 | [M-H] | 1469.9487 | 1469.9493 0.4 15.20
CL(74:12) N/A [M-H]" | 1467.9344 | 1467.9336 0.5 14.97
CL(74:13) N/A [M-H]" | 1465.9190 | 1465.9180 0.7 14.70
CL(75:9) 17:1_20:3/18:1_20:4 [M-H]" | 1487.9966 1487.9962 0.2 16.11
CL(75:10) 17:1_20:4/18:1_20:4 [M-H]" | 1485.9803 1485.9806 -0.2 15.79
CL(75:11) 17:1_20:4/18:2_20:4 [M-H]- | 1483.9638 1483.9649 -0.8 15.46
CL(75:12) 15:1_20:3_20:4_20:4 [M-H]- | 1481.9475 1481.9493 -1.2 15.18
CL(75:13) 15:1_20:4/20:4/20:4 [M-H]" | 1479.9340 1479.9336 0.2 14.93
CL(76:9) 18:1/18:1/20:3_20:4 [M-H]- | 1502.0116 1502.0119 -0.2 16.29

18:1_20:3/18:1_20:4
CL(76:10) 18:1_20:4/18:1 20:4 | [M-H] | 1499.9963 | 1499.9962 0.1 15.99
CL(76:11) 18:1_20:4/18:2_20:4 [M-H]- | 1497.9800 1497.9806 -0.4 15.65
CL(76:12) 18:220:4/18:2_20:4* | [M-H]" | 1495.9641 | 1495.9649 0.6 15.36

18:1_18:2/20:3_20:4

18:2/18:2/20:4/20:4
CL(76:13) 18:2_20:4/18:3_20:4" [M-H]" | 1493.9482 1493.9493 -0.7 15.11

18:4_20:4/18:1_20:4

18:2_18:3/20:4/20:4

18:1_18:4/20:4/20:4
CL(76:14) 18:3_20:4/18:3_20:4 [M-H]- | 1491.9341 1491.9336 0.3 14.85
CL(76:15) 18:3_18:4_20:4_20:4 [M-H] | 1489.9187 1489.9180 0.5 14.62
CL(77:9) N/A [M-H]- | 1516.0256 | 1516.0275 -13 16.69
CL(77:10) 18:1_20:4/19:1_20:4 [M-H]- | 1514.0119 1514.0119 0.0 16.35
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Continuation Table 3

Species MS/MS Ion m/z exp m/z calc dm/m [ppm] | rt[min]
CL(77:11) 18:3_19:1/20:3_20:4 [M-H]" | 1511.9952 1511.9962 -0.7 15.93
17:1_20:3/20:3_20:4
CL(77:12) 17:1 20:4/20:3_20:4 | [M-H]" | 1509.9798 | 1509.9806 0.5 15.66
17:1_20:3/20:4/20:4
18:1_19:4/20:3_20:4
18:2_19:3/20:3_20:4
18:1_19:3/20:4/20:4
CL(77:13) 17:1_20:4/20:4/20:4 [M-H]- | 1507.9638 1507.9649 -0.7 15.36
18:2_19:3/20:4/20:4
18:2_20:4/19:3_20:4
19:3/19:3/19:3_20:4
CL(77:13)+0 | N/A [M-H]" | 1523.9615 | 1523.9599 1.1 13.94
CL(77:14) N/A [M-H] | 1505.9493 | 1505.9493 0.0 15.03
CL(77:15) N/A [M-H]" | 1503.9342 1503.9336 0.3 14.85
CL(78:10) N/A [M-H]" | 1528.0277 1528.0275 0.1 16.43
CL(78:11) 18:1_20:3/20:3_20:4 | [M-H]" | 1526.0106 | 1526.0119 0.8 16.07
CL(78:12) 18:1_20:3/20:4/20:4 [M-H]- | 1523.9956 1523.9962 -0.4 15.83
18:1_20:4/20:3_20:4
18:2_20:3/20:3_20:4
CL(78:13) 18:1_20:4/20:4/20:4 [M-H]" | 1521.9797 1521.9806 -0.6 15.53
18:2_20:4/20:4_20:3
18:3_20:4/20:3/20:3
CL(78:14) 18:3_20:4/20:3_20:4 [M-H] 1519.9639 1519.9649 -0.7 15.25
18:2_20:4/20:4_20:4
18:1_20:4/20:4_20:5
CL(78:14)+O | N/A [M-H] 1535.9604 1535.9599 0.3 13.86
CL(78:15) 18:4_20:4/20:3_20:4 [M-H] 1517.9486 1517.9493 -0.5 15.00
18:3_20:4/20:4/20:4
18:2_20:4/20:4_20:5
CL(78:15)+O | N/A [M-H]" | 1533.9448 1533.9442 0.4 13.63
CL(78:16) 18:4_20:4/20:4/20:4 | [M-H]" | 1515.9341 | 1515.9336 0.3 14.77
CL(78:17) N/A [M-H] | 1513.9166 1513.9180 -0.9 14.60
CL(79:11) 19:1_20:3/20:3_20:4 [M-H]" | 1540.0267 1540.0275 -0.5 16.56
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Species MS/MS Ion m/z exp m/z calc dm/m [ppm] | rt[min]

CL(79:12) 19:1_20:4/20:3_20:4 [M-H]- | 1538.0119 1538.0119 0.0 16.18
19:1_20:3/20:4/20:4

CL(79:13) 19:1_20:4/20:4/20:4 [M-H] | 1535.9950 1535.9962 -0.8 15.77

CL(79:14) 19:4_20:4/20:3/20:3 [M-H]- | 1533.9792 1533.9806 -0.9 15.48
19:3_20:4/20:3_20:4
19:2_20:4/20:4/20:4

CL(79:15) 19:4_20:4/20:3_20:4 [M-H] 1531.9639 1531.9649 -0.7 15.20
19:3_20:4/20:4/20:4

CL(79:15)+O | N/A [M-H]- | 1547.9593 | 1547.9599 0.3 13.82

CL(79:16) 19:4_20:4/20:4/20:4 [M-H]- | 1529.9492 1529.9493 -0.1 14.95

CL(80:12) 20:3/20:3/20:3/20:3 [M-H]- | 1552.0275 1552.0275 0.0 16.29

CL(80:13) 20:3_20:4/20:3_20:4 [M-H]- | 1550.0116 1550.0119 -0.2 16.00

CL(80:14) 20:3_20:4/20:3_20:4 [M-H]- | 1547.9951 1547.9962 -0.8 15.70
20:3/20:3/20:4/20:4

CL(80:14)+O | 20:3_20:4:1/20:3_20:4 | [M-H] | 1563.9897 1563.9912 -0.9 14.16

CL(80:15) 20:3_20:4/20:4/20:4 [M-H]- | 1545.9791 1545.9806 -1.0 15.42

CL(80:15)+0O | 20:3_20:4/20:4:1_20:4 | [M-H]" | 1561.9758 1561.9755 0.2 13.94

CL(80:16) 20:4/20:4/20:4/20:4 [M-H]- | 1543.9638 1543.9649 -0.7 15.14
20:3_20:4:1/20:4/20:4

CL(80:16)+0O | 20:4:1_20:4/20:4/20:4 [M-H] 1559.9608 1559.9599 0.6 13.79

CL(80:17) 20:4_20:5/20:4/20:4 [M-H] 1541.9473 1541.9493 -1.3 15.01
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Table 4 Summary of CL distribution in treated and untreated C. elegans samples. Three biological

replicates were analysed.

CL distribution mol % (n=3)

Species Untreated 1 mM BOOH 2.5 mM BOOH 6.5 mM BOOH
CL(74:7) 0.09 + 0.02 | 0.20 + 0.01 | 0.15 + 0.03 | 0.16 + 0.03
CL(74:8) 0.12 + 0.05 0.20 + 0.02 0.16 * 0.04 | 0.19 + 0.04
CL(74:9) 0.11 + 0.05 0.19 + 0.04 | 0.16 + 0.05 0.16 + 0.06
CL(74:10) 0.12 + 0.06 | 0.16 + 0.04 | 0.14 + 0.05 | 0.12 + 0.06
CL(74:11) 0.06 + 0.01 | 0.10 + 0.03 | 0.08 + 0.04 | 0.06 + 0.04
CL(74:12) 0.05 + 0.01 0.08 + 0.02 0.06 + 0.03 0.04 + 0.02
CL(74:13) 0.03 + 0.01 | 0.04 + 0.01 | 0.03 + 0.02 | 0.02 + 0.01
CL(75:9) 0.10 + 0.02 | 0.21 + 0.02 | 0.17 + 0.01 | 0.13 + 0.01
CL(75:10) 0.24 * 0.03 | 0.35 + 0.02 | 0.32 + 0.03 | 0.27 + 0.03
CL(75:11) 0.16 * 0.04 | 0.21 + 0.04 | 0.25 + 0.03 | 0.19 + 0.06
CL(75:12) 0.19 + 0.04 | 0.24 + 0.00 | 0.22 + 0.02 | 0.21 + 0.04
CL(75:13) 0.07 + 0.03 | 0.08 + 0.01 | 0.08 + 0.02 | 0.08 + 0.02
CL(76:9) 0.75 * 0.05 | 0.79 + 0.04 | 0.69 + 0.03 | 0.81 + 0.12
CL(76:10) 1.35 * 0.06 | 1.72 + 0.14 | 1.50 + 0.14 | 1.61 + 0.19
CL(76:11) 1.47 + 0.22 1.53 + 0.21 1.40 + 0.20 1.43 + 0.22
CL(76:12) 1.46 + 0.20 1.48 + 0.22 1.41 + 0.24 | 1.41 + 0.21
CL(76:13) 1.01 * 0.16 | 0.98 + 0.17 | 094 + 0.17 | 0.92 + 0.16
CL(76:14) 0.45 * 0.10 | 0.41 + 0.09 | 043 + 0.09 | 0.40 + 0.09
CL(76:15) 0.14 + 0.04 | 0.14 + 0.04 | 0.15 + 0.05 | 0.12 + 0.03
CL(77:9) 0.06 + 0.03 | 0.13 + 0.02 | 0.09 + 0.03 | 0.07 + 0.04
CL(77:10) 0.27 * 0.05 | 0.33 + 0.03 | 0.30 * 0.03 | 0.25 + 0.05
CL(77:11) 0.38 * 0.04 | 0.46 + 0.01 | 0.50 + 0.02 | 0.48 + 0.03
CL(77:12) 0.91 + 0.02 | 091 + 0.04 | 0.85 + 0.05 | 0.90 + 0.09
CL(77:13) 1.01 + 0.07 | 0.95 + 0.05 | 0.92 + 0.06 | 0.97 + 0.14

CL(77:13)+0 N/A N/A N/A 0.02 + 0.02
CL(77:14) 0.37 * 0.06 | 0.32 + 0.07 | 0.33 + 0.06 | 0.37 + 0.13
CL(77:15) 0.09 + 0.03 | 0.10 + 0.02 | 0.09 + 0.03 | 0.10 + 0.05
CL(78:10) 015 +  0.02 N/A N/A 060 + 007
CL(78:11) 1.68 * 0.34 1.54 + 0.13 2.14 + 0.16 2.13 + 0.21
CL(78:12) 5.25 * 0.41 5.15 + 0.35 | 4.66 + 0.26 | 4.83 + 0.36
CL(78:13) 8.95 * 0.40 8.98 + 0.53 8.34 * 0.39 8.30 + 0.57
CL(78:14) 7.23 * 0.40 6.70 + 0.32 7.02 * 0.38 6.72 + 0.28

CL(78:14)+0O N/A 0.07 + 0.04 | 0.21 + 0.09 | 0.33 + 0.13
CL(78:15) 3.30 + 0.27 | 2.96 + 0.27 | 3.09 + 0.20 | 3.00 + 0.21

CL(78:15)+0O N/A N/A 0.08 + 0.03 0.11 + 0.06
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Continuation Table 4

Species Untreated 1 mM BOOH 2.5 mM BOOH 6.5 mM tBOOH
CL(78:16) 0.93 + 0.12 | 0.80 + 0.11 0.84 + 0.10 | 091 + 0.10
CL(78:17) 0.12 + 0.04 | 0.04 + 0.01 0.05 + 0.01 N/A
CL(79:11) 0.18 + 0.03 0.15 + 0.01 N/A N/A
CL(79:12) 0.63 + 0.04 | 0.72 + 0.09 N/A 0.53 + 0.09
CL(79:13) 1.09 + 0.11 1.10 + 0.13 1.03 + 0.13 1.13 + 0.12
CL(79:14) 1.26 + 0.09 1.24 + 0.10 1.17 + 0.06 1.27 + 0.20
CL(79:15) 1.20 + 0.13 1.11 + 0.09 1.08 * 0.10 1.21 + 0.21

CL(79:15)+O N/A N/A N/A 004 £ 003
CL(79:16) 0.45 + 0.05 | 0.44 + 0.06 | 0.43 + 0.05 | 048 + 0.12
CL(80:12) 0.70 + 0.06 2.10 + 0.13 1.90 + 0.17 1.88 + 0.21
CL(80:13) 3.87 * 0.26 3.80 + 0.18 5.88 + 0.36 5.01 + 0.62
CL(80:14) 13.86 + 0.74 | 13.91 + 0.74 | 12.50 + 0.63 | 12.38 + 0.79

CL(80:14)+0O N/A 0.37 + 0.21 1.03 + 0.41 1.17 + 0.35
CL(80:15) 22.16 * 1.35 | 20.78 + 0.84 | 19.54 + 0.94 | 18.32 + 1.32

CL(80:15)+0O N/A 043 + 025| 124 + 048 | 143  + 040
CL(80:16) 14.32 + 0.95 | 13.67 + 0.85 | 12.83 + 0.42 | 12.27 + 0.75

CL(80:16)+0O N/A 0.49 + 0.35 0.91 + 0.41 1.02 + 0.34
CL(80:17) 1.61 * 0.22 1.15 + 0.06 | 2.64 + 0.06 3.46 + 0.11
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9.2 Supporting Information Chapter 5
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Figure 34 Changes of the NAD*/NADH ratio as measure of oxidative stress. Wild-type, N2 (WT),
and BER-deletion mutants (ung-1-A, exo-3-A, nth-1-A, and apn-1-A) were incubated with MnCl; for [A] 1 h
or [B] 4 h. Data are expressed as means + SEM of at least three independent experiments. For statistical

analysis, the unpaired t-test was performed.

9.3 Supporting Information Chapter 6

Table 5 Overview of the m/z transitions used for molecule identification and quantification in

MRM modus of the HPLC-MS/MS method.

m/z
Analyte RT [min]
Q1 Q2
168*
8ox0dG 284 139 6.6
112
171%
8-0x0-dG-13C,-1°N, | 287 142 6.6
115
112*
dC 128 55
95
115*
dC-15N3 131 55
98

* used as quantifier
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Table 6 MS method parameters for the analytical quantification of 8oxodG/ dC via HPLC-MS/MS

method.
Parameter Parameter
CUR 35 CAD Medium
1S 5500 DP 70
TEM 450 EP 10
GAS1 50 CXP 10
GAS2 50

Table 7 HPLC gradient flow used for the separation of 8oxodG/ dC.

time [min] A [%] B [%] flow [L/ min] Max pressure [bar]
0 95 5 0.3 400
5 40 60 0.3 400
6.9 30 70 0.3 400
7 20 80 0.3 400
8 20 80 0.3 400
11.2 95 5 0.3 400
14.3 95 5 0.3 400
200+ 0 M MnCl,
== 10 uM MnCl,
= 20 pM MnCl,
£ 150; = 40 yM MnCl,
8
" _
=
Z 1004
Q
E
[1v]
k=]
0
W 504
0-
Cu Mg Ca Fe Zn Se

Figure 35 Comparison of the TE bioavailability after Mn exposure in differentiated LUHMES
cells. Results indicate no changes in the bioavailability of copper, magnesium, calcium, iron, zinc, or
selenium after 48 h exposure to 10 uM, 20 uM or 40 pM MnCl2. Data are expressed as means = SD of at

least two independent experiments.
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