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Introductory remarks

Introductory remarks on the structure of the dissertation

The following dissertation is written in a semi-cumulative style, including five first-
authorship publications presented in chapters 3 — 7. Each of these chapters
comprises papers that have been either published in or submitted to peer-
reviewed journals. The initial chapters 1 and 2 provide the general theoretical
background to the project, while each paper introduction gives more detailed
information. The thesis concludes with a final discussion and outlook in chapter 8.

Supplementary materials for each chapter are gathered in the appendix.

Each published paper within this dissertation retains all comments and feedback
from co-authors, reviewers, and editors during manuscript preparation and peer-
reviewing process and is integrated in this thesis unchanged. To facilitate better
comprehension, references, figures, and tables are numbered sequentially
throughout the entire dissertation. Given that these papers are published in
different journals, variations in structure, abbreviations, and spelling (British and
American English) are present. To maintain a consistent design in this thesis,
some figures and tables have been modified, but the scientific content remains

unchanged.
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Summary

Summary

Metal toxicity poses significant environmental and human health risks, with cobalt
(Co) and nickel (Ni) being particularly concerning due to their extensive use in
industrial applications. These metals are crucial in the production of lithium-ion
batteries, alloys, catalysts, and pigments, leading to heightened environmental
contamination and, consequently, human exposure through food and drinking
water. Notably, Co is integral in metal-on-metal (MoM) hip implants, raising
concerns about its toxicity when released into the body. Overexposure to Co and
Ni can cause serious health issues, including neurological, cardiovascular, and
thyroid dysfunctions. Furthermore, both metals are recognized carcinogens upon
inhalation, classified by the International Agency for Research on Cancer (IARC)
as group 2A and group 1 carcinogens, respectively. Despite substantial evidence
of their individual toxicities, limited data exists on the combined effects of Co and
Ni, which is a more realistic exposure scenario given their frequent co-occurrence
in the environment. This research aimed to fill this gap by investigating the
combined impact of Co and Ni on liver carcinoma cells (HepG2) and astrocytoma
cells (CCF-STTG1), given that the liver and brain are potentially important targets
in Co and Ni intoxication. Additionally, the model organism Paramecium
tetraurelia was used to elucidate potential ecological implications of metal

contamination.

Glutathione (GSH) plays a pivotal role in cellular health, crucial for maintaining
redox balance and facilitating detoxification processes, with its reduced form
predominating under normal conditions. Oxidative stress can shift GSH levels,
increasing the oxidized form GSSG, which highlights the importance of
accurately measuring both GSH and GSSG to assess oxidative status and
cellular injury. Commonly used methods often lacked the sensitivity and
specificity to detect low levels of GSSG, particularly when dealing with small
sample sizes or complex biological matrices. To address these limitations, the
first part of this thesis focused on the development of a novel LC-MS/MS method,
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allowing for the simultaneous quantification of GSH and GSSG across various
biological matrices. This new method focused on improving existing techniques
by simplifying sample preparation, enhancing specificity, and accelerating the
overall analysis process, thereby providing a reliable and stable tool for
investigating oxidative stress and cellular health.

HepG2 cells demonstrated higher sensitivity to Co and Ni, consistent with a
higher cellular amount, compared to CCF-STTG1 cells. Notably, Co exposure led
to the highest toxicity and cellular accumulation compared to Ni. This differential
sensitivity highlights the importance of target cell type in assessing metal toxicity.
Simultaneous exposure to both metals revealed an interaction in their transport
mechanisms, with prioritized Co uptake and decreased Ni levels compared to
individual treatment. DMT-1 was identified as a key transporter for both metals,
with its presence in cell nuclei and mitochondrial membranes indicating these
organelles as important targets for Co and Ni toxicity. Investigation of alterations
in cellular metabolism in HepG2 cells revealed the activation and nuclear
translocation of Nrf2 by both metals. This activation led to increased expression
of genes related to Nrf2-response pathways, discovered by transcriptomic
analysis. To verify these analysis, transcriptomic analysis was combined with
quantitative and analytical methods, providing detailed insights into altered
metabolic pathways. Combined Co and Ni exposure notably affected iron
metabolism, by upregulating the gene and protein expression of heme degrading
HMOX-1 and iron storage protein FTL. Additionally, genes associated with
glutathione synthesis were increasingly expressed, with corresponding changes
in the levels of the amino acids glutamate, glutamine, and cysteine. Exposure to
Co and Ni also significantly altered sphingolipid and diacylglycerol metabolism.
LC-MS/MS revealed enhanced levels of dihydroceramides,
dihydrosphingomyelins, and diacylglycerols, but decreased cellular amount of
ceramides, sphingosine and lactosylceramides. High Co concentrations resulted
in significant increased ROS production, which corresponded with elevated

GSSG levels and oxidative DNA damage, assessed by fluorescent dye,
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LC-MS/MS, and FPG modified comet assay, respectively. The oxidative stress
induced by Co primarily caused single-strand breaks, whereas Ni exposure led
to the formation of double-strand breaks. Both metals activated the DNA damage
response pathway PARylation. The genotoxic effects of Co and Ni were further
evidenced by induction of micronuclei, indicating chromosomal damage.
Additionally, exposure to Co and Ni disrupted normal cell division, resulting in
multinucleated HepG2 cells. This aberrant cell division was associated with the
activation of caspase-3 and the release of lactate dehydrogenase (LDH),

markers of apoptotic and necrotic cell death.

Investigating the toxicological risks of Co and Ni on aquatic organisms using the
ciliate Paramecium tetraurelia and its feeding bacteria Klebsiella planticola
revealed higher sensitivity in paramecia to Ni compared to Co, despite similar
cellular metal levels. Interestingly, combined exposure, especially under
starvation, increased toxicity in paramecia and led to higher Ni levels than with
single metal exposure. Transcriptomic analysis indicated that Co exposure
upregulated pathways involved in amino acid metabolism while Ni disrupts
inositol and phospholipid biosynthesis, with both metals causing redox stress and
impairing DNA repair mechanisms. Feeding paramecia with metal-incubated
Klebsiella resulted in increased metal accumulation and heightened toxicity,

suggesting that bacteria play a role in metal uptake within the food chain.

In conclusion, this thesis provided novel insights into the cellular alterations and
molecular mechanisms caused by Co and Ni, for further understanding of metal
stress. Exposing HepG2 cells with both metals revealed their involvement in the
activation of Nrf2 signaling pathway, affecting lipid metabolism and impairing
genomic integrity. Simultaneous treatment of both metals exacerbated these
effects, revealing a potential synergistic toxicity that underscores the importance
of studying combined metal exposures. Additionally, the study underlined the
ecological implications of Co and Ni contamination, demonstrating increased
metal uptake and toxicity in paramecia and a significant role of bacteria in metal
bioaccumulation within the food chain.
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1.1. Motivation of the thesis

The two trace elements Cobalt (Co) and Nickel (Ni) are significant in industrial
use, with advancements in a variety of applications, especially for lithium-ion
batteries, alloys, catalysts, cosmetics, pigments, and metal-on-metal (MoM) hip
implants [1,2]. Besides this, their extensive use raises significant environmental
and human health concerns caused by an overexposure. These metals
contribute to environmental contamination and human ingestion via food, water,
and occupational exposure, with notable levels found in vegetables, grains,
seafood, and nuts [1,3]. Co is an essential trace element necessary as a co-factor
in vitamin B12 and amino acid and protein formation, while Ni lacks a recognized
biological function in humans [4]. Both metals pose serious health threats,
including neurological, cardiovascular, and thyroid dysfunctions, as well as a

carcinogenic potential [5,6].

Previous studies focused mainly on individual toxicity of Co and Ni, but
simultaneous exposure is the more realistic scenario given their co-occurrence
in the environment. Literature suggests hypotheses about Co and Ni toxicity
mechanisms, revealing the role of Co generating reactive oxygen and nitrogen
species (RONS), leading to oxidative stress, cellular death, and DNA damage [7].
Similarly, Ni exposure is linked to DNA crosslinks, impaired DNA repair, and
mitochondrial dysfunction [8]. This thesis aimed to gain deeper understanding of
Co and Ni toxicity mechanisms and explore potential synergistic effects of both
metals. By combining untargeted transcriptomic analysis with analytical and
quantitative methods, the impact of Co and Ni on human liver carcinoma cells
(HepG2) and human astrocytoma cells (CCF-STTG1) was assessed, targeting
different organs affected by Co and Ni. Additionally, potential ecotoxicological
effects were investigated using the in vivo model organism Paramecium

tetraurelia, providing insights into environmental implications of Co and Ni.
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1.2. Scope of the thesis

This thesis focused on the following key points:

Development of a LC-MS/MS method for simultaneous quantification of

reduced and oxidized glutathione in different biological matrices

Comparison of two different human cancer cell lines regarding
bioavailability, oxidative stress, and cell death mechanisms caused by

individual and simultaneous treatment with Co and Ni

Further investigation of toxicity mechanisms in liver carcinoma cells
exposed to Co and Ni, combining untargeted transcriptomic analysis with

targeted analytical methods

Assessment of the genotoxic potential of single and combined Co and Ni

exposure in liver carcinoma cells

Investigation of the ecotoxicological potential of Co and Ni by assessing
the toxicity, bioavailability, and transcriptomic alterations in Paramecium

tetraurelia
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2.1. Cobalt and Nickel
2.1.1. Sources and exposure

The two trace elements Cobalt (Co) and Nickel (Ni) are widely distributed in the
environment, often found in the earth’s crust in conjunction with other elements
like copper. Major mining ores of Co and Ni are located in tropical regions, North
America, northern Siberia, and central Africa [9]. Due to their versatile chemical
properties, both metals are essential for a variety of industrial applications. They
are crucial components in lithium-ion batteries, which are increasingly important
due to the rise of electric vehicles, laptops, and smartphones [10]. Additionally,
Co and Ni are used in alloys, catalysts, and pigments [11,12]. Ni, in particular, is
widely used in the stainless-steel industry, producing kitchenware or medical
instruments [13]. The ubiquitous use of Co and Ni leads to multiple exposure
pathways. The most affected individuals are workers in mining and
manufacturing industries or residents near industrial areas with contaminated air,
water, or soil [2]. In the medical sector, Co is commonly used in hip implants,
particularly in cobalt-chromium (CoCr) alloys, due to their durability and strength
[14]. Despite these benefits, there are concerns regarding the release of metal
ions into the human body due to implant corrosion, which can lead to adverse
reactions. Consequently, patients require regular monitoring, and the use of
metal-on-metal (MoM) hip implants decreased due to the associated risks [15].
Additionally, Co has been misused in the context of doping in sports, since it can
stimulate the production of erythropoietin (EPO), which promotes the formation
of red blood cells and subsequent improves oxygen delivery to muscles. Due to
these effects and the potential serious health risks, Co is listed as a prohibited
substance by the World Anti-Doping Agency [16]. Since Ni is resistant to oxidation
and corrosion, it is commonly used in jewelry and other items with daily contact.

In the European population, approximately 8 — 19 % of adults and 8 — 10 % of



Chapter 2 — General background information

children suffer from Ni-related contact allergies and dermatitis, with a higher
prevalence among women. To limit Ni release from consumer products, the
European Union’s Nickel Directive regulates the amount of Ni released from

these items [17].

Dietary intake of these metals also contributes to exposure. Highest Co
concentrations are found in seafood (0.01 mg/kg), grains (0.01 mg/kg), nuts
(0.09 mg/kg) and green leafy vegetables (0.009 mg/kg), leading to a daily
exposure of about 0.1 — 0.5 ug/kg bw Co per day [3]. Next to this, people may
take supplements containing Co, often in form of vitamin B12, to address
deficiencies common among vegetarians, due to its primary presence in animal
products [18]. Vitamin B12 is exclusively synthesized by microorganisms, thus it
is not necessary to consume Co supplements directly, instead, active forms of
B12 are essential [19]. The recommended daily intake of vitamin B12 is
approximately 2.4 ug, containing about 0.1 pg of Co [18]. A deficiency state for
Ni in humans has not been defined [20]. Foods with high Ni content are mostly
plant-based, such as legumes, soy, and nuts (2.2 mg/kg) or cocoa (1.4 mg/kg),
and spices (1.2 mg/kg), resulting in a daily intake of about 1.57 pg/kg bw Ni for
elderly [6]. For Ni, the European Food Safety Authority (EFSA) has set a tolerable
upper intake level (UL) at 13 ug/kg bw [6]. To safeguard industrial workers from
inhalation risks associated with Co and Ni, there are established occupational

safety guidelines for both metals [21].
2.1.2. Homeostasis

Co is an essential trace element in the human body since it is a key component
of vitamin B12. This in turn is crucial for maintaining neurological and immune
functions, producing red blood cells, and synthesizing DNA [22]. Additionally, Co
acts as a cofactor in various enzymatic reactions within the cell metabolism [23].
Ni, on the other hand, does not have an established biological function in

humans. However, it is essential in archaea, bacteria, or plants and its potential
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role in human metabolism is often discussed [24]. The primary route of Co and
Ni uptake for the general population is oral intake, resulting in absorption in the
small intestine (5 — 20 % Co; 1 — 5 % Ni). Once absorbed, Co and Ni are
transported in the bloodstream [4], where both metals are mainly bound to human
serum albumin (HSA) [12,25]. Next to this, inhalation of small particles or dermal
retention through skin contact are possible pathways for metal intake [26]. Both
metals are distributed to various organs as kidney, heart, and brain, but the liver

is the main target for storage [27,28].

Co and Ni exist in several oxidation states in biological systems, ranging from -1
to +4 for Ni and +1 to +5 for Co. However, the divalent Co(ll) and Ni(ll) is the
most stable form [26,29]. Both Co and Ni belong to the same chemical group as
Fe and have a similar ionic radius (Fe: 0.77 A; Co: 0.72 A; Ni: 0.69 A), which
endows them with comparable chemical properties crucial for cellular
homeostasis [12]. However, specific mechanisms for the cellular transport of Co
and Ni are not fully understood. Discussed transporters for both metals into cells
are summarized in figure 1. One known transporter involved in Co and Ni
homeostasis is the divalent metal transporter 1 (DMT-1), a proton-coupled
transporter located on the plasma membrane and intracellularly in the nucleus
and in the outer mitochondrial membrane, suggesting these organelles contain
the highest amount of both metals [30,31]. DMT-1 can transport a variety of
divalent metals, leading to possible interferences among other metals by
competing for transport priority. It has been reported that DMT-1 has a higher
affinity for Co compared to Ni [32]. In addition, Co(lIl) and Ni(ll) may bind to the
iron transport protein transferrin, suggesting transferrin receptor 1 (TfR1) as an
option for their cellular transport [33,34]. The Zrt- and Irt-like protein family (ZIP,
SLC39A) are the main transporters of Zn [35], but especially ZIP8 and 14 are
also known to be symporters of various divalent cations, including Co and Ni
[36,37]. Additionally, the cation channel transient receptor potential melastatin

type 7 (TRPM7) is involved in homeostasis of both metals [38]. Since both metals
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are transported by the same proteins and channels within cells, which exhibit
different affinities for Co, Ni, and other metals, interactions affecting their cellular
uptake are plausible. This interplay has been investigated in more detail in
chapter 4. Knowledge about cellular storage proteins and exporters of Co and Ni

remains still elusive and has to be addressed in future studies.
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Figure 1: Schematic visualization of the transport mechanisms presumed for Co and Ni in
human cells. Both metals are imported via the same transporters followed by further distribution
into the cell compartments. This figure is partly designed using BioRender software.

2.1.3. Health effects and toxicity mechanisms
2.1.3.1. Cobalt

Long-term exposure to Co, whether through occupational settings, from failure of
MoM hip implants, or by oral intake is associated with a variety of adverse health
effects. These include cardiovascular diseases [39], thyroid dysfunction, or
neurological impacts such as cognitive impairment, or hearing and visual
disturbances [40]. Chronic dermal contact or inhalation may result in skin
sensitization [41] and respiratory issues [42]. The International Agency for
Research on Cancer (IARC) classified Co upon inhalation as possibly

carcinogenic (group 2A) [43,44]. Co exerts its health effects through several
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cellular processes. It occurs predominantly in two different oxidation states, +2
and +3, with Co(ll) being more stable under typical redox and pH conditions.
However, the possible conversion to the redox-active Co(lll) makes it important
in the generation of reactive oxygen species (ROS) from hydrogen peroxide
(H202) via Fenton-like reactions. This in excess is leading to oxidative stress
resulting in damage to for example DNA, proteins and lipids [45]. The formation
of oxidative stress and its consequences are explained more detailed in
chapter 2.2. The mitochondria are particularly vulnerable to Co toxicity, identified
by a decreased mitochondrial membrane potential, which is causing
mitochondrial dysfunction. An impaired function is associated with an altered
calcium (Ca?*) signaling, disrupted energy production and the formation of pro-
apoptotic factors [46]. Furthermore, Co acts as a hypoxia-mimicking agent by
activating hypoxia-inducible factor 1 alpha (HIF-1a) [47]. This activation triggers
the transcription of HIF-target genes involved in the promotion of tumor
development and growth [48]. Co can also substitute for other metal ions in
enzymes, resulting in their inhibition and may disrupt the cellular homeostasis of
other essential metals, thus affecting critical biological functions. For instance, it
is reported that Co may inhibit thyroid iodine uptake by binding to necessary
enzymes, such as tyrosine iodinase, necessary for the iodination of tyrosine [12].
Genotoxic effects of Co arise primarily through two mechanisms, including the
ROS generation via Fenton-like reactions and the inhibition of DNA repair
mechanisms. In vitro studies have shown that Co overexposure may lead to the
formation of strand breaks, micronuclei formation, and DNA-protein crosslinks,
as well as inhibition of DNA repair enzymes [8]. In addition, Zn ions in zinc finger
motifs of DNA repair proteins can be substituted by other metal cations such as
Co, primarily leading to their alteration and the inhibition of the nucleotide
excision repair (NER) pathway [49]. However, to date, there is no evidence to

suggest that cobalt causes cancer development through oral exposure.
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2.1.3.2. Nickel

Acute toxicity of Ni primarily arises from inhalation of dust or fumes in
occupational settings, leading to respiratory irritation and dermatitis upon skin
contact [50]. Ni compounds are classified by the IARC as group 1 carcinogens,
indicating a significant risk of lung cancer with chronic exposure [51]. Additionally,
elevated levels of Ni are associated with neurotoxicity [52], cardiovascular
diseases [53], and kidney damage [20]. Major mechanisms of Ni toxicity upon
oral exposure involve the disruption of cellular redox balance through ROS
generation, perturbing mitochondrial function or inhibiting the antioxidative
defense systems [54,55]. In addition, Ni has an impact on cellular energy
metabolism by inhibiting HIF prolyl hydroxylases, and thereby stabilizing HIF-1a.
This accumulation leads to a decreased oxygen consumption and increased
glycolysis, enhancing cell survival under anaerobic conditions [56]. Studies have
shown that Ni causes mitochondrial dysfunction by altering the membrane
potential and decreasing ATP and mitochondrial DNA concentrations [57]. Ni
toxicity also involves mechanisms that damage the DNA and disrupt cellular
repair processes. One major mechanism is the modification of nucleoside bases,
such as the formation of 8-oxodG, a process linked to elevated ROS levels [58].
Additionally, Ni exposure is also associated with DNA strand breaks, cross-links,
and the formation of DNA adducts, contributing to genetic damage. Furthermore,
Ni inhibits crucial DNA repair processes, such as NER and base excision repair
(BER). This inhibition is proposed as the main factor for the carcinogenic potential
of Ni. It was observed that the expression of BER DNA glycosylase human OGG1
(hOGG1) was decreased in the serum of nickel smelting workers, a reduction
linked to impacts such as aging, neurodegenerative diseases, and cancer [59].
Ni disrupts the NER pathway primarily through affecting the incision step by
binding to repair enzymes and preventing them from proper functioning. This
impairment of DNA damage repair mechanisms results in the accumulation of

mutations and genomic instability [60].
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2.2. Oxidative stress and cellular metabolism

The main discussed pathway of toxicity for Co and Ni is linked to oxidative stress
and its associated consequences [7,61]. This cellular state arises due to an
imbalance between the formation of ROS and their detoxification through
antioxidant defenses. Hydrogen peroxide (H202), superoxide anions (O2"), and
hydroxyl radicals ("OH) are the main molecules categorized as ROS, which can
originate from both endogenous and exogenous sources [62]. Endogenously,
ROS are natural byproducts of cellular metabolism, particularly generated during
ATP production in the mitochondrial electron transport chain (ETC) [63]. Next to
this, ROS may arise mediated by NADPH oxidases (NOX) or during drug
metabolism in the liver, maintained by cytochrome P450 enzymes [64].
Exogenous sources of ROS include stressors such as ultraviolet radiation,
dietary factors (nutrients, alcohol, drugs), and environmental pollutants as
cigarette smoke or heavy metals [64]. Metals can act as co-factors in a process
called Fenton reaction, wherein Fe(ll), for example, reacts with H>O to produce
"OH. Although this reaction is primarily associated with Fe(ll), other divalent
metals such as Co(ll) and Ni(ll) can also participate in Fenton-like reactions,
further contributing to ROS production [65]. In moderate quantities, ROS are vital
for cellular signaling and immune response. However, excessive concentrations
can severely impair cellular components. Among these is DNA damage, which
may result in mutations, lipid peroxidation impairing membrane integrity, and
protein oxidation affecting the function of proteins. Such impairments may
contribute to mitochondrial dysfunction triggering cellular death mechanisms like
apoptosis [63]. Cells possess an intricate antioxidant defense system to
counteract these harmful effects and neutralize ROS. This includes enzymatic
antioxidants like superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx), as well as non-enzymatic antioxidants such as vitamin C
and E and glutathione (GSH) [62]. However, inhibition of these antioxidative

systems leads to ROS accumulation and significantly increases the risk of

12



Chapter 2 — General background information

oxidative stress with its associated consequences. Persistent oxidative stress is
linked to a wide range of diseases, such as COPD, cardiovascular diseases,
neurodegenerative disorders as Alzheimer’'s and Parkinson’s, and cancer
development. Balancing ROS production and antioxidant defenses is therefore
crucial to maintain cellular health and prevent oxidative stress-induced

diseases [66].
2.2.1. Nrf2 signaling

In response to oxidative stress, several transcription factors are activated to
regulate gene expression across various signaling pathways. Key transcription
factors include nuclear factor erythroid 2-related factor 2 (Nrf2), activator
protein 1 (AP-1), tumor protein p53 (p53) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) [67]. Although each of them has a specific
role in cellular processes, they are linked to each other in maintaining cellular
homeostasis. One of the best-known orchestrators of the cellular stress response
is Nrf2, whose activity is tightly regulated transcriptional, post-transcriptional and
post-translational [68]. Under unstressed conditions, Nrf2 is bound in the cytosol
by Kelch like-ECH-associated protein 1 (KEAP1). This binding facilitates the
ubiquitination and subsequent degradation by Cullin 3, resulting in low basal
levels of Nrf2 [68]. Stressors like ROS or electrophiles can modify the cysteine
residues on KEAP1, followed by the release of Nrf2 and its translocation into the
nucleus. Once in the nucleus, Nrf2 forms a heterodimer with small Maf proteins
for binding to antioxidant response element (ARE), a specific DNA sequence in
the promotor regions of its target genes (figure 2) [69]. This binding initiates the
transcription of numerous genes, which are crucial for antioxidative defense,
detoxification of xenobiotics, NADPH regeneration, and heme metabolism, thus

turning Nrf2 essential for cellular homeostasis (figure 3) [68].

One of the most abundant antioxidants is GSH, whose synthesis and

regeneration is directly controlled by Nrf2, a topic that will be explored in more
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detail in the following section. Further antioxidant enzymes regulated by Nrf2 are
NAD(P)H quinone oxidoreductase 1 (NQO1), SODs, catalase, and components
of the thioredoxin-based system [70]. Nrf2 supports the regeneration of NADPH,
which is an essential cofactor for a variety of antioxidant enzymes, by positively
regulating NADPH-producing enzymes which belong to cellular pathways as
glycolysis and tricarboxylic acid (TCA) cycle [71]. Lastly, Nrf2 is involved in Fe
metabolism and storage, to prevent radical production via the Fenton reaction
and promoting the degradation of heme by heme oxygenase-1 (HMOX-1) [70].
Along with the regulation of the antioxidant response, Nrf2 is attributed further
regulatory functions in cell metabolism, as the expression of enzymes involved
in glycolysis, pentose phosphate pathway, biosynthesis of purines, and glutamine
and lipid metabolism [72]. Next to this, Nrf2 can affect the cell metabolism
indirectly through crosstalk with other transcription factors, such as activating
transcription factor 4 (ATF4) and hypoxia-inducible factor 1-alpha
(HIF-1a) [73,74]. In diseases with oxidative stress as a key pathological factor,
Nrf2 exhibits significant therapeutical potential by enhancing its activation. Apart
from that, a chronic overactivation potentially has adverse effects. High levels of
Nrf2 can promote cancer cell proliferation by inhibiting apoptosis or enhancing
glycolysis and antioxidant systems. It is also related to the establishment of a
resistance to chemotherapeutics. Therefore, cells must tightly regulate the
balance of Nrf2 activation and degradation for normal cellular function and
health [75,76].
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Figure 2: Regulation of the Nrf2 pathway under constitutive and stressed conditions in human
cells. Nrf2 is under basal levels bound to Keapl and degraded through proteasome activity.
Activation by ROS or electrophiles leads to a release by Keapl and translocation of Nrf2 into
the nucleus, binding to ARE gene sequences and initiating the transcription of antioxidative
genes. The illustration is partly designed using BioRender software and adapted from [77].
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Figure 3: Selection of Nrf2-regulated genes of different pathways in cellular metabolism. The
illustration is partly designed using BioRender software and adapted and modified from [68,78].
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2.2.2. Glutathione metabolism

GSH, composed of the three amino acids glutamate, cysteine, and glycine, is
abundant in high concentrations across all cell types. It is predominantly found in
the liver, maintaining detoxification processes, and protecting cells from oxidative
damage [79]. GSH can directly scavenge ROS by donating electrons and
converting into its oxidized form glutathione disulfide (GSSG), through a reaction
catalyzed by GPx (figure 4). Additionally, GSH facilitates the excretion of
xenobiotics in phase Il drug metabolism mediated by glutathione S-transferases
(GSTs) [80]. Maintaining adequate cellular GSH levels is therefore essential, and
the GSH/GSSG ratio is commonly used as a marker for oxidative stress and
diminished antioxidative capacity [81]. The first step of GSH synthesis is
catalyzed by glutamate-cysteine ligase (GCL) forming y-glutamylcysteine,
followed by the addition of glycine with glutathione synthetase (GSS) as the
supporting enzyme. The cellular amount of glutamine and cysteine is maintained
by the antiporter xCT (SLC7A11), transporting cystine into the cell with
simultaneous carriage of glutamate out of the cell. Imported cystine is converted
to cysteine, which subsequently contributes to GSH synthesis. Additionally,
GSSG can be regenerated back to GSH by glutathione reductase 1 (GSR), which
requires NADPH as a cofactor [80]. The expression of xCT, GSTs, GCL, GSS
and GSR1 is regulated by Nrf2, highlighting the role of this transcription factor in

antioxidant defense and the detoxification and excretion of xenobiotics [76].
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Figure 4: GSH synthesis, regulation, and antioxidative mechanisms in human cells for the
detoxification of ROS and xenobiotics. Adapted and modified from [80].

2.2.3. Biomarkers of oxidative stress

Oxidative stress markers are crucial in the assessment of the biological redox
status and disease development and progression in a toxicological context
(table 1). For direct measurement of intracellular ROS formation, a variety of
fluorescent sensors are available, including the widely used probe 2’,7’-
dichlorodihydroflurescein diacetate (DCFH-DA), the mitochondria targeted dye
MitoSOX or the H202 detecting substance Amplex Red. Additionally, there are
chemiluminescent probes or derivatization agents for analytical
measurement [82,83]. Since ROS are highly reactive metabolites, these methods
have limitations in terms of selectivity, quantification capabilities, and
susceptibility to artifacts [84]. The presence of ROS can also be determined
indirectly by measuring specific compounds that result from oxidative damage to
lipids, proteins, or DNA. Various methods are available for assessing each
biomarker, all with its own advantages and limitations. The most investigated end
products of lipid peroxidation include malondialdehyde (MDA), which can be
quantified spectrophotometrically using thiobarbituric acid (TBA) or more

specifically via high-performance liquid chromatography (HPLC) combined with
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ultraviolet (UV) or fluorescence detection (FD) [85,86]. Other markers include
4-hydroxynonenal (4-HNE) and isoprostanes [87,88]. Amino acid residues in
proteins can undergo oxidative modifications, which are partly irreversible, such
as carbonylation and nitrosylation. Carbonylated proteins are often quantified
using reagents like 2,4-dinitrophenylhydrazine (DNPH) and fluorescein-5-
thiosemicarbazide (FTC), or with an commercially available enzyme-linked
immunosorbent assay (ELISA) [89]. The most common oxidative DNA damage
focuses on the nucleic base guanin, forming 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-oxodG). The best methodology for quantification is
HPLC-MS/MS, followed by using ELISA assays [90].

Oxidative stress can also arise from an overburdened or impaired antioxidative
defense system. Alterations in key enzymes or the transcription factor Nrf2 serve
as indicators of ROS generation. The activation and translocation of Nrf2 can be
assessed through immunoblotting or immunofluorescence staining using anti-
Nrf2 antibodies [91]. Nrf2 activity can also be indirectly determined by measuring
the expression of its target genes by reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) and the corresponding protein levels via
Western blot or immunofluorescence staining. To gain a comprehensive
understanding of oxidative damage and discover novel biomarkers, gene
expression profiling through microarray, RNA-sequencing, and CHIP-seq
techniques can be employed [92]. The amount of GSH, GSSG, and their ratio
are valuable markers for assessing the redox status of an organism. In recent
years, numerous methods have been developed for quantifying these analytes.
A common approach is the enzymatic recycling assay, which is based on the
reaction of GSH with DTNB to form a chromophore that can be measured
spectrophotometrically [93]. However, this assay is limited in sensitivity and
specificity, thus chromatography-based methods have been established. These
include HPLC coupled with UV, FD or electrochemical (ECD) detection, or the

more sensitive mass spectrometric (MS) detection [81]. A detailed comparison of
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GSH and GSSG quantification methods is provided in chapter 3. In addition to
GSH, antioxidant enzymes such as SOD and GPx are crucial biomarkers for
cellular redox status. They can be investigated using immunological techniques
such as RT-qPCR for gene expression, and Western blot or immunofluorescence
staining for protein expression [94]. However, an increase in gene or protein
amount does not necessarily correlate with higher enzyme activity, thus it is
important to evaluate their function, which is primarily carried out by
spectrophotometric assays [95]. A summarized overview of biomarkers for
oxidative stress and possible methods for their assessment is provided in table 1.
Each method comes with its own advantages and limitations, thus it is essential
to combine approaches for a comprehensive overview of oxidative stress. This
includes direct ROS measurement, evaluation of damage to biomolecules, and

the analysis of cellular antioxidative defenses.
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Table 1: Summary of commonly used biomarkers for oxidative stress and possible methods
for evaluation.

—Lr e of _p_S ecific Methods
Biomarker Biomarker —_—
Intracellular Fluorescent probes: DCFH-DA; Amplex Red; MitoSOX [82]
ROS ROS formation Chemiluminescent probes: Lucigenin; Luminol [82]
LC-MS/MS: derivatization with 2,3-DHBA or 2,5-DHBA [83]
MDA Spectrophotometrically: TBARS [86]
HPLC-UV, -FD [85]
Lipid- GC-MS/MS, LC-MS/MS [88]
- 4-HNE
peroxidation Immunoassay [96]
GC-MS/MS, LC-MS/MS
Isoprostanes | [87]
mmunoassay
. . Spectrophotometrically: DNPH [97]
Prote_m Protelnl Fluorometrically: FTC [98]
oxidation carbonylation
Immunoassay [89]
Oxidative Immunoassay [90]
DNA damage  00X0dG LC-MS/MS [99]
Gene RT-qgPCR [94]
expression
Antioxidant
enzymes Protein
(SOD, CAT, expression Western blot [94]
GPx, GR)
E”Z.ane Chemiluminescent/spectrophotometric [95]
activity
Spectrophotometric enzymatic redox-cycling assay [93]
met(::::ism GS';'; (t?OSSG HPLC-UV, -FD, -ECD [100-102]
LC-MS/MS [81]
Nrf2 Western blot
: [91]
translocation Immunofluorescence
Nrf2 signaling
Nrf2 target RT-gPCR
enes Western Blot [92]
9 Immunofluorescence
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2.3. Genotoxicity and DNA damage response

Genotoxicity refers to the ability of hazardous substances to damage the genetic
information within cells, leading to genomic instability and mutations. These
genetic alterations are associated with several diseases, most notably
cancer [103]. Thus, understanding the genotoxic potential of such compounds is

crucial to estimate and mitigate risks to human and environmental health.

Organisms are continuously exposed to both endogenous and exogenous
factors that lead to more than 10,000 DNA lesions per cell each day [104]. DNA
damage refers to any alteration in the DNA structure that can cause cellular injury
and reduce cell viability [105]. Endogenous DNA damage occurs as a byproduct
of intracellular processes, including hydrolysis, alkylation, and oxidation of DNA
components. Oxidative damage to DNA bases often results in the formation of
8-oxodG, a common lesion. Additionally, DNA bases may undergo methylation,
alkylation or deamination, producing various modified bases. These
modifications are possibly leading to mismatch of DNA bases during
replication [106]. Exogenous sources of DNA damage include chemical agents,
ionizing and ultraviolet radiation, as well as environmental pollutants such as
heavy metals. These agents primarily induce the production of ROS, leading to
single- and double-strand breaks, base loss, or the formation of adducts that
impair base pairing or block DNA replication [107]. For each type of DNA damage,
cells have evolved specific mechanisms to sense and repair these damages and
to preserve genomic stability. If these damages remain unrepaired, they may lead
to persistent mutations, which contribute to the development of cancer and other
diseases [106]. The complex network of DNA damage response (DDR) is
responsible for sensing the DNA damage, coordinating repair mechanisms and,
if necessary, inducing programmed cell death (apoptosis) to eliminate severely
damaged cells. The activity and localization of DNA damage proteins are tightly
controlled by post-translational modifications, which modulate the chromatin

structure to provide docking sites for DNA repair proteins. These modifications
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include phosphorylation, ubiquitylation, sumoylation, and poly-ADP-ribosylation
(PARylation) [108]. Poly(ADP-ribose) polymerases (PARPs), particularly PARP1,
are key enzymes in the process of PARYylation, activated by single- and double-
strand DNA breaks [109]. These enzymes are responsible for the synthesis and
attachment of ADP-ribose units to glutamate, aspartate, and lysine residues on
histone and non-histone proteins or PARP1 itself, using NAD* as the substrate.
Through the formed PAR chains of approximately 200 ADP-ribose units, proteins
involved in DNA damage repair can interact non-covalently and get recruited to
damage sites [110]. After finishing this process, PAR chains are rapidly degraded
by PAR glycohydrolase (PARG) or ADP-ribosylhydrolase 3 (ARH3) [109]. This
entire cycle of PARP activation and degradation occurs within minutes, ensuring
an efficient DNA repair [111]. The choice for a DNA repair mechanism mainly
depends on the specific type of DNA damage encountered. For example, single-
strand breaks or damage to individual bases are primarily addressed by base
excision repair (BER). Mismatch repair (MMR) is typically activated to correct
base mismatches that arise during DNA replication, while bulky adducts or
crosslinks are repaired by nucleotide excision repair (NER) [112]. DNA double-
strand breaks are occurring less frequently than other lesions and are particularly
challenging to repair. The two main mechanisms for repairing double-strand
breaks are homologous recombination (HR) and non-homologous end joining
(NHEJ) [107]. Figure 5 provides an overview of common types of DNA damage,

the respective repair pathways, and the damage consequences.
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Figure 5: Simplified overview of common DNA damage, repair pathways and consequences.
Adapted and modified from [113].

2.3.1. Genotoxicity testing

Assessing genotoxicity is essential for the evaluation of the potential hazards of
several substances on human health and the environment. Thereby it is crucial
to have validated and reliable methods for the detection of DNA damage,
chromosomal stability and repair mechanisms. A commonly used technique is for
example the comet assay, also known as single-cell gel electrophoresis, which
detects DNA damage such as strand breaks and other lesions, as well as
incomplete BER. It is based on a gel electrophoresis, where the negatively
charged, damaged DNA migrates towards the anode, forming a comet-like
appearance. This can be visualized and quantified by fluorescence microscopy
after DNA staining. The extent of DNA migration correlates with the level of
damage [114]. By using the BER enzyme formamidopyrimidine DNA glycosylase
(Fpg), the comet assay can be modified for specifically detecting oxidized
purines, mainly 8-oxodG [115]. Next to this, the most used methods for detecting

the oxidative damage marker 8-oxodG are immunoassays such as ELISA or
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analytical-based methods like HPLC-ECD or HPLC-MS/MS [116]. Alkaline
unwinding (AU) is a well-established genotoxicity test for the investigation of
single-strand breaks. In principle, the amount of double-stranded DNA (dsDNA)
is determined after unwinding the DNA under alkaline conditions. By comparing
the amount of dsDNA and single-stranded DNA (ssDNA), which is formed at sites
of single-strand breaks, this DNA damage can be detected [117]. In response to
double-strand breaks, the histone 2AX becomes phosphorylated and forms
y-H2AX, a marker crucial for DNA damage repair by recruiting repair proteins.
The formed y-H2AX foci can be visualized and quantified using
immunofluorescence with specific antibodies, immunoblotting, or flow cytometry.
Therefore, y-H2AX represents an established marker for cellular double-strand
breaks [118]. The micronucleus assay is another key method for genotoxicity
testing on the chromosomal level. Micronuclei are formed from chromosomal
fragments or chromosomes, which are not incorporated during cell division,
indicating chromosomal instability and DNA damage. It is based on scoring the
micronuclei frequency in cells and can be automated using microscope-aided
systems or flow cytometry [119]. The above mentioned posttranslational
modification PARylation, which is activated by strand breaks and essential in
DDR, <can be assessed analytically using LC-MS/MS and Vvia
immunofluorescence techniques, providing insights into DNA damage related
processes [120,121]. An overview of commonly used biomarkers for genotoxicity

and possible testing methods is provided in table 2.
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Table 2: Summary of commonly used biomarkers for genotoxicity and DNA damage and
possible methods for evaluation.

Type of Biomarker Specific Biomarker Methods

Comet assay [114]
General genotoxic potential
Micronucleus test [119]
Oxidative base 8-0x0dG Immunoassay [90]
modification HPLC-MS/MS [99]
Single-strand breaks Alkaline unwinding (AU) [117]
HoAX Immunofluorescence, Immunoblotting  [118]
- Y-
Double-strand breaks Flow cytometry [122]
PARVIati Immunofluorescence (120]
ation
DNA damage response y LC-MS/MS

2.4. Testing systems

To investigate the effects of Co(ll) and Ni(ll) exposure in terms of cellular uptake,
gene regulation, changes in metabolism, and genotoxic effects, different testing
systems were employed. Two different cancer cell lines served as in vitro models,
while Paramecium tetraurelia, an in vivo model organism, was also utilized. All of
them possess the capability for Co and Ni homeostasis and are therefore suitable

models for this study.
2.4.1. Human liver carcinoma cells (HepG2)

The liver is the main organ for the distribution, storage, and excretion of
substances, making it vulnerable to the toxic effects of metals. Both Co and Ni
tend to accumulate in the liver at higher concentrations compared to other
organs, potentially impairing its function [27,28]. To investigate the possible liver
toxicity of Co and Ni, an in vitro cell culture model, the human hepatoma cell line
HepG2, was utilized. This cell line was derived from a liver biopsy of a 15-year-
old Caucasian male and is one of the most widely used cell models in
pharmacological and toxicological research. Other commonly used cell lines for

hepatotoxicity studies include Hep3B, Huh7, and HepaRG, each originated from
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different tumors [123]. While cancerous cell lines have limitations compared to
primary hepatocytes, they also offer notable advantages. These include an easy
handling, a long life span, high proliferation rates, and a stable phenotype.
HepG2 cells, in particular, have been extensively characterized over the years,
with detailed information available regarding their genome, transcriptome, and
proteome [124]. They exhibit several liver-specific functions similar to human
hepatocytes, such as synthesis of plasma proteins, cholesterol and triglyceride
metabolism, glycogen synthesis, and insulin signaling [125]. Despite this, HepG2
cells are limited in their utility in regulatory studies, primarily due to their lower
activity of cytochrome P450 and phase || metabolic enzymes [126]. Additionally,
at the transcriptome level, HepG2 cells show an upregulation of approximately
50 genes associated with cancer, distinguishing them from primary
hepatocytes [127]. Nevertheless, HepG2 cells are a valuable model for
investigating the mechanisms of Co and Ni toxicity, even if their limitations must

be considered when interpreting results.
2.4.2. Human astrocytoma cells (CCF-STTG1)

Co and Ni are present in the brain to a lesser extent compared to the liver.
However, there are several reports indicating that these metals can impair brain
function. Especially patients with MoM hip implants often exhibit elevated serum
Co levels, which have been linked to symptoms such as cognitive impairment,
hearing impairment, vision loss, and neuropathy [128]. An overexposure to Ni is
associated with neurological disorders, manifesting as headaches, giddiness,
tiredness, lethargy, and ataxia. Additionally, studies on rats reported the induction
of apoptosis in neurons as well as disrupted neurotransmitters following Ni
treatment [57]. To examine the neurotoxic effects of both Co and Ni, an
astrocytoma cell model was used. This CCF-STTG1 cell line was established
from a Grade IV astrocytoma from a 68-year-old Caucasian female [129].
Astrocytes, a type of glial cells, play crucial roles for maintaining brain health.

They are protecting neurons against oxidative stress, support neuronal
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outgrowth, maintain the blood-brain barrier, and provide precursors for
neurotransmitters. Similar to the hepatocytes, the cancerous CCF-STTG1 cells
possess several limitations, since they may not represent normal astrocyte
functions. Despite this, their easier handling, high proliferation rates und
reproducibility offer advantages compared to primary human astrocytes
[130,131].

2.4.3. Paramecium tetraurelia

The increasing presence of Co and Ni in the environment, originating from
different industrial or natural sources, raises concerns about their potential impact
on microorganisms within their ecosystems. Understanding their ecotoxicological
effects is crucial to understand the implications of metal contamination [132].
Among these microorganisms, the unicellular eukaryotic organism Paramecium
tetraurelia is attributed to the group of ciliates and offers a highly complex cellular
structure [133]. By consuming bacteria, paramecia are playing a foundational role
in the aquatic food chain. Thus, they also have the capacity to transfer
contaminants such as heavy metals to higher trophic levels [134]. In recent years,
paramecia became increasingly popular as model organisms for ecotoxicological
studies. The main approaches were related to the determination of lethal doses,
substance accumulation, and behavioral or morphological changes [135]. They
offer several advantages for toxicity testing. Due to their absence of a cell wall,
these organisms are highly sensitive to a wide range of pollutants and respond
more rapidly, thereby serving as an effective indicator of environmental
contamination [133]. Additionally, as they are single-celled organisms, they are
similar to the cell culture models part of the 3R concept (replacement, reduction,
refinement), which aims to minimize ethical concerns in animal testing. The
complete sequencing of the whole genome of P. tetraurelia enables their use in
molecular studies, including genomic, transcriptomic, and proteomic analyses.
Despite these advantages, there are some limitations, primarily due to the lack

of standard protocols for toxicity tests and laboratory procedures [134].
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Abstract:

Alterations in reduced and oxidized glutathione (GSH/GSSG) levels represent an
important marker for oxidative stress and potential disease progression in
toxicological research. Since GSH can be oxidized rapidly, using a stable and
reliable method for sample preparation and GSH/GSSG quantification is
essential to obtain reproducible data. Here we describe an optimised sample
processing combined with a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method, validated for different biological matrices (lysates from
HepG2 cells, C. elegans, and mouse liver tissue). To avoid autoxidation of GSH,
samples were treated with the thiol-masking agent N-ethylmaleimide (NEM) and
sulfosalicylic acid (SSA) in a single step. With an analysis time of 5 min, the
developed LC-MS/MS method offers simultaneous determination of GSH and
GSSG at high sample throughput with high sensitivity. This is especially
interesting with respect of screening for oxidative and protective properties of
substances in in vitro and in vivo models, e.g. C. elegans. In addition to method
validation parameters (linearity, limit of detection (LOD), limit of quantification
(LOQ), recovery, interday, intraday), we verified the method by using menadione
and L-buthionine-(S,R)-sulfoximine (BSO) as well established modulators of
cellular GSH and GSSG concentrations. Thereby menadione proved to be a

reliable positive control also in C. elegans.
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Chapter 3 - Simultaneous quantitation of oxidized and
reduced glutathione via LC-MS/ MS to study the redox state
and drug-mediated modulation in cells, worms and animal

tissue

3.1. Introduction

The tripeptide glutathione (y-glutamyl-L-cysteinylglycine, GSH) is present in all
organs with physiological intracellular concentrations in the millimolar range.
Among others, the chemical properties and relative abundance of GSH make it
well suited for acting as a conjugating agent in phase |l metabolism as well as
serving as an antioxidant in redox homeostasis. Under normal conditions, GSH
occurs mainly in its reduced form, whereas oxidative conditions lead to oxidation
of two GSH molecules, forming glutathione disulfide (GSSG) (fig. 6) [94,136].
GSH can reduce a variety of toxins such as peroxides or free radicals by acting
as an electron donor [137]. The NADPH-dependent enzyme GSH
reductase (GR) is converting GSSG back to GSH, leading to a typical
GSH/GSSG ratio of about 100:1 under physiological conditions [138].
Furthermore, electrophilic xenobiotics can be eliminated via GSH conjugation,
catalysed by GSH S-transferases [139]. A GSH deficiency is related to oxidative
stress and consequently plays a central role in the pathogenesis of several
diseases such as Diabetes mellitus, Alzheimer’s or Parkinson’s disease [79,140].
Alterations in GSH and GSSG levels or a low GSH/GSSG ratio are commonly
used as a biomarker of oxidative stress and injury in toxicological studies.
Consequently, a reliable and specific method for the quantification is needed, and
due to the low abundance, the method has to be sensitive for the quantification
of GSSG in different biological samples. A very popular and convenient technique
is the enzymatic recycling method, based on the conversion to a chromophore

after conjugation to GSH [93,141]. However, this assay lacks sensitivity and
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specificity and allows only an indirect determination of GSSG by masking of thiol
groups in the sample using 2-vinylpyridine. To overcome this limitation,
chromatography based methods have been established, including high
performance liquid chromatography (HPLC) with ultraviolet (UV) [100,142,143],
fluorescence (FD) [101,144,145] or electrochemical detection (ECD)
[102,146,147]. UV and FD mostly need time-consuming derivatization because
GSH lacks a chromophore or fluorophore. But most derivatizing agents like
5,5 -dithiobis(2-nitrobenzoic acid) (DTNB) or o-phthalaldehyde (OPA) require an
alkaline pH, which promotes auto-oxidation to GSSG [148]. UV and FD methods
are also less sensitive, compared to mass spectrometric detection (MS), and they
are not applicable for simultaneous determination of both analytes [136]. ECD
provides concurrent measurement and avoids the derivatization step, but a high
potential is needed for small analyte amounts found in GSSG, resulting in a short
lifetime of the electrode and loss of signal after a few measurements [146,149].
Among these methods, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) offers the most reliable, fast, specific, and sensitive method,

especially for small amounts of analytes and small sample sizes [150—-152].

Since GSH can be oxidized rapidly another limitation for its detection is the fast
and controlled collection, preparation, and analysis of samples. To avoid an
overestimation of GSSG, N-ethylmaleimide (NEM) provides, among others, a
potent alkylating agent for GSH conjugation. NEM prevents oxidation and
ensures the accurate quantification of GSH in form of GSH-NEM. Next to this,
NEM also inhibits the activity of GR, contributing to precise measurement of the
GSH/GSSG ratio [153]. The schematic reaction is displayed in figure 7.
Performing sample processing in acidic pH by using sulfosalicylic acid (SSA)
inhibits y-glutamyl transferase and therefore avoids the loss of GSH [154]. In
order to quantify reliable and valid GSH and GSSG concentrations, a
standardised protocol is needed for sample preparation combined with a highly

specific and sensitive measurement. Therefore, we developed a method for the
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simultaneous quantification of specifically GSH-NEM and GSSG, applicable in
different biological matrices (lysates from mammalian cells, Caenorhabditis
elegans (C. elegans), and mouse liver tissue) using LC-MS/MS, which allows the
study of their redox state and susceptibility to oxidative stress. This method offers
a rapid sample processing and analytical procedure (5 min), avoiding artefactual
GSSG formation and providing a high sample throughput. Additionally, we
validated the method by using two different positive controls, L-buthionine-(S,R)-
sulfoximine (BSO) and menadione. BSO acts as an inhibitor of
y-glutamylcysteine synthetase (y-GCS), which is the key enzyme in GSH
synthesis, leading to depleted GSH levels [102,155]. Menadione (2-methyl-
1,4-naphtoquinone, vitamin-K3) has a quinone structure and produces
intracellular semiquinone radicals upon overdosage, leading to oxidative
damage [156,157].

NADP* GSH H,O,
GSH GSH
reductase peroxidase
NADPH + H* GSSG 2H,0

Figure 6: Schematic glutathione metabolism pathway (GSH: reduced glutathione, GSSG:
oxidised glutathione, NADPH: nicotinamide adenine dinucleotide phosphate, H.O-: hydrogen
peroxide).
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Figure 7: Schematic representation of the reaction of GSH with NEM (GSH: reduced
glutathione, NEM: N-ethylmaleimide).

3.2. Materials and Methods
3.2.1. Standard solutions

N-ethylmaleimide (NEM) and GSSG (both Sigma-Aldrich) were dissolved in
bidistilled water for a 10 mM stock solution and 5 mM stock solution, respectively.
GSH-NEM standard was prepared in 10 mM NEM solution to a final
concentration of 5 mM GSH (Sigma-Aldrich). Aliquots of GSH-NEM and GSSG
were stored at -80 °C and repeated freezing and thawing of the standard

solutions should be avoided.
3.2.2. Cell culture and treatment

HepG2 cells were cultured in Eagle’s Minimum Essential Medium (MEM; Sigma
Aldrich) supplemented with 10 % fetal bovine serum (FBS; Sigma Aldrich),
2 % (v/v) penicillin/ streptomycin (Sigma Aldrich) and 1 % (v/v) non-essential
amino acids (NEA; Sigma Aldrich) at 37 °C, 100 % humidity and 5 % CO2[158].
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Subculturing was performed every second day by using 0.25 % trypsin-EDTA
(Sigma Aldrich). 5.5 x 10° cells were seeded in cell culture dishes with 6 cm
diameter and treated with 1 yM, 5 yM and 10 yM L-buthionine-(S,R)-sulfoximine
(BSO, Cayman chemical) (24 h after seeding) for 24 h or with 50 uM and 100 uM
menadione (Sigma Aldrich) (48 h after seeding) for 1 h. 100 mM stock solutions
were prepared freshly in bidistilled water (BSO) or DMSO (menadione). After the
respective incubation time, cells were detached using 0.25 % trypsin-EDTA and
washed with ice-cold PBS containing 5 % FBS before the suspension was
centrifuged at 150 x g and 4 °C for 5 min. The cell pellet was re-suspended in
ice-cold PBS and centrifuged again at 2370 x g and 4 °C for 4 min. After removing

the supernatant, the pellets were stored at -80 °C.
3.2.3. C. elegans handling and treatment

C. elegans wildtype strain Bristol N2 (WT) (obtained from Caenorhabditis Genetic
Center (CGC; University of Minnesota)) was cultivated on 8P agar plates coated
with Escherichia coli strain NA22 at 20 °C as previously described [159]. After
synchronization, L1 larvae were placed on nematode growth medium (NGM)
containing plates coated with E. coli strain OP50-I until reaching larvae stage L4.
3000 synchronous L4 stage worms per concentration were then exposed to
200 uM or 500 yM menadione for 1 h in M9 buffer with a total volume of 1 mL.
Worms were then washed three times with 85 mM NaCl + 0.01 % Tween and
pelletized by centrifugation at 380 g. Worm pellets in 100 yL M9 were directly

frozen in liquid nitrogen and stored at -80 °C.
3.2.4. Murine tissue

Murine liver tissue was obtained from C57BL6Jrj mice (Janvier). For this purpose,
the blood was taken in the course of sacrifice by means of cardiac puncture and
the liver tissue was immediately snap-frozen. Animal experiment was approved
by the Ministry of Environment, Health and Consumer Protection of the federal
state of Brandenburg, Germany (2347-44-2017).
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3.2.5. Sample preparation

For preparation of the LC-MS/MS measurement, cell pellets were re-suspended
in 300 pL freshly prepared, ice-cold extraction buffer (16 mM KH2PO4, 84 mM
KoHPO4, 8.8 mM EDTA, 2 mM NEM, 1 % Triton X-100, 0.6 % SSA) and
homogenized by using a Bead Ruptor after adding zirconia beads (biolab
products) for 20 s, four times. Worm pellets were re-suspended in 200 pL cold
extraction buffer and for mouse liver tissue ~50 mg was dissolved in 300 uL cold
buffer. For both samples, tissue disruption was started by three freeze-thaw
cycles (1 min liquid nitrogen, 1 min 37 °C water bath) followed by homogenising
four times for 20 s using the Bead Ruptor. All extracts were filtrated using Spin-X®
centrifuge tube filters (0.22 uM; Corning), centrifuged at 18620 x g, 4 °C for 5 min
and diluted if necessary (worms undiluted, HepG2 cells 1:10, liver tissue 1:400)
before LC-MS/MS analysis. An aliquot was frozen at -20 °C for protein
quantification using a standard BCA assay (Sigma-Aldrich).

3.2.6. LC-MS/MS parameters

Quantification of GSH-NEM and GSSG was performed on an Agilent 1290
Infinity Il LC System coupled to a Sciex QTrap 6500+ triple-quadrupole mass
spectrometer with an electrospray ion source in positive mode (ESI+).
Compounds were separated using a Waters Atlantis T3 column (5 ym, 2.1 x
150 mm) with a pre-column of the same material, tempered at 20 °C. Eluent A
consisted of water with 0.1 % formic acid (LC-MS grade, fisher chemicals), and
Eluent B contained acetonitrile (LC-MS grade, VWR) with 0.1 % formic acid. After
injection of 3 uL sample volume, the run with a gradient of 0 % - 35 % Eluent B
over 2 min was started, followed by 35 % - 40 % Eluent B over 1.5 min, 40 % -
100 % Eluent B over 0.5 min and a final step to 100 % Eluent A over 1 min. The
total run time was 5 min at a flow rate of 0.3 mL/ min. Samples were always
freshly prepared and stored in a cooled autosampler until measurement. The

following ion source parameters were determined for MS: entrance potential (EP)
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10.0 V; curtain gas (CUR) 40.0 psi; collision gas (CAD) medium; ion spray
voltage (IS) 4000.0 V; temperature (TEM) 550 °C; ion source gas 1 and 2 (GS1
and 2) 40.0 psi. The dwell time for both analytes was set at 35 ms. Four mass
transitions were used for multiple reaction monitoring (MRM) analysis of GSH-
NEM, whereas three mass transitions were applied for the analysis of GSSG.
The mass transitions and the respective optimised collision energy (CE), collision

cell exit potential (CXP) and declustering potential (DP) are shown in table 3.

Table 3: Parameters for detection of GSH-NEM and GSSG. Shown are the used quantifier (*)
and different qualifiers for analyte identification.

Analyte Fragmentation Collision ec:ilt"::::n(’;?al: Declustering
[m/z] energy [V] V] potential [V]
GSH 308 > 179 18 9 37
433 > 304* 20 9 22
GSH- 433 > 201 30 10 35
NEM 433 > 287 29 17 21
433 > 358 24 11 36
613 > 484~ 24 9 37
GSSG 613 > 355 32 19 37
613 > 595 26 16 35

3.2.7. Method validation

For method validation the following parameters were verified: linearity, limit of
detection (LOD), limit of quantification (LOQ), recovery, intraday and interday
variation. Linearity, LODs and LOQs, were determined in matrices of HepG2
cells, C. elegans and mouse liver tissue. The recovery, intraday and interday
were assessed with HepG2 lysate. The linearity was evaluated for GSH-NEM in
a concentration range of 0 — 10 yM and for GSSG between 0 — 200 nM. GSH-
NEM and GSSG concentrations were calculated by external calibration in the
linear range indicated above. For LOD and LOQ determination, signal-to-noise

ratios were plotted against the GSH-NEM or GSSG concentration and calculated
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as LOD = 3/slope or LOQ = 10/slope. S/N ratios were calculated using the
Multiquant Software (Sciex, Version 3.0.3). Recovery was assessed by
comparison of five samples with known GSH-NEM and GSSG concentrations
and five matrix containing samples, spiked with GSH-NEM and GSSG in defined
concentrations. To calculate the intraday variation, GSH-NEM and GSSG
concentrations in six different HepG2 samples which were pelletized, prepared,
and analysed on the same day were quantified using external calibration and
normalization to protein content. Interday variation was determined in ten
different HepG2 samples that were pelletized, prepared, and measured on
different days and calculated the same way as intraday variation. GSH-NEM and
GSSG concentrations were normalized to protein content when intra- and

interday variations were determined.
3.2.8. Statistics

Statistical analysis was performed using GraphPad Prism software 6.01
(GraphPad, La Jolla, CA, USA). Data is presented as mean + SD (cells) or SEM
(C. elegans and mouse samples) with significance depicted as *p<0.05, **p<0.01

and ***p<0.001 compared to untreated control.
3.3. Results

3.3.1. Method development for quantification of GSH-NEM and GSSG via
LC-MS/MS

The chromatographic as well as the detection conditions were optimised using
GSH-NEM and GSSG standard solutions with respect to optimal separation and
maximum sensitivity of MS detection in MRM mode. GSH-NEM standard aliquots
were prepared using newly bought and opened GSH, diluted in a NEM solution
and frozen in small aliquots at -80 °C, to avoid the observed autoxidation inside
the barrel. Every aliquot was only used once to prevent oxidation process due to
repeated freezing and thawing. Good baseline separation of the two compounds

was achieved using the reversed-phase C1g Waters Atlantis T3 column with the
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mobile phases and gradient mentioned in the materials and methods section and
a flow rate of 0.3 mL/min. The column was tempered at 20 °C, since 30 °C and
40 °C did not lead to any chromatographic improvement. The obtained retention
times were 2.81 min for GSSG and 3.26 min for GSH-NEM, with a total run time
of 5 min. For MS optimization, the ion source parameters mentioned in materials
and methods and table 3 were generated by using the Compound Optimization
software wizard (Sciex). For determination of m/z ratios of the parent ions Q1
scans were performed followed by product ion scans to identify the fragmentation
pattern. For GSH-NEM, the most abundant fragment ion (m/z 433 > 304) was
used for quantification, whereas the other three mass transitions were used as
qualifiers. Because of matrix effects, the second most intense fragment ion was
used as the quantifier for GSSG (m/z 613 > 484), and the other two mass
transitions were used as qualifiers. Representative chromatograms are displayed
in figure 8. To verify the conjugation of GSH and NEM, the mass transition of
unbound GSH (m/z 308 > 179) was measured additionally. Since GSSG is also
present double charged ([M + 2H* = 308]), the m/z 308 > 179 mentioned above
was also measured for this analyte. Because this fragmentation pathway is less
abundant, only the single charged GSSG was considered for quantification. The
chemical structures of GSH-NEM and GSSG and the respective underlying

fragmentation patterns are schematically shown in figure 9.
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Figure 8: Representative MRM chromatograms of GSH-NEM and GSSG in extraction buffer.
Four mass transitions were recorded for GSH-NEM (left panel) whereas three mass transitions
were examined for GSSG detection (right panel). Optimal collision energies for each depicted

MRM transition are given in table 3.
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Figure 9: Chemical structures of GSH-NEM [M + H+ = 433] (A) and GSSG [M + H+ = 613] (B)
with their underlying fragmentation reactions yielding the most abundant product ions.

3.3.2. Method validation

The GSH-NEM and GSSG calibration, consisting of standard solutions spiked
with lysates of HepG2, C. elegans or mouse liver tissue each, showed linearity
in the indicated ranges of GSH-NEM: 0 — 10 uM and GSSG: 0 — 200 nM with
correlation coefficients displayed in table 4. For the quantifiers, no matrix-based
interfering peaks could be observed (fig. 10). The LOD which is defined as
LOD = 3/slope of S/N ratio plotted against the respective analyte concentration,
was found at GSH-NEM concentrations of 0.61 nM in HepG2 cells, 0.20 nM in
C. elegans and 0.17 nM in mouse liver tissue, whereas the GSSG concentrations
are 0.02 nM in HepG2 cells and C. elegans and 0.01 nM in mouse liver tissue.
LOQ is defined as LOQ = 10/slope, with GSH-NEM concentrations at 2.04 nM
(HepG2), 0.67 nM (C. elegans) and 0.56 nM (mouse liver) and GSSG
concentrations at 0.06 nM (HepG2) and 0.05 nM (C. elegans and mouse liver).
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The mean recovery, expressing the remaining signal intensity after analyte loss
and/or degradation during sample preparation as well as ion suppression in ESI+
source by co-extracted matrix components, was in lysate (HepG2 cells;
5 samples) in the range of 75.7 £ 2.7 % for GSH-NEM and 90.3 + 2.0 % for GSSG
indicating satisfactory recovery of the method. Intraday accuracy in six HepG2
samples, measured on the same day, was at 10.2 % for GSH-NEM and 9.7 %
for GSSG, whereas the interday variation of eleven HepG2 samples, measured
on different days was found at 11.4 % for GSH-NEM and 13.8 % for GSSG. In
summary, the data indicate a credible and reproducible method under the

experimental conditions mentioned above.
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Figure 10: Representative MRM chromatograms of GSH-NEM and GSSG in HepG2 cells
(upper row), C. elegans (middle row) or mouse liver tissue (lower row). Only the quantifier mass
transitions are shown.
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Table 4: Method validation parameters (LOD, LOQ, linearity) for quantification of GSH-NEM
and GSSG in different matrices.

GSH-NEM GSSG
parameter HepG2 C. elegans n]ﬁ/isre HepG2 C. elegans m"?/lésre
limit of detection [nM]’ 0.61 0.20 0.17 0.02 0.02 0.01
limit of quantification [nM]?| 2.04 0.67 0.56 0.06 0.05 0.05
linearity [R?]? 0.98534 0.99927 0.99379 |0.99682 0.99690  0.99844

' defined as LOD = 3/slope of the S/N ratio plotted against the respective concentration of the
calibration.

2: defined as LOQ = 10/slope of the S/N ratio plotted against the respective concentration of the
calibration.

3. area of the analyte was plotted against the spiked concentration of the analyte in ranges of
0 - 10 uM for GSH-NEM and 0 — 200 nM for GSSG.

3.3.3. Drug-mediated modulation of GSH-NEM and GSSG in cell and worm

lysates

The developed LC-MS/MS-based method was applied to quantify GSH-NEM and
GSSG in different matrices (HepG2 cells and C. elegans) after treatment with
varying concentrations of BSO and menadione. BSO is an inhibitor of y-GCS,
which is an important enzyme in GSH synthesis in cells. Consequently, use of
BSO leads to lower GSH concentrations, which has already been shown in
different cell types, including HepG2 cells [102,155]. Menadione has a quinone
structure and can be reduced in a one-electron transfer reaction, which leads to
radical formation and subsequently among others to an oxidation of GSH to
GSSG [157]. The incubation with 1, 5 or 10 uM BSO for 24 h in HepG2 cells
resulted in a concentration-dependent reduction of both GSH-NEM and GSSG,
significantly already at 5 yM BSO. After 10 uM BSO, the GSH-NEM and GSSG
concentration decreases to 26.5 % (fig. 11A) and 11.9 % (fig. 11B), respectively,
compared to untreated cells. GSH-NEM content of HepG2 cells after 1 h

incubation with 100 yM menadione was significantly lower than that of untreated
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control (54.6 %; fig. 12A). GSSG level concurrently increased to 196.8 %
(fig. 12B) compared to control. This consequently leads to a decrease in the
GSH-NEM/GSSG ratio (fig. 12C). In C. elegans, 1 h menadione treatment did not
lead to alterations in GSH-NEM concentration (fig. 13A). GSSG level significantly
increases to 249.6 % (fig. 13B) after 500 yM menadione compared to untreated
worms, resulting in a significantly lower GSH-NEM/GSSG ratio of 0.47 + 0.11
(fig. 13C) compared to control.
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Figure 11: GSH-NEM concentration (A) and GSSG concentration (B) after 24 h BSO
(L-buthionine-(S,R)-sulfoximine) treatment in HepG2 cells, measured via LC-MS/MS and
normalized to protein amount. Data is presented as mean + SD of n = 3 independent
experiments. Statistical significance was tested by an unpaired t-test depicted as **p < 0.01:
compared to untreated control.
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Figure 12: GSH-NEM concentration (A), GSSG concentration (B) and GSH-NEM/GSSG
ratio (C) after 1 h menadione treatment in HepG2 cells, measured via LC-MS/MS and
normalized to protein amount. Data is presented as mean + SD of n = 5 independent
experiments. Statistical significance was tested by an unpaired t-test with Welch’s correction
depicted as *p < 0.05, ***p < 0.001: compared to untreated control.
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Figure 13: GSH-NEM concentration (A), GSSG concentration (B) and GSH-NEM/GSSG
ratio (C) after 1 h menadione treatment in C. elegans, measured via LC-MS/MS and normalized
to protein amount. Data is presented as mean + SEM of n = 5 independent experiments.
Statistical significance was tested by an unpaired t-test with Welch’s correction depicted as **p
< 0.01: compared to untreated control.
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3.4. Discussion

Alterations in cellular levels of GSH and GSSG are often used as a marker for
oxidative stress [160]. The aim of this study was to establish a sensitive and
reproducible LC-MS/MS method for the simultaneous quantification of GSH and
GSSG, especially applicable in different biological matrices. The fast and
optimised sample preparation, with NEM used as a thiol masking agent, prevents
the oxidation of GSH and resulting artefactual GSSG concentrations. With a total
run time of 5 min, the short HPLC method enables a high sample throughput.
The recent developments regarding sample preparation have dramatically
improved the reliability of GSH and GSSG measurements, particularly as an
indicator of oxidative stress in various types of biological samples and address a
wide range of issues that have historically contributed to erroneous estimates of
GSH and GSSG such as auto-oxidation of GSH or specificity in case of
enzymatic assays. In general, the enzymatic GSH recycling assay, originally
described by Tietze in 1969 [141] and modified by Griffith in 1980 and
Rahman et al. in 2007 [93,161], is very popular. It is based on the conjugation of
thiol groups with DTNB to form a TNB-adduct and the chromophore 5-thio-2-
nitrobenzoic acid (TNB), following back-reduction of the adduct by GR and
NADPH and a spectrophotometrically measurement of the released TNB at
412 nm, quantifying indirectly the total thiol amount. The determination of
disulfides can be provided by adding a thiol masking agent (e.g. NEM or
2-vinylpyridine (2-VP)) [162]. Analytical methods are more sensitive compared to
the enzymatic assay, which is important for low GSSG amounts or small sample
sizes. Especially MS detection provides a higher specificity, since DTNB interacts
with all thiol groups and a simultaneous determination of reduced and oxidized
thiols is not possible [163]. A variety of analytical techniques have been
developed for GSH and GSSG measurement, with HPLC methods being most
commonly used. Unlike methods quantifying via HPLC-UV or HPLC-FD, analysis

via LC-MS/MS does not need additional time-consuming derivatization
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steps [100,101,142]. Even though HPLC-UV, HPLC-FD and HPLC-ECD may be
applicable to measure GSH and GSSG in many types of samples, they are often
inadequate for the simultaneous measurement due to lack of sensitivity to
quantify GSSG as for example in C. elegans samples. Advantages and
limitations of the most commonly used GSH and GSSG determination methods

are displayed in table 5.

Since thiol moieties are highly unstable and undergo biochemical changes such
as oxidation, we enacted critical steps to obtain reliable data. We selected NEM
as a protective thiol-masking agent to prevent artefactual GSH oxidation and
inhibit GR activity. Thereby, it is important to use freshly thawed aliquots for GSH-
NEM calibration, to avoid freeze-thaw cycles and to add NEM to the extraction
buffer. Via the specific mass transition for GSH, the successful NEM conjugation
can be monitored. NEM has been used before to cell culture and blood
samples [150,152,154]. Quantification via specific mass transitions, this MS-
based method also allows the determination of a variety other GSH complexes.
Due to the instability of GSH at room temperature, the sample preparation was
completely processed on ice or at 4 °C until injection to LC-MS/MS system.
A further critical step is the pH of the extraction buffer. SSA is needed for
acidification and deproteination, to prevent an overestimation of GSSG and a
loss of GSH, as the acidic pH inhibits y-glutamyl transferase [154]. Moreover, the
presented method is characterised by its detection sensitivity and minimal
sample loading exceeding that of other MS-based methods [150,151].
Carroll et al. analysed GSH and GSSG in hematopoietic stem cells, but in
absence of a thiol masking agent like NEM [164]. Herzog et al. provided a
LC-ESI-MS/MS method for the analysis of GSH-NEM and GSSG in cultured
human fibroblasts and yeast cells, obtaining comparable LODs and LOQs for
both analytes [152]. Most of the other published LC-MS/MS-based methods are
validated for biological fluids, like blood, urine, or saliva [150,165,166]. As the

assessment of redox balance after toxicological treatment in model organisms
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such as mammalian cells or C. elegans becomes increasingly important, it is
essential to establish a reliable method for this investigation. Recently published
studies quantifying GSH in C. elegans mainly perform the non-analytical
recycling assay [167-170], with few exceptions doing HPLC-FD with OPA as
derivatizing agent [171,172]. Similar situation can be observed for GSH and
GSSG quantification in HepG2 cells, where enzymatic determination is also the
most popular method [173-176], leading to varying GSH levels due to the lack of
specificity. As we observed during method validation in Q1 scan, GSH is already
instable in the vessel and oxidizes rapidly under unmasked conditions to GSSG,
resulting in artefactual higher GSH amounts when calculated via external

calibration in the recycling assay.

The applicability of our LC-MS/MS method was verified by exposing HepG2 cells
with BSO and menadione and C. elegans with menadione, where the quantified
GSH-NEM and GSSG levels demonstrated a good reproducibility. While
exposing HepG2 cells 24 h to BSO resulted in decreased GSH-NEM and GSSG
amounts starting at 5 uM (fig. 11), menadione led to decreasing GSH-NEM levels
and concurrently increasing GSSG content, starting at 100 yM (fig. 12).
Comparable to our data, Bayram et al. observed a decreased GSH concentration
of about 50 % when incubating HepG2 cells with 5 yM BSO for 24 h, measured
with HPLC-ECD. Since electrochemical detectors require a high potential for
small analyte amounts, GSSG measurement was not performed [102].
Steinmeier et al. exposed astrocytes with various menadione concentrations,
resulting in similar effects as in HepG2 cells, as menadione-induced radicals
deplete GSH and lead to an accumulation of GSSG [157]. A decreased
GSH/GSSG ratio associated with menadione has also been observed by
Herzog et al. in human fibroblasts [152]. In C. elegans, a menadione-induced
GSSG formation could be observed, whereas the GSH-NEM amount showed no
alterations (fig. 13). Contrary to HepG2 cells, C. elegans contains significantly

less GSSG, while GSH content is comparable, resulting in different ratios.
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This indicates that a menadione-induced oxidation could cause less alteration in
GSH level than in cells, and therefore no significant reduction was observed. In
the literature GSH has not been determined after menadione treatment in C.
elegans to our knowledge; however, our results demonstrate that menadione, a
valid positive control in mammalian cells, is also potent in C. elegans. With this
short method it is now possible to determine the impact of pro- and antioxidative
substances on human cell and C. elegans in a high sample throughout. In
addition to mammalian cells and C. elegans, our developed and validated

LC-MS/MS-based method is applicable on other matrices, like mouse liver tissue.

Table 5: Advantages and limitations of commonly used GSH and GSSG quantification
methods.

Method Advantages Limitations

) . unspecific
enzymatic assay | less expensive ) o
) . ) no simultaneous determination
[93,141,161] requires little lab equipment o
indirect measurement of GSSG

HPLC-UV/FD more sensitive compared to enzymatic assay | time-consuming derivatization

[100,101,142,145] | less expensive than LC-MS/MS no simultaneous determination
no derivatization
HPLC-ECD high potential needed

simultaneous determination of GSH and

[102,146,147] rapid loss of signal
GSSG
high sensitivity and specificity

HPLC-MS/MS simultaneous determination of GSH and high costs

[150-152,164] GSSG experienced user needed

no derivatization

3.5. Conclusion

We have developed a rapid and sensitive LC-MS/MS method for a simultaneous
and reproducible quantification of GSH and GSSG in several biological matrices,
focusing on optimised sample preparation in order to avoid artefactual GSSG
levels. Due to the short measurement time of 5 min, the method is suitable for
high sample throughput with only small sample amounts required. The

combination of NEM and SSA, added directly for sample preparation, prevented
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GSSG back-reduction and resulted in precise data for both GSH and GSSG. In
addition, we validated the method using menadione and BSO in HepG2 cells,
whereas menadione proved to be a reliable positive control also in C. elegans.
This method is applicable to other matrices such as mouse liver tissue and is

also suitable for quantification of other thiols or GSH complexes.
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Abstract:

The two trace elements cobalt (Co) and nickel (Ni) are widely distributed in the
environment due to the increasing industrial application, for example in lithium-
ion batteries. Both metals are known to cause detrimental health impacts to
humans when overexposed and both are supposed to be a risk factor for various
diseases. The individual toxicity of Co and Ni has been partially investigated,
however the underlying mechanisms, as well as the interactions of both remain

unknown.

In this study, we focused on the treatment of liver carcinoma (HepG2) and
astrocytoma (CCF-STTGH1) cells as a model for the target sites of these two
metals. We investigated their effects in single and combined exposure on cell
survival, cell death mechanisms, bioavailability, and the induction of oxidative
stress. The combination of CoCl2 and NiCl. resulted in higher Co levels with
subsequent decreased amount of Ni compared to the individual treatment. Only
CoCl2 and the combination of both metals led to RONS induction and increased
GSSG formation, while apoptosis and necrosis seem to be involved in the cell
death mechanisms of both CoCl2 and NiClz. Collectively, this study demonstrates
cell-type specific toxicity, with HepG2 representing the more sensitive cell line.
Importantly, combined exposure to CoCl2 and NiClz is more toxic than single
exposure, which may originate partly from the respective cellular Co and Ni
content. Our data imply that the major mechanism of joint toxicity is associated
with oxidative stress. More studies are needed to assess toxicity after combined
exposure to elements such as Co and Ni to advance an improved hazard

prediction for less artificial and more real-life exposure scenarios.
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Figure 14: Graphical abstract of ‘Single is not combined: the role of Co and Ni bioavailability
on toxicity mechanisms in liver and brain cells’.

4.1. Introduction

The industrial application of Cobalt (Co) and Nickel (Ni) is gaining importance,
especially due to the constantly increasing use of lithium-ion batteries. Moreover,
both metals are involved in the production of alloys, catalysts, cosmetics and
pigments, as well as in the medical sector in metal-on-metal (MoM) hip
implants [1,7]. In some items such as toys and their components, Co may be
present as an impurity of the Ni-containing alloys [177]. The high spread of
products containing these metals unavoidably leads to higher environmental
pollution, resulting in increased ingestion by humans via food or drinking water
besides occupational exposure. High Co and Ni levels were found in vegetables,
grains, seafood, nuts, and cocoa as well as in acidic beverages [1,178], resulting
in chronic dietary exposure of about 0.1 — 0.5 pg/ kg bw per day for Co [3] and a
range of 1.57 pg/ kg bw Ni per day for elderly up to 14.6 ug/ kg bw per day for
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toddlers [6]. Regarding the biological role, Co is an essential trace element
occurring in organic and inorganic forms and is mainly necessary as a cofactor
in vitamin B12. Moreover, Co is important for the formation of amino acids and
proteins, for example in nerve cells. In contrast, a biological function of Ni in
higher organisms as humans is not yet established [4,26]. Due to the possibly
elevated concentrations of exposure, potential adverse human health impacts by

Co and Ni are of increasing concern.

Inhalation exposure in occupational and non-occupational contexts is a main
route for Ni and Co toxicity in the respiratory tract, in the lung, and immune
system. Both metals are confirmed to be carcinogenic upon inhalation by the
International Agency for Research on Cancer (IARC) (Co: group 2A;
Ni: group 1) [43,44,51]. However, the general exposure of humans mainly
concerns oral ingestion, which is supposed to entail a number of adverse effects,
such as neurological (e.g. lethargy, ataxia, hearing and visual impairment),
cardiovascular and thyroid dysfunction [2,5,179]. Epidemiological data from well-
conducted studies on oral exposure are very limited. However, concerns are
rising since case reports show evidence that Ni or Co exposure causes
neurological abnormalities [52,180,181]. Despite human studies are rare, several
rodent studies indicate that Ni as well as Co can disturb the neurobehavioral
functions (for Co summarized in [182]; for Ni summarized in [52]). Additionally, in
rodent studies upon oral Ni or Co administration, a decreased body weight,
changes in liver weight, and histopathological changes in the liver were observed

as well as altered liver enzymes and inflammation [183-185].

Although some studies provide evidence about underlying mechanisms of Co
and/or Ni toxicity, it is not yet fully understood at the cellular level. Exposure to
Co ions have been found to generate reactive oxygen and nitrogen species
(RONS) via Fenton-like reaction, leading to oxidative stress which is proposed to
be one of the main modes of action regarding Co-induced toxicity [7]. This in turn

can lead among others to DNA damage, like single-strand breaks or
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micronuclei [8]. Additionally, Co is able to mimic hypoxia by stabilizing hypoxia-
inducible factor (HIF), resulting in an increased erythropoietin (EPO)
synthesis [186]. Therefore, it is used by athletes as a performance enhancing
supplement and has been included into the World Anti-Doping Agency’s
prohibited list since 2015 [187]. Ni toxicity is associated with DNA crosslinks and
inhibition of DNA repair, also suggested to be induced mainly by oxidative
stress [61]. Moreover, Ni may lead to loss of mitochondrial membrane potential
and downregulation of Bcl-2, leading to enhanced apoptosis [188]. It is also
discussed to impair the transport of essential ions like calcium [11] and may lead
to enhanced EPO mRNA expression like Co [189]. Though toxicological studies
of Co and Ni exist individually, only a few studies considered the effects of

combined exposure, which is the more realistic setting.

First evidence about potential synergistic effects of dual exposure to Co and Ni
base on lung cells, but all those studies lack bioavailability data which is
mandatory for understanding the dose-response relationships of toxic
effects [190,191]. Molecular data implicate further an interaction since Co and Ni
are discussed to have some shared import transporters [4] which makes data
collection on combined toxicity even more necessary. In the human body, Co and
Ni are predominantly present in liver, kidney or heart and also in smaller
quantities in brain and pancreas [26,192]. Since the liver is the main target for
distribution and storage of metals and adverse effects on the liver have been
reported upon oral Co and Ni administration [183,185], liver carcinoma cells
(HepG2) are used as one in vitro model. A further target upon oral intake is the
brain, where Astrocytes occur to protect neurons against oxidative stress as well
as to support neurons by fostering among others their survival and neurite
outgrowth. Due to studies reporting the adverse effect of Co and Ni on brain
function, astrocytoma cells (CCF-STTG1) represent the second in vitro
model [193]. By using two different cell types which are relevant upon oral intake,

mechanisms of Co- and Ni-induced toxicity will be compared regarding organ-
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specific bioavailability and toxicity mechanisms, focusing on oxidative stress
markers and cell death mechanisms. The results of single treatment will be
compared to those of dual exposure of Co and Ni, which are applied in an

industrial relevant mixture of 6:1 (Ni:Co) [194].
4.2. Materials and Methods
4.2.1. Cell culture maintenance and treatment scenario

Human hepatocarcinoma cells (HepG2) were cultured using Eagle’s Minimum
Essential Medium (MEM; Sigma Aldrich) supplemented with 10 % fetal bovine
serum (FBS; Sigma Aldrich), 2 % (v/v) penicillin/ streptomycin (Sigma Aldrich)
and 1 % (w/Vv) non-essential amino acids (NEA; Sigma Aldrich) as described
previously [158]. The human astrocytoma cell line (CCF-STTG1) was cultivated
in RPMI 1640 medium (Sigma Aldrich), supplemented with 10 % fetal bovine
serum (FBS; Sigma Aldrich), 2 % (v/v) penicillin/ streptomycin (Sigma Aldrich)
and 1 % L-glutamine (Sigma Aldrich) [195]. Culture conditions were kept for both
cell lines at 37 °C, 100 % humidity and 5 % CO2. Sub-culturing was carried out
every second day for HepG2 cells and once a week for CCF-STTG1 cells by
using a 0.25 % trypsin-EDTA solution (Sigma Aldrich).

For treatment of Co and Ni, CoCl2 (Thermo Fischer Scientific; 99.9 %) and NiCl»
(Sigma Aldrich; 99.9 %) were dissolved in bidistilled water before the experiment.
For single metal treatment, logarithmically growing cells were incubated for 2, 6,
24 or 48 h, depending upon the experiment. Combined treatment for cytotoxicity
was performed using fixed concentrations of either Co (25 uM) or Ni (150 uM)
and varying amounts of the respective other metal. For the remaining assays,
two different combinations (HepG2: 12.5 yM Co + 75 yM Ni and 25 pM Co +
150 uM Ni; CCF-STTG1: 25 yM Co + 150 pM Ni and 100 uM Co + 600 uM Ni)

were used. All combinations were incubated simultaneously for 2, 6 or 24 h.
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4.2.2. Cytotoxicity of Co and Ni

In both cell lines, cytotoxic effects of Co and/or Ni were investigated by
determination of cell number (via Hoechst assay) and cellular metabolic activity

(via Resazurin assay).
Cell number (Hoechst assay)

For indirect determination of the cell number, the DNA intercalating dye
Hoechst 33258 (Sigma Aldrich) was used as previously described [196]. After
10 min fixation with 3.8 % formaldehyde in phosphate buffered saline (PBS), cells
were permeabilized with 0.22 % Triton™ X-100 in PBS for another 10 min and
stained with 6 pM Hoechst dye in PBS for 30 min. After washing with PBS,
fluorescence was directly measured using a Tecan microplate reader (Tecan
Infinite Pro M200; Ex.: 355 nm, Em.: 460 nm).

Cellular metabolic activity (Resazurin assay)

Investigation of metabolic activity is based on the reduction of nonfluorescent
resazurin to fluorescent resorufin by dehydrogenases of living cells as described
before [197]. Cells were incubated with 5 pyg/mL Resazurin (Sigma Aldrich) in
culture media for 3 h at 37 °C after 24 h or 48 h treatment with Co and/or Ni.
Fluorescence was detected by a Tecan microplate reader (Tecan Infinite Pro
M200; Ex.: 540 nm, Em.: 590 nm).

4.2.3. Cellular bioavailability of Co and Ni

To assess cellular bioavailability of Co and Ni, cells were seeded in 6 cm cell
culture dishes (growth area: 22.1 cm?) or 10 cm cell culture dishes (growth area:
60 cm?). After the respective incubation time, cells were pelletized using 0.25 %
trypsin-EDTA for detaching. Cell suspension was washed with ice-cold PBS
containing 5 % FBS, centrifuged at 150 x g and 4 °C for 5 min and the remaining
cell pellet was re-suspended in ice-cold PBS, followed by a second centrifugation

at 2370 x g and 4 °C for 4 min. The supernatant was removed, and cell pellets
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were stored at -80 °C until further digestion and analyses. For ICP-OES sample
preparation, pellets were resuspended in bidistilled water, homogenized using an
ultrasonic probe (20 s, cycle: 1, amplitude: 100 %; Hielscher UP100H) and dried
at 95 °C overnight. 100 pg/L Yttrium (Y) (ICP-Standard-Solution ROTI®Star, Carl
Roth) was added as internal standard and further digested in 1:1 65 % nitric acid
(Suprapur®, VWR) and 30 % hydrogen peroxide (Sigma Aldrich) at 95 °C
overnight. Ashed samples were dissolved in 2 % nitric acid and total metal
content was measured using inductively coupled plasma-optical emission
spectrometry (ICP-OES; Avio 220 Max, PerkinElmer). Verification of each
measurement was provided with Standard Reference Material® 1643f (National
Institute of Standards and Technology) and Certified Reference Material
BCR®-274 (single cell protein, Institute for Reference Materials and
Measurements), which was digested according to samples. Measurement
parameters are displayed in table 6. Obtained metal concentrations were
normalized to sample protein amount, quantified via standard BCA assay
(Sigma-Aldrich).

Table 6: ICP-OES (Avio 220 Max, PerkinElmer) measurement parameters.

parameter conditions
plasma power [W] 1500
cooling gas flow [L/min] 10.0
auxiliary gas flow [L/min] 0.2
nebulizer flow [L/min] 0.7
nebulizer MicroMist™
torch alignment axial
element wavelengths [nm] Co: 238.892; Ni: 231.604; Y: 371.029
software analysis Syngistix™
LOQ Co [pg/L] 0.6
LOQ Ni [ug/L] 3.1
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4.2.4. Inhibition of divalent metal transporter 1 (DMT-1)

To investigate the impact of DMT-1 on Co and Ni bioavailability in HepG2 cells,
the DMT-1 blocker 2 (MedChemExpress) was used [198]. For that, the inhibitor
stock solution was prepared in dimethyl sulfoxide (DMSO) and 3 uM (with a final
DMSO concentration < 1 %) of the blocker were incubated for 30 min before the
following 24 h treatment of Co and Ni. The cells were pelletized and further
prepared as mentioned above, with subsequent ICP-OES measurement to

determine the total metal content.
4.2.5. Cellular RONS level

Effects of Co and Ni on the formation of reactive oxygen and nitrogen species
(RONS) were investigated using the oxidation-sensitive fluorescent probe
6-carboxy-2',7'-dichlorodihydrofluorescein-diacetate  (carboxy-DCFH-DA) as
described in [195]. After 24 h incubation with Co and/or Ni, cells were loaded with
15 uM carboxy-DCFH-DA in cell culture medium for 20 min at 37 °C. Cells were
washed twice with warm medium and again incubated with Co and/or Ni or
100 pM tert-butylhydroperoxide (tBOOH) as a positive control. RONS generation
was monitored every hour up to 6 h using a Tecan microplate reader (Tecan
Infinite Pro M200; Ex.: 485 nm, Em.: 520 nm). Data were always normalized to a
control (dye-loaded cells without a RONS generator) of the respective time point

in order to exclude an interfering fluorescence of the matrix.
4.2.6. Cellular glutathione (GSH) and glutathione disulfide (GSSG) levels

Alterations in cellular glutathione levels after Co and Ni incubation were
determined with a liquid chromatography-tandem mass spectrometry method as

previously described [81].
4.2.7. Caspase-3 Activity and Lactate Dehydrogenase Assay

In HepG2 cells, apoptotic cell death was assessed via caspase-3 activity, while

necrotic cell death was determined by lactate dehydrogenase (LDH) release.
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Caspase-3 activity

Co- and Ni-induced caspase-3 activity was determined using the cleavage of the
substrate N-acetyl-asp-glu-val-asp-7-amino-4-trifluoromethylcoumarin
(Ac-DEVD-AFC; Enzo Life Sciences) to the fluorescent form 7-amino-4-
trifluoromethylcoumarin (AFC) as described before [196]. 30 uL of the lysed cells
were diluted in a black 96 well plate (Lumox®, Sarstedt) containing a reaction
buffer consisting of caspase buffer (50 mM PIPES, 10 mM EDTA disodium salt
dihydrate, 8 mM CHAPS; pH 7.4), 9 mM dithiothreitol (DTT) and 90 uM Ac-DEVD-
AFC substrate and then incubated at 37 °C for 3 h. Fluorescence was measured
using a Tecan microplate reader (Tecan Infinite Pro M200; Ex.: 405 nm,
Em.: 510 nm). All obtained concentrations were normalized to sample protein

amount, quantified via BCA assay (Sigma-Aldrich).
Lactate dehydrogenase release

In case of necrotic cell death, LDH is released into the medium. The released
LDH converts pyruvic acid to lactate while NADH is oxidized to NAD*. The
reduction in NADH levels was quantified photometrically as previously described
[196]. A LDH reaction buffer (0.2 mM NADH disodium salt; 10 mM pyruvic acid;
100 mM HEPES buffer; pH 7.0) was added to the lysed cells and an aliquot of
the cell culture media. Absorption was measured directly every 54 s for 50 cycles
using a Tecan microplate reader (Tecan Infinite Pro M200; 355 nm). All results
were normalized to sample protein amount, quantified via BCA assay
(Sigma-Aldrich).

4.2.8. Statistics

Statistical analysis was performed using GraphPad Prism software 6.01
(GraphPad, La Jolla, CA, USA). Data is presented as mean = SD with
significance depicted as *p<0.05, **p<0.01 and ***p<0.001 compared to
untreated control. The respective statistical test is stated in the figure caption of

the individual experiment.
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4.3. Results
4.3.1. Cytotoxicity

Since liver cells as well as brain cells are important sites of pathological changes
among Co and Ni exposed human patients or in vitro models, HepG2 and
CCF-STTG1 cells were chosen as model systems [128,199,200]. In both cell
lines, the time- and concentration-dependent cytotoxic effect of Co and Ni, as
well as the comparison of single and combined treatment was assessed.
Therefore, two assays addressing different endpoints as metabolic activity and
cell count were performed. Figure 15 shows the most sensitive endpoint
(CCF-STTG1: metabolic activity; HepG2: cell count), while a summary of all
cytotoxicity data is displayed in table 8. CCF-STTG1 cells showed a statistically
significant decrease in metabolic activity starting at 1000 uM Co after 24 h and
750 uM Co after 48 h exposure (fig. 15A) while Ni seems to be more cytotoxic
(significant decrease after 300 uM Ni; fig. 15B). In contrast, HepG2 cells are more
sensitive towards Co exposure with statistically significant reduced cell survival
after incubation of 50 uM Co or 300 uM Ni for 24 h (fig. 15C/D). After single Co
and Ni treatment, time-dependent cytotoxicity between 24 and 48 h could be
observed in HepG2 cells, and only slightly for Ni in CCF-STTG1 cells. No
enhanced cytotoxic effect of the combined treatment compared to single
incubation was observed in either cell line (fig. 15E and tab. 8), except for the
combination of 25 yM Co with 100 and 200 uM Ni in HepG2 cells (fig. 15F) and
the combination of 600 uM Ni with various Co concentrations in CCF-STTG1
cells (tab. 8).
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Figure 15: Cytotoxicity of Co and Niin CCF-STTG1 and HepG2 cell lines after 24 h (A) or48 h
() incubation time in single and combined (o) exposure. Metabolic activity was measured via
Resazurin assay (CCF-STTG1 cells) after single exposure of 0 — 1000 uM Co (A) or Ni (B). In
HepG2 cells cell count was tested using Hoechst 33258 assay after single exposure of 0 —
750 uM Co (C) or Ni (D), and after combined treatment with 150 uM Ni + varying Co
concentrations (E) or 25 uM Co + varying Ni doses (F). Data is presented as mean = SD of
n =3 independent experiments. Statistical significance was tested by an unpaired t-test
depicted as *p<0.05, **p<0.01, ***p<0.001: 24 h treatment compared to untreated control;
#p<0.05, #p<0.01: 48 h treatment compared to untreated control; ***p<0.001: combined
treatment compared to untreated control; $p<0.01: combined exposure compared to single
exposure.
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4.3.2. Cellular bioavailability of Co and Ni

To assess the impact of different exposure scenarios on cellular Co and Ni levels,
the total metal content was measured via ICP-OES. In both cell lines, a
concentration-dependent increase could be observed for both metals, while there
was no time dependence between 24 and 48 h. In direct comparison the
bioavailability of Co and Ni (single exposure) was higher in HepG2 cells as
compared to CCF-STTG1 cells. Compared to Ni, more Co was found in the cells
after the same incubation time and metal concentration, but similar amounts were
measured in both cell lines (CCF-STTG1: 1852 + 188 pg Co/ug protein and
285 + 31 pg Ni/ug protein after 24 h and 500 uM single metal exposure; HepG2:
2127 £ 214 pg Co/ug protein and 490 + 26 pg Ni/ug protein after 24 h and 500 uM
single metal exposure; fig. 16 A/B/C/D). When the HepG2 cells were incubated
with both metals in combination, a higher amount of Co was observed compared
to single incubation, while the Ni content decreased (fig. 16 E/F). In the higher
combination of 25 yM Co and 150 uM Ni, the Co content increased by 213 %
and the Ni content decreased by 66 %, while this effect was less in the lower
combination of 12.5 yM Co and 75 pM Ni (Co: increased by 151 %; Ni: decreased
by 14 %). The described effects are also present in the CCF-STTG1 cells but to
a lesser extend (fig. 44). When shorter timepoints (2 h and 6 h) were tested, the
results revealed that the described effect of elevated Co and decreased Ni levels
due to combined treatment in HepG2 cells is time-dependent with significant
changes starting at 6 h at the highest combination (25 yM Co + 150 yM Ni)
(fig. 17 A/B). When DMT-1 blocker 2 was incubated 30 min prior to 24 h Co and
Ni treatment, cellular Co levels were significantly reduced compared to treatment
without the inhibitor (fig. 17 C/D). Ni was only decreased when incubated
individually and not in combination with Co. The effect of increased Co levels
after combined incubation could also been observed after treatment with the

inhibitor, but to a lesser extent.
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Figure 16: Bioavailability of Co and Ni in CCF-STTG1 and HepG2 cells after 24 h (light grey)
or 48 h (dark grey) incubation time in single exposure and after 24 h incubation in combined
exposure. Cellular metal content was measured via ICP-OES after single exposure of 0 —
500 uM Co (A) or 0 — 600 uM Ni (B) in CCF-STTGL1 cells. In HepG2 cells metal amount was
tested after single exposure of 0 — 500 uM Co (C) or 0 — 750 uM Ni (D) and after combined
treatment with 12.5 pM Co + 75 uM Ni or 25 pM Co + 150 uM (E + F). Data is presented as
mean + SD of n = 3 independent experiments. Statistical significance was tested by an unpaired
t-test with Welch’s correction depicted as *p<0.05, **p<0.01, ***p=<0.001: single treatment
compared to combined exposure.
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Figure 17: Bioavailability of Co and Niin HepG2 cells after 2, 6 or 24 h incubation time in single
and combined exposure and after 24 h incubation when preexposed to DMT-1 blocker 2. After
2, 6, or 24 h incubation with Co and Ni individually or in combination cellular Co (A) or Ni (B)
content was measured via ICP-OES. HepG2 cells were preexposed with 3 uM DMT-1 blocker
2 for 30 min and incubated with Co and Ni individually or in combination for 24 h before
measuring again cellular Co (C) or Ni (D) amount. Data is presented as mean + SD of n 2 3
independent experiments. Statistical significance was tested by an unpaired t-test with Welch’s
correction depicted as *$p<0.05, #%p<0.01, 58p<0.001: combined treatment compared to
single exposure at the same time point; ®p<0.05, **p<0.01, *¥%p<0.001: treatment without
inhibitor compared to exposure with inhibitor.
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4.3.3. Oxidative stress markers

For the individual toxicity of Co and Ni, oxidative stress is an often-discussed
underlying mechanism [201]. Two different assays (RONS induction and GSH
oxidation) were used to investigate metal-induced oxidative stress in HepG2 and
CCF-STTGH1 cells. Both cell lines showed a RONS induction starting at 100 yM
Co, but no significant alterations could be observed upon Ni treatment. The
higher combination of both metals led to increased RONS, whereas no effects
were observed compared to the single concentration (fig. 18 A/C). Similar effects
were observed for GSSG, which started to be significantly altered at 100 uM Co
and increased by 605 % in CCF-STTG1 and 1275 % in HepG2 cells after
incubation with 500 uM Co for 24 h. Ni treatment showed no significant
alterations in GSSG content tested up to 500 uM. Compared to single treatment
of 25 yM Co or 150 yM Ni, the combination of both led to higher GSSG levels in
both cell lines, and also the combination of 100 yM Co and 600 uM Ni resulted
in elevated GSSG levels in CCF-STTG1 cells (fig. 18 B/D). Both combinations
were significantly elevated compared to single Co treatment, although no
significant changes were observed in comparison to single Ni treatment. The
GSH content remain unaffected by Co or Ni, except after incubation of 500 yM
Co or the combination of 25 yM Co and 150 uM Ni in CCF-STTGH1 cells (fig. 45).
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Figure 18: Oxidative stress markers after 24 h single and combined incubation of Co and Ni in
CCF-STTGL1 cells (A, B) and HepG2 cells (C, D). RONS induction (A, C) was investigated via
Carboxy-DCFH-DA assay, measured at different time points and cellular GSSG levels (B, D)
were quantified using LC-MS/MS. Data is presented as mean + SD of n =2 3 independent
experiments. Statistical significance was tested by an unpaired t-test with Welch’s correction
depicted as *p=<0.05, **p<0.01, ***p=<0.001: compared to untreated control.

4.3.4. Cell death mechanisms

To investigate possible cell death mechanisms, caspase-3 activity and LDH
release were assessed after 24 h Co and Ni incubation in HepG2 cells. Both
caspase-3 and LDH release were significantly induced after treatment with
concentrations exceeding 100 yM Co and 500 pyM Ni individually compared to
untreated control. The same effect was observed with the combination of 25 uM
Co and 150 yM Ni, whereas the same concentrations incubated individually

showed no alterations (fig. 19 A/B). Since Co and Ni are not cytotoxic in the tested
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concentration range in CCF-STTG1 cells, no significant changes were observed

in caspase-3 activity and LDH release (data not shown).
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Figure 19: Caspase-3 activity (AFC cleavage) (A) and LDH release (B) after 24 h incubation of
single and combined Co and Ni exposure in HepG2 cells. Data is presented as mean + SD of
n = 3 independent experiments. Statistical significance was tested by an unpaired t-test with
Welch’s correction depicted as *p<0.05, **p<0.01, ***p=<0.001: compared to untreated control.
AFC = 7-amino-4-trifluoromethylcoumarin; LDH: lactate dehydrogenase.

4.4, Discussion and Conclusions

The high spread of products containing Co and Ni unavoidably leads to higher
environmental pollution, which may result in increased ingestion by humans. Due
to the reported adverse effects of Ni and Co toxicity concerns are rising. While
most studies in literature focus on inhalation exposure scenarios, more data are
needed upon oral exposure as it is a prominent route of exposure for the general
population. Since both metals are commonly found together, identifying potential
interactions in their mechanism of transport and toxicity is essential. Several
studies have already investigated the effect of Co and Ni in single treatment in
various human cell lines, however, to our knowledge little is known about

combined exposure so far.
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Therefore, in this study the effects of Ni and Co in single and combined treatment
were addressed in human cell lines from tissues which are discussed as targets
of toxicity, and which are relevant in an exposure setting upon oral intake. HepG2
(human liver cells) and CCF-STTG1 cells (human brain cells (astrocytes)) were
chosen as model systems. In direct comparison, cytotoxicity data demonstrated
a higher sensitivity of HepG2 cells to both metals than the astrocytes. This might
be due to the different cellular metal content, which is almost doubled in the
HepG2 cells after same concentration and incubation time compared to
CCF-STTG1 cells (fig. 16). Additionally, the lower cytotoxicity compared to
HepG2 cells could be due to the high production of antioxidants [202], since
astrocytes are responsible for the protection of neurons, by maintaining the
blood-brain barrier, scavenging of RONS, and providing neurotransmitter
precursors, among other functions, making them potentially less
vulnerable [130,131]. The resistance of astrocytes against Co has also been
reported in a study comparing them to neuroblastoma cells [203], pointing out
that astrocytes may not be a sensitive target of Co toxicity in the brain. Although
Co is considered as an essential trace element, HepG2 cells appear to be more
sensitive to Co than to Ni (fig. 15 C/D). This correlates with the bioavailability
data, which indicates a nearly threefold higher Co concentration relative to Ni
under identical incubation periods and concentrations (fig. 16 C/D). In H460
human lung epithelial cells, the amount of Co was about 8-fold higher compared
to Ni content after incubation of 6 or 24 h [204]. This therefore suggests that
human cells of varying organs act differently in Co and Ni homeostasis, but Co

seems to be better bioavailable than Ni in human cells.

Since Co and Ni often occur together and are supposed to be transported into
the cell mainly via the same transporters [4], the cellular amount of Co and Ni
was assessed exposing a mixture of both metals. The chosen Ni/Co ratio of 6:1
in this study represents a ratio which is also found in industrial usage as in lithium-

ion batteries and is thereby realistic [194]. Two combinations of the 6:1 ratio
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(Ni:Co) were chosen, one with concentrations which showed no cytotoxic effects
after single treatment (HepG2: 12.5 uyM Co + 75 uyM Ni; CCF-STTG1:
25uM Co + 150 pM Ni) and a higher combination where the chosen
concentrations showed a beginning (not significant) cytotoxicity in individual
treatment (HepG2: 25 yM Co + 150 uyM Ni; CCF-STTG1: 100 uM Co + 600 yM
Ni) in the Hoechst- or Resazurin-Assay (fig. 15 C/D). Interestingly, the combined
exposure led to an increase in the cellular Co amount, while the Ni content
decreased compared to single treatment (fig. 16 E/F), indicating an interaction in
transfer mechanisms. In literature there is to our knowledge a single study in
male rats and only two in vitro studies (lung epithelial cells) exposing Co and Ni
in parallel [190,191,205]. Regarding cytotoxicity, the studies of Cross et al. and
Patel et al. carried out a synergistic cytotoxic effect after combined exposure of
different Co and Ni concentrations in lung epithelial cells [190,191]. However, we
could not observe this effect in our study. The three studies in literature
([190,191,2085]) lack bioavailability data, limiting comparison across the studies.
In other organisms (paramecia), we were recently able to identify a difference
between individual Co and Ni exposure and the combination in terms of
bioavailability and toxicity [206]. Regarding cellular transport in mammalian cells,
for both metals DMT-1 is reported to be involved upon single exposure [30,31].
Besides the plasma membrane, DMT-1 is located intracellularly in the nucleus
and on the outer mitochondrial membrane, indicating that the highest metal
concentration is found there [207,208]. Substrate selectivity was observed for the
H*-coupled DMT-1, which generally transports divalent metals, but prefers Co
more than Ni [32]. In a study investigating Ni uptake in competition with other
divalent metals in human monocytic cells (THP-1), Ni content was decreased by
Co, Mn and Zn [209]. Furthermore, a dual exposure of Co and Fe resulted in
lower Fe uptake, leading to the general assumption that there is a competitive
inhibition of DMT-1 [32]. However, the combination of Fe and Ni resulted in a
reduced Ni uptake in Caco-2 cells [210]. Since Co stabilizes HIF-1a and HIF-2q,

it is commonly used to mimic chemical hypoxia [47]. Li et al. demonstrated the
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hypoxia-inducible nature of DMT-1 and revealed a concentration-dependent
upregulation of DMT-1 expression in HepG2 cells after Co exposure, possibly
leading to elevated transport [208]. By using the DMT-1 blocker 2, we clarified
the involvement of DMT-1 in Co and Ni transport in HepG2 cells, with decreased
metal amount when incubated in combination with the inhibitor (fig. 17). However,
transport into the cells was not completely inhibited, suggesting the participation
of other transporters. Co** and Ni?* are also able to bind transferrin (Tf), thus
making transferrin receptor 1 (TfR1) an option for cellular transport as well
[33,34]. TfR1 also appears to be hypoxia-inducible, as shown by Calzolari et al.
via incubation of Co in HepG2 cells [211]. Additionally, the Zrt- and Irt-like protein
family (ZIP, SLC39A) is involved in cellular metal transport, especially of Zn [35].
Particularly ZIP8 and 14 are known to act as symporters of various divalent
cations, like Co and Ni. Nebert et al. described a reduced Zn uptake caused by
Co and Ni [37], while Co is inhibiting the transport of Fe and Mn via ZIP14 [212].
Zhao et al. reported that in HepG2 cells, ZIP14 is located in the plasma
membrane, and mRNA levels of ZIP14 are about 10 fold higher than DMT-1
MRNA copy numbers, suggesting an important role in metal transport in HepG2
cells [213]. In addition to the above mentioned transporters, the transient receptor
potential melastatin type7 (TRPM7) is involved in Co and Ni
homeostasis [38,214]. From our data we cannot point out the exact mechanism
of the observed effect after dual exposure but we could indicate first involved
mechanisms. Partlyy, DMT-1 might be involved but other mechanisms are
possible. By using the DMT-1 inhibitor, the effect of increased cellular Co and
lower Ni after combined treatment was observed to a lesser extent, suggesting
DMT-1-independet transfer is also involved. Furthermore, Ni and Co may have
different binding capacities to proteins which causes lower Ni uptake in case of
combined exposure. Both metals are mostly bound to human serum albumin
(HSA), where Co prefers an octahedral geometry at all three binding sites,

whereas Ni forms square-planar structures by binding only at two sites [24].
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Yang et al. reported an inhibited binding of Co to HSA by the addition of Ni, while

more Ni was bound compared to single metal treatment [215].

Single Co and Ni treatment led in HepG2 cells to an increased caspase-3 activity,
as well as a higher LDH release, concluding that both apoptosis and necrosis are
part of the underlying cell death mechanism. This was observed even in the
higher combination of both metals (25 uM Co + 150 yM Ni), with an enhanced
effect compared to the respective single dose. Green et al. investigated the
differences of Co and Ni regarding cell death in H460 cells, showing a partly p53
dependent and caspase mediated apoptosis and partly independent toxicity,
while Ni-induced cell death was entirely caspase-3 driven [204]. Although Ni-
induced LDH leakage, Wong et al. found that in this case it is due to a late event
of apoptosis and not caused by necrosis [216]. In HepG2 cells, the concentration-
dependent apoptosis induced by CoCl2 was associated with its ability to enhance
HIF-1a protein levels which negatively regulates the glypican-3 (GPC3)
expression [217]. Overexpression of GPC3 was found to be important in
hepatocellular carcinoma development by enhancing the resistance to
apoptosis [218]. Therefore, our findings on single treatment are clearly supported
by the current literature. Studies with parallel exposure are rare but their data
underline the findings in lung cells [190,191]. The in vitro studies suggest a
synergistic toxicity as for example Patel et al. showed an enhanced caspase-3
activity and poly(ADP-ribose) polymerase (PARP) cleavage after combined
incubation of Co and Ni compared to single treatment. They further assume that
this is a result of RONS induction and DSB formation [191]. In our study we could
also identify increased RONS in dual exposure of Co and Ni compared to single

treatment.

Lee et al. reported comparable effects to this study related to Co-induced RONS
production starting at 300 yM Co after 24 h, also in HepG2 cells [219].
Surprisingly, we found no enhanced RONS induction by Ni, although it was

reported several times before in various cell lines [179,220,221].
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In U-87 MG (human astrocytoma cells), RONS production by Ni was significantly
increased at 6 and 12 h exposure time, with the possibility they were scavenged
by cellular antioxidants after 24 h. A comparison of Co and Ni in A549 cells
showed a much lower RONS induction by Ni, compared to Co [222]. Lewis et al.
reported in THP1 monocytic cells also no RONS production after Ni treatment,
but observed a Nrf2 related redox management [223], which includes GSH
metabolism, especially via inducing y-glutamate-cysteine ligase (GCL) [224].
Both astrocytes and liver cells contain high levels of GSH, making GSH-
dependent detoxification processes important for cell protection [224,225]. GSH
mainly occurs in its reduced form but gets oxidized to GSSG while reducing
toxins like free radicals. Additionally, GSH is able to conjugate electrophilic
xenobiotics to eliminate them [81]. We observed a massive increase in GSSG
levels induced by Co consistent with the enhanced RONS levels. Surprisingly,
cellular GSH amount did not alter, assuming a higher GSH synthesis due to the
elevated oxidation. So, in summary, oxidative stress was observed for single
exposure of Co but not for Ni. Interestingly, the dual exposure of Co and Ni

causes oxidative stress in terms of RONS and GSSG.

Our presented data show differences but also concurrence and synergistic
potential in transport and toxicity mechanisms of Co and Ni, which also seem to
be cell type specific. HepG2 cells showed higher sensitivity compared to
CCF-STTG1, with Co being the more toxic metal for both cell lines. The
combination of Co and Ni did not show enhanced cytotoxicity compared to single
treatment, but the transport of Co into the cells is favored with subsequent lower
cellular amount of Ni. The two metals also seem to differ in their toxicity
mechanisms, since RONS induction and GSH oxidation were only observed with
Co. The combination of Co and Ni led to enhanced effects regarding oxidative
stress markers and cell death mechanisms compared to the respective single
incubation, assuming this may partly result due to the increased cellular Co

amount in combined treatment. Future studies are required to focus on the more
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realistic exposure scenario of mixtures which is a growing concern in order to
provide advanced hazard characterizations for risk assessments [226]. The risk
cannot be predicted from toxicity studies with single metal treatment since we do
have competition and interaction as we showed in our study, and it is always
mandatory to take bioavailability into account discussing mechanisms of toxicity.
We need to understand the underlying mechanisms applying mixtures, especially
regarding their transport and different transporter affinity, and possible synergistic

toxic potential.
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Abstract:

Cobalt (Co) and Nickel (Ni) are used nowadays in various industrial applications
like lithium-ion batteries, raising concerns about their environmental release and
public health threats. Both metals are potentially carcinogenic and may cause
neurological and cardiovascular dysfunctions, though underlying toxicity
mechanisms have to be further elucidated. This study employs untargeted
transcriptomics to analyze downstream cellular effects of individual and
combined Co and Ni toxicity in human liver carcinoma cells (HepG2). The results
reveal a synergistic effect of Co and Ni, leading to significantly higher number of
differentially expressed genes (DEGs) compared to individual exposure. There
was a clear enrichment of Nrf2 regulated genes linked to pathways such as
glycolysis, iron and glutathione metabolism, and sphingolipid metabolism,
confirmed by targeted analysis. Co and Ni exposure alone and combined caused
nuclear Nrf2 translocation, while only combined exposure significantly affects iron
and glutathione metabolism, evidenced by upregulation of HMOX-1 and iron
storage protein FTL. Both metals impact sphingolipid metabolism, increasing
dihydroceramide levels and decreasing ceramides, sphingosine and
lactosylceramides, along with diacylglycerol accumulation. By combining
transcriptomics and analytical methods, this study provides valuable insights into
molecular mechanisms of Co and Ni toxicity, paving the way for further

understanding of metal stress.
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Figure 20: Graphical abstract of ‘Transcriptomics Pave the Way into Mechanisms of Cobalt
and Nickel Toxicity: Nrf2-Mediated Cellular Responses in Liver Carcinoma Cells’.

5.1. Introduction

Metal toxicity is a significant concern in environmental and occupational health,
with cobalt (Co) and nickel (Ni) being significant contributors. Both metals find
wide-ranging applications in the manufacturing of alloys, lithium-ion batteries for
electric vehicles, and electronics, as well as essential components in catalysts or
pigments [1,2]. Despite their industrial importance, Co and Ni seem to have a
significant impact on the environmental and health, particularly in occupational
settings where exposure levels can be elevated. As their usage in industrial
processes continues to grow, environmental entry due to pollution rises, resulting

in heightened human exposure through food sources or drinking water.
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Co serves as an essential trace element primarily as a cofactor of vitamin B12
and the formation of amino acids and proteins, particularly in nerve cells. In
contrast, the biological role of Ni in humans remains elusive [4]. However,
concerns regarding potential adverse health effects from Co and Ni exposure are
rising due to their carcinogenic potential upon inhalation, as classified by the
International Agency for Research on Cancer (IARC; Co: group 2A;
Ni: group 1) [43,51]. Oral exposure to these metals may lead to various risks,
including neurological, cardiovascular, and thyroid dysfunction, but only limited
data exist and the underlying mechanisms are still not conclusively clarified [5].
Hypotheses discussed in literature and targeted studies gave first mechanistic
insights and point out the relevance of oxidative stress for both metals. Studies
indicate that Co generates reactive oxygen and nitrogen species (RONS) on the
cellular level via Fenton-like reactions, leading to oxidative stress, cell death and
DNA damage. Similarly, Ni toxicity is associated with DNA crosslinks, inhibition

of DNA repair, and mitochondrial dysfunction [7,8].

Most studies are targeted and focus on the toxicity of the individual metal.
However, the combined exposure is the more realistic exposure scenario. A first
study exposing liver carcinoma cells (HepG2) to the combination of Co and Ni
pointed out alterations in the bioavailability, leading to heightened cellular Co
levels and decreased Ni amount compared to individual treatment. Additionally,
simultaneous treatment led to enhanced effects regarding RONS-induction,
GSSG formation or cell death [227]. Although the relevance of combined
exposure to elucidate toxicity is indicated, all former studies are focusing on
specific endpoints. A transcriptomic analysis could provide a more global view of
gene expression across the entire genome, allowing comparisons between
alterations in individual and combined treatments. This untargeted approach will
allow identifying the most relevant pathways of Co and/or Ni toxicity. The
relevance of cellular responses identified by the transcriptome will be further

supported by targeted analysis quantifying specific metabolites to gain a deeper
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understanding of pathways affected in HepG2 cells. By examining individual
cellular pathways and identifying shared and distinct responses to individual and
combined Co and Ni exposure, we aim to reveal on the complex interplay

between gene regulation and cellular metabolism in metal toxicity.
5.2. Materials and Methods
5.2.1. Cell culture maintenance and treatment scenario

Human hepatocarcinoma cells (HepG2) were cultured in Eagle’s Minimum
Essential Medium (MEM; Sigma Aldrich) to which 10 % fetal bovine serum (FBS;
Sigma Aldrich), 2 % (v/v) penicillin/ streptomycin (Sigma Aldrich) and 1 % (w/v)
non-essential amino acids (NEA; Sigma Aldrich) were added, as previously
described [227]. Cells were incubated for 2 or 24 h with CoCl. (Thermo Fischer
Scientific; 99.9 %) and NiCl> (Sigma Aldrich; 99.9 %) individually or in
combination. For combined treatment of Co and Ni, two different combinations
were selected, which are applied in an industrial relevant mixture of 6:1 (Ni:Co).
The first combination, consisting of 12.5 yM Co + 75 uyM Ni, demonstrated no
cytotoxic effects when applied individually or in combination. The second, higher
combination of 25 yM Co + 150 uM Ni, exhibited initial signs of cytotoxicity,
though not statistically significant in individual and combined treatment. To
compare the effects of combined and single treatments, cells were exposed to
each concentration both together and individually. Cytotoxicity data for these

treatments were published in our previous study [227].
5.2.2. Transcriptomics

For transcriptomic analysis, cells were pelletized using 0.25 % trypsin-EDTA for
detaching, followed by washing with PBS and centrifugation at 2370 xgand 4 °C
for 4 min. After removing the supernatant, total RNA of the cell pellet was isolated
using RNeasy Plus Mini Kit which includes DNAse digestion (Qiagen). Poly-A
RNA libraries were prepared using the D-Plex mRNA-seq Kit for lllumina (Hologic

Diagenode) according to the manufacturer’s instructions with 2.5 pg total RNA as
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input for mMRNA selection and 13 PCR cycles for amplification. Libraries were
pooled and sequenced on the NovaSeq 6000 Illlumina platform. De-multiplexing,
quality trimming as well as removal of adapter-sequences and artificial
poly-A-tails were performed as described by manufacturer using the cutadapt
tool [228]. Resulting reads showed high quality, quantified by a mean per base
quality phred score of 35.8, approx. 97 % of all reads having a quality phred score
of 30 or higher (Q30) and a mean per base N content of 0.0005 % across all
samples. Reads were mapped onto the human genome (hg38) using the bowtie2
plugin for Geneious Prime 2023.2 with a mean mapping ratio of approx. 85 % of
reads across all samples mapping to annotated genes and gene expression
levels were calculated using the “calculate expression levels” function of
Geneious Prime [229]. Differences between the treatment groups were visualized
by PCA on the base of transcripts per million (TPM) expression level data using
the prcomp function and ggbiplot visualization function in R. Differentially
expressed genes (DEGs) were calculated using the DESeq2 Plugin for Geneious
Prime applying a threshold of p-value < 0.01 and log fold change >1/<-1 for DEG
characterization [230]. Comparisons were performed between treated and
untreated cells. GO Term analysis of DEGs was performed using the
geneontology.org website [231,232] which uses the PANTHER tool [233].
Sequencing data are available in the ArrayExpress database
(http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-
14292 [234].

5.2.3. Isolation of cell nuclei

To isolate cell nuclei, HepG2 cells were washed with ice-cold PBS and scratched
from cell culture plates using lysis buffer | (10 mM HEPES, 1.5 mM MgCly,
10 mM KCI, 0.5 mM DTT, 0.5 mM PMSF, 0.1 % NP-40 alternative) as described
before [235]. Samples were shaken for 3 min, 4 °C at 1300 rpm, vortexed and
shaken again for further 4 min. After centrifugation for 1 min at 4 °C and 6800 x g,

the supernatant containing the cytosolic fraction was removed and the remaining
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pellet was resuspended in lysis buffer Il (40 mM HEPES, 400 mM KCI, 10 %
glycerol, 1 mM DTT, 0.1 mM PMSF) and 294 mM NaCl followed by a sonification
step (12 s, cycle: 0.5, amplitude: 80 %; Hielscher UP100H) and centrifugation for
30 min at 4 °C at 20000 x g. The supernatant containing the nuclear fraction was
used for protein determination, quantified via standard BCA assay (Sigma-

Aldrich), and Western Blot analysis.
5.2.4. Western Blot Analysis

For Western Blot analysis, cell pellets have been processed as previously
described [236]. As primary antibodies, anti-B-actin (1:2500, ab115777, Abcam),
anti-FTH (1:500, D1D4, Cell Signaling), anti-FTL (1:500, ab69090, Abcam), anti-
HMOX-1 (1:500, sc-136960, Santa Cruz Biotechnology), anti-Lamin A (1:10000,
L1293, Sigma Aldrich) and anti-NRF2 (1:1000, D1Z9C, Cell Signaling) were
used. The secondary antibodies HRP-conjugated goat anti-mouse or goat anti-
rabbit (1:10000, Bio-Rad Laboratories) were incubated for 1 h at RT. Quantified
protein bands were normalized to B-actin (FTH, FTL, HMOX-1) or Lamin A
(NRF2).

5.2.5. Immunofluorescence staining

HepG2 cells were seeded on glass cover slips, coated with Alcian Blue 8GX®
(Sigma Aldrich). For Nrf2 staining, cells were fixed and permeabilized with PBS
containing 4 % formaldehyde (Carl Roth) and 0.2 % Triton-X™ (Sigma Aldrich),
washed with PBS and incubated 30 min at 37 °C with 5 % normal goat serum
(Life Technologies) in PBS. The primary antibody anti-NRF2 was incubated for
2 h at room temperature (1:500 in 0.5 % BSA/PBS) followed by incubation of the
second antibody Alexa Fluor® 488 goat anti-rabbit (Invitrogen) for 1 h (1:400 in
0.5 % BSA/PBS). Finally, cell nuclei were stained using 1 % Hoechst 33258 in
MeOH (Sigma Aldrich). Images were taken with the Leica DM6 B fluorescence

microscope and processed in LAS X imaging software.
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5.2.6. Iron redox speciation

To investigate the iron redox speciation, HepG2 cells were pelletized and
resuspended in RIPA buffer. Cells were lysed using an ultrasonic probe (20 s,
cycle: 1, amplitude: 100 %; Hielscher UP100H), centrifuged at 10000 x g for
10 min and the supernatant was transferred in a new tube. The samples were
shipped on dry ice to the Helmholtz Center Munich in Germany for analysis. The
speciation and quantification of Fe?*, Fe3*, and total iron were conducted using
capillary electrophoresis inductively coupled plasma mass spectrometry
(CE-ICP-MS), as previously detailed [237,238]. In brief, the analysis involved the
use of a "PrinCe 706" CE system with an uncoated capillary (85 cm x 50 um ID)
and a custom-built CE-ICP-MS interface for the selective quantification of iron
redox species at ICP-DRC (dynamic reaction cell)-MS. The DRC technology,
using NHs as the reaction gas, was employed for spectral interference-free
detection of the %°Fe isotope. Fe?'/Fe3* separation and quantification were
conducted in a 20 mM HCl-electrolyte at +25 kV separation voltage, with %Fe
isotope detection at ICP-DRC-MS. To ensure quality control, total iron was
additionally determined by ICP-sf-MS, and these values were compared to the
sum of iron species quantified by CE-ICP-DRC-MS.

5.2.7. Quantification of metabolites related to glycolysis, TCA cycle and
GSH metabolism by HPLC-MS/MS

Sample preparation was conducted and modified based on [239]. Cells were
washed with PBS and scratched off the plate using 500 pyL of 50 % methanol
(MeOH) (-20 °C), containing 0.5 mM N-ethylmaleimide (NEM) and 10 mM formic
acid (FA). Collected samples were sonicated for 20 s (cycle: 1, amplitude: 100 %;
Hielscher UP100H) and an aliquot was taken for protein measurement. After
adding 225 uL chloroform (-20 °C), samples were shaken for 10 min and then for
another 2 min after adding 75 pL bidistilled water (4 °C), followed by 20 min
incubation at -20 °C. They were centrifuged (4 °C, 9500 x g, 15 min) and 350 uL
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of the upper layer was dried using a SpeedVac. The remaining pellet was
dissolved in 50 yL 50 % ACN, centrifuged (16060 x g, 10 min) and diluted before
LC-MS/MS analysis. Isotope labelled standards (sodium L-Lactate-3,3,3-ds3
(CDN lIsotopes) and L-glutamic-2,3,3,4,4-ds acid (Sigma Aldrich)) were added as
internal standards. Metabolite quantification was performed on an Agilent 1290
Infinity Il LC System coupled to a Sciex QTrap 6500 + triple-quadrupole mass
spectrometer with an electrospray ion source operating in both positive and
negative mode. Chromatographic separation was accomplished using a Hilicon
iHilic®-Fusion column (150 x 2.1 mm, 3.5 ym) complemented by the appropriate
pre-column (20 x 2.1 mm, 5 ym). Parameters for the LC-MS/MS measurement

and mass transitions are listed in the supplementary (tab. 9 and 10).
5.2.8. Quantification of sphingolipids and diacylglycerols by HPLC-MS/MS

HepG2 cells were pelletized, washed with ice-cold PBS, and resuspended in
MeOH. Sphingolipid (SL) and diacylglycerol (DAG) extraction was performed as
previously described [240]. Briefly, 1.5 mL methanol/chloroform (2:1, v:v)
containing eight internal standards (all from Avanti Polar Lipids, Alabaster, USA),
seven for SL and one for DAG quantification (details see supplementary tables 11
and 12), was added to the samples (~1x10° cells) that were then shaken
overnight at 48 °C. Samples were worked up in two separate preparations, with
(for SL) or without (for DAG) saponification of the lipid extract. The further
procedure was analogous for both lipid classes. HPLC-MS/MS analyses were
carried out under already published instrumental conditions [240,241]. The lipid
extracts were chromatographically separated using a 1290 Infinity II HPLC
(Agilent Technologies, Waldbronn, Germany) equipped with a Poroshell 120
EC-C8 column (3.0 x 150 mm, 2.7 um; Agilent Technologies). Multiple reaction
monitoring (MRM) was performed using a 6495C triple-quadrupole mass
spectrometer (Agilent Technologies) in positive electrospray ionization mode
(ESI+). The analyzed SL and DAG species, their mass transitions as well as their

retention times are listed in supplementary tables 9 and 10. Analyte peak areas
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were normalized to those of their corresponding internal standards followed by
external calibration. Peak integration and quantification were conducted with
MassHunter Quantitative Analysis Software (version 10.1, Agilent Technologies).
SL and DAG quantities were normalized to cell count and expressed as

“pmol/1x10° cells”.
5.2.9. Statistics

Statistical analysis was performed with GraphPad Prism software 6.01
(GraphPad, La Jolla, CA, USA). Data are expressed as mean + SD, with
significance stated as *p<0.05, **p<0.01 and ***p<0.001 compared to untreated

control.
5.3. Results
5.3.1. Transcriptomic analysis derives the impact of Nrf2

A transcriptomic analysis was conducted to gain deeper insights into the toxicity
mechanisms of Co and Ni in HepG2 cells. Both metals were exposed in subtoxic
concentrations, as well as the combination of these doses, which were examined
in our previous study [227]. Principal component analysis (PCA) revealed
different gene expression patterns between the treatments compared to the
untreated control, with PC1 explaining 38.8 % variance, indicating differences
from the control, and PC2 explaining 12.7 % variance, illustrating the separation
of the different exposure scenarios (fig. 21). Fig. 21B further indicates that Co
and Ni in case of combined exposure result in a significantly higher number of
differentially expressed genes compared to individual exposure. Subsequently,
the DEGs in response to the combination (25 uM Co + 150 yM Ni) compared to
the untreated control were used for Gene Ontology (GO) term enrichment
(fig. 22). Combining both metals seems to influence a variety of molecular
functions in HepG2 cells, including the upregulation of carbohydrate metabolism,
protein binding or receptor activity. Conversely, downregulated pathways

primarily involve lipid metabolism and oxidoreductase activity. Figure 23
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highlights the connections between the most affected DEGs and their associated
metabolic pathways in response to the combined treatment of Co and Ni. Both
metals seem to have an impact on crucial cellular processes, particularly
glycolysis, iron homeostasis, and glutathione metabolism. The identified target
DEGs are connected to conserved cellular responses driven by the transcription

factor Nrf2.

40
g
T groups
C
% Co_25uM
3 Co_25uM_Ni_150uM
E‘: Mi_150uM
s wT
oq 40
O
o
1 0 n' *n
PC1 (38.8% explained var.)
combination/control combination/control
14 76 1 25
70 2
3 33 62 2 o 13
Cobalt/control Nickel/control Cobalt/control Nickel/control
upregulated DEGs downregulated DEGs

Figure 21: A) Principal component analysis (PCA plot) of PC1 and PC2, comparing the different
Co(Il) and Ni(ll) treatments and the untreated control in HepG2 cells. Individual samples of each
treatment group are highlighted by different letters. WT = untreated control. B) Venn-diagrams
showing the overlap of DEGs comparing 25 pM Co(ll), 150 puM Ni(ll) and the combination of
both treatments in HepG2 cells.
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Figure 22: Summary of over-represented GO terms related to molecular function, comparing
combined treatment (25 uM Co + 150 uM Ni) with untreated control in HepG2 cells. The x means
no significant representation. Colors display intensity of enrichment (-log10 (FDR-corrected
p-values)) with p value cutoff of 0.01. Visualization by an R-script from [242].
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Figure 23: Affected pathways (transcriptome) by Co(ll) and Ni(ll) in HepG2 cells upon 24 h
combined exposure (25 uM Co + 150 puM Ni). Genes in green font represent upregulation,
magenta font shows downregulation, and grey font indicates no alterations compared to
untreated control. More detailed data is shown in supplementary table 13. Abbreviations: GLUT
glucose transporter; HK hexokinase; G6PC glucose-6-phosphatase catalytic subunit 1; GPI
glucose-6-phosphatase isomerase; FBP fructose-bisphosphatase; ALDOA aldolase A; ENO
enolase; PKM pyruvate kinase M; LDHA lactate dehydrogenase A; PGM phosphoglucomutase;
GBE 1,4-alpha-glucan branching enzyme; G6PD glucose-6-phosphate dehydrogenase; PGD
phosphogluconate dehydrogenase; TALDO transaldolase; TKT transketolase; FTH ferritin
heavy chain; FTL ferritin light chain; FECH ferrochelatase; HMOX1 heme oxygenase 1; BLVRB
biliverdin reductase B; PDK pyruvate dehydrogenase kinase; PDH pyruvate dehydrogenase;
PCK phosphoenolpyruvate carboxykinase; CS citrate synthase; AH aconitate hydratase; IDH
isocitrate dehydrogenase; SCS succinyl-CoA synthetase; SDH succinate dehydrogenase; FH
fumarate hydratase; MDH malate dehydrogenase; ACL ATP citrate lyase; ACC acetyl-CoA
carboxylase; FASN fatty acid synthase; HMGCS HMG-CoA-synthase; HMGCR HMG-CoA-
reductase; GLUD glutamate dehydrogenase; xCT solute carrier family 7 member 11; GCL
glutamate-cysteine ligase; GSS glutathione synthetase.
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5.3.2. Nuclear translocation of Nrf2 induced by Co and Ni

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important transcription
factor for regulating cellular defense mechanisms against environmental
stressors, for detoxification of xenobiotics and for maintaining redox homeostasis
[70]. The nuclear translocation and therefore activation of Nrf2 was assessed by
quantifying the protein concentration in nuclear lysates after 2 h of treatment of
HepG2 cells with Co and Ni individually or in combination (fig. 24A). Given the
rapid activation and subsequent degradation of Nrf2, a shorter incubation time
was selected compared to the other experiments investigating the consequences
of Nrf2 activation [69]. Both metals, except of 75 uM Ni, led to elevated amounts
of nuclear Nrf2 compared to the untreated control, with 150 uM Ni showing the
strongest effect. Concurrent incubation of Co and Ni also resulted in increased
nuclear Nrf2 translocation (fig. 24A). These effects could also be demonstrated

by immunofluorescence staining against nuclear Nrf2 (fig. 24B).
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Figure 24: Nuclear Nrf2 translocation in HepG2 cells after 2 h treatment with Co(ll) and Ni(ll).
A) Protein concentration was quantified via Western Blot and normalized to Lamin A. B) Nrf2
translocation visualized by immunofluorescence staining in 63x magnification. The pictures are
processed by Leica Thunder Imager. Blue: Hoechst staining, Green: Nrf2 staining. Data is
presented as mean + SD of n = 3 independent experiments. Statistical significance was tested
by an unpaired t-test depicted as *p<0.05, **p<0.01: compared to untreated control.

87



Chapter 5 — Transcriptomics Pave the Way into Mechanisms of Cobalt and Nickel Toxicity:
Nrf2-Mediated Cellular Responses in Liver Carcinoma Cells

5.3.3. Impact on Iron Metabolism

Based on the transcriptome data, target genes of Nrf2 connected to the iron
metabolism are studied further. Transcriptomic analysis revealed an upregulation
in the gene expression of HMOX-1, FTL, FTH and BLVRB, induced by the high
Co and Ni combination (fig. 23). The higher combination of Co and Ni
(25 yM Co + 150 pM Ni) resulted in elevated protein expression of HMOX-1
compared to control (fig. 25A). HMOX-1 plays a crucial role in metabolizing the
prooxidant heme into iron and biliverdin [243]. Similarly, there was a significant
effect on the expression of the iron storage protein ferritin which was more
pronounced for FTL (fig. 25B), with a trend also observed for FTH (fig. 46). A shift
in the Fe(ll)/Fe(lll) ratio towards the divalent species is an indicator for a redox
imbalance caused by higher RONS formation within the cell [244]. After 24 h
treatment with Co and/or Ni, there were no significant alterations in this ratio,

however, a trend towards Fe(ll) was observed (fig. 25C).
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Figure 25: Impact on Fe metabolism in HepG2 cells after 24 h treatment with Co(Il) and Ni(ll).
Protein expression of A) FTL and B) HMOX-1 were quantified via Western Blot and normalized
to B-actin. C) Ratio of Fe?* and Fe*" normalized to protein content and untreated control. Data
is presented as mean + SD of n = 3 independent experiments. Statistical significance was tested
by an unpaired t-test depicted as *p<0.05, **p<0.01: compared to untreated control.

5.3.4. Glycolysis, TCA cycle, and GSH metabolism

Nrf2 is also directing the transcription of genes encoding for enzymes involved in
glycolysis, TCA cycle, and GSH metabolism, thereby influencing the synthesis of
numerous metabolites [245]. LC-MS/MS analysis revealed that Co and Ni did not
affect the glucose levels in HepG2 after 24 h treatment (fig. 26A). However, the
pyruvate content increased significantly with the higher combination (fig. 26C),
and lactate levels were enhanced across all applied Co and/or Ni concentrations

(fig. 26B). TCA cycle metabolites a-ketoglutarate and succinate showed elevated
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amounts only with the high combination (fig. 26D/E), while malate content
increased significantly with 150 yM Ni or the combination of 12.5 yM Co +
75 uM Ni (fig. 26F). All applied concentrations except for 75 pyM Ni led to
decreased glutamate levels, while glutamine was enhanced by the high
combination of Co and Ni (fig. 26 G/H). Furthermore, the cellular cysteine amount
was lower compared to control after treatment with Co or the combination of Co

and Ni, whereas Ni individually did not show this effect (fig. 261).
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Figure 26: Levels of metabolites related to glycolysis, TCA cycle and GSH metabolism in
HepG2 cells after 24 h treatment with Co(ll) and Ni(ll). Amount of A) glucose, B) lactate,
C) pyruvate, D) a-ketoglutarate, E) succinate, F) malate, G) glutamate, H) glutamine and
I) cysteine were quantified by LC-MS/MS and normalized to protein content and untreated
control. Data is presented as mean + SD of n = 3 independent experiments. Statistical
significance was tested by an unpaired t-test depicted as *p<0.05, **p<0.01, ***p<0.001:
compared to untreated control.
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5.3.5. Sphingolipids and diacylglycerols

Transcriptomic analysis also revealed an impact on sphingolipid metabolism and
diacylglycerols (DAGs) induced by Co and Ni exposure. Specifically, the
combination of both metals (25 yM Co + 150 uM Ni) led to an increased
expression of CERS1, whose encoded protein is responsible for converting
dihydrosphingosine (dhSph) to dihydroceramides (dhCer) and sphingosine (Sph)
to ceramides (Cer) (fig. 27) [246]. CERS1, which belongs to a group of six
isoforms, specifically forms dhCer or Cer species with a C18:0 fatty acid side
chain [247]. In line with this, LC-MS/MS analysis revealed increased C18:0 dhCer
levels (fig. 47A) and a trend for elevated C18:0 Cer (fig. 47B) compared to the
control after treatment with Co, Ni or a combination of both. Interestingly, all other
dhCer species measured were also highly elevated (fig. 47A), leading to
significantly increased dhCer/Cer ratios after treatment with Ni and/or Co
(fig. 28A). DhCer and Cer can be converted by sphingomyelin synthases (SGMS,
fig. 27) to dihydrosphingomyelins (dhSM) and sphingomyelins (SM), respectively.
Consequently, we also detected increased dhSM/SM ratios (fig. 28B, fig. 47C/D)
after Co and/or Ni treatment. Furthermore, Co and Ni individually and combined
resulted in a decrease in Sph (fig. 28C) as well as in lactosylceramides (LacCer)
(fig. 28D). Additionally, Co and Ni caused elevated levels of various DAG species
(fig. 28E). In particular, those representatives that have two saturated fatty acids
in the molecule (e.g. 16:0_16:0; 16:0_18:0 and 18:0_18:0) accumulated. The
effect was reduced in the case of monounsaturated DAGs (e.g. 16:0_18:1 and
18:0_18:1) and eliminated or even reversed in the case of polyunsaturated DAGs
(e.g. 18:1_18:1).
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Figure 27: Effected pathways (transcriptome) related to sphingolipid metabolism by Co(ll) and
Ni(ll) in HepG2 cells after 24 h combined exposure (25 uM Co + 150 uM Ni). Genes in green
font represent upregulation, magenta font shows downregulation, and grey font indicates no
alterations compared to untreated control. More detailed data is shown in supplementary
table 14. Abbreviations: SPT serine palmitoyltransferase; KDSR 3-ketodihydrosphingosine
reductase; CERS ceramide synthase; ASAH N-acylsphingosine amidohydrolase; DEGS
sphingolipid delta 4-desaturase; SMPD sphingomyelin phosphodiesterase; SGMS
sphingomyelin synthase; GALC galactosylceramidase; UGT8 UDP glycosyltransferase 8;
UGCG UDP-glucose ceramide glucosyltransferase; GBA glucosylceramidase; BAGALT6 beta-
1,4-galactosyltransferase 6; CERK ceramide kinase; S1PPase sphingosine-1-phosphatase;
SPHK sphingosine kinase; SGPL sphingosine-1-phosphate lyase.
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Figure 28: Quantification of A) dihydroceramides/ceramides ratio, B) dihydrosphingomyelins
/sphingomyelins ratio, C) long chain bases, D) diacylglycerols, and E) glycosylceramides after
individual or combined treatment with Co(ll) and Ni(ll) for 24 h in HepG2 cells. Sphingolipid and
diacylglycerol levels were quantified using LC-MS/MS. Data is presented as mean + SDofn =2 3
independent experiments. Statistical significance was tested using Two-way ANOVA depicted
as *p=<0.05, ***p<0.001: compared to untreated control. Abbreviations: dhCer dihydroceramides;
Cer ceramides; dhSM dihydrosphingomyelins; SM sphingomyelins; dhSph dihydrosphingosine;
Sph sphingosine; S1P sphingosine-1-phosphate; HexCer hexosylceramides; LacCer
lactosylceramides.
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5.4. Discussion and Conclusions

This study focuses on elucidating the toxicity mechanisms of Co and Ni and
exploring possible effects of their combined presence, providing insights into their
environmental and public health threats. Since Co and Ni are distributed in
tissues, in particular the liver and kidneys upon oral intake and hence are
responsible for hepatotoxicity, human liver carcinoma cells (HepG2) are applied
in this study. The untargeted transcriptomic approach allows identifying the most
relevant cellular responses in case of individual or combined exposure to Co
and Ni. The relevance of the pathways is validated and verified by further

targeted analysis.

Both Co and Ni led to a variety of differentially expressed genes when compared
to the untreated HepG2 cells, with a notable overlap in gene expression between
the two metals individually. Sun et al. investigated the effects of single Co and Ni
treatment in Japanese flounder, observing a greater number of DEGs induced by
Co, contrary to the findings in HepG2 cells where Ni triggered a larger
response [248]. Transcriptomic analysis following Co and Ni exposure in human
cell lines are limited to lung cells and monocytes and therefore barely
comparable [249,250]. In this study we demonstrated that combined treatment
resulted in considerably higher number of DEGs, suggesting possible
interactions between Co and Ni, leading to distinct gene regulation pathways
compared to individual exposure. Interestingly, the identified target DEGs merge
in cellular responses driven by the transcription factor Nrf2. Nrf2 plays a pivotal
role in regulating cellular metabolism pathways, such as iron or glutathione
homeostasis, glycolysis, TCA cycle, and lipid metabolism, thus underscoring its

significance in cellular protection and pathogenesis [251].

Under physiological conditions, Nrf2 is degraded in the cytoplasm by Kelch like-
ECH-associated protein 1 (KEAP1) and Cullin 3 [251]. Upon oxidative stress or

exposure to electrophiles, this regulatory system is disrupted, leading to the
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translocation of Nrf2 into the nucleus. This translocation of Nrf2 could be verified
in this study upon Co and Ni exposure (alone and combined). There are only few
studies reporting the Nrf2 activation in various cell lines following exposure to Co
[252,253] or Ni [223,254]. However, they are primarily focusing on individual
treatment, but lacking combined treatment or associated impacts of Nrf2
activation on cellular metabolism. The main mechanism triggering Nrf2 activation
and subsequent translocation is oxidative stress related, by modifying the
cysteine residues of KEAP1 and disrupting the KEAP1-NRF2 complex [245]. In
a recent investigation involving HepG2 cells, it was observed that Co treatment
led to an increase in RONS production, along with enhanced levels of oxidized
glutathione (GSSG). Conversely, Ni exposure did not induce any significant
alterations in these parameters [227]. Despite this, Ni led to a Nrf2 translocation,
suggesting an oxidative stress independent activation of Nrf2 by Ni. It has been
discussed that sequestosome 1 (SQSTM1), also known as p62, can bind to
KEAP1 leading to the stabilization of Nrf2 [255]. In the present study,
transcriptomic analysis revealed an upregulation of sgstm1, especially in
response to the individual treatment of Ni or the combined exposure of Co and
Ni (tab. 13). Additionally, the exposure of Ni to human lung epithelial cells resulted
in a significant upregulation in SQSTM1 protein expression [256]. Given the
differences in their stress induction, it is plausible that Co and Ni engage distinct

mechanisms in activating Nrf2 signaling pathways.

The Nrf2-regulated pathways governing iron and GSH metabolism were affected
by Co and Ni. Key proteins involved in these pathways, including HMOX-1,
GCLC, and GCLM were identified as downstream targets in a human epithelial
cell line using knockdown cells of Nrf2 and Keap1. Furthermore, it was reported
that Nrf2 expression reached its highest amount 6 h following Co treatment, while
its targets reached their maximum expression levels after 24 h
exposure [70,252]. From targeted studies investigating the toxicity of both

metals, especially Co is associated to hypoxia-inducible factor-1 (HIF-1) and
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evidence suggests an association between the HIF-1 and Nrf2 signaling
pathways, with Nrf2 downstream targets potentially acting as regulators of
HIF-1 [74,257]. Knockdown of Nrf2 revealed reduced expression of HIF-1a in
both human glioma cells and human colon cancer cells, even under hypoxic
conditions or following Co treatment as a hypoxia-mimicking agent [258,259].
Even if Co is used as a hypoxia-mimicking agent, its toxicity mechanism seems
to differ from that of physical hypoxia concerning Nrf2 signaling, particularly at
transcriptional and post-transcriptional levels. Notably, Co treatment led to
increased FTH mRNA expression in human erythroleukemia cells, whereas
incubation under hypoxia showed no alterations in iron metabolism [260]. In our
study, the combined exposure to Co and Ni resulted in elevated levels of FTL and
FTH gene- and protein expression, leading to increased iron storage capacity,
consequently preventing the potential for production of Fe3* during Fenton
reaction and radical formation. Despite Ni inducing Nrf2 activation, HMOX-1
protein expression was only increased in combined treatment with Co rather than
when Ni was exposed individually. Lewis et al. reported similar findings in human
monocytic cells treated with Ni, hypothesizing that this could result from either a
sub-threshold level of activation or a form of Nrf2 incapable to promote HMOX-1
transcription [223]. Additionally, they also noted the absence of RONS induction
which is consistent with the previous investigation in HepG2 cells [227]. In a
human bronchial epithelial cell line, Ni caused an upregulation in HMOX-1 mRNA
levels, along with elevated RONS levels. However, it is important to consider that
the cells were exposed to a notably higher Ni concentration, which complicates
direct comparison [261]. The two amino acids cysteine and glutamate, which are
components of GSH, were decreased by Co and Ni, measured via LC-MS/MS.
Transcriptomic analysis revealed an increased expression of GCLC and GCLM,
induced by both Co and Ni, catalyzing the initial step of GSH synthesis. Following
treatment with Co alone or in combination with Ni, HepG2 cells showed elevated
GSSG levels. Notably, the GSH amount remained unchanged with both metals,

indicating more GSH synthesis and direct oxidation [227]. Nrf2 also regulates
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transport and metabolism of glutamine, essential for GSH synthesis as it is
converted to glutamate via the catalysis of glutaminase [70]. Upon combined
treatment with Co and Ni, HepG2 cells exhibited elevated glutamine levels,
indicating heightened transport into the cell likely driven by increased demand for
glutamate. Across various cancer cell lines, it was observed that Nrf2 activation
heightened the dependency on exogenous glutamine, primarily directed towards
GSH synthesis [262,263]. Notably, Nrf2 plays a role in the expression of the
glutamine transporter SLC1A5, as evidenced in a study using Keap7-mutant
cells [264]. Next to this, glutamate is also indirectly involved in GSH synthesis by
serving as an exchange molecule for cystine transporter SLC7A11 (also known
as xCT), which is positively regulated by Nrf2 [265]. Enhanced expression of
SLC7A11 was observed after combined treatment with Co and Ni in HepG2 cells.
Enhanced glutamate secretion limited its availability for the TCA cycle or other
pathways [262]. The effects of Co and Ni on TCA cycle metabolites
a-ketoglutarate, succinate, or malate, showed only a slight increase, indicating
that this pathway may not be the main route of toxicity for Co and Ni in cellular
metabolism. Nrf2 enhances glycolysis by increasing the glucose import and
inducing the expression of key enzymes along the glycolytic pathway [251].
Particularly under hypoxic conditions, cells prioritize converting most of the
glucose to lactate rather than utilizing it in oxidative phosphorylation [266].
Treatment with Co and Ni resulted in increased lactate levels compared to
untreated HepG2 cells, indicating heightened conversion of pyruvate to lactate,
thus ensuring cellular energy supply. Lactate production is catalyzed by lactate
dehydrogenase A (LDHA), which is notably enhanced in tumor growth and
increased cell proliferation. Knockdown of Nrf2 in breast cancer cells led to a
decrease in LDHA protein expression, correlating with reduced expression of
HIF-1a [267].
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Cellular metabolism of bioactive sphingolipids is highly regulated by a variety of
enzymes, contributing to essential cellular functions such as cell growth, cell
cycle regulation, cell death, inflammation, response to stress stimuli, and
autophagy [268]. A previous metabolomic study in liver cells pointed out an
impact especially of Co on the sphingolipid metabolism and synthesis [269]. The
accumulation of dhCer, an intermediate in the de novo synthesis of Cer, is
discussed to be stimulated by hypoxia or oxidative stress [270]. In mouse
embryonic fibroblasts, knockdown of dihydroceramide desaturase 1 (DEGS1)
resulted in elevated levels of dhCer and dhSM, while Cer, SM, Sph, and LacCer
were decreased [271]. Similar results were observed in this study in HepG2 cells
following treatment with Co and Ni in HepG2 cells, with more intense effects after
combined incubation. Exposing different breast cancer cell lines to hypoxia
resulted in DEGS1 inhibition with concurrent increase of dhCer [272], suggesting
that Co and Ni may inhibit DEGS1 through their hypoxia-mimicking properties.
The accumulation of dhCers is associated with altered bioenergetics, notably
evidenced by decreased ATP/AMP ratios [271]. This alteration is believed to
activate AMPK, which in turn stimulates autophagy through the activation of
ULK1/2 [273]. Hernandez-Tiedra et al. revealed the link between an increased
dhCer/Cer ratio and autophagy-mediated apoptosis in human glioma cells [274].
An association between AMPK and Nrf2 signaling pathways is, among others,
given by the earlier mentioned p62, which interacts with KEAP1 to activate Nrf2.
Elevated levels of p62, in turn, facilitate AMPK-mediated activation of ULK [275].
Both ULK1/2 and p62 are overexpressed in HepG2 cells treated with Ni
individually or in combination with Co (tab. 13). In contrast to their less abundant
saturated analogs (dhSM), SM are major components of biological membranes.
Both sphingolipid subclasses have different effects on membrane fluidity; SM
favors it, while dhSM increases membrane rigidity [276]. An increase in the
cellular dhSM/SM ratio, as observed in this study after Co and/or Ni treatment,
could facilitate the formation of assemblies in SM-rich lipid domains, which could

play an important role in membrane-related biological processes [277].
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Various pathways facilitate the intracellular formation of DAGs, including their
production during triacylglycerol and phospholipid biosynthesis, or as a
byproduct in the SM synthesis using Cer and phosphatidylcholine catalyzed by
sphingomyelin synthase [278,279]. Exposure of Co and Ni individually and
combined to HepG2 cells resulted in an increase of intracellular DAG levels.
Lakatos et al. demonstrated in mesenchymal stromal cells that DAG content was
elevated under hypoxic conditions and in the presence of Co as a hypoxia-
mimicking agent. Inhibiting phosphatidylcholine-specific phospholipase C and
sphingomyelin synthase reduced DAG levels under hypoxia, suggesting that
increased DAGs result from enhanced enzyme activity [280]. Accumulation of
DAGs is associated with the activation of protein kinase C (PKC) and their
translocation to membranes [279]. This activation leads to the phosphorylation of
various enzymes, including Nrf2, which is subsequently stabilized for

translocation into the nucleus [281].

In conclusion, this study delves into the toxicity mechanisms of Cobalt (Co) and
Nickel (Ni), shedding light on their individual and combined effects on cellular
metabolism. Transcriptomic analysis provided a comprehensive understanding
of gene regulation pathways impacted by both metals in HepG2 cells, revealing
both shared and distinct responses. Notably, Co and Ni showed a synergistic
effect, resulting in a significantly higher number of differentially expressed genes
compared to individual exposure. Especially the activation of the Nrf2 signaling
pathway seems to play an important role in cellular response to Co and Ni
exposure. Additionally, alterations in sphingolipid metabolism and diacylglycerol
accumulation underscore the complex cellular responses induced by these
metals. Combining transcriptomic analysis and analytical methods provide an
important and unconventional approach to gain insights into the intricate interplay

between gene regulation and cellular metabolism underlying metal toxicity.
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Abstract:

The usage of Cobalt (Co) and Nickel (Ni) in numerous commercial, industrial,
and military applications causes a widespread exposure nowadays, and
concerns are rising about adverse impacts on human health. Emphasis is on the
respiratory system with both metals classified as (possibly) carcinogenic upon
inhalation by the International Agency for Research on Cancer (IARC), but limited
data are available upon oral exposure. Therefore, this study aims to evaluate the
in vitro genotoxicity of Co and Ni and their combination in HepG2 cells, since
exposure of those environmental pollutants occurs realistically in concert and.
Here, Co exposure led to the induction of single-strand breaks and oxidative DNA
damage detected by Comet assay as FPG-sensitive sites, while Ni increased the
expression of y-H2AX, an indicator for double-strand breaks. Notably, combined
exposure to Co and Ni resulted in enhanced DNA damage especially on the
chromosomal level with an increased formation of micronuclei as well as
polynucleated cells, indicating a synergistic effect. Furthermore, both metals
induced the DNA damage response pathway PARylation. As this process
involves the consumption of large amounts of cellular NAD* after DNA damage,
the energy state was assessed upon exposure with Co and Ni. Current data
indicate that especially Co altered the cellular energy state. This study reveals
distinct mechanisms of DNA damage exhibited by Co and Ni, which were
enhanced after combined treatment. This highlights the need for further research
to estimate the genotoxic potential to target cells upon oral intake with their

increasing environmental entry.
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Chapter 6 — Genotoxicity Assessment of Co(ll) and Ni(ll) in
HepG2 Cells: Insights into Combined Metal Exposure

6.1. Introduction

Cobalt (Co) and Nickel (Ni) are trace elements with significant industrial
applications, ranging from the production of lithium-ion batteries to their use in
alloys, catalysts, and pigments [11,12]. Despite their utility, both metals pose
environmental and human health threats, especially in occupational settings. Due
to the increasing industrial use of Co and Ni, their environmental presence has
heightened, subsequently increasing human exposure through food and drinking
water. Upon inhalation, both metals have been classified by the IARC as
carcinogenic (Co: group 2A, Ni: group 1) [43,282]. While their carcinogenic
potential through inhalation is well-documented, their genotoxic potential upon
oral exposure remains less explored, although bioavailability has been
shown [227]. Given that Co and Ni may enter the human body via ingestion,

understanding their genotoxic potential is crucial.

Co serves as a cofactor for vitamin B12 and is important for the formation of
amino acids and proteins, particularly in nerve cells, turning it into an essential
trace element in the human body [23]. Conversely, the biological role of Ni in
humans is not clearly established, even if it is often discussed [4]. Exposure to
both metals is associated with the development of various adverse health effects,
including neurological, cardiovascular, and thyroid dysfunctions [2,179]. Co
exerts its health effects through several cellular processes, primarily due to its
ability to generate reactive oxygen species (ROS) via Fenton-like reactions,
leading to oxidative stress and an imbalance in cellular glutathione
metabolism [227]. This in turn may lead to damage to DNA, proteins, and
lipids [45]. There is strong evidence that Co(ll) ions caused DNA damage after in
vitro exposure in human cells. DNA damage, like strand breaks, was reported

after cobalt chloride treatment in several human cell lines including diploid
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fibroblasts, mononuclear leukocytes, HepG2 cells, H460 lung epithelial cells, and
T-cells. Further evidence that Co compounds cause chromosomal damage
comes primarily from studies using human lymphocytes or lung fibroblast cells
(summarized in [283]). Additionally, genotoxic effects of Co may arise from an
inhibition of DNA repair mechanisms [8]. Excessive uptake of Ni is linked to
mitochondrial dysfunction by altering the membrane potential, decreasing ATP
and mitochondrial DNA concentrations [57]. The published genotoxicity data
confirm that Ni(ll) ions induce DNA damage in vitro as DNA strand breaks,
particularly single-strand breaks. However, the genotoxicity of Ni is likely due to
indirect effects including inhibition of DNA repair and ROS production. In addition,
chromatin changes may occur following dysregulation of signaling pathways and

alteration of the epigenetic landscape [6].

Most research to date has focused on the individual toxicity of Co and Ni,
primarily using human lung cell lines and human lymphocytes [284-280].
However, combined exposure represents a more realistic scenario, as both
metals are frequently occurring together in the environment and in industrial
products. Furthermore, the oral route of exposure is relevant for the general
population with the liver as target organ. Preliminary studies have shown that
simultaneous exposure to Co and Ni in liver carcinoma cells (HepG2) results in
altered cellular metal amount combined with enhanced effects regarding
oxidative stress markers and cell death mechanisms compared to single metal
incubation [227]. These findings suggest interactions between these metals
which need to be further investigated. Therefore, this study aims to evaluate the
genotoxic potential of Co and Ni (single and combined) using HepG2 cells, by
examining the nuclear metal uptake, the DNA damage pattern and damage
response. Understanding these interactions will provide crucial insights into
potential health risks associated with environmental and occupational exposure

to these metals.
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6.2. Materials and Methods
6.2.1. Cell culture maintenance and treatment scenario

Human hepatocarcinoma cells (HepG2) were grown in Eagle's Minimum
Essential Medium (MEM; Sigma Aldrich) containing 10 % fetal bovine serum
(FBS; Sigma Aldrich), 2 % (v/v) penicillin/streptomycin (Sigma Aldrich) and
1 % (v/v) non-essential amino acids (NEA; Sigma Aldrich) as described
earlier [227]. Sub-culturing was carried out every second day and growth
conditions were maintained at 37 °C, 100 % humidity and 5 % CO2. Cells were
treated with CoCl2 (Thermo Fischer Scientific; 99.9 %) and NiCl2 (Sigma Aldrich;

99.9 %), dissolved in water, individually or in combination.
6.2.2. Isolation of cell nuclei and cytosolic fraction

To extract cell nuclei from cytosolic fraction, HepG2 cells were detached from
culture plates using lysis buffer |, which consists of 10 mM HEPES, 1.5 mM
MgCI2, 10 mM KCI, 0.5 mM DTT, 0.5 mM PMSF, and 0.1% NP-40 alternative,
following a previously described protocol [235]. Samples were shaken for 3 min
at 1300 rpm and another 4 min after being vortexed. Cytosolic and nuclear
fraction were separated by centrifugation (6800 x g, 1 min, 4 °C) and the cytosolic
fraction (supernatant) was collected in a new tube. The remaining pellet was
resuspended in lysis buffer Il (40 mM HEPES, 400 mM KCI, 10% Glycerol,
1 mM DTT, 0.1 mM PMSF) with additional 294 mM NacCl, sonicated for 12 s
(cycle: 0.5, amplitude: 80%, Hielscher UP100H) and centrifuged again
(20000 x g, 30 min, 4 °C). The resulting supernatant contains the nuclear
fraction. An aliquot from both fractions was collected for protein quantification via
standard BCA assay (Sigma-Aldrich).

106



Chapter 6 — Genotoxicity Assessment of Co(ll) and Ni(ll) in HepG2 Cells: Insights into
Combined Metal Exposure

6.2.3. Quantification of metal amount

Quantification of metal amount in cytosolic and nuclear fraction was assessed
using inductively coupled plasma-optical emission spectrometry (ICP-OES; Avio
220 Max, PerkinElmer). Samples were prepared and measured as previously
described [227].

6.2.4. Measurement of single-strand breaks via alkaline unwinding

To assess DNA damage in terms of single-strand breaks, the alkaline unwinding
assay was utilized as described before [287]. HepG2 cells were exposed to Co
and Ni, followed by treatment with 1.5 mL of alkaline unwinding buffer
(0.9 M NaCl, 0.01 M Na2HPO4, 0.03 M NaOH) for 30 min. This process was
stopped by adding 0.1 M HCI to neutralize the solution to pH 6.8. Samples were
then sonicated for 15 s (cycle: 1, amplitude: 100%, Hielscher UP100H), and SDS
was added to a final concentration of 0.075 %. Single- and double-stranded DNA
were separated at 60 °C using a hydroxyapatite column. Single-stranded DNA
eluted with 0.15 M potassium phosphate buffer, while double-stranded DNA was
eluted using 0.35 M potassium phosphate buffer. The amount of DNA in each
fraction was quantified by Hoechst 33258 staining (7.5 x 10°” M) and fluorescence
measurement using a Tecan microplate reader (Tecan Infinite Pro M200;
Ex.: 355 nm, Em.: 460 nm).

6.2.5. Measurement of double-strand breaks (y-H2AX)

y-H2AX were measured by Western Blot analysis. The principle is described in
[236] with slight modifications. After 24 h Co and Ni exposure, cells were
pelletized and lysed in ice cold RIPA buffer in combination with sonification using
an ultrasonic probe (6 s, amplitude: 100 %, cycle: 0.5). Protein amounts from
10 pug were denaturized with 5x Laemmli buffer (12.5 % B-mercaptoethanol (v/v),
10 % SDS (w/v), 50 % Glycerol (v/v), 0.2 M Tris (pH 6.8), 0.625 % bromophenol
blue) were applied for SDS-PAGE. Protein transfer on a PVDF blotting

membrane (0.45 PVDF Amersham™ Hybond™, GE Healthcare life science) via
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tank blotting (Bio-Rad Laboratories Inc.) was verified using 0.2 % Ponceau
staining. After blocking membranes in 3 % (w/v) BSA in 1x Tris buffered saline
containing 0.1 % (v/v) Tween® 20 (T-TBS) for 1 h at RT, primary antibodies diluted
in blocking solution were incubated at 4 °C over night. Recombinant anti-B-actin
(1:25000, anti-3-Actin-Peroxidase antibody, mouse monoclonal, A3854, Sigma
Aldrich), anti-phospho-Histone H2AX (Ser139) antibody, clone JBW301 (1:2000,
Sigma Aldrich) were used as primary antibodies. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody (1:1000, Bio-Rad Laboratories Inc.) was
incubated as secondary antibodies for 1 h at RT. Chemiluminescence detected
with Clarity™ Western ECL Substrate (Bio Rad Laboratories Inc.). Protein bands
were quantified using Bio-Rad Image Lab software and normalized to B-actin as

loading control.
6.2.6. Alkaline comet assay

Alkaline Comet Assay was performed as described previously [158]. In particular,
cells were seeded in a 12 well plate (3.66 cm? per well). After 24 h incubation,
cells were trypsinised and counted with an automatic cell counter (Casy TTC).
20 mL of a cell solution containing 2 x 108 cells per mL were mixed with 180 mL
of 0.5 % (w/v) low melting point agarose and 45 mL of the mixture were subjected
on a slide pre-coated with 1.5 % of normal melting point agarose. Cell suspension
was covered with a cover glass and was kept at 4 °C. After removal of the cover
glass, slides were kept in a lysis solution (0.1 % Triton X-100), dimethyl sulfoxide
and 89 % of the lysis buffer (10 mM Tris, 2.5 M NaCl and 100 mM Na2EDTA,;
pH 10) for 1 h at 4 °C. In case for Fpg sensitive sites, slides were washed 3 times
in cold Fpg buffer (40 mM Hepes, 100 mM KCI, 0.5 mM EDTA, 0.2 mg/mL BSA,
pH 8) and were incubated with the Fpg enzyme (LOT 110240L, New England
Biolabs) diluted 1:10,000 for 30 min at 37 °C. Afterwards, slides were placed into
the electrophoresis chamber (electrophoresis buffer: 300 mM NaOH and 1 mM
Na:EDTA; pH 13) for DNA unwinding at 4 °C. After exactly 20 min,

electrophoresis was started for 20 min at 25 V and 300 mA at 4 °C. Slides were
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neutralized with 0.4 M Tris buffer (pH 7.5) for 5 min and then fixed for 5 min in ice
cold methanol. Slides were stained with 20 uL of Gel red/Dabco solution and
blinded before analyzing with the fluorescence microscope (Leica DM 2000 LED,
Wetzlar, Germany). Two hundred randomly selected cells (100 per replicate
slide) for each incubation were observed by semi-automated image analysis
software (Comet IV™, Perceptive Instruments, UK). Percentage of DNA in tail

was used to quantify DNA damage.
6.2.7. Micronucleus analysis

As biological marker of chemical-induced genotoxicity on chromosomal level the
micronucleus assay was shown to be suitable and is recently fixed as OECD
guideline as SOP [288]. To investigate the induction of micronuclei and
multinucleated cells, in this study HepG2 cells were seeded in 12 well plates
(3.66 cm? per well) on Alcian blue coated glass coverslips. Cytochalasin B was
not used, due to its toxicity on the cells and due to possible interferences with
incubated test compound. After 24 h, cells were incubated with the respective
CoCl; alone or in combination with NiClz for 24 h. Then cells were directly fixed
on those coverslips with an ice-cold fixation solution (90 % methanol/10 % PBS,
—-20°C) for 10 min and air-dried at room temperature. Staining was proceeded
with acridine orange (125 mg/L in PBS) for 90 s, and finally analyzed by
fluorescence microscopy (Leica DM5500 B). Slides were blinded and, at least
1000 cells were counted and categorized in mononucleated, binucleated, and

multinucleated cells as well as cells with and without micronuclei.
6.2.8. Quantification of poly(ADP-ribosyl)ation (PAR) levels via LC-MS/MS

Briefly, HepG2 cell pellets were dissolved in 225 yL 0.5 M KOH, incubated at
37 °C for 50 min using a thermoshaker and centrifuged for 10 min at 13300 x g.
Samples were neutralized with 50 yuL 4.8 M MOPS and an aliquot was collected
for DNA measurement via Hoechst assay. Further sample preparation was

carried out as described previously [120]. Quantification of PAR levels were
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conducted on an Agilent 1290 Infinity Il LC System coupled to a Sciex QTrap
6500+ triple-quadrupole mass spectrometer with an electrospray ion source

operating in positive mode and method parameters as described before [120].
6.2.9. Cellular nucleotide levels

For quantification of cellular energy related nucleotides (AMP, ADP, ATP, NAD*,
NADPH), cells were pelletized and directly prepared for HPLC-DAD (Agilent 1260

System) analysis as described before [289].
6.2.10. Statistics

Statistical analysis was performed using GraphPad Prism software 6.01
(GraphPad, La Jolla, CA, USA). Data are presented as mean + SD, with
significance stated as *p<0.05, **p<0.01 and ***p<0.001 compared to untreated

control.
6.3. Results
6.3.1. Metal content in cell nucleus

The content of Co and Ni in the nucleus and cytosol was measured after 24 h
treatment, both individually and in combination, via ICP-OES. Both metals are
transferred into the nucleus, though to a lesser extent than in the cytosolic
fraction (fig. 29). In both fractions, treatment with the higher combination (25 uM
Co + 150 uM Ni) resulted in elevated Co levels compared to the single treatment
(fig. 29A). This combination also caused a decrease in Ni levels in the nuclear
fraction compared to individual exposure. Additionally, the combination of
12.5 yM Co and 75 uM Ni led to a lower Ni concentration in the cytosolic fraction
only (fig. 29B). The cytotoxicity of Co and Ni, both individually and combined, is
summarized in table 7. Data are derived from our previously published
study [227].
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Figure 29: Cellular metal content of Co(ll) and Ni(ll) in nuclear and cytosolic fraction after 24 h
treatment in HepG2 cells. Quantification of intracellular A) Co(ll) and B) Ni(ll) amount was
performed via ICP-OES. Data is presented as mean + SD of n =2 3 independent experiments.
Statistical significance was tested using an unpaired t-test depicted as *p < 0.05, **p < 0.01,
***p < 0.001: single treatment compared to combined exposure.

Table 7: Cytotoxicity in HepG2 cells after 24 h incubation with Co(ll) and Ni(ll) in single and
combined exposure. EC+o= effect concentration 70 % compared to the non-treated control.
Adapted from [227].

HepG2 significant at EC,,
Co(ll) 50 uM 150 uM
Ni(ll) 300 uM 500 uM
150 uM Ni(ll) + variable Co(ll) 25 uM 150 uM
25 uM Co(ll) + variable Ni(ll) 100 uM 300 uM

6.3.2. Comet assay

The comet assay was performed firstly in order to detect Co or Ni induced DNA
damages since the comet assay helps to measure the single- and double-strand
breaks, alkali labile sites (apurinic/ apyrimidinic sites), DNA cross-links, base/
base-pair damages and apoptotic nuclei in cells. For both metals, no changes in
DNA in tail were observed in the alkaline comet assay (fig. 30A/B; fig. 48).
However, higher concentrations of Co (100 uM and 500 pM) significantly

increased the formation of FPG-sensitive sites, indicating oxidative DNA
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damage (fig. 30A). Additionally, the combination of 25 yM Co with 150 uM Ni
resulted in enhanced FPG-sensitive sites in HepG2 cells compared to the

individual metal treatments (fig. 30B). Ni alone did not show any alterations in the
FPG comet assay (fig. 48).
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Figure 30: Genotoxic effects of Co(ll) and Ni(ll) assessed by comet assay analysis. HepG2
cells were treated with Co(ll) for 24 h alone (A) and in combination with Ni(ll) (B). Bottom bar:
alkaline comet assay, top bar: FPG modified comet assay. Data is presented as mean + SD of
n 2 3 independent experiments. Statistical significance was tested using an 2way ANOVA
depicted as **p < 0.01: compared to untreated control.

6.3.3. DNA single- and double-strand breaks
To distinguish the possible type of DNA damage caused by Co and Ni, the

occurrence of DNA single- and double-strand breaks was assessed. Elevated
levels of cellular lesions and decreased double-stranded DNA were observed
only after 24 h treatment with 500 uM Co (fig. 31A). Incubation with Ni and the
combination of both metals showed no alterations (fig. 49). Additionally, the
expression of y-H2AX was not affected by Co or the combination of Co and Ni.
A tendency towards strand break induction was observed after treatment with
100 uM Co and the higher combination (25 yM Co + 150 uM Ni). However, the
incubation with 500 uM and 750 uM Ni resulted in a significantly elevated protein
expression of y-H2AX (fig. 31B).
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Figure 31: DNA strand breaks after 24 h of treatment with Co(ll) and Ni(ll) in HepG2 cells.
A) The amount of dsDNA and lesions/cell were determined via alkaline unwinding. B) Protein
expression of y-H2AX was quantified via Western Blot and normalized to (-actin, with one
exemplary blot. Data is presented as mean + SD of n 2 3 independent experiments. Statistical
significance was tested by an unpaired t-test depicted as *p < 0.05, **p < 0.01, ***p < 0.001:
compared to untreated control.

6.3.4. Formation of micronuclei and polynucleated cells

To assess the genotoxicity of Co and Ni on chromosomal level, micronuclei and
polynucleated cells were counted. The highest concentrations of Co and Ni, as
well as the combination of 25 yM Co and 150 uM Ni showed a significant increase
in micronuclei number (fig. 32A). Additionally, both metals led to the formation of

polynucleated cells (fig. 32B).
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Figure 32: Induction of A) micronuclei and B) polynucleated cells after 24 h treatment with
Co(Il) and Ni(ll) in HepG2 cells. C) shows representative microscopy pictures in 63x
magnification. a) untreated control, b) 100 uM Co, ¢) 500 uM Ni, d) 12.5 uM Co + 75 pM Ni,
e) 25 uM Co + 150 uM Ni. The pictures are processed by Leica Thunder Imager. Data is
presented as mean + SD of n 2 3 independent experiments. Statistical significance was tested
using an unpaired t-test depicted as *p < 0.05, **p < 0.01, ***p < 0.001: compared to untreated
control.

6.3.5. PARylation

For the assessment of DNA damage response, PAR levels were quantified via
LC-MS/MS. Both Co and Ni led to increased PAR levels after 24 h treatment
across all tested concentrations, except for 500 yM Co. Additionally, both
combinations of the two metals resulted in significantly elevated PAR levels

compared to the untreated control (fig. 33).
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Figure 33: Quantification of PAR levels in HepG2 cells after 24 h treatment with Co(ll) and Ni(ll)
via LC-MS/MS. Data is presented as mean + SD of n = 3 independent experiments. Statistical
significance was tested using an unpaired t-test depicted as *p < 0.05, **p < 0.01, ***p < 0.001:
compared to untreated control.

6.3.6. Energy related nucleotides

The impact of Co and Ni on energy-related nucleotides was determined using
LC-DAD. Incubation with 500 uM Co resulted in increased AMP levels, while the
amount of ATP was decreased (fig. 34A). The lower concentrations of Co
(12.5 yM and 25 uM) as well as 150 pM Ni led to an increase in the cellular ATP
levels, an effect has been also observed with both combinations (fig. 34B). The
cellular amount of ADP remained unchanged for both metals (fig. 50). All Co
concentrations, except 500 uM Co, as well as 150 uM Ni and both combinations,
resulted in significantly elevated NAD" levels (fig. 34C). Additionally, the NADPH
content increased after 500 yM Co treatment (fig. 34D).
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Figure 34: Energy related nucleotides measured after 24 h incubation of Co(ll) and Ni(ll)
individually and combined in HepG2 cells. The amount of AMP (A), ATP (B), NAD* (C) and
NADPH (D) was quantified via HPLC-DAD. Data is presented as mean + SD of n =2 3
independent experiments. Statistical significance was tested by an unpaired t-test depicted as
*p < 0.05, **p < 0.01: compared to untreated control.

6.4. Discussion and Conclusion

The two trace elements Co and Ni are classified by the IARC as (possibly)
carcinogenic to humans (Co: group 2A; Ni: group 1), particularly upon
inhalation [43,282]. Oral exposure data is limited, but current evidence suggests
it is unlikely to cause cancer. However, their genotoxic potential is evident and
needs to be addressed to understand their toxicity and risk. Genotoxicity studies
have been performed in bacteria, non-mammalian eukaryotes, and mammalian

cells, including rodent and human cells (for Co summarized in [283] and for Ni
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in [6]). Data in human cells is essential to understand the genotoxic potential of
Co and Ni upon oral intake via food and drinking water. Previous studies focused
on human lung cell lines and lymphocytes [191,284,285]. However, the liver is
another important target upon oral intake since Co and Ni accumulate there and
exert toxic effects [26,185]. Therefore, we characterized their genotoxic potential
in liver carcinoma cells (HepG2). Additionally, due to increased usage and
release, Co and Ni are often exposed in concert, underlining the importance of

evaluating their combined genotoxic potential.

Firstly, we addressed intracellular metal localization of Co and Ni to determine
their nuclear transfer. When incubated combined, an increased Co amount and
decreased Ni content were observed inside the nucleus compared to single
treatments. This effect was also noted in our previous study, measuring the metal
amount within the entire cell [227]. One of the primary cellular transporters for
both metals is the divalent metal transporter 1 (DMT-1), located mainly at the cell
membrane and also in the nucleus [290]. While DMT-1 transports a variety of
divalent metals, it has been reported to preferentially transport Co over Ni [32].
These findings suggest that Co and Ni influence each other in their cellular
uptake, specifically into the nucleus, possibly altering their combined impact on
the DNA. Higher Co concentrations (100 and 500 uM), which are already
cytotoxic, induced FPG-sensitive sites and single-strand breaks in HepG2 cells.
In literature, several studies confirmed the genotoxic activity of Co(ll) ions, often
associated with moderate or low cytotoxicity [49]. FPG-sensitive sites indicate
oxidatively altered purines, such as 8-oxo-7,8-dihydro-2'-deoxyguanosine
(8-ox0dG) [291]. A study from Kirkland et al. corroborates our finding in lung
adenocarcinoma cells with DNA strand breaks being significantly aggravated in
the Comet assay when treated with hOGG1 [292]. This damage results from
extensive formation of reactive oxygen species (ROS), which has been observed
with Co in our previous study in HepG2 cells [227]. In contrast, Ni does not

enhance ROS formation, correlating with the absence of FPG-sensitive sites.
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However, the combination of 25 uM Co and 150 uM Ni significantly enhanced
oxidative DNA damage compared to individual treatment, possibly due to the
higher nuclear Co amount. Uboldi et al. demonstrated a significant induction of
DNA damage after 2 h Co treatment assessed by Comet assay, whereas 24 h
incubation showed no alterations, assuming that the possible DNA damage may
be repaired during longer exposure of non-cytotoxic Co concentrations [293].
While Co treatment resulted in single-strand breaks, high Ni concentrations
caused elevated y-H2AX expression, a marker for double-strand breaks [294]. In
the current study y-H2AX was not measured on cellular level thus counter-
staining for S phase was not applicable and consequently an over-estimation of
cells stuck in the S phase could be the reason for high y-H2AX signal. Our data
are in contrast to a study, in which HepG2 cells were exposed to Ni in a similar
dosage range for 24 h, as they found no induction of double-strand breaks [295].
Ni may inhibit DNA repair mechanisms, especially homology-directed DNA
double-strand break repair by downregulating involved genes [296]. This
inhibition possibly leads to increased incidence of double-strand breaks induced
by Ni in our study. In human lung epithelial cells, treatment with both Co and Ni
resulted in enhanced y-H2AX expression, however, at concentrations that were
highly cytotoxic [191]. Additionally, 100 uM Co and 500 uM Ni resulted in nuclear
alterations characterized by an enhanced number of micronuclei. This effect was
also observed with the combination of both metals at lower concentrations
(25 yM Co + 150 uM Ni), whereas these concentrations individually showed no
significant alterations compared to untreated controls. Colognato et al. compared
genotoxic effects of CoCl2 and Co nanoparticles in human peripheral leukocytes,
reporting that CoCl. caused a higher number of micronuclei but fewer strand
breaks than nanoparticles [297]. Additionally, in human lung fibroblasts and
urothelial cells, Co caused chromosomal instability, primarily manifested as
chromatid lesions [284,298]. A study from Kirkland et al. corroborate our findings
pointing out the clastogenic potential of Co(ll) in mouse lymphoma cells [292].

Ni induced micronuclei formation in HepG2 cells only at highly cytotoxic
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concentrations, while a significant increase in micronuclei was observed in
mouse embryo fibroblasts at non-cytotoxic Ni concentrations [299]. A higher
frequency of micronuclei was also observed in human bronchial epithelial cells
(BEAS-2B) following Ni exposure for 48 h [300]. Both metals, individually and
combined, induced multinucleated cells, mainly resulting from defective cell
division [301]. Both Co and Ni support G2/M cell cycle arrest, primarily through
the activation of p53 and p21 [302,303]. This arrest inhibits cytokinesis, resulting
in the formation of multinuclear cells, associated with an enhanced apoptotic
rate [304]. In our previous study in HepG2 cells, we observed an increased
caspase- 3 activity with concentrations exceeding 100 yM Co and 500 uM Ni.
This effect was also observed for the combination of 25 yM Co and 150 uM Ni,
while the respective single incubation showed no alterations [227]. Both metals
activated poly(ADP-ribosyl)ation (PARylation), a response mechanism to DNA
damage mainly catalyzed by poly(ADP-ribose) polymerase-1 (PARP-1),
indicating their potential to compromise genomic integrity. Under highly cytotoxic
conditions, PARP-1 is cleaved by caspase-3, reducing its ability for DNA repair
and leading to the induction of apoptotic cell death [305]. PARP-1 cleavage was
observed in human Ilung epithelial cells treated with high Co and Ni
concentrations, with a synergistic effect seen after combined treatment [191]. In
HepG2 cells, 500 yM Co showed no alterations in PARylation, and this
concentration induced the highest caspase-3 activity, indicating an apoptotic cell
death [227]. Despite the significant amount of NAD™ required as a precursor of
poly(ADP-ribose) during PARylation [306], treatment with Co and its combination
with Ni led to increased cellular NAD™ levels in HepG2 cells. Although PARYylation
is a major consumer of NAD", it is synthesized and recovered through various
cellular mechanisms, suggesting that Co particularly enhances these
pathways [307]. The main pathway for NAD®* regeneration involves the
conversion of pyruvate to lactate, catalyzed by lactate dehydrogenases (LDH).
Co is known to induce hypoxia by stabilizing the transcription factor hypoxia-

inducible factor 1 alpha (HIF-1a), activating the expression of related genes [47].
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Under these hypoxic conditions, increased expression of LDH and resulting
higher concentration of NAD* were observed in endothelial progenitor cells,
indicating that Co may induce a similar effect [308]. Low Co concentrations and
the combination with Ni increased ATP levels, while 500 uM Co elevated cellular
AMP. An increase in the AMP/ATP ratio activates the AMP-activated protein
kinase (AMPK), which regulates the intracellular energy homeostasis and
supports DNA damage repair mechanisms [309]. In HepG2 cells it was reported
that Co treatment is resulting in phosphorylation of AMPK, which can be

attributed to the hypoxia-mimicking properties of Co [310].

In conclusion, this study highlights the genotoxic potential of Co and Ni upon oral
exposure, emphasizing their distinct mechanisms for inducing DNA damage.
Thereby the genotoxic activity of Co(ll) ions is associated with cytotoxicity. The
induced oxidative damage and single-strand breaks probably result from
oxidative stress. Additionally, we point out a genotoxic effect on the chromosomal
level at cytotoxic Co concentrations. For Ni, cytotoxicity is accompanied with
increased double-strand break induction and genotoxic insults on chromosomal
level (micronuclei induction). Interestingly, combined Co and Ni induce oxidative
DNA damage, single-strand breaks, and micronuclei at moderate cytotoxicity.
This underlines the importance to study metal combinations due to their
concurrent exposure. All tested conditions activated PARylation, linked to
hypoxia and altered energy metabolism. Further research is essential to
elucidate these mechanisms as well as the effect of Co and Ni on DNA repair
pathways in liver cells more detailed to identify potential genotoxic risks with

increased uptake of Co and Ni from environmental sources.

6.5. Acknowledgement

This work was supported by the DFG Research Unit TraceAge (FOR 2558,
BO4103/4-2) and the initiative “Metal based compounds (MeBaCo)” supported
by the University of Wuppertal.

120






Abstract:

Cobalt (Co) and Nickel (Ni) are increasingly found in our environment. We
analysed their combined toxicity and uptake mechanisms in the early food chain
by studying bacteria and the bacterivorous ciliate Paramecium as a primary
consumer. We exposed both species to these metals to measure the toxicity,
uptake and transfer of metals from bacteria to Paramecium. We found that Ni is
more toxic than Co, and that toxicity increases for both metals when (i) food
bacteria are absent and (ii) both metals are applied in combination. The cellular
content in bacteria after exposure shows a concentration dependent bias for
either Ni or Co. Comparing single treatment and joint exposure, bacteria show
increased levels of both metals when these are both exposed. To imitate the
basic level of the food chain, we fed these bacteria to paramecia. The cellular
content shows a similar ratio of Nickel and Cobalt as in food bacteria. This is
different to the direct application of both metals to paramecia, where Cobalt is
enriched over Nickel. This indicates that bacteria can selectively pre-accumulate
metals for introduction into the food chain. We also analysed the transcriptomic
response of Paramecium to sublethal doses of Nickel and Cobalt to gain insight
into their toxicity mechanisms. Gene ontology (GO) analysis indicates common
deregulated pathways, such as ammonium transmembrane transport and
ubiquitine-associated protein degradation. Many redox-related genes also show
deregulation of gene expression, indicating cellular adaptation to increased
RONS stress. This suggests that both metals may also target the same cellular
pathways and this is consistent with the increased toxicity of both metals when
used together. Our data reveal complex ecotoxicological pathways for these
metals and highlights the different parameters for their fate in the ecosystem, in

the food chain and their ecotoxicological risk after environmental contamination.
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Joint toxicity and cellular response in Paramecium’.

7.1. Introduction

The need for decarbonization of transportation and the general need for short

time storage of electric energy moves Lithium lon Batteries (LIBs) into the recent

focus of industry and into our daily life. In addition to the pollution associated with

recycling, the classic problems of illegal dumping and, most importantly, an

increasing rate of battery incineration are causing massive inputs of metals into

our air, water and soil. Many electric vehicles now use lithium nickel manganese

cobalt (NMC) oxide composite cathode materials Li(NixCoyMn1-x-y)O2 that

combine optimised performance and reduced cost. NMC composite cathodes

have higher capacities and longer life cycles of around 1000-2000 cycles [311]

which makes them also attractive by a higher sustainability. However, chemical
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and structural instabilities [312] cause difficult to assess environmental risks. It
seems clear that Nickel and Cobalt, in particular, are highly toxic metals that are

now being released into the environment in increasing quantities.

We approach this problem from the perspective of microbial ecotoxicology, which
characterises the interaction of pollutants with microorganisms. There is a
growing awareness that pollutants strongly influence microbes, their diversity and
metabolism in ecosystems. Conversely, microbes respond to pollutants not only
by adapting to their presence, but also by transforming them and thus affecting
their bioavailability; metals in particular have become the focus of recent research
as maijor drivers of microbial community structure and diversity [132]. Since we
know that different contaminants and other biotic and abiotic factors must be
considered to influence the capacity of an ecosystem to cope with environmental
contaminants, there is a clear need for mechanistic approaches to characterize
the response of microbial communities to environmental metal
contaminants [132]. Ciliates are unicellular eukaryotic protists which can be
found in pelagic, benthic and soil environments. These heterotrophic cells feed
on bacteria and represent therefore an important primary component of the food
web as a major consumer and by transfer of organic matter to higher trophic
levels [313]. Ciliates have been used to assess aquatic ecosystems for decades
using both, community assessment and toxicological tests [314]. For both
approaches, ciliates have particular advantages over other organisms. One quite
evident is the lack of a cell wall, causing quite fast responses to pollutants
compared to bacteria and fungi [315]. Second, several ciliate species have been
model organisms in genetics, epigenetics and molecular biology for almost
hundred years [316]. There is an enormous amount of knowledge about the
molecular mechanisms that contribute to genetic and phenotypic adaptation
[317] and their detailed genome databases allow for genomic and post-genomic
analyses [318,319]. Among the omics analyses, transcriptomics in particular is

considered an emerging tool to analyse the cellular response to toxicants and

125



Chapter 7 — Microbial impact to environmental toxicants Ni(ll) and Co(ll): Joint toxicity and
cellular response in Paramecium

has gained acceptance in risk and safety assessment through the definition of
transcriptional biomarkers associated with cell death, cellular injury or
carcinogenic transformation [320]. In ecotoxicology, the transriptomics
interpretation of the cellular response to pollutants contributes to a wide range of

tools to characterize the responses at different levels [321].

Here, we investigated the joint toxicity of Ni and Co representing the main toxic
compounds in NMC-LIBs. Especially for joint toxicity of these metals and also
many other combinations, the literature reveals a huge gap: with regard to their
increasing environmental pollution, we analysed their individual and combined
toxicity in Paramecium tetraurelia. To further include different trophic levels, we
also included the feeding bacteria in these analyses to get a preliminary insight

in the first stages of the food chain.
7.2. Materials and Methods
7.2.1. Toxicity assays

P. tetraurelia stock cultures of strain 51 were maintained in WGP (wheat grass
powder) medium inoculated with Klebsiella planticola described before [322,323].
For toxicity tests, paramecia were cultured at 31 °C, washed and starved at room
temperature for 60 min. To exclude autogamy, nuclear staining with DAPI was

carried out to guaranty for vegetative cultures as described before [324].

All toxicity tests used the same number of paramecia in the same volume. Time
and temperature were also kept constant for all tests unless otherwise stated.
We used 2 h for all toxicity tests and treatments to limit the influence of cell
division. Under these conditions, paramecia divide every 4-5 h. For a single test,
30 cells were placed in one well of a 96-well plate. For treatments involving
bacteria, the bacterial density should be comparable between all treatments.
Exponentially growing bacteria were diluted from a stock solution in fresh WGP
medium to a final OD (600 nm) of 0.2. The OD of this dilution was checked again

prior to treatment. The individual metals were then added at the indicated
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concentrations. For experiments without bacteria, starved paramecia were used
without the addition of Klebsiella. Plates were incubated at room temperature for
2 h. Cell viability was calculated by counting swimming and non-swimming cells.
Cells lying on the bottom were counted first. All non-swimming cells were
considered as dead cells. Then 10 pl of (4 %) paraformaldehyde solution was
added to the wells to rapidly kill the remaining living cells. The total number of
cells at the bottom of the well was then counted again. Dead cells were
subtracted from the total cells to give a percentage of dead cells. LC50
concentrations were calculated from data by equation of the best fit line using the
LD50 calculator tool [325].

7.2.2. Sampling paramecia and bacteria for element analysis

For metal uptake by bacteria, Klebsiella was grown in a total volume of 14 ml LB-
medium. When the cultures reached an optical density of 1 (OD 600nm), the
individual metals were added at the indicated concentrations and the cultures
were incubated for 2 h at 37 -C while shaking. Afterwards, bacteria were washed
three times by centrifugation at 4200 rpm for 15 min and re-suspended in 600 pl
of double distilled water. For the analysis of metal uptake by Paramecium,
samples containing 100,000 cells were prepared. These cells were starved for
1 h before the addition of Klebsiella to a final OD of 0.2 and the addition of Co or
Ni as described above. Paramecium cells with or without bacteria were incubated
for 2 h at room temperature and then washed three times with Volvic water by
centrifugation at 2000 rpm for 3 min. The cells were resuspended in 600 pl of
double-distilled water. For the analysis of metal uptake by Paramecium through
phagocytosis, Klebsiella were pre-incubated with Co or Ni for 2 h at 37 -C while
shaking in LB medium. The bacteria were then washed three times by
centrifugation at 4200 rpm for 15 min and resuspended in WGP medium. This
bacterial suspension was added to a final OD of 0.2 to Paramecium cultures
containing 100,000 cells in 100 ml. This culture was incubated for 2 h at room

temperature and then washed three times by centrifugation at 2000 rpm for
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3 min. Finally, the cells were resuspended in 600 ul of double-distilled water.

Controls represent bacteria and paramecia not treated with metals.
7.2.3. Analysis of bio-availability by ICP-OES

Samples from all treatments were homogenized with an ultrasonic homogenizer
for 30 s set at maximum power and 30 percent cycles (Sonopuls HD 60,
BANDELIN, Berlin, Germany). Then the samples were centrifuged at 10,000 rpm
for 5 min. In all cases, an aliquot (30 ul) was separated for protein quantification
following the Bradford assay (SERVA). The remaining samples (570 pl) were
dried at 70 -C overnight and processed for ICP-OES. Dried pellets were digested
in 500 pL of a 1:1 mixture of 65 % nitric acid (Suprapur®, VWR) and 30 %
hydrogen peroxide (Sigma Aldrich) at 90 -C overnight. Ashed samples were
dissolved and diluted in 2 % nitric acid to a final volume of 3.6 ml. All samples
were spiked with 100 ug/L Yttrium (Y) (ICP-Standard-Solution ROTI®Star, Carl
Roth) as an internal standard before digestion. Total metal content was
determined using inductively coupled plasma-optical emission spectrometry
(ICP-OES; Avio 220 Max, PerkinEImer) with measurement parameters displayed
in Appendix Fig. 51. Each measurement was verified using Standard Reference
Material® 1643f (National Institute of Standards and Technology) and Certified
Reference Material BCR®-274 (single cell protein, Institute for Reference
Materials and Measurements). The obtained metal content was normalized to

sample protein amount.
7.2.4. Statistics

To compare the respective dose-response curves, a two-way ANOVA was
performed using GraphPad Prism (GraphPad Software Inc.) version 6.01. Data
represent mean £+ SEM of three biological replicates. All data for ICP-OES were
analysed in Prism and represent mean + SEM of three biological replicates with

statistical significance tested by unpaired t-test as shown.
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7.2.5. Transcriptomics

For RNA isolation and sequencing, we followed the procedure described in [326].
Briefly, total RNA was isolated from washed and pelleted cells using TriReagent
(Sigma-Aldrich, Seelze, Germany). For further purification involving DNAse
digestion, samples were cleaned with the RNA clean and concentrator Kit (Zymo,
Freiburg, Germany). RNA integrity was checked using Agilent Bioanalyzer 2100
RNA Pico Chips®. 2.5 ug total RNA each was used for poly-A enrichment using
the D-Plex mRNA capture module with the D-Plex mRNA-seq Library Preparation
Kit (Diagenode) for lllumina® for library preparation with amplification using
13 PCR cycles. Libraries were pooled and sequenced on an lllumina HiSeq2500

platform in 100 nt SE High output mode.
7.2.6. Bioinformatics, GO-enrichment and visualization

At least 10 million reads were obtained for each replicate of each treatment, the
numbers of reads were assessed with MultiQC Version 1.14. Adapters, polyA
tails, UMI sequences and template switch motifs were trimmed using Cutadapt
V3.4 using the recommended commands in the D-Plex mRNA-seq Kit manual
from Diagenode (Liege, Belgium). Reads were mapped to the macronuclear
genome of Paramecium strain 51 Version 2 obtained from ParameciumDB (2022)
[318] using the plugin Bowtie2 [229] in Geneious Prime® 2023.0.4. Gene
expression levels were calculated using the Geneious Prime® 2023.0.4
expression analysis tool with the default parameters. Differentially expressed
genes between the control group and those groups exposed to Ni or Co were
normalized and compared using the DESeq2 [327] plugin in Geneious Prime®
2023.0.4. Differential expression log2 ratio and p-values were obtained.
A principal component analysis plot which is a distance matrix showing
normalized differences in expression patterns between samples was
automatically generated by comparing expression levels using DESeq2. Genes

with a differential expression p-value below 0.05 and a fold change log2 of at
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least 2 were extracted for gene ontology enrichment. Predicted GO terms from
Paramecium strain 51 were obtained from ParameciumDB database (2023),
using the Sherlock tool. GO Enrichment Tool in usegalaxy.org (Galaxy version
23.0.rc1 [328]) was used to generate a list of GO enriched DEGs. GO-
enrichments were visualized by the R-package published in [242] without
reduction of redundant terms. TPM values were extracted from Geneious and
plotted into a heatmap using R heatmap2 tool in Galaxy Europe version 23.0.rc1
[328]. TPM values were log2 (+1) transformed, and the Euclidean distance

method which measures the proximity between vectors was used without scaling.
7.3. Results

7.3.1. Toxicity of Ni and Co: influence of joint exposition and starvation

To assess toxicity at overexposure, Ni and Co were applied to paramecia in
feeding medium together with feeding bacteria (K. planticola) for 2 h. Fig. 36A
shows that Ni is significantly more toxic than Co: the LC50 for Ni is 320 yM and
for Co 1509 uM. To investigate the extent to which bacteria could influence metal-
induced toxicity, we compared fed cultures (with feeding bacteria) with cultures
without bacteria. Fig. 36B shows that both metals show significantly increased
toxicity in the absence of bacteria (LC50 for Ni 186 uM and for Cobalt 1328 uM).
This effect is more pronounced for Ni than for Co. This effect also demonstrates
that paramecia are capable of ingesting the metals by phagocytosis independent
pathways as during starvation, no phagosomes are by the cells. Fig. 36C shows
the analysis of joint toxicity in which we added a sublethal dose of Ni (150 uM) to
the Co series and a sublethal dose of Co (600 uM) to the Ni dilution series. In
both cases, this significantly increases toxicity: for this joint exposure we
calculate a LC50 for Ni 128 uM and for Co 1118 pM. Finally, Fig. 36D shows the
same analysis of joint toxicity in comparison with and without food bacteria.
A significantly increased joint toxicity can be observed for Co without bacteria.
However, this effect cannot be observed for Ni in combination with a sublethal

dose of Co. Fig. 37 summarises the LC50 values from these experiments.
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Figure 36: Toxicity assays with Ni and Co with vegetatively growing paramecia. A. Varying Ni
and Co concentrations were applied to paramecia together with food bacteria for 2 h. B-D show
toxicity assays separated for Ni (left) and Co (right). Please note the different range of
concentrations on the axes. B compares toxicity of both metals in paramecia with and without
food bacteria. C compares joint-toxicity when the respective other metal is added in a sublethal
dose (Ni 150 uM or Co 600 uM) in the presence of food bacteria. D shows the same comparison
without food bacteria. Data represents the mean of three biological replicates; error bars
represent the standard deviation. Statistical comparison of the shown curves using TWO-WAY
ANOVA for the individual comparison is indicated in the graphs by comparing the treatment
group; ***p < 0.0001, **p< 0.001, ns = non significant.
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+ Bac -Bac + 600Co + Bac + 600Co - Bac
LC50 Nickel (uM) 320 186 128 155

+ Bac -Bac + 150Ni + Bac + 150Ni - Bac
LC50 Cobalt (uM) 1509 1328 1118 476

Figure 37: Summary of the calculated LC50 values of Paramecium from different treatments.
Data is uM.

7.3.2. Klebsiella bacteria accumulate more Co than Ni in paramecium

We started the analysis of metal uptake in our system with the Klebsiella bacteria.
These were exposed to Ni and Co at 100 yM each or in combination (Fig. 38A)
for subsequent multi-element analysis, and we made a second set at higher
concentrations of 600 pM of both metals and their various combinations
(Fig. 38B). Please note that these concentrations are not toxic for the bacteria
(Data not shown). Comparison of Fig. 38A and B shows that bacteria are biased
towards Co at lower concentrations, but biased towards Ni at higher
concentrations. Most interestingly, we can observe increased levels of the
individual metals when their combination is applied, except for the lower doses
of Ni: when the concentration of one metal is the same, its uptake increases as

the concentration of the other metal increases.
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Figure 38: Cellular content of Ni and Co in bacteria. A. Klebsiella bacteria were exposed to Ni
and/or Co at 100 uM (X-axis) alone or on different combinations. B. Klebsiella bacteria were
exposed to Ni and/or Co at 600 uM (X-axis) alone or on different combinations. Data is
normalized to protein content of samples and represents the mean of three biological replicates;
Statistical significance was tested by an unpaired t-test depicted as *p< 0.05, **p< 0.01,
***p< 0.001: combined treatment compared to the respective single exposure. LOQ = Limit of
guantification.
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7.3.3. Ni and Co uptake in paramecium

We further investigated the cellular content of both metals when applied to
paramecia. To correlate toxicity data to uptake and bio-availability of both metals,
we applied sublethal doses to paramecia with and without feeding bacteria.
Fig. 39A shows the data for Co, Fig. 39B shows the data for Ni. Paramecia show
a higher cobalt content at 600 uM exposure in the starved condition - this may
explain the higher toxicity of Co in the starved cultures. This effect is not apparent
at lower concentrations of 100 uM Co. Furthermore, the Co content in paramecia
does not seem to be influenced by Ni, at least in this experimental setup. The
latter aspect is different for Ni, as shown in Fig. 39B. The equimolar application
of Co does not seem to alter the Ni uptake at 100 uM. Higher Co concentrations
(600 uM) result in lower Ni content, lower Co concentrations (16 uM) result in

higher Ni uptake, but only in the starvation condition.
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Figure 39: Cellular content of Ni and Co in Paramecium by ICP-OES. “S"-means starved, “F"-
means fed, including bacteria. paramecia were exposed to the indicated combinations of metals
and for 2 h, washed and analysed. A. Data for Co. B. Data for Ni. Data represents the mean of
three biological replicates; error bars represent the standard deviation. Data represent the mean
+ SEM of n = 3 independent experiments. Statistical significance was tested by an unpaired
ttest depicted as **p< 0.01, ***p< 0.001: combined treatment compared to the respective single
exposure; #p< 0.05, ###p< 0.001: comparison of fed and starved paramecia.

7.3.4. Bacterial delivery to paramecium

We then asked whether metal-loaded bacteria could transfer their metal content
to paramecia. Fig. 40A shows the elemental analysis of bacteria incubated with
600 M Ni or Co each and in combination. Note that the co-exposed bacteria
already accumulated significantly more Ni and also more Co. These bacteria

were washed and then fed to paramecia according to the experimental
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parameters of the previous experiments. Fig. 40B shows the ICP-OES data of
the paramecia, which is very similar to the pattern of the bacteria. Paramecia
show significantly more of both metals after feeding with co-applied bacteria. For
comparison, Fig. 40C shows ICP-OES data of paramecia (starved) and with food
bacteria to which both metals are directly applied. While the paramecia have a

bias for Co, the feeding of pre-exposed bacteria causes a bias for Ni.
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Figure 40: Element analysis of bacteria and paramecia in a feeding experiment. A. bacteria
exposed to 600 uM Co and Ni alone and in combination. B. shows the ICP-OES data of these
paramecia fed with bacteria from (A). C. shows the data of paramecia with Ni and Co directly
added to the ciliate culture at 100 uM each with and without bacteria. Data represent the mean
+ SEM of n = 4 independent experiments. Statistical significance was tested by an unpaired
t-test depicted as *p< 0.05, **p< 0.01, ***p< 0.001: combined treatment compared to the
respective single exposure.
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7.3.5. Transcriptomics of Ni and Co induced cellular responses

We then aimed to get insights in the toxicity mechanisms. Sublethal doses of
both metals were applied individually and in combination before isolation of RNA.
For transcriptomic analysis, we chose the highest sublethal concentrations where
we did not observe lethality in the individual treatments (1141 yM Co and
160 yM Ni) to avoid induction of cell death. For the joint application
transcriptomics, we had to reduce these concentrations even further to
concentrations that did not cause cell death because of the accumulated toxicity.
We used Co 600 uM/124 uM Ni and Ni 150 uM/Co 245 uM for these experiments.

Fig. 41A shows the PCA plot where PC1, explaining 58% variance, mainly
dissects the untreated control to the batch of metal treated samples, indicating
that control and treatments are indeed quite different. The individual treatments
are then dissected by PC2 explaining 17% variance. Individual treatments of Ni
and Co are clearly separated from each other. Joint treatments of both metals in
different proportions can still be separated from each other, lying between the
individual treatments. This could indicate a mixed response in the joint
exposures. In support of this, a clustering heatmap in Fig. 41B shows the clear
separation of untreated controls from all treatments. However, we were unable
to find a correlation or distance based method that could separate the individual
single and combined treatments. The dendrogram in principle separates the high
Co treatments (1141 pM and 600 pM in combination with Ni) from the high Ni
treatments (160 uM and 150 pM/Co 245 pM). The transcriptomic response to
600 uM Co seems to dominate the transcriptome in the co-exposure with 150 uM
nickel, as these samples cluster with the 1141 pM Co single exposure. Samples
with almost the same Ni concentration of 150 uM but with drastically lower Co
(245 uM) cluster to the single Ni treatment. These data support the idea, that
common pathways are activated, not only in the combined treatments compared

to the single treatments, but also in each treatment compared to the control.
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Figure 41: Relationship between transcriptomes of the individual samples and replicates. A.
Principal Component Analysis (PCA score plot) of the first two principal components of the
analysed transcriptomic profiles thus indicating how samples are related to each other. B.
Clustering heatmap indicating expression levels (TPM) according to the color key beneath. The
dendrogram on the left shows clustering of genes with similar regulation pattern and the
dendrogram on top is based on the global similarity of transcriptomic profiles using Euclidean
distance.
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7.3.6. GO-enrichments indicate specific and common responses

Up- and down-regulated DEGs were used separately for GO term enrichment.
Fig. 42 shows the comparison of all analysed states, separating up- and down-
regulated GO terms. Note that boxes marked with an X represent GO terms that

do not fall within our relatively strict cutoff of FDR 0.01.

Some GO terms are specific to a single metal, and some GOs are shared
between states: mostly between the corresponding single and joint treatments,
but some interestingly also between single Ni and single Co. The joint treatment
shows many specific GOs. These include for example GO:0016070 RNA
metabolic process and G0:0006418 tRNA aminoacylation, both of which are
enriched in upregulated DEGs. This may be related to the enriched GO:0006620
cellular amino acid metabolism, which is only significant in upregulated DEGs of
high cobalt treatment, and also to GO:0006729 tetrahydrobiopterin biosynthesis:
Three DEGs of this GO term, which summarises components involved in the
formation of reduced biopterin, a co-factor of many enzymatic processes, are
differentially regulated. Tetrahydrobiopterin is a component of a complex redox
system active in the oxidation of aromatic rings, e.g. in the biosynthesis of
tyrosine and phenylalanine. To interpret and summarise these GO data, the cell
seems to be altering translation and amino acid metabolism, while in parallel
GO:0006511 ubiquitine-dependent protein catabolic process is positively
enriched. This could indicate a massive reorganisation of the proteome. The
down-regulated GO:0072488 ammonium transmembrane transport could be
related to this, if the cell wants to retain components of degraded proteins instead
of releasing them to the outside. In addition to these GO terms associated with
amino acid metabolism, GO:0009056 catabolic process appears to be
specifically up-regulated by Co treatment, suggesting a further effect on the
genome and DNA turnover metabolism, while in parallel also GO:0006511
ubiquitine dependent protein catabolic process is positively enriched. This could

speak for a massive re-organization of the proteome. The down-regulated
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GO0:0072488 ammonium transmembrane transport could be related to this, if the
cell would like to maintain components of degraded proteins instead of releasing
to the outside. Next to these GO-terms associated with amino acid metabolism,
GO:0009056 catabolic process appears up-regulated specifically in Cobalt-
treatments, suggesting another effect to the genome and the DNA turnover. Ni
reveals many regulated GOs. One is the down-regulation of GO:0006021 inositol
synthetic process. This GO term may be related to GO:0008664 phospholipid
biosynthetic process, which is also down-regulated in the same Ni treatments.
Both imply that the synthesis of phosphatidylinositol, a component of biological
membranes, is down-regulated, which could be an indicator of altered membrane
composition or also altered signalling, as phosphatidylinositol is involved in the
transmission of extracellular signals through cleavage by phospholipase C into
second messengers, which have also been described in Paramecium [329,330].
More biochemical data are available for the ciliate Tetrahymena, where detailed
analysis of various phosphatidylinositols has been characterised for different
functions involving the secretion of lysosomal enzymes and phagosomal
trafficking [331,332]. Regulation of these GO terms could indeed indicate altered
signalling, and the enrichment of GO:0050896 response to stimulus on Ni
treatment would support the latter idea, but the term is enriched in up-regulated
DEGs. Assuming an alteration or disruption of signalling pathways based on
phosphoinositol metabolism, GO:0050896 response to stimulus may attempt to
counteract this. Ni treatment also exclusively shows the appearance of the
GO0:0006950 response to stress, which may involve heat shock chaperones. In
our data, Ni treatment seems to alter the proteomic state more by these
chaperones compared to Co treatment, which shows a substantial alteration in

amino acid metabolism.

In terms of common GO terms, the down-regulation of GO:0072488 ammonium
transmembrane transport is apparent in all states. This may be related to the up-

regulation of ubiquitin-dependent protein catalysis, which is seen in all states
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except Ni 150 uM/Co 245 uM. Also interesting is the term glutathione biosynthetic
response, which could be an indicator of redox stress: its GO term appears up-
regulated here in Ni and Co treatments, including the Co 600 uM/Ni 124 uM
samples, but not in the Ni 150 uM/Co 245 uM samples. As redox stress would be
a prime candidate to be involved in the toxicity of both metals, we analysed this

in more detail.

141



Chapter 7 — Microbial impact to environmental toxicants Ni(ll) and Co(ll): Joint toxicity and
cellular response in Paramecium

down-regulated up-regulated
s + + s + +
7 i3 ¥ 3% 3 33 § 33
3 8% 8 83 I 8§ & 8§Y
8 8z 2 =28 8 8z =z 28
COLEDs proces (GO DO0I0%e ' - " ‘ »

I N0 B3E matabohc procem (OO 0000220

callvier matadcns procam (0O 0044237)

amiluier proces (OO 00098 ™)

OMA atabens procmes (OO 0000308

O proteincoupled recaptor wgreling pethwey (OO 0007 188,

Qlutsthone remynithesc srocem (OO 0008780,

inowtol Beomyrthenc procam (OO 5008821 - x .
magomolecie catabohc procems (GO S00304T) X X X x

metadohc process (GO 0008152)

CQBNIc IbIINCE Catabele process (GO 150157

ORQNIC ITHBNTR MRtBVTES DroCess (GO 00T 1TO4)

v 100 000e ey
! Sgniats gromn 80 » » . . . » Jp—
POlyOl Busmyntness procem (OO 0048173, x x - x . . x I:
} Primary malabeis procem (OO 0344238, .
8 roten arginylenan (OO 0310098 x " " " " - __:

Protain modifaation process (OO B33t 1)

roten palymerastan (OO 50412¢8)

raguistion of GTPase sctivity (GO 0043087)

reQuisnon of metadoss process (GO 0019220

FGUIBTIN Of AYOQEN COMEOUNS Matabeie procems (GO 0081171) . x x x x -

040N G Res prosein Sgral Farsducon (GO 004027S)

- o o ©e

reI00nse 10 pheromone (GO 0019338

rescorse to mmuka (OO 005089,

rewponee o wem (OO0 2008950

RNA metatcic procem (OO 9318072,

100 0008729

TNA for proten (G0 o00e4y)

MUIIN SEPONTNt it Gatabuns procem (OO D00es )

Figure 42: Plot of over-represented biological processes in up- and down-regulated DEGs.
Colors indicate significance of enrichment (-log10 (FDR-corrected p-values) with a p value cutoff
0.01. An X means that the term is not significantly represented in a condition. Visualization by
an R-script from [242].
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7.3.7. Altered gene expression suggests global downregulation of

ammonium transport and upregulation of glutathione

GO0:0008519 ammonium transmembrane transport is associated with 19 genes
in the Mac genome of P tetraurelia stock 51, mainly consisting of genes
annotated as ammonium transporters. Appendix Fig. 52A shows all of these
gene’s fold change of expression in relation to control (not only the significant
DEGs). If the annotation of these transporters is correct, ammonium transport is
apparently down-regulation. For many metal intoxications, redox systems have
been reported to be involved. Indeed, the GO term glutathione biosynthetic
process is significantly enriched in all conditions except the single Ni treatment
(with our chosen thresholds). Glutathione is a main antioxidant component of the
phase 2 biotransformation of heavy metals. Glutamate-Cysteine ligases activity
producing y-glutamylcysteine, the first step to produce glutathione, which mainly
determines the cellular glutathione level [333]. Appendix Fig. 52B shows the
regulation of the three genes associated with this GO term. A putative glutathione
synthase and two genes encoding putative glutamate-cysteine ligases. All of
them show up-regulation, also in the single Ni treatment, suggesting a redox
effect of both metals. Interestingly, two genes reveal an even higher up-regulation
in co-exposure: this may be a hint to explain the increased toxicity in joint
exposure of both metals, assuming that both target the redox system for

detoxification.

7.3.8. Complex regulation of gene expression associated with Cell Redox

homeostasis and DNA repair

We also had a deeper look for GO terms which are not among the enriched with
strongest significance but appear to be relevant in relation to the literature. These
concern redox homeostasis and DNA repair because Ni and Co have been
reported to cause redox stress and have also the ability to interfere with

chromatin and thus e.g. with DNA repair mechanisms. We first had a closer look

143



Chapter 7 — Microbial impact to environmental toxicants Ni(ll) and Co(ll): Joint toxicity and
cellular response in Paramecium

for the 102 annotated genes associated with GO:0045454 Cell Redox
homeostasis. This GO term does not appear to be significantly enriched in our
analysis e.g. in the Ni treatment its p-value is 0.12 (not shown) and therefore
slightly below our set threshold of 0.1. Analyzing the 102 genes of this GO term,
Fig. 43A shows a scatter plot of their individual fold-change in Ni 160 uM and Co
1140 uM treatment. The plot reveals non uniform regulation of these genes in
both directions. This may be the reason why the GO term is not significant in our
analysis, because we separated first up- and down-regulated DEGs before the
GO enrichment. The data dissects also for genes showing regulation in with a
single metal, only, and those reacting uniformly to both. We can conclude that
there is indeed a regulation of Redox associated genes occurring and that a large
number of genes is co-regulated by both Ni and Co. We can confirm this also for
the co-exposure experiments. Appendix Fig. 53 shows bar plots of the TPM fold-
change of individual genes of this GO term. Many of them indeed show a even
higher regulation on the co-exposure than the single exposure. This may be
another hint to explain the increased toxicity in joint applications. This may also
be true for the second interesting GO:0006281 DNA repair with 45 genes
associated in the current annotation. Genes of this GO term show weak
significant enrichment only in the Ni 160 uM cultures (p-value 0.08, thus below
our threshold), and not in any other treatment. Fig. 43B dissects this parental GO
into the individual DNA repair mechanisms. Several genes show up-regulation in
both, Co and Ni treatment including two putative isoforms of DNA ligase 4, a
component of the non homologous end joining repair. Two genes show stronger
up-regulation in Ni treatment compared to Co: a putative ERCC3/RAD25/XPB C-
terminal helicase, a putative DNA mismatch repair protein Mlh1. This may
indicate a stronger activation of some DNA repair mechanisms in the Ni

treatment.
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Figure 43: A. Scatter plot for the fold change of 102 genes associated with GO:0045454 Cell
Redox Homeostasis. B. Scatter plot for the fold change of 45 genes associated with GO:006281
DNA repair dissected into the subGOs indicated in the legend. Genes with Fold-change below 1
are down-regulated, genes with a Fold-change above 1 are up-regulated.

145



Chapter 7 — Microbial impact to environmental toxicants Ni(ll) and Co(ll): Joint toxicity and
cellular response in Paramecium

7.4. Discussion
7.4.1. The relationship between bacteria and paramecia in the food web

Our data indicates that paramecia can take up Ni an Co by phagocytosis-
independent mechanisms as well as by phaygocytosis. The latter appears to be
due to the capacity of bacteria themselves to accumulate both metals. Bio-
accumulation of many different metals in bacteria was known for a long time. For
instance, in Gram-negative species, such as Klebsiella, metal deposition was
shown to occur mostly at polar head groups along the two membranes or along
the peptidoglycan layer [334]. Our data show a higher Ni content compared to
Co, interestingly both are drastically increased when applied in combination.
Given the constant binding capacity of the cell wall, the increased binding in the
combined application could be due to an adaptation of the bacteria in response
to metal stress. Such responses include morphological changes in the cell wall
for increased extracellular binding or activation of metallothioneins for
intracellular binding [335]. Another interesting aspect is that Klebsiella biases for
either Ni or Co, depending on the concentration and this is a clear argument to
spent attention to the food bacteria as they could heavily affect uptake into the
ciliates. Firstly, both metals show less toxicity when applied together with food
bacteria. This could be due to the different uptake mechanism, but it seems more
likely that the presence of bacteria reduces the available metal concentration for
Paramecium. Our data suggest that reduced toxicity is associated with reduced
metal accumulation in Paramecium, and this is supported by the high levels of
metal accumulation in bacteria. However, bacteria cannot only be considered as
a sink, because feeding pre-exposed bacteria to Paramecium shows that
bacteria can also introduce metals into the food chain: importantly, they can pre-
select for individual metals, because they transfer the enrichment of Ni over Co
to the prey organisms. In nature, this could indeed lead to accumulation
processes along the food chain. In this context, the microbial loop concept

addresses the non-linear food chain by bacteria which grow on the extrusions of
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higher trophic levels [336]. Since the definition of the term, there has been an
ongoing debate about the fate of this bacterial biomass: (i) a loss of fixed biomass
(sink) due to bacterial sedimentation. This would represent a removal of biomass
from the food web. (ii) introduction into the food chain (link), which would mean
the transfer of biomass to higher trophic levels. The current perspective goes
more into the direction of a sink but the relative role of the microbial loop is
variable and depends on the individual temporal characteristics of an ecosystem
[337]. It is well known in marine and limnic systems, the occurrence of microbial
loops has also been characterised in soil microfauna-plant interactions, revealing
a complex situation in which plants benefit from protists and nutrients released
from bacterial biomass growing on plant exudates [338]. Taking into account the
variable influence of the microbial cycle, the link or sink discussion can also be
applied to metal toxicity in the environment. Our data show that bacteria can
indeed be a sink, not only for biomass but also for accumulated metals. However,
they can also be the entry point into the food chain and they could be biased

towards highly toxic metals and efficiently deliver them to higher trophic levels.
7.4.2. Ni and Co toxicity in paramecium

Our data show, that Paramecium is more insensitive to Co compared to Ni. This
is in contrast to what has been published e.g. for mammals. PubChem reports
the LD50 by intraperitoneal injection for Ni(ll) with 250 mg/kg and for Co(ll) with
100 mg/kg body weight. This is certainly a simplified measurement of the whole
organism, in this case rats. The individual sensitivity of different cell types is likely
to vary. However, it may be a good comparison with Paramecium from the point
of view of the single cell as an organism. Co is an essential element in mammals
as the central ion of cobalamin (vitamin B12), which is produced by certain
bacteria. Animals cannot produce cobalamin themselves, but obtain it from
bacterial cobalamin (intestinal symbionts) or by eating meat. Little is known about
Co and especially about cobalamin-dependent enzymes in Paramecium, but the

simple fact that the receipt for axenic cultivation of Paramecium tetraurelia strain
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51 (exactly the strain we used for our experiments) does not contain any
cobalamin derivative or Co in the trace elements [339] suggests that both,
cobalamin biosynthesis as well as cobalamin dependent enzymes are missing in
this species. Comparing with the literature, the mechanisms reported for cellular
toxicity differ between Ni(ll) and Co(ll), however they may also target similar
pathways. In E.coli, both were demonstrated to cause elevated DNA damages:
interestingly not by oxidative stress but by blocking the SOS DNA repair
pathways and also both inhibit the RecBCD enzymes [340]. Co(ll) is supposed
to generate reactive oxygen and nitrogen species (RONS), superoxides and
hydroxy radicals from Oz and H20:2 through Fenton reactions in pro- and
eukaryotes [65]. Also for Ni(ll) overdoses, redox-stress was also reported in
mammals, however the background seems less clear: mitochondrial damage
was reported which could increase ROS. Thus, oxidative stress appears to
account for the toxicity of both metals, and this would fit to our data suggested

by the transcriptomics analysis in Paramecium.

In literature, the main target for Ni was by inhibition of histone-deacetylation
resulting in alteration of gene expression and inhibition of DNA repair. Ni is
therefore considered to be carcinogenic [341]. Also Co is directly interacting with
the chromatin by interaction with cellular zinc finger motifs which involve Zn(ll)
bound by cysteine thiols or histidine imidazole groups to realize their affinity to
chromatin and DNA (reviewed in [49]). In our experiments, both toxicants appear
to cause similar transcriptomics changes to the same genes annotated for DNA
repair mechanisms, suggesting a common effect of both metals. Could there be
an organismal background for the higher Ni sensitivity of Paramecium? At first
glance, one might think that the ciliate might have some buffers against chromatin
damage by Ni, because the polyploidy in the macronucleus could accept some
DNA damage while still maintaining enough intact alleles, and any DNA damage
in the diploid micronucleus will only become apparent during recombination.

Could the cell cycle be the Achilles’ heel? The S phase of the Mac extends to
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more than half of the cell cycle: this means that most individuals in the culture
replicate their DNA [317,342] and this is a much higher number than in
mammalian cell cultures. If we assume that Ni interferes with the replication

machinery, this may explain the increased sensitivity to Ni.
7.4.3. Nickel and Cobalt uptake in paramecium

We measured the uptake of both metals into Paramecium and were able to
dissect between ingestion of metal loaded bacteria by phagocytosis and uptake
during starvation by phagocytosis independent mechanisms. A dynamic change
in the uptake mechanism must be taken into account during the 2 h exposure.
Immediately after the mixing of (i) Paramecium, (ii) bacteria and (iii) metals, the
metal concentration in the medium is high and the preferential uptake for
Paramecium at this time is likely to be through channels. With increasing time,
we hypothesise that increasing amounts of metal ions are bound by bacteria,
resulting in two effects: The concentration decreases and more metals are taken
up by the paramecium via the phagocytotic pathway. This scenario seems quite
likely and future research will need to clarify the dynamics of these processes
and also discriminate between different toxic effects between the two uptake
mechanisms. In fact, these future experiments would even have to consider a
third uptake mechanism, namely nanoparticles. Enzymatic catalysed reduction
contributes to nanoparticle formation, e. g. in fungi, where extra- and intracellular
enzymes have been shown to be involved [343] e.g. NADH dependent reductase,
nitrate reductase [344,345]. Also protists have quite recently been described for
nanoparticle formation, e.g. Tetrahymena producing Gadolinium particles [346]
or silver nanoparticels produced by the marine bacterium Marinomonas
associated with the ciliate Euplotes [347]. The authors speculate that the
formation of nanoparticles may fulfil two different roles, detoxification of free silver
ions and protection against other pathogens; interestingly, bacterially
synthesised nanoparticles showed higher antibacterial activity compared to

chemically synthesised ones [348], however they can also harm the ciliate [349].
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Also for our system, transformation of metals by bacteria could explain some
finding, e.g. the fact that we cannot identify any relation between uptake and
toxicity. It seems likely that bacteria are not a simple sponge for metals but they
could also transform them into more or less toxic derivates or by detoxification
by protein binding as known for other divalent metals like Cu, Fe or Zn.
Importantly, our experiments show that the metal content in bacteria is higher
when both metals are present. Although the reason for this is unclear, this means
that environmental pollution with Ni and Co, which is not a rare scenario due to
their usage in LIBs may lead to self enforcing effects in terms of increased uptake,

increased toxicity and increased accumulation in the food chain.
7.5. Conclusions

In mammals, Ni and Co are believed to cause toxicity mainly by either chromatin
interaction or, for Co, redox stress. The results of our study reveal increased
toxicity of Ni and Co in joint exposure in Paramecium and the transcriptomic data
suggest that this could be due to several common metabolic pathways to be
involved. Therefore the dual use and the combined environmental pollution of Co
and Ni by damaged LIBs needs to be considered carefully, not only with regard
to their individual toxicity, but also with regard to a possible accumulation in the
food web. This factor becomes even more important as our experiments reveal
increased uptake of both metals when co-exposed: in bacteria and Paramecium.
Hypothesizing that in nature, the role of bacteria in food chain can be both: a sink,
because they could clear the environment from free metals, but also a link,
delivering Ni and Co to higher trophic levels. Bacteria could therefore be a crucial
component responsible for enrichment of metals along the food chain. More
research is needed especially in characterizing effects of combined metal
exposure since they may behave differently in comparison to individual exposure,

as in our study.
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Metal toxicity is a critical concern in environmental, occupational, and general
human health, arising from the extensive use of metals in various industrial
applications. The interactions between different metals can intensify their toxic
effects, thus it is essential to investigate their combined impact. Among the
metals of concern are cobalt (Co) and nickel (Ni), which are extensively used in
the production of alloys, lithium-ion batteries for electric vehicles, as well as
components in catalysts and pigments [11,12]. As their usage in industrial
processes continues to grow, environmental contamination increases, resulting
in heightened human exposure through food sources and drinking water. Despite
their utility, Co and Ni pose substantial environmental and human health
threats [4].

Co serves as an essential trace element in humans, primarily as a cofactor of
vitamin B12, which is crucial for the formation of amino acids and proteins [23].
Conversely, the biological role of Ni remains elusive, although it is often
discussed [4]. Concerns are rising regarding potential adverse health effects from
Co and Ni since oral exposure to both metals is associated with health risks such
as neurological, cardiovascular, and thyroid dysfunctions [2,179]. However, only
limited data exist on the underlying mechanisms of toxicity. The carcinogenic
potential upon inhalation is well-documented for both metals and classified by the
IARC (Co: group 2A; Ni: group 1) [43,51].

The majority of past studies have focused on individual toxicity of Co and Ni,
often using human lung cell lines to model exposure via inhalation [284—-286].
However, as both metals frequently occur together in the environment, combined
exposure represents a more realistic scenario to investigate the underlying
toxicity mechanisms. This thesis aims to address this gap by exploring the impact

of Co and Ni on two different cell lines, liver carcinoma cells (HepG2) and
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astrocytoma cells (CCF-STTG1), simulating oral exposure. Various methodical
approaches were employed, including non-targeted transcriptomic analysis,
enzymatically based dye-assays and analytical techniques with prior method
development. These methods allowed for the assessment of alterations in
cellular mechanisms, including oxidative stress, activation of transcription factors
and their consequences on cell metabolism, genotoxic effects, and cell death
mechanisms, focusing on the comparison of combined and individual treatment.
Additionally, the model organism Paramecium tetraurelia, was used to clarify the

potential implications of Co and Ni contaminations on the ecosystem.

8.1. Development of a LC-MS/MS method for simultaneous quantification

of reduced and oxidized glutathione

Glutathione (GSH) plays a fundamental role in maintaining cellular health through
its involvement in redox homeostasis and phase Il metabolism. Under normal
conditions, GSH exists predominantly in its reduced form, however, oxidative
stress can lead to the formation of the oxidized form glutathione disulfide
(GSSG). With physiological intracellular concentrations in the millimolar range,
GSH is a key player in cellular response to free radicals. The NADPH-dependent
enzyme glutathione reductase (GR) converts GSSG back to GSH, maintaining a
typical GSH/GSSG ratio of about 100:1 under physiological conditions in
mammalian cells [138]. The ability to conjugate with electrophilic xenobiotics,
catalyzed by GSH S-transferases further underscores the role of GSH in

detoxification processes [136].

Alterations in GSH and GSSG levels as well as a low GSH/GSSG ratio are
common biomarkers for oxidative stress and cellular injury in toxicological
studies, hence it is crucial to quantify both accurately in different biological
matrices. This quantification is essential for monitoring the oxidative status of
cells and tissues and offers the possibility to evaluate the effectiveness of
antioxidative treatments [94]. Over the last years, numerous techniques have

been developed for this purpose, each with its own advantages and limitations.
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One commonly used method is the enzymatic recycling assay, which relies on a
spectrophotometric measurement [93]. This method only allows to determine
GSH and indirectly GSSG, thus it is less specific and sensitive compared to
analytical techniques. The sensitivity is especially important for small sample
sizes or low GSSG amounts, which physiologically occurs in cells in a 1:100 ratio
compared to GSH [138]. To overcome these limitations, chromatography-based
methods have been developed, including HPLC-UV, -FD, -ECD, and -MS/MS.
However, UV- and FD-based methods often require a time-consuming
derivatization, and ECD is mostly inadequate for simultaneous measurement due
to lack of sensitivity [136,146].

To address the need for a suitable and sensitive method for exactly our
application, we developed a new LC-MS/MS method, focusing on the
simultaneous quantification of GSH and GSSG in small sample sizes and
biological matrices. Mass spectrometric detection offers the advantage of a high
specificity by distinguishing between GSH, GSSG, and other similar compounds
based on their unique mass-to-charge ratios, reducing the risk of interferences in
complex biological matrices. This method does not require derivatization,
simplifying the sample preparation process and ensuring rapid analysis, which is
crucial due to the fast oxidation of GSH and the risk of overestimating
GSSG [350]. The rapid measurement time of 5 min allows for high-throughput
analysis, which is beneficial for time-sensitive experiments with a large number
of samples. The method’s reproducibility was optimized using NEM as a thiol
group conjugator, providing a better stability of GSH throughout the whole
process of sample preparation and analysis. To compare the GSH and GSSG
contents of different biological matrices amongst each other, the method was
validated in mammalian cells, the nematode C. elegans, and mouse liver tissue,
with only minor adaptions in sample preparation. With this ability, the developed
method was used for a variety of other research projects within our working

group [351].
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To further enhance the accuracy and minimize variation, the quantification
method could be refined by incorporating an isotope-labeled internal standard
instead of external calibration. This approach would compensate for variations in
sample preparation, injection, and analysis, as well as account for potential
matrix effects [352]. The stability issues for isotope-labeled GSH could be
mitigated by using NEM also for the internal standard, as described before
[151,152]. Additionally, the method could be expanded to include the
simultaneous determination of several other compounds related to the GSH
cycle. This expansion is valuable as toxins are also able to alter the GSH
synthesis or other key pathways in which GSH is involved. Relevant compounds
would be the biosynthesis intermediate y-glutamylcysteine, the amino acids
cysteine, cystine, glutamic acid, and serine or the precursor N-acetylcysteine.
Recently, two new methods were developed to quantify the GSH pathway
metabolites in different cell lines using an UPLC-MS/MS system [353,354]. Since
reversed phase columns did not provide sufficient retention of the polar amino
acids, an expanded method has to be evaluated using another type of column.
Serafimov et al. considered hydrophilic interaction liquid chromatography (Hilic)
columns as the best for this application [355]. Combining this analysis with the
determination of gene or protein expression of involved enzymes could provide
a broader overview of GSH regulation. In addition, preliminary tests indicated that
the method is also suitable for determination of GSH and GSSG in serum and
plasma samples (data not shown). However, it must first be validated for these
matrices to ensure reliable results. Accurately measurement of the GSH/GSSG
status in human serum or plasma is crucial, as it serves as a clinical marker for
various diseases, including diabetes, HIV, cancer, and aging. For those diseases,

GSH imbalance represents a critical target for medical intervention [140].

In conclusion, GSH is a pivotal molecule in maintaining cellular health and
protecting against oxidative damage. Developing stable and reliable methods for

the quantification of GSH and molecules related to its metabolism is essential for
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understanding the impact of environmental and dietary factors on the antioxidant
status and evaluating therapeutic strategies for diseases related to oxidative

stress.
8.2. Impact of Co and Ni on the cellular mechanisms of human cell lines

Co and Ni, extensively used in industrial applications such as lithium-ion
batteries, pose increasing environmental and human health risks. Both metals
are known to be (potentially) carcinogenic upon inhalation, and an overexposure
is associated with a variety of diseases like neurological and cardiovascular
disorders [2,6]. Despite their widespread use, the underlying mechanisms of
toxicity remain poorly understood, especially regarding their combined exposure.
This comprehensive research investigated the individual and combined effects
of Co and Ni on human liver carcinoma cells (HepG2) and astrocytoma cells
(CCF-STTG1), focusing on stress mechanisms, alterations in cellular

metabolism, cell survival, and genotoxic effects.

Given that both metals are utilized in similar industrial applications, combined
exposure is a realistic scenario. For instance, in lithium-ion batteries, a ratio
ranging from 3:1 to 8:1 (Ni:Co) is common, hence a 6:1 ratio was chosen for this
studies [194]. In the literature, divalent metals such as Co and Ni are reported to
be transported into cells particularly via similar transporters, thus the investigation
of metal interactions is of crucial importance. While the cellular effects of these
metals upon inhalation are well-documented, their impact following oral exposure
is less understood. This knowledge gap is of significant concern given the
increasing environmental entry of Co and Ni. The liver, a primary organ for
distribution, storage, and detoxification, and the brain, central to nervous system
functions, are critical targets for Co and Ni toxicity upon oral intake [26,185,192].
Therefore, this study compared the impact of Co and Ni on two different human
cell lines, HepG2 liver carcinoma cells and CCF-STTG1 astrocytoma cells. The

findings revealed that HepG2 cells are more sensitive to Co and Ni compared to
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CCF-STTGH1 cells, with higher metal content observed in HepG2 cells comparing
the same incubation time. One of the main responsibilities of astrocytes is the
protection of neurons, due to the neurons’ post-mitotic and non-regenerative
nature. For this, astrocytes show a high Nrf2 activity and consequently enhanced
production and storage capacity of antioxidants and their precursors, providing
them to neurons [202]. Astrocytes have been found to exhibit resistance to Co
toxicity, as demonstrated in a study comparing them to neuroblastoma cells,
suggesting that astrocytes may not be a particularly sensitive target for Co toxicity
in the brain [203]. Therefore, expanding research to investigate Co and Ni toxicity
in neuronal cell lines, such as LUHMES human mesencephalic cells or SH-SY5Y
human neuroblastoma cells is essential for further studies. These cell lines are
widely used as model systems for studying neurotoxicity and could provide
further insights into the effects of Co and Ni on the nervous system. HepG2 cells
exhibit a higher vulnerability to Co than to Ni, corresponding to a higher cellular
Co content. We demonstrated an involvement of DMT-1 as a primary transporter
for both metals using the DMT-1 blocker 1. However, other transporters are also
implicated. Next to the cell membrane, DMT-1 is present in nuclei and the outer
mitochondrial membrane, suggesting these are the main targets for Co and Ni
toxicity [207,290]. Other Co and Ni transporters, such as Tfr1, ZIP8 and 14, and
DMT-1 are known to exhibit preferences for certain metals [4]. For example,
DMT-1 favors Co over Ni, explaining the increased Co and decreased Ni levels
in HepG2 cells when both metals are incubated combined compared to individual
treatment. This effect was also observed within cell nuclei, resulting in elevated
nuclear Co levels and reduced Ni amount., indicating that both metals also
interact during nuclear transport. Future studies should aim to uncover the
detailed cellular transport mechanisms of both metals to understand the exact
contribution of various transporters and the metal interactions. In HepG2 cells,
an increase in DMT-1 protein expression was observed after a 4 h incubation
with Co, which has been linked to an enhanced expression of HIF-1a [208].

These findings could be extended by analyzing the mRNA and protein expression
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of relevant metal transporter proteins following combined administration of Co
and Ni, using techniques such as qRT-PCR and Western blot analysis. Since
DMT-1 is reported to transport other divalent metals, including Zn, Fe, Mn, and
Cu, it is important to investigate the potential effects when these metals are
combined with Co and Ni to gain deeper insights into the complexity of metal
interactions [209]. To further understand the involvement of DMT-1 and to
overcome limitations related to the specificity and sensitivity of the used DMT-1
blocker 2, utilizing DMT-1 knockdown cells would be a valuable approach
[356,357]. Additionally, comprehensive knowledge of cellular homeostasis for Co
and Ni is still elusive. It is crucial to identify potential storage proteins and cellular
exporters of both metals in future studies. The observed higher Co amount and
decreased Ni levels after combined exposure, compared to the single treatment,
necessitate further investigation to determine if this effect is due to differences in
uptake, storage, or export mechanisms. This metal homeostasis should be
further explored by assessing the metal content in cellular sub-compartments. In
these studies, the isolation of cell nuclei was included, and this should be
expanded to isolation of mitochondria and subsequent metal content analysis
using ICP-OES or ICP-MS following Co and Ni treatment. Various advanced
techniques are available for visualizing metal ions in biological samples for
defining metal distribution, such as secondary ion mass spectrometry (SIMS),
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and
X-ray fluorescence microscopy (XRFM) [358]. Additionally, fluorescent probes
have been developed for live-cell imaging of specific metals, including Co and
Ni [359,360].

Based on the observed interactions among Co and Ni in their transport into the
cell, it is likely that there are also differences in their toxicity mechanisms
compared to single metal incubation. Elucidating these mechanisms was the
further focus of this thesis, primarily using the more sensitive HepG2 cells. To

identify the most relevant pathways in response to Co and Ni exposure, the non-
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targeted transcriptomics approach was chosen. Transcriptome analysis offers
comprehensive insights into the complete set of RNA transcripts produced by the
genome, allowing for a comparative examination of gene expression patterns
across specific samples [361]. This detailed gene expression profile can then be
used to study and verify the affected pathways more targeted. In HepG2 cells,
we observed a higher number of DEGs after treatment with the combination of
Co and Ni compared to individual exposures, suggesting a synergistic effect with
additional responses. For both metals, especially when combined, the target
DEGs were associated with the transcription factor Nrf2. Nrf2 is primarily
activated by ROS, which react with the cysteine residues of KEAP1, the protein
that complexes with Nrf2 under physiological conditions. Newly synthesized Nrf2
is then able to translocate into the nucleus and activate the expression of various
cytoprotective and antioxidative genes [245]. Both Co and Ni, individually and
combined, resulted in elevated amounts of nuclear Nrf2, corresponding with the
increased formation of ROS induced by Co and its combination with Ni. In
contrast, Ni alone did not induce ROS in HepG2 cells, indicating a ROS-
independent activation of Nrf2. This can be attributed to a cysteine-independent
mechanism, by interfering with the Nrf2-KEAP1 complex [245]. Notably,
individual treatment with Ni resulted in the upregulation of sqstm1, revealed in
the transcriptome analysis. Sqstm1, also known as p62, is a multifunctional
protein important in various cellular processes, such as autophagy and cell
signaling. Additionally, p62 can interact with KEAP1, leading to the activation of
the Nrf2 signaling pathway [362]. Future studies should aim to clarify the
mechanisms of Nrf2 activation by Co and Ni to further understand the differences
between these metals. Other transcription factors connected with Nrf2, such as
NF-kB, ATF4, and HIF-1, are known to activate each other and overlap in their
pathways [245]. It was reported that Nrf2 is activated as response to hypoxia,
which can be induced by Co [74,303]. Additionally, in Nrf2-deficient primary
murine kidney tubular epithelial cells, the hypoxia-stimulated HIF-1a activation

was impaired, and Nrf2-knockdown PC12 cells showed an increased sensitivity
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towards Co toxicity [363,364]. Therefore, it can be concluded that the Nrf2
signaling pathway plays a crucial role in response to the combination of Co and
Ni metals in HepG2 cells. Further studies should address the involvement of
other transcription factors in response to Co and Ni treatment, to fully elucidate

this complex interplay.

Our next aim was to investigate the Nrf2-regulated pathways in greater detail
following Co and Ni treatment. The combination of both metals led to alterations
in cellular iron metabolism, increasing the gene and protein expression of
HMOX-1 and FTL. HMOX-1 degrades the pro-oxidant heme into biliverdin,
carbon monoxide, and free iron, which in turn can be bound by FTL to prevent
the cells from ROS formation through Fenton reactions. Thus, an increase in iron
metabolism helps the cell mitigate oxidative stress and has cytoprotective
properties [365]. One of the main Nrf2-targeted pathways is the glutathione
metabolism, crucial for cellular antioxidative defense [366]. The combination of
Co and Ni resulted in increased gene expression of GCLC and GCLM, which
catalyze the initial step of GSH synthesis. Both metals did not affect the cellular
GSH amount, indicating the direct oxidation of newly synthesized GSH. This is
consistent with the increased levels of GSSG observed after treatment with Co
alone and in combination with Ni. GSH and GSSG levels were quantified using
our newly developed LC-MS/MS method. The enhanced GSSG levels indicate
oxidative stress induced by Co and the combined treatment, whereas Ni alone
did not show alterations, aligning with the lack of ROS induction mentioned
earlier. GSH is composed of three amino acids: glutamate, cysteine, and
glycine [367]. Glutamate is provided through glutamine, catalyzed by
glutaminase. Combined treatment with Co and Ni resulted in elevated glutamine
levels, necessary for the heightened GSH synthesis. Conversely, glutamate
levels decreased with Co and Ni treatment, both individually and combined,
potentially due to cellular export via the cystine/glutamate antiporter SLC7A11.

This transporter is positively regulated by Nrf2, and its gene expression was
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enhanced by the combination of Co and Ni in HepG2 cells, supporting the
increased need for GSH in response to oxidative stress. We also investigated the
cellular pathways glycolysis and TCA cycle following treatment with Co and Ni.
For this, we developed a novel LC-MS/MS method capable of simultaneously
quantifying 11 different analytes, including glucose, lactate, pyruvate, citrate,
a-ketoglutarate, succinate, malate, glutamine, glutamate, cysteine, and serine.
Separation was achieved using a Hilic column, with a total analysis time of
20 min. The sample preparation protocol was adapted and validated for use with
mammalian cells and the nematode C. elegans, with the potential for extension
to various other biological matrices in the future. Additionally, the method can be
expanded to include several other analytes and we started to combine it with our
previously developed LC-MS/MS method for the quantification of GSH and
GSSG. After treatment with the combination of Co and Ni, only glycolysis was
significantly affected, leading to a higher gene expression of key enzymes
involved in glucose import and metabolism and an enhanced intracellular lactate
concentration, while the TCA cycle seems not to be affected by Co and Ni. The
elevated expression of glucose transporter GLUT1 has been observed previously
in nucleus pulposus cells under hypoxic conditions induced by Co [368]. These
hypoxic conditions are also known to increase the lactate production by
enhancing the expression of LDHA, as seen in Sertoli cells [369]. Both genes
encoding for GLUT1 and LDHA contain hypoxia response element (HRE)
sequences in their promotors [370,371]. During the conversion of pyruvate to
lactate, LDHA catalyzes the oxidation of NADH to NAD®* under anaerobic
conditions [372]. Both Co and Ni, individually and combined, led to increased
cellular lactate amount, which corresponded with increased LDHA gene
expression and NAD" levels in HepG2 cells. This higher glucose uptake rate and
lactate production is characteristic for hypoxic cancer cells, supporting tumor
growth and cell proliferation [373]. Both metals, especially in combination,
activate the Nrf2 response pathway. This is consistent with the tested

concentrations, which are non-toxic in HepG2 cells and only the combination of
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25 uM Co and 150 uyM Ni leads to higher rates of apoptosis and necrosis,
suggesting the cells are able to counteract the effects caused by Co and Ni under
certain conditions. To verify the significance of Nrf2 in Co and Ni toxicity, it would
be essential to utilize Nrf2 knockdown HepG2 cells. This approach would allow
for the investigation of Nrf2-related pathways following Co and Ni treatment,

facilitating a comparison with the findings from these studies.

Sphingolipids play crucial roles in cellular processes, such as influencing cellular
membrane structures, interacting with the extracellular matrix and acting as
second messengers in cellular signaling [374]. A metabolomic study in HepaRG
cells revealed significant alterations in sphingolipid biosynthesis and metabolism,
particularly due to Co exposure [269]. Additionally, transcriptomic analysis
showed that the combination of Co and Ni impacted the lipid metabolism of
HepG2 cells. This prompted us to investigate key intermediates and metabolites
of sphingolipid metabolism. Exposure to Co and Ni, both individually and in
combination, resulted in increased formation of dhCer across all species,
consistent with the elevated gene expression of Cers1, which specifically forms
C18:0 dhCer [247]. Next to this, Co and Ni exposure led to increased dhSM
formation but decreased levels of Sph and LacCer. Similar results were observed
under hypoxic conditions in mouse embryonic fibroblasts with DEGS1
knockdown. DEGS1 catalyzes the formation of Cer from dhCer, suggesting that
Co and Ni may inhibit this enzyme. These effects were associated with altered
mitochondrial morphology, lower oxygen consumption rates, and impaired ATP
synthesis, underscoring the importance of sphingolipids as essential membrane
components [271]. DEGS1 deficiency is also linked to changes in cholesterol
metabolism, phospholipid metabolism, and biogenesis of lipid droplets [375]. To
our knowledge, this study is the first to investigate sphingolipid metabolism in
relation to Co and Ni toxicity, and sphingolipids are rarely targeted in toxicological
studies of other metals. Therefore, it is crucial to clarify these mechanisms, as

sphingolipid metabolism appears to be a sensitive endpoint for Co and Ni toxicity,
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even at the lowest applied concentrations. Given the important impact of
sphingolipids on mitochondrial health, further elucidation of Co and Ni toxicity
effects is necessary, as these metals are implicated in mitochondrial
dysfunction [54,376]. There are several possibilities to study mitochondrial
activity in cells. The first endpoint is the mitochondrial membrane potential,
crucial for ATP production, which can be measured using fluorescent dyes such
as JC-1 or tetramethylrhodamine methyl ester (TMRM) [377,378]. Mitochondrial
respiration can be assessed by measuring the oxygen consumption rate using a
Seahorse Analyzer or Oroboros instrument. Oroboros combines this with
monitoring ROS production, mitochondrial membrane potential, ATP production,
Ca?* concentration, and pH measurement [379]. Additionally, assessing the
integrity and quantity of mitochondrial DNA (mtDNA), for example by measuring
mtDNA copy number, is important [380]. Electron microscopy can provide
insights into mitochondrial health by comparing mitochondrial shape and network
structure [381]. Furthermore, sphingolipids play an essential role in brain function
and development by supporting neuronal differentiation, myelin stability, and
synaptic transmission within neuronal-glial connections. Alterations in
sphingolipid metabolism are implicated in the development of various
neurological diseases [382]. Therefore, it is essential to investigate sphingolipid
alterations following Co and Ni exposure in astrocytes or neuronal cells to

elucidate potential neurotoxic effects.

Diacylglycerols (DAGs) act as second messengers, and alterations in their
occurrence can significantly impact cellular health. Exposure to Co and Ni, both
individually and in combination, resulted in increased cellular DAG
concentrations, particularly those with two saturated fatty acids. This increase is
associated with the activation of PKC, which has been shown to enhance the
cellular glucose uptake [383]. In HelLa cells, hypoxia induced an accumulation of
DAGs, mainly driven by the activity of phosphatidylcholine phospholipase C and
sphingomyelin synthase (PC-PLC/SMS) activity [384]. Similarly, in mesenchymal
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stem cells, hypoxia-induced DAG accumulation was also reported, along with
increases in triglycerides and fatty acids, suggesting Co and Ni may impact other

lipid classes as well [280].

Both Co and Ni were extensively transferred into the nucleus, suggesting that
both metals may have a genotoxic potential. We investigated their impact on the
DNA, identifying significant effects mainly at high concentrations, which were
already cytotoxic to HepG2 cells. However, the combination of 25 yM Co and
150 uM Ni also led to notable alterations compared to their single incubation.
Treatment with the ROS-inducing Co and its combination with Ni resulted in an
induction of FPG-sensitive sites, indicating the occurrence of oxidatively altered
purines like 8-oxodG. Ni, which did not induce ROS formation or GSH/GSSG
alterations, showed no effect in the alkaline or FPG-modified comet assay. In
mammalian cells, 8-oxodG is removed via the base excision repair pathway,
initiated by 8-oxoguanine DNA glycosylase-1 (OGG1) [385]. Nrf2 knockdown in
HEK293 cells showed a significant decreased OGG1 protein expression,
confirming that Nrf2 plays a crucial role in regulating OGG1 activity [386]. This
suggests that the Co- and Ni-induced Nrf2 activation protects cells against
oxidative DNA damage by enhancing the antioxidative capacity and activating
repair mechanisms. To verify this hypothesis, future studies should employ Nrf2
knockdown cells to investigate the genotoxic effects of Co and Ni in absence of
Nrf2. However, these protective pathways can be exhausted, leading to the
formation of 8-oxodG after treatment with higher Co concentrations starting at
100 uM and the combination of 25 uM Co and 150 uM Ni. Exposure to 500 yM
Co led to the formation of single-strand breaks, while high Ni concentrations
increased the y-H2AX expression, indicating cellular double-strand breaks. In
human colon cancer cells, treatment with sub-lethal doses of Ni did not alter the
expression of y-H2AX compared to control [387]. However, in these cells but with
a Nrf2 knockdown, the same concentrations significantly increased double-

strand breaks compared to the normal cells. It was also reported that the exposed
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Nrf2 knockdown cells showed an upregulation of genes associated with oxidative
stress and inflammation and downregulation of DNA repair-related genes [387].
This leads to the assumption that Nrf2 also acts protective at DNA strand breaks,
and this should be further investigated regarding Co and Ni toxicity by using Nrf2
knockdown cells. The downregulation of DNA repair genes was observed for Ni
in different cancer cell lines, particularly those genes involved in the homology-
directed DNA double-strand break repair, but only for highly cytotoxic Ni
doses [296]. Both Co and Ni induced chromosomal damage, as evidenced by the
increased number of micronuclei. This effect was predominantly observed
following exposure to highly cytotoxic concentrations of Co and Ni individually.
However, enhanced micronuclei formation was also detected after combined
exposure to 25 yM Co and 150 uM Ni, concentrations that exhibited only a
beginning cytotoxicity in HepG2 cells. Notably, single treatment with 25 yM Co or
150 pM Ni did not induce significant formation of micronuclei, indicating a
synergistic effect of the combined metal exposure. Specifically, Co has been
reported to cause chromosomal instability in different cell lines by inducing
chromatid lesions [284,298]. Treatment with Co and Ni also resulted in the
increased formation of multinucleated cells, even at non-cytotoxic
concentrations, indicating a defective cell division or an enhanced cell
fusion [388]. Both metals were associated with an altered cell cycle, primarily
causing a G2/M phase arrest [60,303]. This arrest likely inhibits cytokinesis, the
final stage of cell division [304]. A functional lipid metabolism is essential for
cytokinesis, which was altered by Co and Ni as mentioned earlier. The inhibition
of cholesterol biosynthesis is linked to a cytokinesis failure, and sphingolipids
were also observed to regulate multinuclear cell formation by inhibiting
cytokinesis [389,390]. An overexpression of PKC, induced by elevated DAG
levels, resulted in the accumulation of cells in the G2/M cell cycle phase,
inhibition of cytokinesis, and enhanced multinucleation [391,392]. This suggests
a connection between the enhanced DAG levels and increased multinucleated

cells, both caused by Co and Ni, with altered sphingolipid metabolism also
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playing a key role in the affected cell cycle. Future studies should explore these
interconnections in response to Co and Ni treatment, especially focusing on the

cell cycle phases and cell fusion.

Both Co and Ni, individually and in combination, activated the DNA damage
response pathway PARylation. This activation indicates a DNA damaging
potential for both metals, even at the lowest concentrations tested. In BEAS-2B
cells, treatment with Co significantly induced DNA damage after 2 h incubation,
while no alterations were observed after 24 h [293]. This suggests that the
induced DNA damage might be repaired during the long-term exposure and
future studies should address a shorter exposure scenario to compare them with
the results of this work. Additionally, PARP-1 is reported to be activated under
hypoxic conditions, subsequently leading to HIF-1a stabilization [393]. Hypoxia
is known to promote genomic instability without causing direct DNA damage, but
by downregulating repair pathways, suggesting this as a possible mechanism for
Co and Ni [394]. PARP-1 plays a crucial role in apoptotic cell death, as it gets
cleaved by caspase-3 under highly cytotoxic conditions, which diminishes its
ability for DNA repair [305]. In HepG2 cells, caspase-3 was induced following
treatment with high Co and Ni concentrations starting at 100 yM Co and
500 M Ni, but also with the combination of both metals. Apoptosis is a process
requiring energy, leading to a higher consumption of ATP, as observed after
exposure to 500 uM Co, which led to the highest caspase-3 activity [395]. At this
concentration, no PARylation was observed in HepG2 cells, assuming that
PARP-1 was cleaved by caspase-3. Future studies should verify this hypothesis
by quantifying the resulting fragments via western blot analysis [396]. The
corresponding decrease in ATP levels and increase in AMP suggests that Co may
activates the AMP-activated protein kinase (AMPK), leading to autophagy [309].
Another ATP consuming process is the GSH synthesis, which is enhanced by Co
and Ni, as mentioned earlier. GSH metabolism is known to be involved in the

activation of autophagy, as well as promoting apoptosis [397].
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In conclusion, this research provides new insights into the toxicity mechanisms
of Co and Ni in mammalian cells, especially focusing on their combined effects.
A significant limitation of these studies is the use of cancer cell lines, since they
mostly exhibit aberrant cellular functions and altered gene expression
profiles [398]. This deviation from normal cellular physiology necessitates the
investigation of Co and Ni toxicity in primary cells to validate and compare our
findings. However, cancer cell lines offer notable advantages, including high
reproducibility and ease of use, thereby providing valuable insights into metal
toxicity mechanisms. The results demonstrated a complex interaction between
Co and Ni during combined exposure, leading to altered cellular metal content, a
greater number of differentially expressed genes, and increased toxicity
compared to individual treatments. Both metals, individually and combined,
activated the Nrf2 signaling pathway, impacting GSH and iron metabolism, as
well as glycolysis. Notable alterations were observed in sphingolipid and DAG
metabolism, which have significant implications for mitochondrial function. At
high concentrations, Co and Ni exhibited genotoxic potential, but through
different mechanisms. Co exposure induced RONS, altered the GSH/GSSG
ratio, and caused oxidative DNA damage. In contrast, Ni exposure primarily led
to DNA double-strand breaks. Both metals contributed to chromosomal instability,
multinucleation, and increased apoptosis rates. Future research should aim to
elucidate the detailed transport mechanisms of Co and Ni to better estimate the
risks associated with combined exposure. Understanding the effects of combined
toxicity is particularly crucial, since the higher number of differential expressed
genes compared to the single treatment indicates a complex mechanism.
Additionally, further investigation to the impact on mitochondrial function and DNA
damage repair pathways, including the role of Nrf2, is essential to expand on the
findings of this thesis and fully understand the complex interplay of Co and Ni in
cellular toxicity upon oral exposure. Given that Co is an essential component of
vitamin B12, which is widely supplemented, it would be interesting to investigate

the effects of vitamin B12 on human cells for comparison with our findings.
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8.3. Impact of Co and Ni on the cellular mechanisms of Paramecium

tetraurelia

Given that both Co and Ni are environmental pollutants, investigating their
toxicological risks on organisms of the aquatic ecosystem is crucial. Therefore,
we examined the uptake and toxicity mechanisms of Co and Ni using the ciliate
Paramecium, comparing individual and combined treatment. Additionally, their
feeding bacteria Klebsiella planticola were included, to gain insights into the initial

stages of the food chain.

Paramecia exhibited higher sensitivity towards Ni than to Co, despite similar
cellular metal levels with both metals. This contrasts with the mammalian cells,
where Co induced greater cytotoxic effects with concurrent enhanced cellular
levels compared to Ni. The toxicity of both metals increased in starved
paramecia, correlating with higher metal uptake in the absence of food. In
Klebsiella the cellular amount of both metals was dependent on the incubated
concentration. Lower concentrations (100 uM) led to a higher uptake of Co, while
higher concentrations (600 yuM) favored Ni uptake. After feeding incubated
Klebsiella, paramecia showed increased metal amount and alterations following
combined treatment, indicating that food bacteria affect the metal uptake inside
the food chain. This suggests that Co and Ni uptake in paramecia occurs through
both phagocytotic and phagocytosis-independent mechanisms. Joint treatment
of Co and Ni in paramecia resulted in increased toxicity compared to single metal
exposure, without alterations in cellular Co amount. Interestingly, Ni levels were
decreased when combined with 100 uM and 600 uM Co. This effect was also
observed in mammalian cells, but in this case the Ni deprivation was constant
with increased cellular Co amount. Previous studies on various ciliate protozoa
strains have shown that the combined treatment of the metals Cd and Zn
influences their toxic effects and bioaccumulation compared to the single
incubation. It is known that ciliates possess specific metallothioneins which

mediate the transport of these metals [399]. A genomic analysis of P. tetraurelia
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has identified several transport proteins involved in various metabolic processes,
but these proteins have not been characterized for specific metals [400]. To our
knowledge, the exact transport mechanism of Co and Ni in paramecia is still

elusive, thus further research should focus on identifying these pathways.

Transcriptomic analysis was employed to identify pathways specific for single
metal exposure and to understand the alterations following combined treatment
with Co and Ni in paramecia. Exposure to Co, both individually and the
combination of Ni and high Co concentration, resulted in the upregulation of the
GO term ‘cellular amino acid metabolism’ and a downregulation of the GO term
‘tetrahydrobiopterin biosynthesis’. Additionally, genes associated with the GO
term ‘ammonium transmembrane transport’ were downregulated following
treatment with both metals, either alone or in combination. These findings
suggest alterations in amino acid-related pathways, primarily induced by Co
exposure. Amino acids are essential not only for protein synthesis but also play
vital roles in glycolysis, the TCA cycle, ATP generation, and as precursors for
compounds like GSH [401]. Tetrahydrobiopterin functions as a cofactor involved
in the conversion of amino acids to precursors of neurotransmitters and is
required for the production of nitric oxide (NO) [402]. Therefore, future studies
should focus on clarifying specific altered amino acids to better understand the
pathways affected by Co and Ni. Our newly developed LC-MS/MS method, which
includes analytes of glycolysis, the TCA cycle, and GSH metabolism, could be
adapted for paramecia to facilitate this research. Ni exposure mainly led to the
downregulation of genes related to the GO terms ‘inositol synthetic process’ and
‘phospholipid  biosynthetic process’. Inositol compounds, including the
phospholipid phosphatidylinositol, are important for membrane biogenesis, signal
transduction, DNA repair, and energy metabolism [403]. Disruption in the
synthesis and homeostasis of these compounds can lead to a wide range of
cellular disorder, suggesting that Ni exposure may alter membrane composition

and associated signaling pathways. For both metals, an effect in the GO term
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‘glutathione biosynthetic stress’ was observed, mainly caused by an upregulation
of the glutamate-cysteine ligase, an enzyme taking part in the GSH
synthesis [79]. This indicates that both metals are causing redox stress in
paramecia, which was also observed in the mammalian cells, especially after Co
exposure. In HepG2 cells, combined exposure to Co and Ni resulted in the
upregulation of the glutamate-cysteine ligase. Further transcriptomic changes
were noted in genes related to glutaredoxin, pyridine nucleotide disulfide
oxidoreductase, and thioredoxin, which are pivotal systems for maintaining
cellular redox state [404]. Both metals seem to cause transcriptomic changes in
genes related to DNA repair mechanisms, consistent with previous literature
suggesting that especially Ni inhibits DNA repair [60]. This points to potential
genotoxic effects of Co and Ni exposure. To gain a deeper understanding of the
pathways affected by Co and Ni, which were revealed via transcriptomic analysis,
further detailed studies are necessary. This should specifically include redox
stress endpoints, glutathione metabolism, and genotoxic effects. For this,
methods and techniques used in the HepG2 cells, such as the developed
LC-MS/MS method for GSH and GSSG quantification and the method
addressing the glycolysis and TCA cycle, should be adapted for use in
paramecia. This will facilitate a comprehensive comparison of results across
different testing systems and provide insights into the similarities and differences

in metal toxicity mechanisms between these models.

In conclusion, paramecia exhibited higher sensitivity to Ni than to Co, despite
similar cellular metal levels. This finding contrasts with observations in
mammalian cells, where Co induced greater cytotoxic effects. This highlights the
differential impacts of metal toxicity on mammals and the ecosystem, underlining
the necessity of investigating both to comprehensively understand the effects on
human health and the environment. Combined Co and Ni treatment led to higher
toxicity in paramecia without altering cellular Co levels but decreased Ni levels,

suggesting an interaction in their bioaccumulation. Transcriptomic analysis
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revealed both distinct and shared pathways affected by Co and Ni, primarily
involving redox stress and DNA repair mechanisms. Additionally, bacteria can
take up both metals, facilitating their entry into the food web and subsequent
accumulation in organisms such as paramecia. Further research is needed
especially to characterize the effects of combined Co and Ni exposure, as this

represents a realistic environmental scenario.
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Table 8: Detailed data of cytotoxicity tests in HepG2 and CCF-STTG1 cells after incubation
with Co and Ni in single and combined exposure. All results are compared to untreated control.
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Figure 44: Bioavailability of Co and Ni in CCF-STTGL1 cells after 24 h incubation in combined
exposure compared to single treatment. Cellular metal content was measured via ICP-OES
after single or combined treatment with Co and Ni. Data is presented as mean + SD of n 2 3
independent experiments. Statistical significance was tested by an unpaired t-test with Welch’s
correction depicted as **p<0.01: single treatment compared to combined exposure.
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Figure 45: Cellular GSH level after 24 h single and combined incubation of Co and Niin HepG2
cells (A) and CCF-STTG1 cells (B). GSH amount was quantified using LC-MS/MS. Data is
presented as mean + SD of n 2 3 independent experiments. Statistical significance was tested
by an unpaired t-test with Welch’s correction depicted as *p<0.05, **p<0.01: compared to
untreated control.
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Supplementary Material for Chapter 5: Transcriptomics Pave the Way into
Mechanisms of Cobalt and Nickel Toxicity: Nrf2-Mediated Cellular Responses in

Liver Carcinoma Cells

Quantification of metabolites related to glycolysis, TCA cycle and GSH
metabolism by HPLC-MS/MS

LC-MS/MS parameters

Eluent A comprised bidistilled water with 10 mM ammonium bicarbonate and
10 mM formic acid (FA) (LC-MS grade, fisher chemicals), while eluent B
consisted of acetonitrile (LC-MS grade, VWR) with 10 mM FA. After injecting 2 uL
of the sample, the gradient started at 90 % - 40 % eluent B for 10 min, followed
by a return to 90 % eluent B in 0.5 min and additional 9.5 min at 90 % eluent B
for column equilibration. At a flow rate of 0.25 mL/min the total run time was 20
min. lon source parameters were conducted as follows: entrance potential (EP)
10.0 V; curtain gas (CUR) 40.0 psi; collision gas (CAD) medium; ion spray voltage
(IS) 3000.0 V; temperature (TEM) 500 °C; ion source gas 1 and 2 (GS1 and 2)
40.0 psi and 50.0 psi for analytes in positive mode and entrance potential (EP)
10.0 V; curtain gas (CUR) 40.0 psi; collision gas (CAD) 6.0; ion spray voltage (IS)
-4500.0 V; temperature (TEM) 550 °C; ion source gas 1 and 2 (GS1 and 2)
70.0 psi for analytes in negative mode. The dwell time was set at 35 ms for all
analytes. All mass transitions and the optimized collision energy (CE), collision
cell exit potential (CXP) and declustering potential (DP) for each analyte are

displayed in table 9 and 10.
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Table 9: Mass spectrometry parameters of analytes measured in negative ion mode. Shown

are the quantifier (*) and qualifiers for analyte identification.

Analyte Fragmentation Collision Collision cell exit Declustering

[m/z] energy [V] potential [V] potential [V]
179 > 89* -14 -13 -30
Glucose 179> 119 -10 -13 -16
179 > 59 -23 -9 -52
179> 71 -29 -8 -52
Lactate 89 > 43* -14 -18 -31
89 > 71 -15 -10 -42
Pyruvate 87 > 32* -1 -5 -12
87 > 43 -10 -6 -16
145 > 57* -15 -22 -33
a-Ketoglutarate 145> 101 - M 26
145> 73 -15 -39 -21
145 > 83 -18 -14 -17
117 > 73* -16 -16 -16
Succinate 117 > 99 -14 -14 -24
117 > 59 -14 -7 -12
133 > 115* -14 -8 -22
Malate 133>71 -16 -12 -21
133 >89 -17 -12 -13
133 >43 -29 -21 -13

Table 10: Mass spectrometry parameters of analytes measured in positive ion mode. Shown

are the quantifier (*) and qualifiers for analyte identification.

Analyte Fragmentation Collision Collision cell exit Declustering
[m/z] energy [V] potential [V] potential [V]
148 > 84* 16 19 27
Glutamate 148 > 102 14 10 20
148 > 130 21 10 22
147 > 130* 15 21 33
Glutamine 147 > 84 22 13 16
147 > 101 14 10 23
147 > 59 18 6 10
247 > 230* 18 10 25
, 247 > 201 18 18 36
Cysteine-NEM 247 > 212 22 11 41
247 > 184 27 9 42
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Quantification of sphingolipids and diacylglycerols by HPLC-MS/MS

Table 11: HPLC-MS/MS parameters for quantification of sphingolipids.

. — Precursor ion Product ion Retention el Internal
SEunERlEld (m/z) (m/z)® time (min) gefe’e""e Standards
ompound
ds-Sph (ISTD) 307.3 [M+H]* 289.3/259.3 5.4 - -
d7-dhSph (ISTD) 309.4 [M+H]* 291.3/261.3 5.7 - -
d7-S1P (ISTD) 387.3 [M+H]* 271.3/82.1 6.7 - -
Sph 300.3 [M+H]"* 282.3/252.3 5.4 b d7-Sph
dhSph 302.3 [M+H]* 284.3/254.3 5.7 - d7-dhSph
S1P 380.3 [M+H]* 264.3/82.1 6.7 L d7-S1P
C16:0 dhCer 540.5 [M+H]* 522.6/284.3 13.7 C16:0 dhCer C17:0 Cer
C18:0 dhCer 568.5 [M+H]* 550.5/284.3 15.6 C18:0 dhCer C17:0 Cer
C20:0 dhCer 596.6 [M+H]* 578.6/284.3 17.9 C18:0 dhCer C17:0 Cer
C22:0 dhCer 624.6 [M+H]* 606.6 / 284.3 20.7 C24:0 dhCer C17:0 Cer
C24:0 dhCer 652.7 [M+H]* 634.6/284.3 24.0 C24:0 dhCer C17:0 Cer
C24:1 dhCer 650.7 [M+H]* 632.7 /284.3 21.0 C24:1 dhCer C17:0 Cer
C17:0 Cer (ISTD) 534.5 [M-H20+H]* 264.3/282.3 14.0 - -
C16:0 Cer 520.5 [M-H20+H]* 264.3/282.3 13.2 C16:0 Cer C17:0 Cer
C18:0 Cer 548.5 [M-H20+H]* 264.2/282.3 14.9 C18:0 Cer C17:0 Cer
C20:0 Cer 576.6 [M-H20+H]* 264.3/282.3 171 C20:0 Cer C17:0 Cer
C22:0 Cer 604.6 [M-H20+H]* 264.3/282.3 19.8 C22:0 Cer C17:0 Cer
C24:0 Cer 632.6 [M-H20+H]* 264.3/282.3 22.9 C24:0 Cer C17:0 Cer
C24:1 Cer 630.6 [M-H20+H]* 264.3/282.3 20.0 C24:1 Cer C17:0 Cer
C16:0 dhSM 705.6 [M+H]* 184.0/ 86.1 12.9 C16:0 SM d31-C16:0 SM
C18:0 dhSM 733.6 [M+H]* 184.0/ 86.1 14.6 C18:0 SM d31-C16:0 SM
C20:0 dhSM 761.6 [M+H]* 184.0/ 86.1 16.7 C20:0 SM d31-C16:0 SM
C22:0 dhSM 789.7 [M+H]* 184.0/86.1 19.3 C22:0 SM d31-C16:0 SM
C24:0 dhSM 817.7 [M+H]* 184.0/ 86.1 22.5 C24:0 SM d31-C16:0 SM
C24:1 dhSM 815.7 [M+H]* 86.1/184.0 19.4 C24:1 SM d31-C16:0 SM
d31-C16:0 SM (ISTD) 734.6 [M+H]* 184.0/ 86.1 12.2 - -
C16:0 SM 703.6 [M+H]* 184.0/ 86.1 12.3 C16:0 SM d31-C16:0 SM
C18:0 SM 731.6 [M+H]* 184.0/ 86.1 13.9 C18:0 SM d31-C16:0 SM
C20:0 SM 759.6 [M+H]* 184.0/86.1 16.0 C20:0 SM d31-C16:0 SM
C22:0 SM 787.7 [M+H]* 184.0/ 86.1 18.1 C22:0 SM d31-C16:0 SM
C24:0 SM 815.7 [M+H]* 184.0/ 86.1 21.0 C24:0 SM d31-C16:0 SM
C24:1 SM 813.7 [M+H]* 86.1/184.0 18.2 C24:1 SM d31-C16:0 SM
C17:0 Glucosyl-Cer (ISTD) 714.6 [M+H]* 264.2/ 696.6 12.7 - -
C16:0 Hexosyl-Cer 700.6 [M+H]* 264.2/682.6 12.0 C16:0 Hexosyl-Cer C17:0 Glucosyl-Cer
C24:1 Hexosyl-Cer 810.7 [M+H]* 264.2/792.7 17.6 C24:1 Hexosyl-Cer C17:0 Glucosyl-Cer
C17:0 Lactosyl-Cer (ISTD) 876.6 [M+H]* 264.3/534.5 12.2 - -
C16:0 Lactosyl-Cer 862.6 [M+H]* 264.3/520.5 11.6 C16:0 Lactosyl-Cer C17:0 Lactosyl-Cer
C24:1 Lactosyl-Cer 972.7 [M+H]* 264.3/630.7 16.6 C24:1 Lactosyl-Cer C17:0 Lactosyl-Cer

& Quantifiers are given in bold

b Compound directly quantified via deuterated internal standard (one-point calibration)

Cer, ceramide; dhCer, dihydroceramide; dhSM, dihydrosphingomyelin; dhSph, dihydrosphingosine (sphinganine); ISTD, internal
standard; S1P, sphingosine 1-phosphate, Sph, sphingosine; SM, sphingomyelin
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Table 12: HPLC-MS/MS parameters for quantification of diacylglycerols.

Di Precursor ion Product ion Retention EallRtion Internal
iacylglycerol a A . Reference
(m/z) (m/z) time (min) Standard
Compound

ds-C17:0/ C17:0 (ISTD) 584.6 [M-H20+H]* 57.2/253.2 18.0 -
C16:0/C16:0 551.5 [M-H20+H]* 57.2/239.2 15.2 C16:0/C16:0 ds-C17:0/ C17:0
C18:0/C18:0 607.6 [M-H20+H]* 57.2/267.3 21.0 C18:0/C18:0 ds-C17:0 / C17:0
C16:0/C18:0 579.5 [M-H20+H]* 239.2/267.3 18.0 C16:0/C16:0 ds-C17:0/ C17:0
C16:0/C18:1 612.6 [M+NH4]* 313.3/339.3 16.1 C16:0/C18:1 ds-C17:0 / C17:0
C16:0/C18:2 610.5 [M+NH4]" 313.3/337.3 14.3 C18:0/C20:4 ds-C17:0/ C17:0
C18:0/C18:1 640.6 [M+NH4]* 341.3/339.3 19.0 C16:0/C18:1 ds-C17:0 / C17:0
C18:0/C18:2 638.6 [M+NHa4]* 341.3/337.3 17.2 C18:0/C20:4 ds-C17:0 / C17:0
C18:0/C20:4 662.6 [M+NHJ]" 341.3/361.3 17.0 C18:0/C20:4 ds-C17:0/ C17:0
C18:1/C18:1 638.6 [M+NH4]* 339.3/57.2 17.0 C18:0/C20:4 ds-C17:0 / C17:0
C18:1/C18:2 636.6 [M+NH4]" 339.3/337.3 15.2 C18:0/C20:4 ds-C17:0/ C17:0

@ Quantifiers are given in bold

ISTD, internal standard

Gene expression values of pathways related to Nrf2

Table 13: Gene expression values of relevant genes collected from DeSeg2 analysis for
tested concentrations of Co and Ni and their respective description.

all

Differential Expression Log2 Ratio

gene description 25 UM | 150 uM 25 UM Co + 12.5 uM Co +
Co Ni 150 uM Ni 75 uM Ni

sLcoay | Solutecarrierfamily 2 oo | 54y 0.785 0.654
member 1

sLcoag| Solutecarerfamily2 ) oo | ) 546 1.953 1511
member 3

sLcieas| Solutecarrierfamily 16 | o0 | o5y 1.048 0.768
member 3

HK1 hexokinase 1 1.057 | 1.097 2.297 2.185

HK2 hexokinase 2 0.932 0.833 0.891 0.599

Gepcy | glucose-b-phosphatase | o o | 4 oge -1.059 -0.288

catalytic subunit 1

GPI glucose-6-phosphate | ) oos | g g1g 1.113 0.455
Isomerase

FBP1 |[fructose-bisphosphatase 1| -0.105 | 0.110 -0.336 0.253

ALDOA aldolase, fructose- 1116 | 1.320 1.770 1.298

bisphosphate A

ENO1 enolase 1 1.082 1.196 1.417 1.366

ENO2 enolase 2 1.091 | 1.086 1.893 1.646

PKM pyruvate kinase M1/2 0.965 0.791 1.244 1.193

LDHA | lactate dehydrogenase A | 0.987 0.847 1.009 0.555
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PGM1 phosphoglucomutase 1 0.609 0.346 0.192 0.395
cegy |VA-alPha-glucanbranching) ) o0 | 547 2.075 0.700
enzyme 1
glucose-6-phosphate
G6PD -0.417 | -0.472 -0.502 -0.430
dehydrogenase
PGD phosphogluconate 0.241 | 0.321 0.367 0.108
dehydrogenase
TKT transketolase 0.317 0.596 0.562 0.580
TALDO1 transaldolase 1 0.252 0.556 0.692 1.033
CS citrate synthase -0.068 | -0.289 -0.395 -0.438
ACO1 aconitase 1 -0.071 | -0.193 -0.651 -0.609
ACO2 aconitase 2 0.003 | -0.109 -0.087 -0.069
IDH1 |isocitrate dehydrogenase 1| -0.347 | -0.683 -1.049 -1.544
IDH2 |isocitrate dehydrogenase 2| 0.146 0.398 -0.264 0.416
SUCLG1 [succinate-CoA ligase alpha| -0.200 [ 0.080 -0.274 1.116
SUCLG2| succinate-CoA ligase beta | -0.056 | -0.138 -0.545 -0.361
SDHA | Succinate de:ydmge”ase 0.042 | -0.033 -0.312 0.493
spHB | Succinate deé‘ydroge”ase -0.240 | -0.429 -0.461 -0.231
succinate dehydrogenase
SDHC c 0.109 | -0.307 -0.064 0.221
spcp | suceinate degydroge”ase -0.162 | -0.498 -0.408 -1.336
FH fumarate hydratase -0.272 | -0.281 -0.765 -0.338
ppk | Pyruvatedehydrogenase | 4 o | 4 357 1.832 0.891
kinase 1
PDHA1 | PYMUvale dehydrogenase | g 75 | 4 203 -0.434 0.035
E1 subunit alpha 1
PDHA2 | Pyruvate dehyarogenase | )5 | g 203 -0.310 -0.862
E1 subunit alpha 2
pDHg | PYruvate dehydrogenase | 555 | 074 -0.303 0.194
E1 subunit beta
GLS glutaminase -0.271 | -0.595 -0.623 -1.893
GLS2 glutaminase 2 0.154 0.018 -0.057 0.302
GLUD1 | dutamate d‘ihydroge”ase 0.223 | -0.256 -0.774 -0.955
GLUD | dutamate dezhydroge”ase -0.137 | -0.466 -0.951 -2.118
SQSTM1 sequestosome 1 0.351 0.706 1.901 0.899
uLkq | unc-STlikeautophagy | 575 | g 406 0.735 0.687
activating kinase 1
ULk | uncStlikeautophagy 440 | 4 506 1.021 1.344
activating kinase 2
ACLY ATP citrate lyase -0.068 | -0.218 -0.554 -0.607
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ACACA | 2CeWI-CoAcarboxylase | .00 | g 536 -0.704 -0.481
alpha
ACACB acety"coﬁe‘zrbc’xy'ase 20.017 | 0.162 -0.535 -0.236
FASN fatty acid synthase -0.305 | 0.010 -0.599 0.052
HMGCs1|STydroxy-3-methylglutaryl- - 300 | 566 1116 -1.068
CoA synthase 1
HMGCR |2 Tvdroxy-3-methylglutaryl-| 5 ,oq | 591 -1.169 -1.739
CoA reductase
SLC7A11| solute carrier family 7
CT) e 0555 | 0.884 1.043 -0.305
GoLm | glutamate-cysteine ligase | oo | () 597 1.671 0.387
modifier subunit
geLc | gutamate-cysteineligase | gaq | 4 077 1.031 -0.330
catalytic subunit
GSS glutathione synthetase -0.017 | 0.079 -0.196 0.285
FTHA1 ferritin heavy chain 1 0.383 0.782 1.443 1.458
FTL ferritin light chain 0.095 | 0.840 1.100 1113
BLVRA biliverdin reductase A -0.085 | -0.010 -0.052 0.274
BLVRB | biliverdin reductase B | 0.581 | 1.292 2.320 2.210
HMOX1 heme oxygenase 1 0.716 0.875 2.550 0.966
FECH ferrochelatase 0.277 0.156 0.076 -0.409
pBcBe | ATPbindingcassette | 00 | 6 679 0.979 1.244
subfamily B member 6
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Table 14: Gene expression values of relevant genes collected from DeSeq2 analysis regarding
sphingolipid metabolism for all tested concentrations of Co and Ni and their respective
description.

Differential Expression Log2 Ratio
gene description 25 UM | 150 pM 25 UM Co + 12.5 M Co +
Co Ni 150 uM Ni 75 UM Ni
spTLCH |Serine palmitoyitransferase )\, | 44 -0.257 -0.739
long chain base subunit 1
SPTLC [Serine palmitoyltransferase| o, | g o7 -0.022 -0.503
long chain base subunit 2
SpTLC3 |Serine paimitoyliransferase| , ;g | g3 -1.602 -1.338
long chain base subunit 3
kpsr | dketedinydrosphingosine | o7¢ | 439 0.328 -0.256
reductase
CERS1 ceramide synthase 1 0.503 1.380 0.868 1.589
ASAHeg| ~ N-acylsphingosine -0.231 | -0.296 -0.779 -0.697
amidohydrolase 2B
DEGs1 | delta4-desaturase, 0.006 | -0.295 0.093 -1.002
sphingolipid 1
DEGs2 | deftad-desaturase, 1 o5 | 0441 0.488 0.885
sphingolipid 2
SMPD1 sphingomyelin -0.007 | 0.2097 0.367 0.828
phosphodiesterase 1
SGMS1 | sphingomyelin synthase 1| -0.322 | -0.383 -0.189 -0.690
SGMS2 | sphingomyelin synthase 2 [ 0.084 | -0.254 0.336 -0.762
GALC galactosylceramidase -0.391 | -0.453 -1.153 -1.988
UGT8 [UDP glycosyltransferase 8| -0.037 | 0.120 0.153 0.591
ucg | UDP-glucoseceramide | g a5 | g o13 0.129 -0.901
glucosyltransferase
GBA glucosylceramidase beta | 0.182 | -0.052 0.563 0.355
GBA2 |glucosylceramidase beta 2| -0.013 | -0.109 -0.413 -0.167
GBA3 |glucosylceramidase beta 3| 0.049 | -0.549 -0.199 -1.183
B4GALT6 beta-1,4- -0.291 | -0.422 -0.646 -1.814
galactosyltransferase 6
CERK ceramide kinase 0.050 -0.075 -0.220 -0.507
sgppq | SPhingosine-1-phosphate | 45q | 579 -0.629 -1.675
phosphatase 1
SPHKA1 sphingosine kinase 1 -0.136 | 0.132 -0.124 0.689
SGPL1 Sph'”gos'l;g;'ﬁhos'ohate -0.168 | -0.276 -0.405 -0.450

184



Appendix — Supplementary Material for Chapter 5

Supplementary figures
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Figure 46: FTH protein levels in HepG2 cells after 24 h treatment with Co(ll) and Ni(ll). Protein
expression was quantified via Western Blot and normalized to 3-actin. Data is presented as
mean + SD of n =2 3 independent experiments. Statistical significance was tested by an unpaired
t-test.
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Figure 47: Quantification of dihydroceramides (A), ceramides (B), dihydrosphingomyelins (C)
and sphingomyelins (D) content after individual or combined treatment with Co(ll) and Ni(ll) for
24 h in HepG2 cells. Sphingolipid levels were quantified using LC-MS/MS. Data is presented as
mean + SD of n 2 3 independent experiments. Statistical significance was tested using Two-
way ANOVA depicted as *p<0.05, **p=<0.01, ***p<0.001: compared to untreated control.
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Supplementary Material for Chapter 6: Genotoxicity Assessment of Co(ll) and
Ni(Il) in HepG2 Cells: Insights into Combined Metal Exposure
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Figure 48: Genotoxic effects of Ni(ll) in HepG2 cells after 24 h treatment assessed by comet
assay analysis. Bottom bar: alkaline comet assay, top bar: FPG modified comet assay. Data is
presented as mean + SD of n = 3 independent experiments.
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Figure 49: DNA strand breaks after 24 h of treatment with Ni(ll) alone or in combination with
Co(ll) in HepG2 cells. A) The amount of dsDNA was determined via alkaline unwinding. Data is
presented as mean + SD of n = 3 independent experiments.

186



Appendix — Supplementary Material for Chapter 6

207

ug ADP / mg protein

Figure 50: Energy related nucleotides after 24 h incubation of Co(ll) and Ni(ll) individually and
combined in HepG2 cells. The amount of ADP was quantified via HPLC-DAD. Data is presented
as mean + SD of n 2 3 independent experiments.

187



Appendix — Supplementary Material for Chapter 7

Supplementary Material for Chapter 7: Microbial impact to environmental

toxicants Ni(ll) and Co(ll): Joint toxicity and cellular response in Paramecium

parameter conditions
plasma power [W] 1500
cooling gas flow [L/min] 8.0
auxiliary gas flow [L/min] 0.2
nebulizer flow [L/min] 0.7
nebulizer MicroMist™
torch alignment axial
element wavelengths [nm] Co: 238.892; Ni: 231.604; Y: 371.029
software analysis Syngistix™

Figure 51: ICP-OES measurement parameters.
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Figure 52: Deeper analysis of A. GO:0072488 Ammonium transmembrane transport with 19
genes and B. GO:0006750 Glutathione biosynthetic process with 3 genes. Both bar plots show
the Fold change of mean TPM of annotated genes in relation to control treatment in logarithmic
scales. A fold change of more than 1 means up-regulation, below 1 indicates down-regulation.
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Figure 53: Deeper insight in the genes of the G0O:0045454 Cell Redox Homeostasis. Bar
diagram showing the fold change of the mean of TPM of individual genes of the GO term in all
four treatments including the joint exposures.
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