1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

/ HHS Public Access

Author manuscript
Redox Biochem Chem. Author manuscript; available in PMC 2024 December 26.

Published in final edited form as:
Redox Biochem Chem. 2024 December ; 10: . doi:10.1016/j.rbc.2024.100043.

Dysfunctional copper homeostasis in Caenorhabditis elegans
affects genomic and neuronal stability

Ann-Kathrin Weishaupt®P, Anna Gremme?, Torben Meiners?, Vera Schwantes®, Karsten
Sarnow?, Alicia Thiel?, Tanja Schwerdtle®d, Michael Aschner®, Heiko Hayen®, Julia
Bornhorstab*

a8Food Chemistry with Focus on Toxicology, Faculty of Mathematics and Natural Sciences,
University of Wuppertal, Germany

bTraceAge — DFG Research Unit on Interactions of Essential Trace Elements in Healthy and
Diseased Elderly (FOR 2558), Berlin-Potsdam-Jena-Wuppertal, Germany

CInstitute of Inorganic and Analytical Chemistry, University of Miinster, Germany
dGerman Federal Institute for Risk Assessment (BfR), Berlin, Germany

€Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, NY, USA

Abstract

While copper (Cu) is an essential trace element for biological systems due to its redox properties,
excess levels may lead to adverse effects partly due to overproduction of reactive species.

Thus, a tightly regulated Cu homeostasis is crucial for health. Cu dyshomeostasis and elevated
labile Cu levels are associated with oxidative stress and neurodegenerative disorders, but the
underlying mechanisms have yet to be fully characterized. Here, we used Caenorhabditis elegans
loss-of-function mutants of the Cu chaperone ortholog atox-1 and the Cu binding protein
ortholog ceruloplasmin to model Cu dyshomeostasis, as they display a shifted ratio of total Cu
towards labile Cu. We applied highly selective and sensitive techniques to quantify metabolites
associated to oxidative stress with focus on mitochondrial integrity, oxidative DNA damage and
neurodegeneration all in the context of a disrupted Cu homeostasis. Our novel data reveal elevated
oxidative stress, compromised mitochondria displaying reduced ATP levels and cardiolipin
content. Cu dyshomeostasis further induced oxidative DNA damage and impaired DNA damage
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response as well as neurodegeneration characterized by behavior and neurotransmitter analysis.
Our study underscores the essentiality of a tightly regulated Cu homeostasis as well as
mitochondrial integrity for both genomic and neuronal stability.
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1. Introduction

Copper (Cu) is an essential trace element and micronutrient, participating in many
physiological pathways as an enzyme cofactor [1]. Due to the overuse of Cu-containing
chemicals and fungicides in industry and agriculture, Cu is increasingly introduced into

the environment, leading to a global concern [2]. When exceeding the physiological range,
Cu leads to the formation of reactive oxygen and nitrogen species (RONS) due to its

redox activity, which may affect macromolecules such as lipids or the DNA [3]. Therefore,
a tightly regulated Cu homeostasis is crucial, since a Cu imbalance has been reported

to induce oxidative stress as well as neurodegeneration [4,5]. In a previous study, we
demonstrated that a dysregulated Cu homeostasis results in elevated labile Cu levels in
Caenorhabditis elegans (C. elegans) [6]. Besides total Cu levels and the activity of the Cu
storage protein ceruloplasmin, labile Cu is discussed to be an additional marker for Cu
status, as it is readily available for cellular uptake [7]. As previously shown, a Cu imbalance
leads to a shift from bound Cu towards pools of labile Cu [6], which is associated with the
loss of antioxidant defense, impaired energy production and in turn mitochondrial deficits
[4]. Indeed, Alzheimer’s disease (AD) has been posited to result from Cu imbalance based
on a correlation between brain Cu levels and the prevalence of AD [8]. The underlying
mechanisms remain unknown, but are often linked to oxidative stress, which is induced by
an imbalance of RONS and antioxidants [9]. Cells are equipped with a variety of enzymes
and small molecules for antioxidative defenses [10]. Reduced and oxidized glutathione

are key markers for oxidative stress [9,10]. As previously stated, RONS can damage
macromolecules, such as lipids. Malondialdehyde (MDA), a degradation product of lipid
peroxidation of polyunsaturated fatty acids is a common biomarker of oxidative stress [11].
A unique type of phospholipid class, exclusively present in mitochondria, are cardiolipins
(CL) [12]. CLs have recently emerged in the focus of neurodegenerative diseases, as a
reduction in CL levels has been linked to oxidative stress and mitochondrial dysfunction

in AD [13]. Wilson’s disease (WD), a Cu metabolism disorder resulting in neurological
deficits, is characterized by a mutation in the Afp7b gene. This results in non-expression

of the Cu exporter protein Atp7b, thereby leading to Cu accumulation, primarily in the
liver, but also in the brain [5]. Studies reveal a progressive degradation of CLs in liver
mitochondria of a WD mouse model (A#p75™") [14], which underlines the link between
CLs and the pathogenesis of neurodegenerative diseases [12]. Massive RONS formation
induced by Cu may further increase DNA lesions. An induction of DNA damage in response
to elevated brain Cu levels was observed in AD, Parkinson’s disease (PD), as well as in WD
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[15]. However, the mode of action of Cu-induced toxicity and neurotoxicity is still under
debate.

This study aims to investigate the molecular mechanisms of labile Cu redox biology using
the model organism C. elegans. The nematode is a well-established model to examine metal-
induced oxidative stress and neurotoxicity [16]. In addition, C. elegans conserved similar
proteins related to the mammalian Cu metabolism, making it suitable for its investigation.
Furthermore, we recently demonstrated that the nematode can model Cu homeostasis.

Our previous study revealed that deletion mutants lacking cuc-1 (ortholog in humans is
atox-1) and F21D5.3 (ortholog in humans are ceruloplasmin and hephaestin [17]) take

up less total Cu, but display elevated levels of labile Cu compared to wildtype worms

[6]. Our former study underlines the functionality of atox-1 and ceruloplasmin in the Cu
homeostasis in C. elegans. Our aim is to elucidate the toxic mechanisms upon a disrupted
Cu homeostasis regarding oxidative stress, with special focus on mitochondrial integrity in
terms of energy-related nucleotides such as ATP, as well as total CL levels and the CL
profile. Furthermore, the consequences of oxidative stress on genomic and neuronal stability
due to Cu dyshomeostasis in C. elegans will be investigated.

2. Material and methods

2.1. C. elegans handling and treatment

C. elegans strain Bristol N2 (wildtype) and TJ356 (daf-16::GFP) were obtained from

the Caenorhabditis Genetics Center (CGC, Minneapolis, USA), which is funded by the
National Institutes of Health Office of Research Infrastructure Programs. Additionally,
deletion mutants (A) of cuc-1 (tm1220 (atox-14)) and 721d5.3 (tm14205 (ceruloplasmind))
were obtained from the Mitani Lab at Tokyo Women’s Medical University. The worms’
genotype was verified by single worm PCR using the following primers: afox-1 forward:
CAACTCGAATGGTTTAAGCAAC, reverse: GCTAGCATCAGATAATACGAC. F21d5.3
forward: GCCTGGAGCACCAGTTGTAG, reverse: TGAAGCCACTGACCTCCATC. All
strains were cultivated on 8P and NGM agar plates, which have been coated with
Escherichia coli (E. coli) and maintained at 20 °C as previously described [18]. All
experiments were performed using synchronous worms [19], which were placed on NGM
agar plates until L4 larval stage. L4 stage worms were treated with Cu-enriched inactivated
E. coli (CuSO4 299.99 %, Sigma Aldrich) on NGM plates for 24 h up to 2 mM for every
experiment as previously shown [6]. Optionally, 100 mM paraquat (PQ)-enriched £. coli for
24 h (Sigma Aldrich) or 6.5 mM fert-butyl hydroperoxide (£#BOOH) (Sigma Aldrich) for 1 h
in 85 mM NaCl solution were used as positive controls, but in wildtype worms only to verify
assay procedures.

2.2. Daf-16 translocalization in daf-16::GFP mutants

Worm strain daf-16::GFP was used to assess daf-16 translocalization by fluorescence
microscopy. After Cu treatment, worms were transferred to 4 % agarose pads on microscope
slides and anesthetized using 5 mM levamisole (Sigma-Aldrich). Analysis was performed
using DM6 B fluorescence microscope and the Leica LAS X software (Leica Microsystem
GmbH). GFP localization was assessed and categorized as 1) present in cytosol, 2) as
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intermediate or 3) localized into nucleus. For each experiment, ~25 worms were analyzed
for each condition.

2.3. Gene expression via quantitative real-time PCR analysis

For gene expression assessment, RNA was isolated in pellets containing 500 worms

as previously published using the Trizol method [20], which was transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher
Scientific) as stated in the manufacturer’s protocol. Quantitative real-time PCR was
carried out using TagMan Gene Expression Assay probes (Applied Biosystems, Thermo
Fisher Scientific) on an AriaMx Real-Time PCR System (Agilent). For normalization by
the comparative 222Ct method, we used AFDN homolog afd-1 as housekeeping gene
[21]. The following probes were used: afd-1 (Ce0241573_m1), sod-1 (Ce02434432_g1l),
s0d-4 (Ce02451138_g1), skn-1(Ce02434432_gl), bli-3(Ce02413442_m1), mpk-1
(Ce02445290_m1), pmk-1 (Ce02456381_gl), nsy-1(Ce02432208 gl), daf-16
(Ce02422838_m1), gcs-1 (Ce02436726 _gl), pme-1(Ce02415136_m1) and pme-2
(Ce02437339_g1l).

2.4. Glutathione (GSH and GSSG) levels quantification by HPLC-MS/MS

Reduced (GSH) and oxidized (GSSG) glutathione levels were assessed by liquid-
chromatography tandem-mass spectrometry (HPLC-MS/MS). Following Cu treatment,
pellets were prepared by centrifugation of 1000 worms in 100 uL 85 mM NaCl. Sample
preparation and GSH/GSSG analysis was performed as previously published [22].

2.5. HPLC-DAD analysis of energy-related adenine and pyridine nucleotides

Sample preparation as well as analysis by ion-pair reversed phase HPLC were performed
according Bornhorst et al. [23]. 2000 worms were pelletized per condition in 100 pL

85 mM NaCl and immediately prepared as stated. The analysis was performed on an
Agilent 1260 Infinity Il liquid chromatography system with a photodiode array detector
(DAD). Nucleotide contents were evaluated by external calibration of standard solutions

of adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate
(AMP), nicotinamide adenine dinucleotide phosphate (NADPH) and nicotinamide adenine
dinucleotide (NADH and NAD"). Detection by DAD was performed at 259 nm and data
analysis was carried out using the OpenLab (version 3.6) software (Agilent).

2.6. Quantification of malondialdehyde

Unbound and bound MDA were determined by high performance liquid chromatography
with fluorescence detection (HPLC-FLD). The sample preparation was based on Grintzalis
et al. [24] and optimized for C. elegans matrix. Phosphate buffer (3.54 g/L KH,POy, 7.24
g/L NapHPOQy, pH 7.0) was stored at 4 °C. Following pelletizing of 2000 worms in 100 pL
85 mM NaCl, 200 uL phosphate buffer and 1.5 L 0.1 M 2-and-3- fert-butyl-4-hydroxyanisol
(BHA) (Sigma Aldrich) were added and the pellet was stored at —80 °C up to one week.
Samples were homogenized by 3 x freeze-thaw cycles (1 min liquid nitrogen, 1 min 37

°C), 3 x sonication with an ultrasonic probe (20 s, cycle 1, amplitude 100 %; UP100H,
Hielscher) and in an ultrasonic bath (5 min). After centrifugation (5 min, 18 620 rcf, 4 °C),
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30 uL were transferred for protein measurement. 63 L of 100 % trichloroacetic acid (TCA)
(Carl Roth) were added, following 5 min incubation on ice. Samples were centrifuged (15
min, 20 000 rcf, 4 °C) and the entire supernatant (unbound MDA fraction) was transferred
to a new tube and stored on ice until further use. For alkaline hydrolysis, 250 uL 1 M NaOH
were added to the remaining pellet and incubated for 30 min at 60 °C. The hydrolyzed
samples (bound MDA fraction) were cooled on ice and 25 pL conc. HCI was added.
1,1,3,3-Tetramethoxypropane (TMP) (Sigma Aldrich) was used for external calibration (20—
500 nM), which forms an MDA-TBA product by derivatization with 2-Thiobarbituric acid
(TBA) (Sigma Aldrich). For derivatization, 12.5 g/L TBA solution was prepared just before
use by mixing solution A (100 % TCA, conc. HCI, ratio 5:1) and solution B (25 g/L TBA
in 0.2 M NaOH) in a ratio of 1:1.50 yL 12.5 g/L TBA and 3 uL 0.1 M BHA were added

to 200 pL of each a) unbound, b) bound MDA sample and ¢) TMP calibration solution. All
solutions were heated at 100 °C for 20 min and 300 pL butanol was added after cooling.
Following centrifugation (5 min, 20 000 rcf, 4 °C), MDA levels were analyzed in an aliquot
of the 1-butanol phase. Settings for the HPLC-FLD analysis as well as method validation
parameters are listed in the Supplementary.

2.7. Cardiolipin levels and distribution by 2D-LC-HRMS

Cardiolipins were analyzed by 2D-HPLC-HRMS analysis. A detailed overview of the
sample preparation and instrument parameters is listed in the Supplementary.

2.8. 8oxo0dG measurement via ELISA

8-oxoguanine (8oxodG) has been quantified by the OxiSelect™ Oxidative DNA Damage
ELISA kit (Cell Biolabs). 2000 worms were treated with Cu and pelletized as stated above.
In the first step, DNA was isolated of each sample using the Qiagen Tissue and Blood DNA
extraction kit, following the manufacturer’s instruction. The amount of DNA was quantified
by NanoDrop measurements and portioned in 40 ug aliquots, which were dried. In the
second step, DNA was hydrolyzed by enzymes to obtain mononucleotides as described

by Nicolai et al. [25]. As third step, 8-oxodG measurement was performed according the
above-mentioned manufacturer’s kit instructions.

2.9. HPLC-MS/MS analysis of PARylation levels

Sample preparation for poly-(ADP-ribose) (PAR) extraction was done in pellets of 1000
worms and according [25]. Analysis was performed by HPLC-MS/MS using an Agilent
1290 Infinity Il liquid chromatography system (Agilent, Waldbronn, Germany), which is
coupled to a Sciex QTRAP 6500+ triple quadrupole mass spectrometer (Sciex, Darmstadt,
Germany). PAR quantification was assessed as described in Ref. [25], with minor changes
in chromatography: Chromatographic separation was performed using a Hypersil Gold aQ
150 x 2.1 mm and corresponding 10 x 2.1 mm pre-column. Elution was carried out with
bidistilled water +0.1 % formic acid (FA) and acetonitrile + 0.1 % FA and a flow of 0.3
mL/min. Total run time was 5 min, starting with 0-25 % of ACN in 2.5 min, to 100 % ACN
in 0.5 min, 100 % ACN for 1 min, following re-equilibration to 0 % ACN. Results were
normalized to DNA content determined by Hoechst method [26].
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2.10. Neurotransmitter quantification via HPLC-MS/MS

Dopamine, serotonin, y-amino butyric acid and acetylcholine levels were determined by
HPLC-MS/MS. Pellets of 1000 worms per 50 uL 85 mM NaCl were prepared after Cu
incubation. Samples were added with 100 pL extraction buffer, processed and analyzed
according to Ref. [16]. Results were normalized to protein content analyzed by BCA assay
(Sigma-Aldrich).

2.11. Aldicarb-induced paralysis assay

The assay is based on Mahoney et al. [27] and was performed as previously published [16].
Plates with 2 mM aldicarb (stock solution in 70 % EtOH) were always prepared fresh and
the assay was performed as a blinded experiment at all times.

2.12. Statistical analysis

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad Software, La Jolla,
USA) using 2-way ANOVA with Tukey’s multiple comparison or impaired #test for one-to-
one comparison. Significance level with a = 0.05: *: p < 0.05; **: p<0.01 and ***: p

< 0.001 compared to untreated control and 8: p < 0.05; 88: p < 0.01 and §88: p <0.001
compared to wildtype in same condition.

3. Results

3.1. Daf-16 translocation visualized by daf-16::GFP fluorescence microscopy and mRNA
levels of mitogen-activated protein kinases

Protein kinases activated by stress, such as c-Jun N-terminal kinases (JNK) and p38
mitogen-activated kinases (MAPK), can stimulate Forkhead box O-class proteins (FoxQ)
expression and translocation from cytosol to nucleus, where it acts as transcription factor
participating in DNA repair, RONS detoxification and apoptosis (Fig. 1A) [28]. The
homolog of human FOXO3 is daf-16 in C. efegans, which can be visualized in the transgenic
strain daf-16::GFP by fluorescence microscopy (Fig. 1B). 24 h treatment with CuSO4 or PQ
used as positive control leads to a significant translocation of daf-16 from cytosol into the
nucleus (Fig. 1C). Furthermore, we examined mRNA levels of daf-16/FOXO3 itself, but also
representatives of MAPK’s subgroups p38, JNK and ERK1/2 (extracellular signal-regulated
kinases): pmk-1/MAPK11, nsy-1/MAP3KS5 and mpk-1/MAPKI. Gene expression of daf-16/
FOXO3as well as of the p38 and JNK kinases pmk-1/MAPK11 and nsy-1/MAP3K5 are not
altered due to Cu treatment (Supplementary), while ERK1/2 MAP kinase mpk1/MAPKI is
upregulated in wildtype worms in a dose-dependent manner (Fig. 1D). Cu does not elevate
MRNA levels of mpk-1/MAPKI in atox-1 and ceruloplasmin-deficient worms, but basal
levels are already increased to the level of Cu-treated wildtype worms.

3.2. Reduced and oxidized glutathione, gcs-1/GCLC mRNA levels and energy-related

nucleotides

As a marker for the antioxidative capacity, reduced (GSH) and oxidized (GSSG) glutathione
were quantified by HPLC-MS/MS. Cu exposure (2 mM) significantly reduced GSH levels
by 23 % in wildtype worms, 34 % in atox-1 and 38 % in ceruloplasmin deletion mutants
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(Fig. 2A). Inversely, Cu elevates oxidized GSSG levels in all strains (Fig. 2B), however,
ceruloplasmin-deficient worms display significantly lower GSSG levels after 2 mM Cu
treatment compared to wildtype worms. Ges-1/GCLC, which is involved in GSH synthesis,
is not altered upon Cu incubation in C. efegans, but mutants with impaired Cu homeostasis
display elevated mMRNA levels (Fig. 2C). Energy-related nucleotides of interest, namely ATP,
ADP, AMP, NADPH, NADH and NAD* were assessed by HPLC-DAD analysis (Fig. 2D-1).
For all analytes tested, no alterations were detected by Cu treatment in wildtype worms.

On the other hand, altered nucleotide levels were observed for the mutants displaying

Cu dyshomeostasis, with ceruloplasmin-deficient worms seem to be specifically affected.
Ceruloplasmin deletion mutants displayed reduced ATP levels compared to wildtype worms,
which are further reduced following Cu incubation. Furthermore, ADP and AMP levels
were increased by Cu in atox-1 as well as ceruloplasmin mutants. While NADPH levels
were elevated in atox-1-deficient worms, they were significantly reduced in ceruloplasmin-
deficient worms. Moreover, both mutants contained lesser NADH levels compared to
wildtype worms, and this effect was more pronounced in ceruloplasmin-deficient worms
and was further exacerbated by Cu treatment. In addition, ceruloplasmin-deficient worms
showed increased NAD™ levels following Cu treatment.

3.3. Malondialdehyde quantification and total cardiolipin levels and distribution

Using alkaline hydrolysis, unbound MDA as well as bound MDA, for example bound to
proteins or DNA, were assessed. Our data reveal no alterations induced by Cu or #£BOOH
on the amount of bound MDA (Supplementary). However, unbound MDA levels increased
significantly by #BOOH in wildtype worms as well as by Cu treatment in the deletion
mutants atox-1 and ceruloplasmin (Fig. 3A). CLs are exclusively found in mitochondria
and are fundamental for the mitochondrial membrane [13]. Our data showed no significant
alterations in the CL profile induced by Cu supplementation in the tested worm strains

but of the total CL content in the deletion mutant ceruloplasmin was reduced compared to
wildtype worms (Fig. 3B). Furthermore, our data revealed no alterations induced either by
Cu supplementation or genetic Cu dyshomeostasis on the relative distribution of CL species
with respect to chain length and the degree of saturation (Fig. 3C and Supplementary).

3.4. Oxidative DNA damage (8oxodG), DNA damage response (PARylation) and pme/
PARP mRNA levels

We assessed levels of 8-oxoguanine (8oxodG), which is the most common DNA lesion
initialized by RONS [29], as well as poly-(ADP-ribosylation) (PARylation) as a marker for
DNA damage response. Data reveal increased 8oxodG levels for ceruloplasmin-deficient
worms up to 350 % following 2 mM Cu treatment, while wildtype and atox-1-deficient
worms remained unaffected (Fig. 4A). PAR levels showed no alterations in wildtype and
ceruloplasmin mutants due to Cu supplementation. In contrast, untreated atox-1 mutants
displayed reduced PAR levels compared to wildtype worms, but increased PARylation
following Cu treatment (Fig. 4B). Furthermore, mRNA levels of NAD*-dependent poly
(ADP-ribose) polymerases (PARP), were examined (Fig. 4C + D). While pme-1/PARP1
remained unchanged, pme-2/PARP2 was downregulated to about 50 % in untreated atox-1-
deficient mutants compared to wildtype worms, yet it was upregulated in response to Cu
treatment.
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3.5. Quantification of neurotransmitters DA, SRT, GABA and ACh levels and aldicarb-
induced paralysis assay

HPLC-MS/MS-based quantification of the four neurotransmitters DA, SRT, GABA and
ACh revealed different quantities of all analytes in C. elegans (Fig. 5A-D). Untreated
wildtype worms in young adult stage displayed 2.89 ng DA, 0.78 ng SRT, 529 ng GABA
and 11.21 ng ACh each per mg of protein. Cu treatment failed to alter levels of all

tested neurotransmitters compared to untreated controls in wildtype worms. In addition,

in ceruloplasmin-deficient worms, Cu failed to induce any alterations in neurotransmitter
levels, however, mutant strain ceruloplasmin displayed significantly reduced GABA levels
compared to the wildtype. In contrast, atox-1-deficient worms had the similar basal levels
of neurotransmitters in comparison to wildtype worms, but levels of DA, SRT, GABA and
ACh were reduced upon treatment with 2 mM Cu for 24 h. The aldicarb-induced paralysis
assay was used to examine alterations in the synaptic transmission rate at the neuromuscular
junction in C. elegans [16,27]. Results revealed significant differences between wildtype
and ceruloplasmin-deficient worms, as they displayed aldicarb resistance starting at 240
min aldicarb treatment compared to wildtype worms (Fig. 5E). Cu failed to alter the
aldicarb-induced paralysis (Supplementary) and thus did not lead to changes in the synaptic
transmission rate at the neuromuscular junction.

4. Discussion

Cu is an essential trace element, but is toxic when exceeding the homeostatic range,
leading to oxidative stress [30]. Especially labile Cu, namely readily available Cu, is
redox active and associated with neurodegenerative diseases, such as Wilson’s disease
(WD), Alzheimer’s disease (AD) and Parkinson’s disease (PD) [4,5]. However, the exact
underlying mechanisms of Cu toxicity and neurotoxicity are poorly understood. It is
therefore of paramount importance to shed light on molecular mechanisms of (labile)
Cu-induced oxidative stress and neurotoxicity, which was addressed herein. We used

C. elegans mutants with a disrupted Cu homeostasis and quantified, by a variety of

highly specific and sensitive techniques, oxidative stress-related metabolites. Worm mutants
lacking Cu chaperone atox-1 (ortholog in C. elegansis cuc-1) or the Cu binding protein
ceruloplasmin (ortholog in C. elegans is F21D5.3) display elevated labile Cu levels, which
was characterized in detail in our previous work [6].

MAP kinases induced by, among others, oxidative stress activate transcription factors like
skn-1/NRF2 or daf-16/FOX0O3, which then translocate into the nucleus to induce apoptosis,
antioxidative defense or DNA repair [31]. Cu treatment led to a significant activation

and translocalization of daf-16/FOXQ3 in a concentration-dependent manner, corroborating
earlier studies [32] and similar effects by other divalent metals like manganese (Mn) [33].
MRNA levels of daf-16/FOXO3 remained unaffected after 24 h. However, as this is one of
the first pathways affected by RONS, mRNA levels may have returned to normal. Urban et
al. investigated gene expression levels of the antioxidant defense system over a time period
of 10 days and display different time frames of up- and downregulation of genes related

to oxidative stress [34]. Other studies reported Mn- and zinc-induced oxidative stress and
neurotoxicity, but in that scenario darf-16/FOXO3 mRNA levels were unaffected as well
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[35]. Gene expression studies of representatives of the MAPK family revealed Cu-induced
increase in mpk-1/MAPKI levels in wildtype worms, as well as altered basal levels in

both deletion mutants of atox-1 and ceruloplasmin. He et al. corroborate these findings

by displaying Cu-mediated cell death via p38 MAPK activation in vascular endothelial
cells [36], while Wang et al. report the absence of Cu-induced apoptosis in C. elegans
loss-of-function mutants of JNK and p38 MAP kinases [37], indicating the participation of
MAPKS in the regulation of Cu-induced oxidative stress.

Cu overload increases the formation of RONS and leads to oxidative stress, which alters,
among others, SOD or GPX activity, which then leads to oxidative stress [2,3]. It was
shown that the GSH/GSSG ratio is reduced by Cu nanoparticles [36], supporting our data
of reduced GSH and increased GSSG levels following Cu treatment. Notably, GSH levels
were reduced by 23 % in wildtype worms, whereas by 38 % in ceruloplasmin-deficient
worms, indicating a higher demand or consumption. A higher demand results in an increased
synthesis [38], mediated by increased mMRNA levels of gcs-1/GCLC in ceruloplasmin-

and atox-1-deficient mutants. As stated above, Cu mediates p38 downstream activation

of transcription factors like daf-16/FOXO3 or skn-1/NRF2, which activates gcs-1/GCLC
expression [10]. GSH synthesis is ATP-dependent [39], potentially reducing ATP levels in
ceruloplasmin-deficient worms, which are even further lowered by Cu treatment. Baldissera
et al. also showed reduced hepatic ATP levels by Cu in Cichlasoma amazonarum [40].

In turn, levels of ADP and AMP, which are formed during ATP consumption [41], are
increased by Cu supplementation in atox-1- and ceruloplasmin-deficient worms. In addition
to GSH, Cu also alters GSSG levels in wildtype and atox-1 mutants, but significantly

less in ceruloplasmin-deficient worms. This may indicate a higher rate of recycling or
reducing GSSG back to GSH. This process is, among several others, NADPH-dependent,
and is decreased in ceruloplasmin-deficient worms. Although this could be a possible
explanation, it is noteworthy that energy-related nucleotides take part in other metabolic
pathways as well. Thus, NAD* is formed in the GSH/GSSG cycling, which gets elevated by
Cu treatment in ceruloplasmin-deficient worms. The Cu-sensing transcription factor Macl
activates BNA expression and in turn quinolinic acid synthesis which results in de novo
NAD * synthesis, which has been demonstrated in yeast [42,43]. Furthermore, Li et al.
described a Cu-dependent S-Adenosylhomaocysteine hydrolase inhibition, which results in a
shift towards NAD* in the NADH/NAD™ pool [44].

Recent studies have uncovered a rise in MDA levels subsequent to Cu treatment across
various organisms [36,45,46], including C. efegans [2]. Our findings in wildtype worms
demonstrated no alterations in either bound or unbound MDA levels, potentially attributed
to our administration of (in wildtype worms) non-lethal Cu concentrations. Surprisingly,
mutants deficient in atox-1 and ceruloplasmin exhibited comparable baseline levels of
unbound MDA, yet notably heightened levels post-Cu treatment compared to wildtype
worms. This suggests an increased hypersensitivity to Cu-induced oxidative stress or
impaired antioxidative response under conditions of disrupted Cu homeostasis. CLs

are vulnerable to oxidative damage due to their exclusive location within the inner
mitochondrial membrane, where RONS are generated as byproduct of cellular respiration
[47]. Oxidative stress can result in lipid oxidation and therefore in the formation of oxidized
CL species [48]. Our findings indicate no observable formation of oxidized cardiolipins
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following Cu incubation (data not shown). Blume et al. demonstrated a slight reduction in
the total CL content following iron or manganese treatment, but no formation of oxidation
products in C. elegans [49]. Furthermore, the distribution of individual CL species, known
as the CL profile, remains unaffected by Cu exposure or the genetic makeup of the worms.

It is noteworthy, however, that our analysis may not quantify all existing CL species, thus
limiting our analysis to those above the detection threshold. Moreover, the data presented
herein were solely in reference to untreated wildtype worms, as the establishment of
improved standards and normalization procedures was essential for facilitating quantitative
assessments. Nevertheless, the total sum of analyzed CL reveals a notable reduction in
ceruloplasmin-deficient worms compared to the wildtype. Monteiro-Cardoso et al. stated
that the total CL content drops significantly in the brain of an AD mouse model [13]. Several
studies have also indicated that the dysregulation of CL content, as well as alterations

of its structure and distribution, mediated neuronal dysfunction. These abnormalities are
associated with the aging process and play a pivotal role in the pathogenesis of various
neurodegenerative disorders, including AD and PD [12]. Aberrant levels of CLs have been
linked to mitochondrial dysfunction, oxidative stress and impaired synaptic transmission,
which are all hallmarks of AD and PD pathology. Understanding the mechanisms underlying
cardiolipin-mediated neurodegeneration may offer novel therapeutic strategies aimed at
preserving mitochondrial function and mitigating oxidative stress-related neuronal damage
[12,13,50].

Cu and Cu nanoparticles have been shown to disrupt genomic integrity by causing oxidative
DNA damage and DNA strand breaks [51, 52]. Thus, it is surprising that Cu failed to
induce PARylation. This leads to a first assumption that possible DNA damages may
already be repaired and that PAR was already degraded in our chronic exposure scenario

of 24 h. However, 8oxodG, which is the most common DNA lesion [29], was significantly
increased in ceruloplasmin-deficient worms following 24 h Cu incubation, refuting our
first assumption. Like wildtype worms, ceruloplasmin mutants exhibited no alterations of
PARylation levels, also this strain revealed Cu-induced DNA damage observed characterized
by increased 8oxodG levels. PARylation is one of the largest consumers of NAD™ [53]. Our
data reveal normal levels of NAD™ in wildtype worms and even further increased levels in
ceruloplasmin mutants. At first glance, this indicates that NAD™ deficiency can be ruled out
as cause for normal PARylation levels. But it must be noted, that our data only reflect the
total NAD™ content instead of organell-specific selective NAD * levels. mRNA levels of
pme-1/PARPI and pme-2/PARPZ2 also remained unchanged in wildtype and ceruloplasmin-
deficient worms. Taken together, these findings suggest that Cu inhibited PARylation,

as previously hypothesized by Schwerdtle et al. [54]. Basal levels of PARylation were
reduced in atox-1 mutants, possibly due to reduced Cu transport into the nucleus by the
lack atox-1, but partially compensated by P-type ATPase ATP7B [55]. In addition, atox-1
interacts with PARPs in a detoured manner. Atox-1 induced the expression of MDC1, a
crucial protein for double strand repair [56]. MDC1 interacts with aprataxin [57], which

in turn works in concert with PARP’s [58], which could explain lowered PARylation and
pme-2/PARP2 mRNA levels in atox-1-deficient mutants compared to wildtype worms. This
needs to be further elucidated in C. elegans. Although 8oxodG levels were not altered

in atox-1-deficient worms, Cu appeared to adversely affect the genomic stability of this
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mutants, as Cu treatment increased both PARYylation and pme-2/PARP2 mRNA levels. The
low basal PARYylation raise further concerns, since inhibited PAR has been linked to cellular
toxicity as well as neurological dysfunction [59]. Although herein excess Cu failed to cause
genotoxicity in wildtype worms, our data underline the importance of a properly functioning
Cu homeostasis for genomic integrity.

The loss of proper antioxidant capacity and energy production as well as impaired genomic
integrity may cause neuronal death [4,60]. Cu is known to cause neurotoxicity and is
associated with neurodegenerative diseases, such as WD [61,62]. Labile bound Cu is
commonly mentioned in the context of Cu-induced neurotoxicity [5,63], but knowledge

on underlying mechanisms is scarce. Ceruloplasmin-deficient worms revealed aldicarb-
resistance, reflecting decreased synaptic transmission rate at the neuromuscular junction
[16]. Dabbish et al. demonstrated a correlation between aldicarb-sensitivity and reduced
GABA levels [64]. This is contrary to our findings, as ceruloplasmin mutants displayed, next
to aldicarb-resistance, reduced GABA levels compared to wildtype worms, indicating that
further unknown factors may be involved. One likely mechanism of reduced GABA levels
in ceruloplasmin-deficient worms might be that excess Cu, as described by D’ Ambrosi et
al. [65], reduces GABA receptor activity, resulting in altered GABA levels. Atox-1 deletion
mutant’s basal levels of neurotransmitters remained unchanged compared to wildtype worms
but were reduced due to 2 mM Cu treatment. Kelner et al. noted that atox-1 suppressed
oxidative damage and promoted neuronal survival [66]. Furthermore, atox-1 is known

to interact with a-synuclein and inhibit amyloid formation [67]. This is in agreement

with our findings on Cu-mediated reduction in neurotransmitter levels due to the lack of
atox-1, reflecting Cu-induced neurodegeneration upon loss of atox-1. Our data support that
the dysregulation of Cu homeostasis leads to oxidative stress and subsequent detrimental
effects on neurocellular pathways, underlining the importance of a properly working Cu
homeostasis.

5. Conclusion

A comprehensive approach was adopted, employing specific and sensitive techniques

to quantify metabolites related to oxidative stress with special focus on mitochondria,
oxidative DNA damage, DNA damage response as well as neurodegeneration in the

context of disrupted Cu homeostasis. Loss-of-function mutants of Cu chaperone atox-1

and ceruloplasmin displayed increased labile Cu levels despite lowered total Cu uptake

[6] concomitant with increased oxidative stress, reduced mitochondrial ATP levels and CL
content, as well as oxidative DNA damage and impaired neuronal health. Our data underline
the essentiality of a proper Cu homeostasis and the importance of valuable markers, such as
labile Cu, to diagnose Cu dyshomeostasis. Furthermore, our study highlights the importance
of mitochondrial integrity for genomic and neuronal health. As a future perspective,
understanding the intricate interplay of CL dysregulation and neurodegenerative processes
holds significant promise for the development of therapeutic interventions preserving
genomic and neuronal stability.
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(A) Schematic daf-16 translocation from cytosol into the nucleus under oxidative stress

conditions. (B) Exemplary fluorescence images of worms displaying cytosolic, intermediate
or nuclear localized daf-16 in mutant worm daf-16::GFP. (C) daf-16 localization [%] of
worms treated 24 h with CuSOy4 or PQ as positive control (C+). Presented are mean values
of n =3 (N = 25) independent experiments +SEM. (D) Relative mRNA levels of mpk-1/
MAPKI following 24 h Cu incubation. Data presented are mean values of n = 4 independent
experiments +SEM.
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Relative (A) 8oxodG and (B) PARylation levels normalized to wildtype control [%]. As
positive control (C+) £BOOH was used in wildtype worms. Relative mRNA levels of (C)
pme-1/PARP1 and (D) pme-2/PARPZfollowing 24 h Cu incubation. Data presented are
mean values of n = 4 independent experiments +SEM.
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Neurotransmitter levels in ng per mg protein in C. elegans quantified via HPLC-MS/MS.
Assessed were levels of (A) DA, (B) SRT, (C) acid GABA and (D) ACh. Aldicarb-
induced paralysis assay in (E) untreated wildtype (light grey), atox-1A (dark grey) and
ceruloplasminA (black) worms. Plotted are the fraction of moving worms [%] against
the assay procedure time [min]. Data presented are mean values of n = 4 independent

experiments £ SEM.
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