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A B S T R A C T

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 mecha-
nisms 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 com-
bined 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.

1. Introduction

Metal toxicity is a significant concern in environmental and occu-
pational health, with cobalt (Co) and nickel (Ni) being significant con-
tributors. 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 sig-
nificant impact on the environmental and health, particularly in occu-
pational 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.

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 [3]. However, concerns regarding potential adverse health ef-
fects from Co and Ni exposure are rising due to their carcinogenic po-
tential upon inhalation, as classified by the International Agency for
Research on Cancer (IARC; Co: group 2A; Ni: group 1) [4,5]. Oral
exposure to these metals may lead to various risks, including
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neurological, cardiovascular, and thyroid dysfunction, but only limited
data exist and the underlying mechanisms are still not conclusively
clarified [6]. 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 re-
actions, leading to oxidative stress, cell death and DNA damage. Simi-
larly, 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 [9]. Although the relevance of combined exposure to eluci-
date 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 be-
tween alterations in individual and combined treatments. This untar-
geted 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 understanding of pathways affected
in HepG2 cells. By examining individual cellular pathways and identi-
fying 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.

2. Material and methods

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 % (v/v) non-essential amino acids (NEA; Sigma
Aldrich) were added, as previously described [9]. Cells were incubated
for 2 or 24 h with CoCl2 (Thermo Fischer Scientific; 99.9 %) and NiCl2
(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 μM Co + 75 μM Ni, demonstrated no
cytotoxic effects when applied individually or in combination. The
second, higher combination of 25 μM Co + 150 μM 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 [9].

2.2. Transcriptomics

For transcriptomic analysis, cells were pelletized using 0.25 %
trypsin-EDTA for detaching, followed by washing with PBS and centri-
fugation at 2370×g and 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 Illumina (Hologic Dia-
genode) according to the manufacturer’s instructions with 2.5 μg total
RNA as input for mRNA selection and 13 PCR cycles for amplification.
Libraries were pooled and sequenced on the NovaSeq 6000 Illumina
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 [10]. 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 meanmapping 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 [11]. 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 log2 fold change >1/<-1 for
DEG characterization [12]. Comparisons were performed between
treated and untreated cells. GO Term analysis of DEGs was performed
using the geneontology.org website [13,14] which uses the PANTHER
tool [15]. Sequencing data are available in the ArrayExpress database
(http://www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-14292.

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 I (10 mMHEPES,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF, 0.1 % NP-40
alternative) as described before [16]. 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×g, the supernatant containing

Abbreviations

CE-ICP-MS capillary electrophoresis inductively coupled plasma
mass spectrometry

Cer ceramide
DAG diacylglycerol
DEG differentially expressed genes
dhCer dihydroceramide
dhSM dihydrosphingomyelin
dhSph dihydrosphingosine
FTH ferritin heavy chain
FTL ferritin light chain
GO gene ontology
GSH glutathione
GSSG glutathione disulfide

HIF-1 hypoxia-inducible factor-1
HMOX-1 heme oxygenase 1
KEAP1 Kelch like-ECH-associated protein 1
LacCer lactosylceramide
LC-MS/MS liquid chromatography-tandem mass spectrometry
LDHA lactate dehydrogenase A
NEM N-ethylmaleimide
Nrf2 nuclear factor erythroid 2-related factor 2
PCA principal component analysis
RONS reactive oxygen and nitrogen species
SL sphingolipid
SM sphingomyelin
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the cytosolic fraction was removed and the remaining pellet was
resuspended in lysis buffer II (40 mM HEPES, 400 mM KCl, 10 % glyc-
erol, 1 mM DTT, 0.1 mM PMSF) and 294 mM NaCl followed by a soni-
fication step (12 s, cycle: 0.5, amplitude: 80 %; Hielscher UP100H) and
centrifugation for 30 min at 4 ◦C at 20000×g. The supernatant con-
taining the nuclear fraction was used for protein determination, quan-
tified via standard BCA assay (Sigma-Aldrich), and Western Blot
analysis.

2.4. Western Blot analysis

For Western Blot analysis, cell pellets have been processed as pre-
viously described [17]. As primary antibodies, anti-β-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. Quanti-
fied protein bands were normalized to β-actin (FTH, FTL, HMOX-1) or
Lamin A (NRF2).

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 per-
meabilized with PBS containing 4 % formaldehyde (Carl Roth) and 0.2
% Triton-X™ (Sigma Aldrich), washed with PBS and incubated 30min 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 fluo-
rescence microscope and processed in LAS X imaging software.

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×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
Fe2+, Fe3+, and total iron were conducted using capillary electropho-
resis inductively coupled plasma mass spectrometry (CE-ICP-MS), as
previously detailed [18,19]. In brief, the analysis involved the use of a
"PrinCe 706” CE system with an uncoated capillary (85 cm × 50 μm 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 NH3 as the reaction gas, was employed for spectral
interference-free detection of the 56Fe isotope. Fe2+/Fe3+ separation and
quantification were conducted in a 20 mM HCl-electrolyte at +25 kV
separation voltage, with 56Fe 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.

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 [20].
Cells were washed with PBS and scratched off the plate using 500 μL of
50 %methanol (MeOH) (− 20 ◦C), containing 0.5 mMN-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 μL chloroform
(− 20 ◦C), samples were shaken for 10 min and then for another 2 min
after adding 75 μL bidistilled water (4 ◦C), followed by 20 min incuba-
tion at − 20 ◦C. They were centrifuged (4 ◦C, 9500×g, 15 min) and 350
μL of the upper layer was dried using a SpeedVac. The remaining pellet
was dissolved in 50 μL 50 % ACN, centrifuged (16060×g, 10 min) and
diluted before LC-MS/MS analysis. Isotope labelled standards (sodium
L-Lactate-3,3,3-d3 (CDN Isotopes) and L-glutamic-2,3,3,4,4-d5 acid
(Sigma Aldrich)) were added as internal standards. Metabolite quanti-
fication was performed on an Agilent 1290 Infinity II 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 iHi-
lic®-Fusion column (150 × 2.1 mm, 3.5 μm) complemented by the
appropriate pre-column (20 × 2.1 mm, 5 μm). Parameters for the
LC-MS/MS measurement and mass transitions are listed in the supple-
mentary (Tables S1 and S2).

2.8. Quantification of sphingolipids and diacylglycerols by HPLC-MS/MS

HepG2 cells were pelletized, washed with ice-cold PBS, and resus-
pended in MeOH. Sphingolipid (SL) and diacylglycerol (DAG) extraction
was performed as previously described [21]. Briefly, 1.5 mL meth-
anol/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 S3 and S4), was added
to the samples (~1x106 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 pro-
cedure was analogous for both lipid classes. HPLC-MS/MS analyses were
carried out under already published instrumental conditions [21,22].
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 × 150 mm, 2.7 μm; Agilent
Technologies). Multiple reaction monitoring (MRM) was performed
using a 6495C triple-quadrupole mass spectrometer (Agilent Technolo-
gies) 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 S3 and S4. Analyte peak areas were
normalized to those of their corresponding internal standards followed
by external calibration. Peak integration and quantification were con-
ducted with MassHunter Quantitative Analysis Software (version 10.1,
Agilent Technologies). SL and DAG quantities were normalized to cell
count and expressed as “pmol/1x106 cells”.

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.

3. Results

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 [9]. 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. 1). Fig. 1B further indicates that Co
and Ni in case of combined exposure result in a significantly higher

A. Thiel et al.
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number of differentially expressed genes compared to individual expo-
sure. Subsequently, the DEGs in response to the combination (25 μM Co
+ 150 μM Ni) compared to the untreated control were used for Gene
Ontology (GO) term enrichment (Fig. 2). Combining both metals seems
to influence a variety of molecular functions in HepG2 cells, including
the upregulation of carbohydrate metabolism, protein binding or re-
ceptor activity. Conversely, downregulated pathways primarily involve
lipid metabolism and oxidoreductase activity. Fig. 3 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.

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 [24]. 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. 4A). 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 [25]. Both metals, except of 75 μM Ni,
led to elevated amounts of nuclear Nrf2 compared to the untreated
control, with 150 μM Ni showing the strongest effect. Concurrent in-
cubation of Co and Ni also resulted in increased nuclear Nrf2 trans-
location (Fig. 4A). These effects could also be demonstrated by
immunofluorescence staining against nuclear Nrf2 (Fig. 4B).

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. 3). The
higher combination of Co and Ni (25 μM Co + 150 μM Ni) resulted in

elevated protein expression of HMOX-1 compared to control (Fig. 5A).
HMOX-1 plays a crucial role in metabolizing the prooxidant heme into
iron and biliverdin [26]. Similarly, there was a significant effect on the
expression of the iron storage protein ferritin which was more pro-
nounced for FTL (Fig. 5B), with a trend also observed for FTH (Fig. S1).
A shift in the Fe(II)/Fe(III) ratio towards the divalent species is an in-
dicator for a redox imbalance caused by higher RONS formation within
the cell [27]. After 24 h treatment with Co and/or Ni, there were no
significant alterations in this ratio, however, a trend towards Fe(II) was
observed (Fig. 5C).

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 influ-
encing the synthesis of numerous metabolites [28]. LC-MS/MS analysis
revealed that Co and Ni did not affect the glucose levels in HepG2 after
24 h treatment (Fig. 6A). However, the pyruvate content increased
significantly with the higher combination (Fig. 6C), and lactate levels
were enhanced across all applied Co and/or Ni concentrations (Fig. 6B).
TCA cycle metabolites α-ketoglutarate and succinate showed elevated
amounts only with the high combination (Fig. 6D/E), while malate
content increased significantly with 150 μM Ni or the combination of
12.5 μM Co + 75 μM Ni (Fig. 6F). All applied concentrations except for
75 μM Ni led to decreased glutamate levels, while glutamine was
enhanced by the high combination of Co and Ni (Fig. 6G/H). Further-
more, the cellular cysteine amount was lower compared to control after
treatment with Co or the combination of Co and Ni, whereas Ni indi-
vidually did not show this effect (Fig. 6I).

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 μMCo+ 150 μMNi) led
to an increased expression of CERS1, whose encoded protein is respon-
sible for converting dihydrosphingosine (dhSph) to dihydroceramides
(dhCer) and sphingosine (Sph) to ceramides (Cer) (Fig. 7) [29]. CERS1,
which belongs to a group of six isoforms, specifically forms dhCer or Cer
species with a C18:0 fatty acid side chain [30]. In line with this,

Fig. 1. A) Principal component analysis (PCA plot) of PC1 and PC2, comparing the different Co(II) and Ni(II) 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 μM Co(II), 150 μM Ni(II) and the combination of both treatments in HepG2 cells.
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LC-MS/MS analysis revealed increased C18:0 dhCer levels (Fig. S2A)
and a trend for elevated C18:0 Cer (Fig. S2B) 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. S2A),
leading to significantly increased dhCer/Cer ratios after treatment with
Ni and/or Co (Fig. 8A). DhCer and Cer can be converted by sphingo-
myelin synthases (SGMS, Fig. 7) to dihydrosphingomyelins (dhSM) and
sphingomyelins (SM), respectively. Consequently, we also detected
increased dhSM/SM ratios (Fig. 8B, Fig. S2C/D) after Co and/or Ni
treatment. Furthermore, Co and Ni individually and combined resulted
in a decrease in Sph (Fig. 8C) as well as in lactosylceramides (LacCer)
(Fig. 8D). Additionally, Co and Ni caused elevated levels of various DAG
species (Fig. 8E). 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 mono-
unsaturated 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).

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 carci-
noma cells (HepG2) are applied in this study. The untargeted tran-
scriptomic 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

Fig. 2. Summary of over-represented GO terms related to molecular function, comparing combined treatment (25 μM Co + 150 μM 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 Ref. [23]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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HepG2 cells where Ni triggered a larger response [31]. Transcriptomic
analysis following Co and Ni exposure in human cell lines are limited to
lung cells and monocytes and therefore barely comparable [32,33]. 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 [34].

Under physiological conditions, Nrf2 is degraded in the cytoplasm by
Kelch like-ECH-associated protein 1 (KEAP1) and Cullin 3 [34]. Upon

Fig. 3. Affected pathways (transcriptome) by Co(II) and Ni(II) in HepG2 cells upon 24 h combined exposure (25 μM Co + 150 μM 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 Supple-
mentary Table S5. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Nuclear Nrf2 translocation in HepG2 cells after 2 h treatment with Co(II) and Ni(II). 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

A. Thiel et al.
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oxidative stress or exposure to electrophiles, this regulatory system is
disrupted, leading to the 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 [35,36] or
Ni [37,38]. However, they are primarily focusing on individual treat-
ment, 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 [28]. 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 [9]. Despite this, Ni led to a Nrf2 translocation, sug-
gesting 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 [39]. In the present
study, transcriptomic analysis revealed an upregulation of sqstm1,
especially in response to the individual treatment of Ni or the combined
exposure of Co and Ni (Table S5). Additionally, the exposure of Ni to
human lung epithelial cells resulted in a significant upregulation in
SQSTM1 protein expression [40]. 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 [24,35]. From
targeted studies investigating the toxicity of both metals, especially Co is
associated to hypoxia-inducible factor-1 (HIF-1) and evidence suggests
an association between the HIF-1 and Nrf2 signaling pathways, with
Nrf2 downstream targets potentially acting as regulators of HIF-1 [41,
42]. Knockdown of Nrf2 revealed reduced expression of HIF-1α in both
human glioma cells and human colon cancer cells, even under hypoxic
conditions or following Co treatment as a hypoxia-mimicking agent [43,
44]. 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 [45]. In our study, the com-
bined 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 acti-
vation, 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 humanmonocytic 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
[38]. Additionally, they also noted the absence of RONS induction
which is consistent with the previous investigation in HepG2 cells [9]. 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 [46]. The two
amino acids cysteine and glutamate, which are components of GSH,
were decreased by Co and Ni, measured via LC-MS/MS. Transcriptomic

Fig. 5. Impact on Fe metabolism in HepG2 cells after 24 h treatment with Co(II) and Ni(II). Protein expression of A) HMOX-1 and B) FTL were quantified via Western
Blot and normalized to β-actin. C) Ratio of Fe2+ and Fe3+ 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.
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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
[9]. Nrf2 also regulates transport andmetabolism of glutamine, essential
for GSH synthesis as it is converted to glutamate via the catalysis of
glutaminase [24]. Upon combined treatment with Co and Ni, HepG2
cells exhibited elevated glutamine levels, indicating heightened trans-
port 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 [47,48]. Notably, Nrf2 plays a role in the
expression of the glutamine transporter SLC1A5, as evidenced in a study
using Keap1-mutant cells [49]. 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 [50]. 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 [47]. The effects of Co and Ni on TCA cycle metabolites
α-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 [34]. Particularly under hypoxic conditions, cells
prioritize converting most of the glucose to lactate rather than utilizing
it in oxidative phosphorylation [51]. Treatment with Co and Ni resulted
in increased lactate levels compared to untreated HepG2 cells, indi-
cating heightened conversion of pyruvate to lactate, thus ensuring
cellular energy supply. Lactate production is catalyzed by lactate de-
hydrogenase A (LDHA), which is notably enhanced in tumor growth and
increased cell proliferation. Knockdown ofNrf2 in breast cancer cells led
to a decrease in LDHA protein expression, correlating with reduced
expression of HIF-1α [52].

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 [53]. A previous metabolomic study in
liver cells pointed out an impact especially of Co on the sphingolipid
metabolism and synthesis [54]. The accumulation of dhCer, an inter-
mediate in the de novo synthesis of Cer, is discussed to be stimulated by
hypoxia or oxidative stress [55]. 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 [56]. 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 concur-
rent increase of dhCer [57], suggesting that Co and Ni may inhibit

Fig. 6. Levels of metabolites related to glycolysis, TCA cycle and GSH metabolism in HepG2 cells after 24 h treatment with Co(II) and Ni(II). Amount of A) glucose, B)
lactate, C) pyruvate, D) α-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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DEGS1 through their hypoxia-mimicking properties. The accumulation
of dhCers is associated with altered bioenergetics, notably evidenced by
decreased ATP/AMP ratios [56]. This alteration is believed to activate
AMPK, which in turn stimulates autophagy through the activation of
ULK1/2 [58]. Hernández-Tiedra et al. revealed the link between an
increased dhCer/Cer ratio and autophagy-mediated apoptosis in human
glioma cells [59]. 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 [60]. Both ULK1/2 and p62
are overexpressed in HepG2 cells treated with Ni individually or in
combination with Co (Table S5). 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 ri-
gidity [61]. 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 [62].

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 [63,64].
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 [65]. Accumulation of DAGs is associated with the
activation of protein kinase C (PKC) and their translocation to mem-
branes [64]. This activation leads to the phosphorylation of various
enzymes, including Nrf2, which is subsequently stabilized for trans-
location into the nucleus [66].

In conclusion, this study delves into the toxicity mechanisms of Co-
balt (Co) and Nickel (Ni), shedding light on their individual and com-
bined 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 re-
sponses. 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.

Fig. 7. Effected pathways (transcriptome) related to sphingolipid metabolism by Co(II) and Ni(II) in HepG2 cells after 24 h combined exposure (25 μM Co + 150 μM
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 S6. 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; B4GALT6 beta-1,4-
galactosyltransferase 6; CERK ceramide kinase; S1PPase sphingosine-1-phosphatase; SPHK sphingosine kinase; SGPL sphingosine-1-phosphate lyase. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Z. Antón, E. García-Taboada, M. Salazar-Roa, M. Lorente, J. Nylandsted,
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