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1. Introduction 

1.1. Oxidative stress and cell death 

Research on regulated cell death (RCD) was initiated by Vogt et al. in 1842, who 

observed cell death occurring as a natural part of physiological processes during 

vertebrate development1,2. It was only in 1972 that Kerr et al. defined the term apoptosis 

based on specific morphological features, like condensation, fragmentation, and 

phagocytosis3. Apoptosis, categorized as cell death type I, differs from autophagic (type 

II) and necrotic (type III) cell death4. The term RCD now encompasses cell demise due 

to intra- or extracellular disruptions. During development, this is termed programmed cell 

death (PCD), while accidental cell death (ACD) results from uncontrolled damage5,6. 

Furthermore, necrosis was initially characterized as unregulated cell death. However, 

with accumulating evidence, new controlled forms of necrosis have been identified, such 

as necroptosis, oxytosis, and ferroptosis, each distinguished by specific triggers, 

proteins, compartments, inhibitors, and reactive oxygen species (ROS)7,8. Yet, 

contemporary investigations suggest that these pathways of cell death are 

interconnected, rather than functioning as isolated mechanisms with distinct purposes6,9.  

Overviewing the complexities of regulated cell death and its interconnected pathways, a 

pivotal factor emerges – oxidative stress2. Oxidative stress is characterized by a 

disturbance in the equilibrium between ROS production and cellular antioxidant defenses 

and plays a crucial role in shaping the fate of cells10,11. Oxidative stress is serving as a 

common factor in various cell death pathways, acting as both, a trigger and a 

consequence. The generation of ROS, encompassing reactive molecules, e.g. free 

radicals, is triggered by the cellular response to internal stimuli, like organelle 

dysfunction, or external stimuli, such as environmental factors. This leads to detrimental 

effects on cellular components, impacting deoxyribonucleic acid (DNA), proteins, and 

lipids. Specifically, lipid peroxidation, a process initiated by ROS, introduces a cascade 

of reactions causing damage to lipid structures12,13. Mitochondria, being central to cellular 

energetics, are primary contributors to ROS production by directly reducing oxygen 

within the electron transport chain (ETC), especially during instances of cellular stress14. 
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Particularly, neuronal cells are highly vulnerable to oxidative stress due to their heavy 

reliance on oxidative phosphorylation (OXPHOS) for energy generation, exposure to 

high oxygen levels, and accumulation of metal ions with age, such as copper, zinc, iron 

and calcium15. Additionally, they contain easily oxidizable polyunsaturated fatty acids 

(PUFAs) and have lower concentrations of antioxidants compared to other cell types. 

Despite their ability to regulate homeostasis under normal conditions, the aging process 

weakens this capacity. As age-related neurodegenerative conditions progress, the 

compromised redox balance leads to the accumulation of free radicals, mitochondrial 

dysfunction, and eventual neuronal injury. This cumulative oxidative stress significantly 

increases the susceptibility to neurodegenerative disorders like Alzheimer's (AD)16,17, 

Huntington's (HD)18, and Parkinson's (PD)19. In AD, for instance, oxidative stress plays 

a role in the buildup of neurofibrillary tangles and β-amyloid plaques, the hallmark 

pathological features of the condition20–22. Similarly, in PD, oxidative stress is implicated 

in the degeneration of dopaminergic neurons in the substantia nigra23,24. The connection 

between oxidative stress and neurodegenerative diseases underscores the intricate 

interplay between cellular mechanisms and pathological states. 

Moreover, the impact of oxidative stress extends beyond neurodegenerative diseases 

e.g. strokes, both hemorrhagic and ischemic. In ischemic stroke, restricted blood flow 

leads to a surge in ROS production, exacerbating the oxidative stress milieu. This 

oxidative burden contributes to neuronal damage and deteriorates the ischemic 

cascade25,26. Conversely, in hemorrhagic stroke, the rupture of blood vessels introduces 

iron into the brain parenchyma, intensifying oxidative stress through processes like the 

Fenton reaction (Figure 1). The subsequent ROS generation amplifies cellular injury, with 

hemin, a byproduct of hemoglobin breakdown, further contributing to the oxidative 

burden in hemorrhagic stroke27,28.  

 

Figure 1. Basic mechanism of the Fenton reaction. 
Fe(II) ions; H2O2 (hydrogen peroxide); Fe(III) ions; •OH (hydroxyl radicals) and OH– (hydroxide). 

  

Fe2+ + H2O2 Fe3+ + •OH + OH–
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1.2. Ferroptosis 

The two programmed cell death pathways, oxytosis and ferroptosis, are of crucial 

importance for this study. Oxytosis is an established mechanism that stands out due to 

its characteristics related to glutamate-induced toxicity. Olney et al. coined the term 

excitotoxicity in 196929 and discoveries in 1986 show that elevated glutamate exposure 

results in cellular demise30. This form of oxidative cell death was first identified and 

described as oxytosis by Schubert and Maher in 200131. The excessive liberation of the 

excitatory neurotransmitter glutamate increased the activation of postsynaptic glutamate 

receptors, including NMDA (N-methyl-D-aspartate), AMPA (𝛼-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid) or G-protein-coupled metabotropic glutamate receptors32. 

The initiation of glutamate receptors and voltage-gated calcium channels (VDCC) 

prompts an injurious influx of Ca2+ into the postsynaptic neuron, initiating a cascade of 

events culminating in cell damage or death33. Hence, it is crucial to emphasize that the 

neuronal HT22 cell line is devoid of ionotropic NMDA receptors. Thereby, the onset of 

excitotoxicity linked to an excessive calcium influx from abundant glutamate exposure is 

prevented31. This form of cell demise operated autonomously of caspases and the 

application of the widely-used z-VAD-fmk inhibitor, a pan-caspase inhibitor, did not 

impede oxytosis31,34,35. Consequently, it is distinctly differentiated from caspase-

dependent apoptosis. 

Ferroptosis, on the other hand, is a recently emerging RCD mechanism first described 

by Stockwell et al. in 201236. It represents a distinct mechanism from classical forms of 

cell death, like apoptosis and necrosis36–38. It is a form of RCD characterized by 

diminished activity or complete inactivity of the crucial selenoenzyme glutathione 

peroxidase 4 (GPx4), leading to the iron-dependent formation of lipid peroxides. This is 

leading to oxidative stress and subsequent cell damage36,39. Ferroptosis is also 

characterized as a type of cell demise that can be prevented by iron chelators and 

lipophilic antioxidants, such as deferoxamine (DFO) and ferrostatin-1 (Fer-1)39,40. This 

aspiring field of research has gained significant attention for its involvement in various 

pathological conditions, including neurodegenerative diseases, cancer, and ischemia-

reperfusion injury41.  

The ferroptotic process (Figure 2) can be induced by the well-established small molecule 

erastin, which is identified as an inhibitor of the Xc
– system (xCT)36, establishing a 

noteworthy connection with oxytosis since glutamate also inhibits the xCT system. 

Despite that, it is known that erastin directly targets mitochondria by binding to voltage-

dependent anion channel (VDAC) 2 and 3, acting as an opener and causing disturbances 
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in the mitochondrial membrane potential (DYm)42–44. However, the xCT antiporter is 

necessary for the cystine transport into the cell in exchange for glutamate in an 

approximate 1:1 ratio following their respective concentration gradients45,46. A blockage 

of the xCT system leads to a depletion of intracellular cysteine, a critical amino acid that 

serves as the limiting factor for the synthesis of glutathione (GSH)47. GSH is a crucial 

cytosolic antioxidant that plays a fundamental role in the antioxidative defense 

mechanism of neuronal cells, actively engaging in the neutralization of ROS and 

contributing to the preservation of cellular integrity48. Therefore, cysteine and GSH levels 

reduced by xCT inhibition, sets off a cascade of events, prominently marked by a 

reduction in the activity of the main antioxidative machinery, the selenoprotein GPx4. 

Subsequently, lipid peroxidation is enhanced by increased activity of lipoxygenases 

(LOX)36,49. GPx4 is the sole member within the GPx family capable of detoxifying 

hydroperoxides into their corresponding alcohols, utilizing reduced GSH for reduction 

purposes within the cellular environment50,51. Besides erastin, ferroptosis can be induced 

by another small molecule named (1S,3R)-RSL3 (RSL3). This chemical compound is 

known to inhibit GPx4 directly, leading to a promotion of lipid peroxide formation in the 

cell, which amplifies cellular susceptibility to oxidative stress and subsequently results in 

ferroptotic cell death2,52.  

Another pivotal aspect in ferroptosis involves the presence of iron ions, initiating a 

reaction with lipid hydroperoxides that generate highly reactive free radicals, causing 

extensive damage to cell membranes and organelles. The enzyme acyl-CoA synthetase 

long-chain family member 4 (ACSL4) plays a crucial role in this iron-dependent lipid 

peroxidation process. ACSL4 is responsible for the uptake and activation of PUFAs, 

serving as the substrates fueling the detrimental formation of lipid ROS during 

ferroptosis53,54. Consequently, the biosynthesis of phospholipids containing PUFAs is a 

prerequisite for initiating ferroptosis40, particularly accelerated in cells exhibiting elevated 

levels of plasma membrane phosphatidylethanolamines (PE)54. ACSL4 facilitates the 

conversion of arachidonic acid (AA) to AA-CoA53,55,56, which is further esterified into AA-

PE by lysophosphatidylcholine acyltransferase (LPCAT) 357,58. The catalytic formation of 

lipid ROS occurs through LOX, including 5-LOX or 12/15-LOX59. Both LOX enzymes 

mediate the oxidation of free AA, and in the case of 12/15-LOX, the oxidation of AA-PE 

to form peroxide AA-OOH-PE. Following the generation of ROS, the pro-apoptotic 

proteins BH3-interacting domain death agonist (BID) and dynamin-related protein 1 

(Drp1) become active, facilitating their translocation to the mitochondria, where they 

accelerate mitochondrial impairment and the release of pro-apoptotic factors and 

cytochrome c 35,49,60. 
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Within the ferroptosis cascade, mitochondria play a central role as both targets and 

amplification systems for ROS formation, thereby accelerating cellular dysfunction and 

demise61. Their physiological role includes preserving the redox balance and producing 

energy via OXPHOS, thereby constituting a continuous source of ROS generation62. 

Further, their function also includes the regulation of iron metabolism and storage, lipid 

peroxidation, GSH levels, and energy metabolism. Elevated levels of lipid peroxides 

notably contribute to mitochondrial dysfunction, manifesting as disruptions in the ETC, 

DYm loss, mitochondrial ROS formation, and impaired respiration. This is followed by 

the mitochondrial outer membrane permeabilization (MOMP) and the release of pro-

apoptotic proteins such as apoptosis-inducing factor (AIF) and cytochrome c. 

Consequently, cells experience energy depletion and are unable to sustain vital 

functions59,63,64. Simultaneously, mitochondrial damage represents the widely recognized 

"point of no return" in this cellular demise, signifying a crucial stage in the irreversibility 

of the ferroptotic process35,52,60,61,65–68. 

The dysregulation of iron metabolism is also a key factor amplifying the ferroptotic 

response. It is particularly pronounced as labile intracellular and mitochondrial iron 

becomes actively involved in the production of ROS through the Fenton reaction (Figure 

1)69. In the Fenton reaction, Fe(II) ions react with hydrogen peroxide (H2O2) to generate 

highly reactive hydroxyl radicals (•OH) and Fe(III) ions. The radical scavenger and iron 

chelator DFO can form complexes with trivalent iron, helping to alleviate iron overload 

conditions. It is noteworthy that Fe3+ is the prevalent physiological form of iron in the 

body, and this oxidation state is commonly encountered in various biological processes. 

The increased availability of labile iron within the cellular and mitochondrial 

compartments during ferroptosis catalyzes the Fenton reaction, significantly increasing 

oxidative stress and intensifying the cellular conditions that promote ferroptotic cell 

death70–73. 

Acknowledging the adverse effects of ferroptosis, there is increasing interest in the 

therapeutic potential due to its key role in mitigating the previously described effects. 

This led to the development of a diverse range of inhibitors, specifically designed to 

target individual components within the oxidative cell death cascade. The 

organoselenium compound ebselen, endowed with GPx4 mimicking functionality, 

emerges as a subject of interest74. Additionally, diverse LOX inhibitors, such as the 5-

LOX inhibitors zileuton75,76 and ST185377,78, and the 12/15-LOX inhibitor PD14617649, 

contribute to the arsenal of potential interventions. Furthermore, there are known (lipid) 

ROS scavengers, such as Fer-152,79, liproxstatin-164, trolox36, iron scavengers like DFO, 

and also compounds like mitoquinone (MitoQ)52,80, which intercept mitochondrial ROS 

(Figure 2).  
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Figure 2. Model of oxidative cell death in HT22 cells. 
Oxidative cell death can be induced by the small molecules erastin or glutamate, which inhibit the Xc- 
transporter, resulting in diminished intracellular cysteine levels. This reduction manifests in lowered GSH 
levels and subsequent downregulation of GPx4 activity, a process also induced by the ferroptosis inducer 
and direct GPx4 inhibitor RSL3. Lipid peroxidation is fueled by the enzyme ACSL4, which is responsible for 
the uptake and activation of PUFAs. ACSL4 catalyzes the conversion of AA into AA-CoA, which is then 
esterified into AA-PE by LPCAT3. The formation of lipid ROS is facilitated by LOX, including 5-LOX or 12/15-
LOX. These LOX enzymes mediate the oxidation of free AA, with 12/15-LOX also oxidizing AA-PE to produce 
AA-OOH-PE. After the development of (lipid) ROS, the pro-apoptotic protein Bid and Drp1 translocate to the 
mitochondria, where they mediate mitochondrial dysfunction, marked by a reduction in DYm, increased 
mitochondrial ROS formation, diminished mitochondrial respiration, and mitochondrial fragmentation. This 
fragmentation is linked to the release of AIF, culminating in the execution of cell death.  
Xc- transporter (glutamate/cystine antiporter); GSH (glutathione); GPx4 (glutathione peroxidase 4); RSL3 
(RAS-selective lethal 3); LOX (lipoxygenase); lipid icons with OOH (lipid hydroperoxides); PUFA 
(polyunsaturated fatty acid); AA (arachidonic acid); ACSL4 (acyl-CoA synthetase long-chain family member 
4); TZDs (thiazolidinediones); CoA (coenzyme A); LPCAT3 (lysophosphatidylcholine acyltransferase 3); PE 
(phosphatidylethanolamine); ROS (reactive oxygen species); BID (BH3-interacting domain death agonist); 
Drp1 (dynamin-related protein 1); mROS (mitochondrial reactive oxygen species); OCR (oxygen 
consumption rate); ∆Ψm (mitochondrial membrane potential); AIF (apoptosis-inducing factor); ATP 
(adenosine triphosphate); DNA (deoxyribonucleic acid). 
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1.3. Selenoprotein GPx4 

GPx4 emerges as a critical and specialized member of the GPx enzyme family, and 

recent findings exposed its pivotal role in cellular defense against oxidative stress81. 

Notably, GPx4 is structurally part of the human selenoproteome, which encompasses 25 

proteins. Half of these proteins function as oxidoreductases to uphold cellular redox 

homeostasis. Within this array, five are classified as selenoproteins (GPx1 – 4 and 

GPx6), a subclass of proteins that contain selenium in the form of a selenocysteine 

residue at its active site. These are involved in antioxidant defense, redox regulation, 

immune function, and thyroid hormone metabolism82–84. Selenium containing 

selenocysteine is essential for mammalian life, as selenocysteine differs from cysteine 

only by the substitution of sulfur with selenium85. Selenium itself is a nonmetal essential 

trace element that is crucial for physiological homeostasis, organ function and overall 

cellular health86. Insufficient supplementation of this element increases the risk of 

developing various diseases, such as cancer, type 2 diabetes, lung disorders, and 

cardiovascular diseases87,88. 

GPx4 is a highly selective antioxidant containing the 21st amino acid selenocysteine51. It 

holds broad substrate specificity for peroxides, showcasing its adaptability in combating 

oxidative challenges. Notably, GPx4's distinctive position among selenoproteins lies in 

its capacity to specifically target and neutralize lipid hydroperoxides. This role is 

outstanding in preventing the peroxidation of cellular membranes, a process that can 

lead to cellular damage and dysfunction89. The catalytic cycle of GPx4 is proposed as 

follows: GSH oxidation facilitates the reduction of lipid hydroperoxides into harmless lipid 

alcohols by GPx4 (Figure 3). This catalytic system results in the oxidation of two 

molecules of GSH to one glutathione disulfide (GSSG). The cellular resilience manifests 

as glutathione reductase (GR) steps in, converting GSSG back to GSH, maintaining an 

unceasing pool of this reducing agent51. This intricate detoxification cycle involves the 

consumption of NADPH to restore GSH and sustain the continuous defense against 

oxidative stress. 

 

Figure 3. GPx4 detoxification cycle of ROS and lipid ROS. 
Glutathione peroxidase 4 (GPx4); glutathione (GSH); lipid hydroperoxides (lipid-OOH); lipid alcohols (lipid-
OH); glutathione disulfide (GSSG); glutathione reductase (GR).  

2 GSH
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1.3.1.       Ebselen 

In neuronal cells e.g., where preserving membrane integrity is vital for the overall health 

of the nervous system, GPx4 stands as a critical sentinel against oxidative stress-

induced ferroptosis. This role becomes even more significant in preventing 

neurodegenerative pathologies associated with disruptions in redox equilibria. Notably, 

the organoselenium compound ebselen (2-phenyl-1,2-benzoselenazol-3(2H)-one) has 

gathered attention as an effective therapeutic agent74. Ebselen plays a key role in 

mitigating oxidative stress and supporting the defense against ferroptosis in neuronal 

contexts by reducing ROS levels due to its direct ROS scavenging activity90. Regarding 

Lipinski’s “rule-of-5” on the oral bioavailability of a chemical compound91,92, ebselen has 

also a low molecular weight and is lipophilic. Therefore, it is able to cross the blood-brain 

barrier (BBB), positioning it as a promising candidate for the treatment of cerebral 

ischemia93,94. Ebselen is recognized for its radical-scavenging activity, effectively 

scavenging free radicals and ensuing toxic byproducts resulting from these radical 

reactions95,96. Ebselen facilitates the reduction of ROS similar to GPx4 with a three-step 

catalytic (Figure 4). In the peroxidatic phase of GPx4, various oxidizing substrates, as 

ROOH and H2O2, can participate in the reaction97. This process entails the reduction of 

hydroperoxide with the selenol group (R-Se–) in the enzyme's active site undergoing 

oxidation to selenenic acid (R-SeOH). During this stage, the first GSH forms a 

selenadisulfide (R-Se-SG) with the selenenic acid, causing the removal of oxygen as 

H2O. The second GSH participates in a thiol-disulfide exchange, resulting in the 

reduction of the selenadisulfide, release of GSSG, and the regeneration of the enzyme 

to its selenol form, closing the catalytic cycle97–100. 

 

Figure 4. Catalytic cycle of GPx4 and ebselen. 
The catalytic cycle of ebselen and GPx4 involves alterations in the oxidation state of the active 
selenocysteine (SeCys) residue, to reduce ROS. Diverse oxidizing substrates ([O]), such as H2O2, LOOH, 
ROOH, PLOOH, ChOOH, CEOOH, and peroxynitrite, can participate in the reaction. It includes the reduction 
of H2O2, where the selenol group (R-Se–) in the enzyme's active site is oxidized to selenenic acid (R-SeOH). 
GSH forms a selenadisulfide (R-Se-SG) with the selenenic acid, which removes oxygen as H2O. Another 
GSH engages in a thiol–disulfide exchange, resulting in the reduction of the selenadisulfide, release of 
GSSG, and the enzyme's regeneration to its selenol form, ready for the next catalytic cycle. For clarity, 
everything besides the selenic redox active part was omitted and abbreviated with “R”. Modified according 
to Azad et al. and Brigelius-Flohé et al.97,100. 

R-Se–

R-SeOHR-Se-SG
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GSHH2O
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GSSG
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NADPH oxidases (NOX) generate free radicals, causing oxidative stress and potentially 

leading to neurological complications due to cell demise101. The excessive activity of 

NOX could contribute to central nervous system degeneration, cardiovascular issues, 

and neurotoxicity, resulting in diseases like AD, PD, and multiple sclerosis (MS). Ebselen 

has demonstrated its ability to inhibit these enzymes, suggesting a promising therapeutic 

approach to counteract the detrimental effects associated with their overactivity102. 

Furthermore, ebselen is currently undergoing clinical trials to explore its potential in 

addressing diverse conditions, including stroke103, brain injury93, cancer104, noise-

induced hearing loss105, bipolar disorder106, AD107, and atherosclerosis108. Additionally, it 

has been suggested for use in various other applications, like osteoporosis109, as an 

antifungal agent110, and in treatment-resistant depression111. However, it is crucial to 

acknowledge that certain clinical trials have unveiled notable cellular toxicity100. 

Ebselen has been shown in various studies to negatively impact mitochondrial function 

by promoting the release of Ca2+ from mitochondria through a mechanism that depends 

on NAD+ hydrolysis112–114. Additionally, elevated concentrations of ebselen have been 

associated with necrotic cell death in Sp2/0-Ag14 hybridoma cells115. Furthermore, 

genotoxic effects as well as DNA damage induction in V79 cells were found116 and 

apoptotic cell death in HepG2 cells by quickly exhausting the intracellular thiol 

reserves117. Additional findings indicate that ebselen induces DNA damage in yeast 

(Saccharomyces cerevisiae), de-repressing DNA damage response genes and 

activating checkpoint kinase proteins118. Moreover, ebselen hinders the DNA binding 

processes of transcription factors containing cysteine and zinc, including transcription 

factors IIIA, Sp1, and NF-κB119. The interaction of the compound with metallothionein 

and other zinc/sulfur coordination sites leads to the liberation of zinc. Consequently, zinc 

finger motifs become highly responsive to ebselen, potentially impacting genomic 

stability, DNA repair, and gene expression120.  

Clinical trials employing ebselen for various disease treatments are ongoing, and their 

results may offer further understanding of the underlying mechanisms that govern the 

biological properties of ebselen. Consequently, the exploration of novel compounds 

based on the scaffold molecule ebselen holds potential interest for their development 

and possible future applications. 
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1.3.2. Development of novel selenium compounds derived from 

ebselen 

Based on preliminary investigations from the doctoral thesis of Dr. Alejandra Peter 

Ventura from the working group of Prof. Martin Schlitzer, regarding the effectiveness of 

ebselen in Schistosoma mansoni, an anti-schistosomal activity was observed at 50 

µM121. However, motility and vitality were negatively affected, and a concentration 

reduction led to the loss of anti-schistosomal activity. Hence, new derivates of ebselen 

were designed, aiming at developing a new class of anti-schistosomal substances. For 

the initial structure-activity relationships N-methyl-N'-aminopiperazine and N-

aminomorpholine were selected, as the starting materials are commercially available. 

This resulted in Schl-36.185 (4-methylpiperazyl as a residue), Schl-36.226 (morpholino 

as a residue), and Schl-36.188 (dimethylamino as a residue) (Figure 5). Notable, 

compound Schl-36.185 is a N-substituted 1,2-benzisoselenazole-3(2H)-one, hereafter 

abbreviated as benzisoselenazole, whereas Schl-36.226 and Schl-36.188 are 

diselenides due to the selenium-selenium bond. Preliminary tests showed that these 

three derivatives Schl-36.185, Schl-36.226, and Schl-36.188 exhibited the most 

pronounced protection against ferroptosis in HT22 cells. This prompted the need for 

further characterization of these compounds regarding their neuroprotective effects 

against ferroptosis. 

 

Figure 5. Selenium compounds. 
The derivatization of ebselen by Dr. Alejandra Peter Ventura resulted in the following derivatives: Schl-
36.185 as an N-methyl-N'-aminopiperazine derivative, Schl-36.226 as an aminomorpholine derivative, and 
Schl-36.188 as an N,N-dimethylhydrazide derivative. 
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1.4. Hemin-induced toxicity 

Intracerebral hemorrhage (ICH), constituting approximately 15% of stroke cases, is 

linked with elevated mortality and morbidity risks within 30 days after the insult122–126. It 

involves the infiltration of blood into brain tissue from ruptured vessels, leading to 

hematoma formation, brain swelling, and edema123,126–128. The bleeding results in 

increased cerebral pressure, causing irreversible brain dysfunction. Secondary brain 

damage is a consequence of cerebral ischemia, brain edema, glutamate-induced 

excitotoxicity, inflammatory microglial activation, and the release of cytotoxic blood 

components like hemin. The degenerative process is initiated immediately post-

hemorrhage123,129. Hemoglobin (Hb) degradation post-ICH results in the accumulation of 

oxidized hemin in high micromolar concentrations in the hematoma area. Lysed red 

blood cells (RBCs) release iron and hemin into the brain's extracellular space, triggering 

inflammatory responses, increased brain water content, and neuronal cell death123,126,129–

132. Hemin, the breakdown product of Hb, is a major contributor to delayed brain damage 

following hemorrhagic stroke122,129,133. The mechanisms of hemin in damaging cells, 

leading to neuronal cell death and toxicity, remain unclear, emphasizing the need to 

understand cell death responses and pathology post-bleeding for the development of 

effective therapeutic strategies. 

Following hemorrhagic stroke, Hb is released from RBCs and serves as the primary 

source of free heme (Figure 6)134. Heme exists in reduced Fe(II) and oxidized Fe(III) 

states, with hemin representing the oxidized form when heme is free135. Due to its high 

lipid solubility, hemin can intercalate into the plasma membrane, causing lipid 

peroxidation129. The plasma protein hemopexin can scavenge toxic heme, otherwise, the 

intracellular hemin is catabolized by the HO-NADPH cytochrome P450 reductase 

complex heme oxygenase-1 (HO-1), producing biliverdin as a breakdown product, 

carbon monoxide (CO), and Fe(II) ions129,134. A direct interaction of hemin with H2O2 is 

also possible, mediating further oxidative toxicity. 

Elevated levels of intracellular ferrous iron (Fe(II)) can initiate the production of ROS 

through the Fenton reaction (Figure 1), inducing oxidative stress and resulting in the 

generation of ferric iron (Fe(III)). The catalytic cycle of the Fenton reaction, wherein 

Fe(III) interacts with peroxides to produce Fe(II), can be effectively interrupted by 

chelating ferric iron using DFO129,134. Otherwise, the regeneration of Fe(II) can proceed 

as follows. 
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Under physiological conditions, extracellular nonreactive Fe(III) is complexed with the 

iron-binding protein transferrin (Tf) in a 2:1 ratio, forming a Tf–Fe2 complex136,137. The Tf–

Fe2 complex undergoes receptor-mediated endocytosis upon binding to transferrin 

receptor 1 (TfR1)138,139. The release of Fe(III) from the Tf–Fe2 complex occurs within the 

endosome, where endosomal ferric reductase six-transmembrane epithelial antigen of 

the prostate 3 (STEAP3) reduces it to Fe(II), followed by a transport across the 

endosomal membrane by metal-ion import proteins ZIP14140 or proton-coupled divalent 

metal transporter-1 (DMT1) in an H+-dependent manner136,137,139,141,142. The iron in the 

cytosol becomes integrated into the labile iron pool (LIP) and can either be used, stored 

in ferritin–Fe(III) complexes, or released into the extracellular space using a non-

vesicular iron export pathway through the iron exporter ferroportin 1 (Fpn1)136–139,143. 

Most of the iron is transported into mitochondria through the iron importer mitoferrin 

(Mfrn), forming the mitochondrial labile iron pool (mLIP) crucial for heme biogenesis, 

iron-sulfur cluster synthesis, and enzymes136,144. 

Based on the existing knowledge surrounding hemin-induced cell death and ferroptosis, 

the interplay between both cell death pathways is an emerging area of investigation, and 

some shared features and differences have been identified126,145. Commonalities include 

their reliance on reactive lipid species, with both pathways exhibiting protection when 

glutathione-enhancing agents are introduced or GPx4 expression is enforced. 

Additionally, the use of iron chelators provided protective effects in both scenarios, and 

extracellular signal-regulated kinase (ERK)1/2 hyperactivation is a shared characteristic. 

However, differences surface in the independence of the hemin-induced pathway on 

12/15-LOX146, while ferroptosis can be prevented by pharmacological inhibition of 12/15-

LOX by PD14617659,147–149. Further differences are the dependence of hemin toxicity on 

the nuclear translocation of phospho-ERK1/2, the protective effects of MAP kinase 

phosphatase (MKP) 3 forced expression, and the transcription-dependent nature of 

hemin-induced ferroptosis145. In summary, hemin or hemoglobin-induced cell death 

exhibits distinctive features, such as independence from ERK, dependence on 5-LOX, 

and lack of reliance on transcription, setting it apart from ferroptosis induced by 

glutathione depletion145. These nuances underscore the need for further investigations 

to unravel the complexities and unique aspects of each cell death mechanism. 
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Figure 6. Link between hemin-mediated cell death and ferroptosis. 
The possible interconnection between ferroptosis and the hemin pathway in HT22 cells is depicted. Inhibition 
of the Xc- transporter by erastin or glutamate results in decreased intracellular cysteine levels, leading to 
reduced GSH levels and subsequent downregulation of GPx4 activity, which can be further inhibited by 
RSL3. Elevated lipid peroxidation is facilitated by LOX, inducing the accumulation of soluble ROS. This 
triggers the translocation of BID and Drp1 to mitochondria, ultimately culminating in AIF-mediated cell death. 
The hemin pathway is activated by the release of hemoglobin from red blood cells following a hemorrhagic 
stroke. HO-1 generates ferrous iron, which, through the Fenton reaction, converts to ferric iron, escalating 
lipid peroxidation and ROS levels. Binding of ferric iron to transferrin, entering the cell via TfR1, allows 
STEAP3 in the endosome to reduce ferric iron to ferrous iron. This ferrous iron is transported to the cytosol 
by DMT1 or ZIP14, forming the LIP or being released to the extracellular space by Fpn1. The LIP is conveyed 
to the mitochondria by Mfrn, where it constitutes the mLIP.  
Xc- transporter (glutamate/cystine antiporter); GSH (glutathione); GPx4 (glutathione peroxidase 4); RSL3 
(RAS- selective lethal 3); LOX (lipoxygenase); lipid icons with OOH (lipid hydroperoxides); lipid icons with 
OH (lipid alcohol/hydroxide); ROS (reactive oxygen species); BID (BH3-interacting domain death agonist); 
Drp1 (dynamin-related protein 1); mROS (mitochondrial reactive oxygen species); OCR (oxygen 
consumption rate); AIF (apoptosis-inducing factor); ATP (adenosine triphosphate); ∆Ψm (mitochondrial 
membrane potential); DNA (deoxyribonucleic acid); RBCs (red blood cells); Hb (hemoglobin); HO-1 (heme 
oxygenase-1); DFO (deferoxamine); OH– (hydroxyl); •OH (hydroxyl radicals); Tf (transferrin); TfR1 
(transferrin receptor 1); STEAP3 (six- transmembrane epithelial antigen of the prostate 3); DMT1 (divalent 
metal transporter 1); LIP (labile iron pool); mLIP (mitochondrial labile iron pool); Mfrn (mitoferrin). 
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2. Aims and objectives 

As ferroptosis emerges as a pivotal player in conditions such as various 

neurodegenerative disorders, ischemia/reperfusion, and cancer41, understanding its 

underlying mechanisms becomes paramount for devising effective therapeutic strategies. 

Therefore, this study includes three projects aiming at providing deeper insights into the 

understanding of ferroptosis and enhanced efficacy against ferroptotic cell death through 

novel therapeutic interventions.  

The objectives of the first project involved a detailed examination of the enzymes ACSL4 

and LPCAT2, which are well-known contributors to ferroptosis since they are critical in lipid 

synthesis and play a key role in promoting lipid peroxidation, a major hallmark of 

ferroptosis58. This was utilized through an overexpression model of both enzymes in 

HEK293T cells. The investigation aimed to uncover whether ACSL4/LPCAT2-induced 

ferroptosis relied on mitochondrial mechanisms and to what extent mitochondria were 

involved in ACSL4/LPCAT2-driven ferroptosis through ROS production. Another goal was 

to explore the potential interception of this process using mitochondria-targeted 

antioxidants or metabolic interventions at the level of mitochondria.  

The second part of this study is dedicated to characterizing the pathways leading to hemin-

induced cell death. Hemorrhagic stroke, a prevalent cause of brain damage, manifests 

major secondary brain damage up to several weeks after the stroke event, with hemin 

toxicity implicated in this secondary damage129. Prior reports have hinted at potential 

connections between the mechanisms of ferroptosis and hemin-induced cell death134,150. 

Consequently, hemin toxicity was further investigated in neuronal HT22 cells, aiming to 

identify molecular similarities and differences compared to erastin-induced ferroptosis. In 

particular, the aim was to investigate the involvement of LOX and especially mitochondrial 

pathways of ferroptosis, given their acknowledged significance in ferroptosis. 

The third part of this study focused on therapeutic strategies for ferroptosis. While ebselen 

has been identified to mimic the antioxidant function of GPx474, its efficacy is limited due 

to cellular toxicity100. This study introduces newly designed selenium compounds derived 

from ebselen, with the goal of enhanced efficacy against ferroptotic cell death.  Therefore, 

their ability to influence the hallmarks of oxidative dysregulation should be characterized 

in neuronal HT22 cells. Another aim was to compare the benzisoselenazoles and 

diselenides for their efficacy against ferroptosis. 
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3. Materials and methods 

3.1. Chemicals, reagents, and kits 

All standard chemical reagents were purchased from Sigma-Aldrich (Munich, Germany) 

or Merck KGaA (Darmstadt, Germany), if not indicated otherwise. Solutions and buffers 

were prepared using ultrapure, demineralized water from SG Ultra Clear UV Plus Pure 

Water System (VWR, Darmstadt, Germany) and further sterilized using the steam 

autoclave Systec V-40 (Systec GmbH, Wettenberg, Germany) or sterile filtration (0.22 µm 

pore size, Sarstedt, Nümbrecht, Germany). 

The kits and bioassays (Table 1) were used according to the manufacturer’s protocol. 

Table 1. Kits and bioassays 

Kit Application Company 

Annexin-V-FITC Detection Kit Cell death BioLegend, San Diego, 

CA, USA 

BODIPY (581/591 C11) Lipid peroxidation Invitrogen, Karlsruhe, 

Germany 

CM-H2DCFDA Cytosolic ROS Invitrogen, Karlsruhe, 

Germany 

MitoSOXä Mitochondrial ROS Invitrogen, Karlsruhe, 

Germany 

MitoPerOx Mitochondrial lipid 

peroxidation 

Abcam, Berlin, 

Germany 

MitoPTä TMRE Kit Mitochondrial membrane 

potential 

Immunochemistry 

technologies, 

Hamburg, Germany 

InviTrapâ Spin Universal DNA 

Mini Kit 

DNA/RNA purification Stratec Molecular 

GmbH, Berlin, 

Germany 
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SuperScriptä III One Step RT-

PCR System with Platinumä 

Taq DNA Polymerase 

RNA amplification Invitrogen, Karlsruhe, 

Germany 

Pierceä BCA Protein Assay Kit Protein determination ThermoFisher 

Scientific, Darmstadt, 

Germany 

ViaLightä ATP Plus-Kit ATP measurement Lonza, Basel, 

Switzerland 

Glutathione Assay Kit Glutathione 

measurement 

Cayman Chemical 

Company, Ann Arbor, 

MI, USA 

GSH/GSSG-Gloä Assay GSH/GSSG ratio 

measurement 

Promega, Madison, WI, 

USA 

 

Substances that were not purchased from Sigma-Aldrich or Merck KGaA were purchased 

as indicated in Table 2. 

Table 2. Substances 

Substance Company 

2,2-diphenyl-1-picrylhydrazyl (DPPH) Cayman Chemical Company, Ann Arbor, 

MI, USA 

N,N-dimethyl-imidodicarbonimidic 

diamide, monohydrochloride 

(Metformin) 

Cayman Chemical Company, Ann Arbor, 

MI, USA 

N-(2-phenylethyl)-imidodicarbonimidic 

diamide, monohydrochloride 

(Phenformin) 

Cayman Chemical Company, Ann Arbor, 

MI, USA 

N-(1-benzo[b]thien-2-ylethyl)-N-hydroxy-

urea (Zileuton) 

Cayman Chemical Company, Ann Arbor, 

MI, USA 
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(10-(4,5-dimethoxy-2-methyl-3,6-

dioxocyclohexa-1,4-dien-1-

yl)decyl)triphenylphosphonium 

methanesulfonate (Mitoquinone) 

MedKoo Biosciences, Morrisville, NC, 

USA 

5-[4-[(6-hydroxy-2,5,7,8-

tetramethylchroman-2-

yl)methoxy]benzyl]thiazolidine-2,4-dione 

(Troglitazone) 

TCI, Eschborn, Germany 

5-[[4-[2-(methyl-2-

pyridinylamino)ethoxy]phenyl]methyl]-

2,4-thiazolidinedione (Rosiglitazone) 

Cayman Chemical Company, Ann Arbor, 

MI, USA 

 

3.2. Cell culture 

Table 3. Cell culture equipment 

Material Company 

Pipette tips Gilson, USA Greiner, Germany 

Cell scraper Sarstedt, Nümbrecht, Germany 

0.2; 0.5; 1.5; 2.0 mL tubes Sarstedt, Nümbrecht, Germany 

15 mL and 50 mL tubes Greiner, Frickenhausen, Germany 

0.22 µm Whatman Puradiscä sterile filter Whatman, Dassel, Germany 

1; 5; 10 mL syringes Braun, Melsungen, Germany 

Cannulae Braun, Melsungen, Germany 

T75 flasks  Greiner, Frickenhausen, Germany 

6-well plates Greiner, Frickenhausen, Germany 

24-well plates Greiner, Frickenhausen, Germany 
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96-well plates Greiner, Frickenhausen, Germany 

96-well plates (BCA measurements) Greiner, Frickenhausen, Germany 

White walled, opague 96-well plates Greiner, Frickenhausen, Germany 

96-well xCELLigence E-plates Roche, Applied Science, Penzberg, 

Germany 

Seahorse XFe96-well microplates and 

cartridges 

Agilent Technologies, CA, USA 

µ-Slide 8 well Ibidi GmbH, Gräfelfing, Germany 

 

3.2.1.  HT22 and HEK293T cells 

The HT22 cells are a cell line of immortalized mouse hippocampal primary neurons that 

were raised from HT4 cells based on glutamate sensitivity and immortalized using a 

temperature-sensitive SV-40 (simian virus 40) T-antigen151,152. 

HEK293T cells are immortalized human embryonic kidney cells with an expression of a 

mutant version of the temperature-sensitive SV-40 large T-antigen. This cell line is 

subcloned from the origin cell line HEK293, which was derived from the kidney of a human 

embryo in 1973. These embryonic kidney epithelial cells were immortalized using 

adenovirus 5153,154. The SV40 large T-antigen, governing DNA replication, facilitates the 

synthesis of recombinant proteins within plasmid vectors featuring the SV40 promoter. 

Hence, HEK293T is widely utilized for retroviral production153,155. The HEK293T cells were 

stably transfected by the sleeping beauty system156 by Bjarne Goebel from the working 

group of Prof. Dr. Dieter Steinhilber. Two cell lines were generated through transfection. 

The first one exhibits an overexpression of the enzymes ACSL4 and LPCAT2 (OE), while 

the second cell line was transfected with an empty vector (LV) as control. Both cell lines 

also contain the green fluorescent protein (GFP) as transfection confirmation. 

HT22 cells and HEK293T cells were cultured at 5% CO2 and 37 °C in supplemented 

Dulbecco’s modified Eagle’s medium (DMEM High Glucose, Capricorn Scientific GmbH, 

Ebsdorfergrund, Germany) (Table 4) and incubated in a Heracellä 150 CO2-incubator 

(ThermoFisher Scientific, Darmstadt, Germany). 
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Table 4. Cell culture medium for HT22 and HEK293T cells 

Ingredients HT22 cells HEK293T cells 

Fetal calf serum (FCS) 50 mL 50 mL 

L-Alanyl-L-glutamine (200 mM) 5 mL 10 mL 

Penicillin (10 000 U/mL), 

Streptomycin (10 mg/mL) 

5 mL 5 mL 

DMEM High Glucose medium 500 mL 500 mL 

 

3.2.2.  Cell splitting 

Both cell lines were kept in 75 cm2 flasks and splitted every two to four days at a ratio of 

1:5, 1:10 or 1:20, depending on the day of the week. Prior to the splitting procedure, the 

cell culture medium for the respective cell line, phosphate buffered saline (PBS) (Table 6), 

and trypsin-EDTA (TE) (Table 5) were warmed up to 37 °C in a water bath, prior to the 

splitting procedure. First, DMEM medium was removed from the culture flask and the cells 

were washed with 10 mL PBS to remove the remaining medium from the cells, which could 

attenuate the effect of TE. Next, 2 mL of 1xTE was added to the cells and incubated until 

the cells began to detach from the bottom of the culture flask. To stop the trypsinization, 

10 mL cell culture medium was applied, and the entire content of the bottle was then 

transferred into a 50 mL falcon and centrifuged at 1,000 rpm for 3 minutes. Thereafter, the 

supernatant was removed, and the cell pellet was resuspended in 5 – 10 mL fresh DMEM 

medium, depending on the size of the cell pellet. For further experiments, the cells were 

counted using a counting chamber (Neubauer Zählkammer, Brand, Wertheim, Germany) 

and a microscope. Finally, the desired number of cells was seeded into the required cell 

culture plate, depending on the duration of the experiment and the type of experiment 

(Table 7). 

Table 5. Trypsin-EDTA (0.05%) 

Ingredients Quantity 

Trypsin (7 500 U/mg) 100 mg 

EDTA (ethylenediamine-tetra-acetic acid) 40 mg 

1x PBS ad 200 mL 
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Table 6. Phosphate buffered saline (PBS), pH 7.4 

Ingredients Quantity 

NaCl 9.000 g 

KH2PO4 0.144 g 

Na2HPO4 0.527 g 

HCl (0.1 M) adjust to pH 7.4 

Bidest. H2O ad 1 L 

 

Table 7. Cell densities of HT22 and HEK293T cells 

Plate format HT22 cells/well HEK293T cells/well 

96-well plate and XFe96-well plate 6,000 – 8,000 7,000 – 9,000 

96-well xCELLigence E-plates 7,000 – 9,000 7,000 – 11,000 

24-well plate 40,000 – 60,000 43,000 – 60,000 

6-well plate 250,000 – 400,000 300,000 – 450,000 

µ-Slide 8 well Ibidi 14,000 – 17,000 / 

 

3.3. Cell death induction 

Cell death was triggered between 24 to 34 hours post-seeding by employing diverse cell 

death inducers (Table 8). Prior to treatment, cells underwent microscopic examination for 

morphological features and density assessment. Stock solutions were maintained at -20 

°C, and preceding treatment, the medium was warmed, and the stock solutions were 

thawed. The cell death inducers were diluted in cell culture medium to achieve the desired 

working concentration, and following the onset of treatment, cells were incubated at 37 °C. 

Subsequent analysis or cell harvesting occurred after 2 to 24 hours of treatment time, 

depending on the experimental protocol. 
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Table 8. Cell death inducers 

Compound Company Cell death 
pathway 

Stock 
solution 

Structure 

Erastin Merck KGaA, 

Darmstadt, 

Germany 

Ferroptosis 1 mM in 

DMSO 

 

RSL3 Synthesized by 

AG Diederich 

(Pharmaceutical 

Chemistry, 

University 

Marburg)52,157 

Ferroptosis 1 mM in 

DMSO 

 

Hemin Sigma Aldrich, 

Taufkirchen, 

Germany 

Ferroptosis 30 mM in 

1.4 M 

NaOH 

  

Staurosporine Sigma Aldrich, 

Taufkirchen, 

Germany 

Apoptosis 1 mM in 

DMSO 

 

H2O2 Sigma Aldrich, 

Taufkirchen, 

Germany 

Oxidative 

stress 

9.79 mol/L / 
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3.4. Cell death inhibition 

The utilized inhibitors, like the cell death inducers, were diluted in DMEM medium to the 

desired concentration and stored at -20 °C. Unless specified otherwise, they were 

administered and treated simultaneously with the inducers. However, in some cases, the 

compounds were also applied 1 to 2 hours before the administration of cell death inducers 

(pre-treatment) or 2 to 8 hours after cell death induction (post-treatment). 

The scaffold molecule ebselen (TCI, Eschborn, Germany) was dissolved in dimethyl 

sulfoxide (DMSO) to a stock solution of 10 mM and further diluted in DMEM to the desired 

concentration. The synthesis of some of the novel selenium compounds that were 

characterized in this thesis was initially performed and described by Dr. Alejandra Michelle 

Peter Ventura from the working group of Prof. Dr. Martin Schlitzer for the compounds Schl-

36.185, Schl-36.226 and Schl-36.188121. The other selenium compounds Schl-48.014, 

Schl-48.018, Schl-48.019, and Schl-48.020 were synthesized by Joscha Matheo Saurin 

and a detailed description of the synthesis is provided in the prepared manuscript. All 

selenium compounds were diluted in DMSO to a stock concentration of 100 mM and then 

further diluted to 10 mM or 1 mM in DMSO. 
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3.5. Cell viability measurement 

3.5.1.  MTT assay and EC50 identification 

Cell viability was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay, which is a widely employed rapid colorimetric method for assessing cell 

viability and proliferation158. This assay is based on the conversion of the yellow MTT 

substrate into purple formazan crystals by mitochondrial succinate dehydrogenase in 

viable cells (Figure 7). The amount of formazan produced is directly proportional to the 

number of metabolically active cells, making it a valuable tool for measuring cell 

proliferation and viability. Following treatment at the indicated conditions, 20 µL of 

2.5 mg/mL MTT in PBS was added to the cells for 1 hour at 37 °C. After removing the 

supernatant and additional 1 hour in -80 °C, the purple formazan crystals were solubilized 

for 1 hour at 37 °C in 70 µL DMSO on a shaker for the following absorbance measurement 

at 570 nm with a reference filter at 630 nm using the photometer FluoStar OPTIMA (BMG 

Labtech, Ortenberg, Germany). A decrease in cell viability results in reduced formazan 

production, reflected by a decline in absorbance. This assay provides a quantitative 

measure of cell viability and is particularly useful for evaluating the impact of various 

treatments, such as the influence of added compounds on cellular viability. The results 

were normalized to untreated control conditions, which was set to 100% to allow for 

comparing the obtained results across experiments. 

 

Figure 7. MTT reduction to formazan. 
NAD(P)H-dependent cellular oxidoreductase enzymes have the capacity to reduce the tetrazolium dye MTT 
to its insoluble formazan, resulting in a purple coloration. 

Utilizing at least three independent, normalized MTT experiments for different 

concentrations of each selenium compound, the EC50 values were calculated using the 

GraphPad Prism Software 9.4.1. The calculation involved a non-linear fit model (log 

(inhibitor) vs. response, variable slope), following the established approach from earlier 

EC50 calculations52. 
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3.5.2.  xCELLigence measurement 

The xCELLigence Real-Time Cell Analysis (RTCA, Roche Diagnostics, Mannheim, 

Germany) was used to reveal biological processes of living cells, such as proliferation, cell 

growth and cell death, due to morphological changes and detachment, as previously 

described159. It identifies changes in electrical impedance using non-invasive gold 

microelectrodes fixed to the bottom of a 96-well E-plate. Electrical impedance rises as 

viable cells proliferate and adhere to the well-bottom, whereas it decreases with the 

detachment of dying cells. An increase in the cell index corresponds to increasing number 

of living cells. Alterations in impedance are presented as normalized cell indices (CI) by 

RTCA Software 1.2.  

A blank measurement for background subtraction was performed with DMEM medium 

prior to cell seeding. Afterward, the seeded cells were incubated for at least 24 hours. The 

average cell index should reach a value of 1.0 since the CI of all individual wells was 

normalized to 1.0 before the start of the treatment. The plate was placed back into the 

instrument after treatment, and the cell index was measured every 15 minutes for 

approximately 16 hours. After the measurement was completed, the 96-well E-plate was 

cleaned as follows to be reused for further measurements. The treatment solutions were 

aspirated, and the plate was washed several times with sterile bidest. H2O. Subsequently, 

TE was added and incubated at 37 °C for at least 5 minutes to detach any remaining cells, 

and after resuspension, the plate was washed again multiple times with sterile bidest. H2O 

until no cells were detectable under the microscope. For sterilization, the E-plate was 

exposed to UV light for 30 minutes under laminar airflow. 
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3.6. Flow cytometric measurement (FACS) 

Using various fluorescent dyes, different mitochondrial and cellular parameters of HT22 

and HEK293T cells were examined on the Guava easyCyte 6–2L flow cytometer (Luminex 

Munich GmbH, Munich, Germany). It is utilized for the analysis of specific parameters 

under basal conditions and after cell death induction at various time points. For FACS 

measurements, cells were seeded in 24-well plates at cell densities of 40,000 and 60,000 

(HT22 cells) or 43,000 and 60,000 (HEK293T cells). For measurements after 16 hours of 

treatment, cells were seeded at the lower density and for measurements up to 10 hours 

treatment time, the higher cell number was used. This is necessary to keep the cell density 

comparable, as these are measured directly on the day after seeding, whereas the 16-

hour treatment takes place two days after seeding. Thereafter, the cells were stained and 

measured, as indicated for the respective fluorescent dye. The GuavaSoft Software 

package was used to analyze the data and every experiment was performed with 5,000 

cells per well in triplicates. 

3.6.1.  BODIPY assay 

The fluorescent dye BODIPY 581/591 C11 (ThermoFisher Scientific, Darmstadt, 

Germany) was employed to detect ROS and therefore lipid peroxidation. Upon ROS-

induced oxidation, BODIPY's fluorescence emission peak shifts from the red spectrum 

(590 nm) to the green spectrum (510 nm), offering a quantitative measure of ROS levels 

in cells and membranes. This versatility makes BODIPY valuable for studying oxidative 

stress and lipid peroxidation using techniques such as FACS. 

After 6 to 8 hours of treatment, the cells were stained with 2 µM BODIPY dye in each well 

for 30 minutes at 37 °C. Thereafter, the supernatant was removed, and the cells were 

washed once with 300 µL PBS, followed by trypsinization with 200 µL TE. The cells were 

harvested, centrifuged (1,000 rpm for 5 minutes), and washed again with PBS. After the 

second centrifugation step, the cell pellet was resuspended in 130 µL PBS and the 

BODIPY fluorescence dye was excited at 488 nm wavelength and fluorescence emission 

was detected at 525/30 nm wavelengths.  
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3.6.2.  DCF assay 

The cell-permeable 2’,7’-dichlorodihydrofluorescein-diacetate (H2DCFDA, short DCF, 

Invitrogen, Karlsruhe, Germany), represents a chemically reduced form of fluorescein 

employed as an indicator for ROS in cells. It is used to detect the generation of reactive 

oxygen intermediates. Following the cleavage of acetate groups by intracellular esterases 

and oxidation, the non-fluorescent H2DCFDA is converted into the highly fluorescent 2',7'-

dichlorofluorescein. 

After the indicated treatment time, the treatment solutions were aspirated and 2.5 µM DCF 

in serum-free medium was added to the cells for 30 minutes at 37 °C. Next, the 

fluorescence solution was exchanged by DMEM medium with serum for additional 

30 minutes at 37 °C. Then, the cells were harvested, and fluorescence was recorded at 

488 nm excitation and 525/30 nm emission wavelengths. 

3.6.3.  MitoPerOx assay 

MitoPerOx (Abcam, Berlin, Germany) ratiometric fluorescent dye detects mitochondrial 

inner membrane lipid peroxidation. After 16 hours of treatment, MitoPerOx was added to 

the cells at a final concentration of 0.1 µM per well for 30 minutes at 37 °C. After staining, 

cells are harvested using the aforementioned procedure and promptly subjected to FACS 

analysis. Fluorescence was excited at 488 nm wavelength and emission was recorded at 

525/30 nm. 

3.6.4.  MitoSOX assay 

MitoSOX red superoxide indicator (ThermoFisher Scientific, Darmstadt, Germany) serves 

as a targeted dye for detecting superoxide specifically within mitochondria. To ensure the 

dye's exclusive localization in mitochondria, it incorporates a positively charged 

tetraphenylphosphonium moiety. Oxidation of MitoSOX results in an elevation of red 

fluorescence with an emission wavelength maximum at approximately 580 nm. 

After harvesting the cells, the cell pellet was incubated in 1.25 µM MitoSOX red diluted in 

PBS for 30 minutes at 37 °C in the dark with subsequent FACS analysis (excitation: 488 

nm, emission: 690/50 nm).  
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3.6.5.  TMRE assay 

For detection of the DYm, the TMRE Kit (MitoPT, ImmunoChemistry Technologies, 

Hamburg, Germany) was used. Owing to its positive charge, the lipophilic TMRE dye 

accumulates within the negatively charged mitochondria. Once the DYm collapses, 

causing the loss of charge, the TMRE dye disperses into the cytosol, leading to a reduction 

in red fluorescence. 

After 16 hours treatment, the cells were incubated with 0.2 µM TMRE for 30 minutes at 

37 °C, followed by the harvesting procedure and subsequent FACS analysis at 488 nm 

excitation and 690/50 nm emission wavelengths.  

3.6.6.  Annexin V-FITC/PI assay 

The combination of Annexin V-FITC (BioLegend, San Diego, CA, USA) and propidium 

iodide (PI, Cayman Chemical Company, Ann Arbor, MI, USA) was used for the detection 

of apoptotic and late necrotic cells. Annexin V, linked to a fluorescein isothiocyanate (FITC) 

fluorophore, binds to phosphatidylserine (PS). During early apoptosis, PS relocates to the 

outer membrane, enabling Annexin V binding. PI is selective for damaged cell membranes. 

Annexin V-FITC staining signifies early apoptosis in live cells, while combined Annexin V-

FITC and PI staining indicates late apoptosis or necrosis. This technique aids in discerning 

distinct stages of cell death. Since the HEK293T cells were stably transfected with GFP, 

only PI staining was used to detect cell death in these cells.  

Cells were washed, harvested, and centrifuged after the indicated treatment time and 

afterward, the cell pellet was resuspended in 130 µL Annexin V binding buffer (1:10 diluted 

in PBS) containing 0.3 µL Annexin V-FITC per well and 1:1,000 dilution of PI. Cell staining 

was performed for 15 minutes at room temperature (RT) in the dark and excitation was 

measured at 488 nm and emission at 690/50 nm (red bandpass filter) and 525/30 nm 

(green bandpass filter). 

3.7. DPPH assay 

For determination of radical scavenging activity of the applied compounds, the 2,2-

diphenyl-1-picrylhydrazyl (DPPH) assay (Cayman Chemical Company, Ann Arbor, MI, 

USA) was used. Trolox is acting as a reference due to its potent antioxidant properties and 

was prepared at concentrations of 50 µM and 150 µM in 75% ethanol. The compounds 

were prepared in 75% ethanol as well at the respective concentrations. In a 96-well plate, 



Materials and methods 

 28 

90 µL of 150 µM DPPH solution was mixed with 10 µL of the prepared compound solution 

and incubated in the dark for 30 minutes, with a minimum of 3 wells per condition. Positive 

controls included 50 µM and 150 µM of trolox, while negative controls were performed in 

75% ethanol and pure DMSO. Absorbance was measured at 517 nm using a plate reader 

(SPARK 20M, Tecan, Germany), and the DPPH scavenging effect was calculated using 

the formula: !"	$!%
!"

× 100, where Α0 represents the absorbance of ethanol, and Αx 

represents the absorbance of the individual substances. 

3.8. Glutathione (GSH) assay 

The glutathione (GSH) assay (Cayman Chemical Company, Ann Arbor, MI, USA) employs 

an optimized enzymatic recycling method using glutathione reductase for precise GSH 

quantification160–163. The sulfhydryl group of GSH reacts with DTNB (5,5’-dithio-bis-2-

(nitrobenzoic acid), Ellman’s reagent), producing a yellow-colored TNB (5-thio-2-

nitrobenzoic acid) (Figure 8). Concurrently, the mixed disulfide GSTNB, which is between 

GSH and TNB, is reduced by glutathione reductase, recycling GSH and generating more 

TNB. The rate of TNB production, directly linked to GSH concentration, is measured by 

absorbance at 405 – 414 nm, providing an accurate GSH estimation in the sample. 

 

Figure 8. Glutathione assay. 
Cayman’s GSH assay utilizes an optimized enzymatic recycling technique with glutathione reductase (GR) for 
precise quantification of reduced glutathione (GSH). In this method, the sulfhydryl group of GSH reacts with 
DTNB (5,5’-dithio-bis-2-(nitrobenzoic acid), Ellman’s reagent), resulting in the formation of a yellow-colored 
TNB (5-thio-2-nitrobenzoic acid). Simultaneously, the mixed disulfide GSTNB, formed between GSH and TNB, 
is reduced by GR, leading to the recycling of GSH and the generation of more TNB. The rate of TNB production 
is directly correlated with the GSH concentration. GSSG (oxidized glutathione, disulfide dimer). Modified 
according to Cayman’s GSH assay manual163. 
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For GSH level determination in HEK293T cells, 300,000 – 400,000 cells were seeded per 

well in 6-well plates 24 to 30 hours prior to treatment, which was performed in triplicates. 

After 2 to 6 hours treatment time, the cells were harvested in medium, pooled, and 

centrifuged. After a washing step with PBS and a second centrifugation, the supernatant 

was aspirated, and the pellets were frozen in N2 and stored at -80 °C until further use. The 

GSH assay kit was employed following the manufacturer's instructions. Briefly, cell pellets 

were sonicated (Branson Sonifier Cell Disrupter S-450D, Branson Ultrasonics, 

Dietzenbach, Germany) in MES buffer (0.4 M 2-(N-morpholino) ethanesulfonic acid, 0.1 M 

phosphate, and 2 mM EDTA, pH 6.0) for several seconds, and after centrifugation (10,000 

g for 15 minutes at 4 °C), the supernatant underwent deproteination with 1.25 M 

metaphosphoric acid (MPA) for 5 minutes at RT. Following centrifugation (17,000 g for 10 

minutes), the supernatant's pH was increased by 4 M triethanolamine (TEAM) solution 

(Sigma Aldrich, Taufkirchen, Germany), and samples were transferred in duplicates to a 

96-well plate. The assay cocktail was added, incubated for 25 minutes, and absorbance 

was measured at 405 nm using a plate reader (SPARK 20M, Tecan, Germany). Total GSH 

was calculated via a standard curve and normalized to protein content determined by BCA 

assay (see chapter 3.11.2.).  

3.9. GSH/GSSG-Glo Assay 

The GSH/GSSG-Glo™ assay (Promega, Madison, WI, USA) is a luminescence-based 

method for quantifying total glutathione (GSH + GSSG) and the GSH/GSSG ratios. 

Glutathione can be found in two different states: reduced (GSH) and oxidized (GSSG). 

The GSH serves as the active antioxidant, combating ROS to uphold cellular well-being. 

During oxidative stress, GSH undergoes oxidation, forming GSSG. The GSH/GSSG ratio 

is a vital metric, reflecting cellular redox status. A higher GSH/GSSG ratio typically signifies 

a reducing environment associated with normal cellular function, whereas a lower ratio 

may indicate an oxidative dysbalance with increasing oxidative stress and potential cell 

damage. In this assay, determining both GSH states is based on a reaction, where the 

cells get disrupted, followed by the conversion of GSSG to GSH to quantify total GSH 

(Figure 9). Furthermore, cell disruption was employed to inhibit GSH, subsequently 

converting GSSG to GSH for assessing oxidized glutathione levels. The GSH probe, i.e. 

luciferin-NT, undergoes GSH-dependent conversion to luciferin facilitated by the 

glutathione S-transferase enzyme. This transformation is linked to a firefly luciferase 

reaction. The resulting luminescent signal directly correlates with the quantity of the 

produced luciferin and accurately mirrors GSH levels, thereby enabling measurement of 

GSH concentrations. 
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Figure 9. GSH/GSSG-Glo™ assay mechanism. 
The enzymatic reaction begins with the disruption of the cells and the conversion of oxidized glutathione 
(GSSG) to reduced glutathione (GSH) for quantifying total GSH. Additionally, the cells were disrupted to inhibit 
GSH, followed by the conversion of GSSG to GSH for the evaluation of GSSG levels. In addition, glutathione 
S-transferase (GST) leads to a GSH-dependent conversion of the GSH probe lucifer-NT into luciferin, 
triggering a firefly luciferase reaction. The resulting light depends on the amount of the formed luciferin, which 
represents the amount of the present GSH and is therefore proportional. Modified according to the 
GSH/GSSG-Glo™ assay manual from Promega164. 

To determine GSH levels and the GSH/GSSG ratio using the GSH/GSSG-Glo assay, 

7,000 HT22 cells were seeded 24 hours before treatment in an opaque, white-walled 96-

well plate in triplicates for both glutathione and GSSG analyses. After a 4-hour treatment 

time, adherent cells were washed with PBS and lysed with total or oxidized glutathione 

reagent for 5 minutes on a shaker at RT. The glutathione standard curve was generated 

from 5 mM glutathione diluted in bidest H2O. 5 µL of each dilution (0.25 – 16 µM GSH) 

was added in triplicates to wells containing total glutathione lysis reagent without cells. 

The luciferin generation reagent was added, incubated for 30 minutes, and then the 

luciferin detection reagent was added and equilibrated for 15 minutes, followed by 

luminescence measurement in relative light units (RLU) by a plate reader (SPARK 20M, 

TECAN, Germany). DMSO served as solvent, and menadione as positive control by 

increasing GSSG levels165, and also cell-free controls were included for background 

correction. Total GSH concentration and the GSSG concentration were calculated by 

dividing the GSH concentration obtained from the standard curve by two, considering that 

one mole of GSSG is equivalent to two moles of GSH in the GSH/GSSG assay164. The 

GSH/GSSG ratio was calculated according to the following equation. 
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3.10. Mitochondrial analysis 

3.10.1. ATP bioluminescent measurement 

The quantification of cellular adenosine triphosphate (ATP) relies on a bioluminescent 

assay employing luciferase, which catalyzes the conversion of ATP and luciferin into light 

(Fehler! Verweisquelle konnte nicht gefunden werden.). The emitted light is directly 

proportional to the ATP content in the sample. The ViaLight Plus Kit (Lonza, Verviers, 

Belgium) was utilized for cellular ATP level analysis following the manufacturer's 

instructions. Briefly, 7,000 cells were seeded in a 96-well plate 24 to 30 hours prior to 

treatment, followed by the incubation with the respective compounds as indicated. After 

the specified treatment duration, lysis buffer was added to the cells and incubated for 

10 minutes at RT. Subsequently, 100 µL from each well was transferred to a white walled 

96-well plate, and 100 µL ATP monitoring reagent (AMR) was added to each well. After a 

2-minute incubation in the dark, luminescence was measured by a plate reader (SPARK 

20M, Tecan, Germany).  

 

Figure 10. ATP assay reaction. 
Facilitated by the luciferase enzyme present in the ViaLight™ Plus Kit, cellular ATP undergoes a reaction with 
luciferin and O2, resulting in the production of oxyluciferin, adenosine monophosphate (AMP), inorganic 
pyrophosphate (PPi), and CO2. This reaction is accompanied by the emission of luminescence. 

3.10.2. Mitochondrial morphology and size 

To visualize the mitochondria of HT22 cells and analyze their size, 16,000 cells per well 

were seeded in a µ-slide 8-well ibidi (Ibidi GmbH, Gräfelfing, Germany) and stained for 30 

minutes at 37 °C with 0.2 µM MitoTracker DeepRed FM (Invitrogen, Karlsruhe, Germany) 

diluted in medium after the indicated treatment time. MitoTracker DeepRed FM (633 nm) 

is a far red-fluorescent dye with cell permeability, incorporating a mildly thiol-reactive 

chloromethyl group to label mitochondria. For microscopic examination, a Leica DMi6000 

B inverted epifluorescence microscope (Leica Microsystems, Wetzlar, Germany) with a 

Leica HC PL FLUOTAR L 63x/1.4 NA oil immersion objective was utilized. Images were 

Light
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ATP + Luciferin + O2 Oxyluciferin + AMP + PPi + CO2
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captured in BIN1x1 format (1392x1040) using LAS X 3.4.2 software (Leica Microsystems, 

Wetzlar, Germany) and a Leica DFC 360FX camera (Leica Microsystems, Wetzlar, 

Germany). Subsequently, mitochondrial size analysis was conducted using ImageJ (Fiji) 

software version 2.0.0. (National Institutes of Health, Bethesda, USA) and an ImageJ 

macro initially described by Ruben K. Dagda and Charleen Chu166. A minimum of 78 cells 

per condition were examined, background corrected and the average mitochondrial size 

[µm2] was calculated for each condition. 

3.10.3. Seahorse measurement 

To determine the mitochondrial oxygen consumption rate (OCR), as an indicator of 

mitochondrial respiration and energy metabolism, and the extracellular acidification rate 

(ECAR), as an indicator of glycolysis (Figure 11), the Seahorse system XFe96 Analyzer 

(Agilent Technologies, Waldbronn, Germany) was used. 

 

Figure 11. Seahorse measurement. 
The Seahorse system measures the energy supply via mitochondrial respiration, which is shown in the lower 
part, and glycolysis, which is shown in the upper part. The substances used for the mito stress test are shown 
in red and the corresponding measurements are indicated on the right. Created with BioRender.com. 
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For Seahorse measurements using the mito stress test, 7,000 cells per well were seeded 

in XFe96-well microplates (Seahorse Bioscience), except for the corner wells, which were 

left empty for background measurements. 24 to 30 hours after seeding, the cells were 

treated and the cartridge was hydrated over night with 200 µL bidest water at 37 °C, until 

the water was replaced by calibrant solution 2 hours prior to the measurement. 1 hour prior 

to the measurement, the medium was removed from the cells, exchanged by the Seahorse 

assay medium (2 mM glutamine, 1 mM pyruvate, 4.5 g/L (25 mM) glucose, pH 7.35) and 

incubated at 37 °C without CO2. During this period, the injection solutions were prepared 

as follows: injection A: 3 µM oligomycin (ATP synthase inhibitor, Merck KGaA, Darmstadt, 

Germany); injection B: 0.5 µM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

(FCCP) (uncoupling agent, Merck KGaA, Darmstadt, Germany); injection C: 0.1 µM 

rotenone and 1 µM antimycin A (AA) (complex I/III inhibitors, Merck KGaA, Darmstadt, 

Germany); and injection D: 50 mM 2-deoxyglucose (2-DG) (glycolysis inhibitor, Carl Roth 

GmbH, Karlsruhe, Germany). After three baseline measurements, which represent the 

basal OCR, the first injection started. Following the injection of each compound, three 

measurements were conducted with 4 minutes of mixing, succeeded by 3 minutes of 

detection. For analysis, the data were normalized on the protein content of each well, 

determined using the Pierce BCA Protein Assay Kit (see chapter 3.11.2.) (ThermoFisher 

Scientific, Darmstadt, Germany). The cells were washed once with PBS, and 50 µL 

Seahorse lysis buffer (10 mM Tris base, 0.1% Triton X-100) was added to each well 

followed by freezing at -80 °C for at least 1 hour. Subsequently, after adding the BCA mix, 

the plate was shaken for 1 hour at 37 °C, and the absorbance was measured on the plate 

reader.  
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3.11.  Protein analysis 

3.11.1. Protein extraction 

To determine protein levels, the cells were seeded in 6-well plates. At the treatment 

endpoint, the medium was aspirated, and the cells were washed once with PBS and 

afterward, 70 µL of the protein lysis buffer (Table 9) was added to each well. Using the cell 

scraper, the cells were harvested and collected in a 1.5 mL tube, which was then further 

frozen in N2. The samples were either stored at -80 °C until further use or they were slowly 

thawed on ice, followed by a centrifugation step (10,000 g, 10 minutes, 4 °C) to sort out 

the cellular debris. The supernatant, containing the proteins, was then transferred to a new 

tube, kept on ice, and further used for BCA assay or stored at -80 °C until further use. 

Table 9. Protein lysis buffer 

Ingredients Quantity 
D-Mannitol 0.25 M 

Tris-HCl 0.05 M 

EDTA 1 mM 

EGTA 1 mM 

PhosSTOP Phosphatase Inhibitor Cocktail 1 tablet 

cOmplete ULTRA Tablets, Mini, EDTA-free 

Protease Inhibitor Cocktail 

1 tablet 

HCl (1 M) adjust to pH 7.8 

Bidest. H2O ad 10 mL 

DTT 100 mM (right before use) 1:100 

Triton X-100 (right before use) 1:100 
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3.11.2. BCA assay 

The total protein content of each sample was assessed through the bicinchoninic acid 

(BCA)-based Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Darmstadt, 

Germany). In this colorimetric method, proteins' peptide bonds reduce Cu2+ to Cu+. These 

Cu+ ions then react with BCA, forming a purple complex. The intensity of the color 

correlates with the protein concentration and can be measured with the 560 ± 10 nm 

bandpass filter of the FLUOstar OPTIMA plate reader (BMG Labtech, Ortenberg, 

Germany). Therefore, the BCA solution (1:50 reagent A:reagent B) was prepared and 2.5 

µL of the samples and the protein standards (bovine serum albumin (BSA) standard from 

0 – 190 µg) was mixed with 100 µL BCA solution. After 30 minutes incubation time at 60 

°C and 650 rpm shaking, the samples were transferred into a 96-well plate and the 

absorption was measured. The protein content of the samples was then determined using 

the wizard function in the BMG Labtech data analysis software, aligning with the BSA 

standard curve. The protein samples were directly used for SDS-PAGE (see chapter 

3.11.3.) or stored at -80 °C until further use. 

3.11.3. Polyacrylamide gel electrophoresis (PAGE) 

Proteins were separated according to their molecular weight using gel electrophoresis. 

Table 10. 1.5 M Tris-HCl, pH 8.8 

Ingredients Quantity 
Tris-HCl 23.6 g 

HCl adjust to pH 8.8 

Bidest. H2O ad 100 mL 

 

Table 11. 0.5 M Tris-HCl, pH 6.8 

Ingredients Quantity 
Tris-HCl 7.88 g 

HCl adjust to pH 6.8 

Bidest. H2O ad 100 mL 
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Table 12. Sodium dodecyl sulfate (SDS), 10% 

Ingredients Quantity 
SDS pellets 10 g 

Bidest. H2O ad 100 mL 
 

Table 13. Ammonium persulfate (APS) 

Ingredients Quantity 
APS 1 g 

Bidest. H2O ad 10 mL 
 

Table 14. 5x SDS sample buffer 

Ingredients Quantity 
Tris-HCl 1.5 M, pH 6.8 1.81 mL 

Glycerol 5.00 mL 

SDS 1.00 g 

b-Mercaptoethanol 2.50 mL 

1% Bromophenol blue 0.50 mL 

Bidest. H2O ad 10 mL 
 

Table 15. SDS-PAGE buffer 10x (Running buffer) 

Ingredients Quantity 
Tris base 30 g 

SDS pellets 10 g 

Glycine 144 g 

Bidest. H2O ad 1 L 

SDS-PAGE buffer 10x was diluted to 1x buffer with bidest. H2O (1:10) before use. 
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Table 16. Running gel 12.5% 

Ingredients Quantity 

Bidest. H2O 6.7 mL 

1.5 M Tris-HCl buffer pH 8.8 5.0 mL 

Sodium dodecyl sulfate solution 10% 200 µL 

Acrylamide/bisacrylamide 30% 8.0 mL 

Ammonium persulfate solution 10% 100 µL 

Tetramethylethylenediamine (TEMED) 20 µL 

 

Table 17. Stacking gel 3.5% 

Ingredients Quantity 

Bidest. H2O 3.10 mL 

0.5 M Tris-HCl buffer pH 6.8 1.25 mL 

Sodium dodecyl sulfate solution 10% 50 µL 

Acrylamide/bisacrylamide 30 % 600 µL 

Ammonium persulfate solution 10% 25 µL 

TEMED 10 µL 

 

To separate proteins based on their size, a polyacrylamide gel electrophoresis (PAGE) 

was conducted. Following the BCA assay, the desired amount of protein (20 – 35 µg) was 

prepared with a 5x sodium dodecyl sulfate (SDS) sample buffer (Table 14) in a 1:5 ratio 

and then heated at 95 °C for 7 minutes. The protein marker and samples were loaded on 

a gel prepared with 3.5% stacking gel (Table 17) and 12.5% running gel (Table 16). The 

gel was run at 60 V for approximately 30 minutes, allowing the samples to stack and the 

ladder to separate. Subsequently, electrophoresis was continued at 110 V until the 

samples were separated. 
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3.11.4. Western blot 

Table 18. Western blot transfer buffer 10x 

Ingredients Quantity 

Tris base 30 g 

Glycine 144 g 

HCl adjust to pH 8.3 

Bidest. H2O ad 1 L 

Western blot transfer buffer 10x was diluted to 1x buffer by adding 70% bidest. H2O 

and 20% methanol before use. 
 

Table 19. 10x TBS, pH 7.5 

Ingredients Quantity 

NaCl 292.0 g 

Tris base 24.2 g 

HCl adjust to pH 7.5 

Bidest. H2O ad 1 L 
 

Table 20. 1x TBST 

Ingredients Quantity 

10x TBS 100.0 mL 

Tween 20 0.5 mL 

Bidest. H2O ad 1 L 
 

Table 21. Blocking buffer 5% 

Ingredients Quantity 

Skim milk powder 25 g 

1x TBST 500 mL 
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Following SDS-PAGE, the obtained proteins were transferred to a polyvinylidene fluoride 

(PVDF) membrane (Roche Diagnostics, Germany) by Western blot. The transfer was 

performed in a MiniTrans-Blot Cell tank (Bio-Rad, Munich, Germany) at 325 mA for 

2.5 hours. Afterward, the membrane was washed in 1x TBS for 5 minutes and then 

incubated in 5% blocking buffer (Table 21) for at least 1 hour. Subsequently, the desired 

primary antibody (AB) (Table 22) was incubated for at least overnight at 4 °C. On the day 

of membrane development, it was incubated at RT for 1 hour, the primary AB was 

collected, and after three 15 minutes washing steps with 1x TBST (Table 20), the 

secondary AB was incubated for at least 1 hour. This was followed by three washing steps 

before the membrane could be developed using horseradish peroxidase (HRP)-juice (PJK 

GmbH, Kleinblittersdorf, Germany), SuperSignal™ West Femto Maximum Sensitivity 

Substrat or SuperSignal™ West Pico PLUS Chemilumineszenz-Substrat (Thermo Fisher 

Scientific, Darmstadt, Germany), depending on the signal intensity. The detection of the 

bands was achieved using the ChemiDoc system (ChemiDoc XRS system, Bio-Rad 

Laboratories, USA), and quantification was performed using the Image Lab software (Bio-

Rad, Munich, Germany). The bands of the protein of interest were normalized to their 

respective loading controls, and all samples were normalized to the control condition, 

which was set to an intensity value of 1. 

Table 22. Antibodies 

Primary Antibody Dilution MW [kDa] Host Company 
Vinculin 1:20,000 116 mouse Sigma-Aldrich 

Actin 1:1,500 43 mouse Novus Biologicals 

ACSL4 1:500 75 mouse Santa Cruz 

LPCAT2 1:3,000 –

6,000 

53 rabbit Proteintech 

GPx4 1:500 16 rabbit Abcam 

xCT 1:50,000 55 rabbit Proteintech 

Secondary Antibody Dilution  Host Company 
Peroxidase-labeled 

anti-mouse IgG (H+L) 
1:2,500  horse Vector laboratories 

Peroxidase-labeled 

anti-rabbit IgG (H+L) 

1:2,500  goat Vector laboratories 



Materials and methods 

 40 

3.12. DNA/RNA analysis 

3.12.1. RNA sample preparation (RT-PCR) 

Total RNA was extracted from HEK293T cells in 6-well plates 24 hours after seeding, using 

the InviTrap Spin Universal RNA Mini Kit (Invitek Molecular GmbH, Berlin, Germany). The 

lysis buffer was prepared with 1 M DTT (1:100) and 350 µL were needed for each well. 

Afterward, the RNA isolation was performed according to the manufacturer’s protocol. The 

obtained RNA was eluted using 40 μL of elution buffer and kept on ice for subsequent 

processing and quantification of RNA concentrations at 260/280 nm by a 

spectrophotometric system using the NanoPhotometerä (Implen GmbH, Munich, 

Germany). An absorbance ratio of around 2.0 indicated pure RNA.  

3.12.2. RT-PCR 

Reverse transcription polymerase chain reaction (RT-PCR) was conducted using the 

SuperScriptÒ III One-Step RT-PCR System with PlatinumÒ Taq DNA polymerase 

(ThermoFisher Scientific, Darmstadt, Germany) to verify that the primers were functional 

before performing a quantitative PCR (qPCR). Therefore, the samples were prepared in 

0.2 mL PCR reaction tubes (Table 24), followed by the respective RT-PCR program in the 

T-personal thermocycler (Biometra GmbH, Göttingen, Germany).  

The primers (Table 23) were ordered from EurofinsGenomics (Ebersberg, Germany) and 

the subsequent sequences were employed for the amplification.  

Table 23. Primer 

Primer Sequence (5’ to 3’) Amplicon size 

Human GAPDH fwd.167 AACAGCGACACCCACTCCTC 258 base pairs 

Human GAPDH rev. GGAGGGGAGATTCAGTGTGGT  

Human ACSL4 fwd.168 TTTCAAACTGAAAAGGAAGGAGCT 81 base pairs 

Human ACSL4 rev. ACAACATTTTATTTGCCCCCAT  

Human LPCAT2 fwd.169 TTGCTTCCAATTCGTGTCTTATT 178 base pairs 

Human LPCAT2 rev. ATCCCATTGAAAAGAACATAGCA  
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Table 24. RT-PCR with SuperScript III 

Ingredients Quantity 

Reaction mix 12.5 µL 

Forward primer 0.5 µL 

Reverse primer 0.5 µL 

SuperScript III enzyme 1 µL 

RNA sample 500 ng 

Nuclease-free water ad 25 µL 

 

Table 25. RT-PCR program LPCAT2 

Step Temperature Duration Cycles 

1 Initialization 60 °C 1800 sec  

2 Pre-denaturation 94 °C 120 sec  

3 Denaturation 94 °C 30 sec  

4 Annealing 51 °C 30 sec  

5 Elongation 68 °C 60 sec 35 cycles starting 

from step 3 

6 Final elongation 68 °C 600 sec  

7 Hold/pause 4 °C ¥  
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Table 26. RT-PCR program ACSL4 

Step Temperature Duration Cycles 

1 Initialization 60 °C 1800 sec  

2 Pre-denaturation 94 °C 120 sec  

3 Denaturation 94 °C 30 sec  

4 Annealing 52 °C 30 sec  

5 Elongation 68 °C 60 sec 35 cycles starting 

from step 3 

6 Final elongation 68 °C 600 sec  

7 Hold/pause 4 °C ¥  
 

Table 27. RT-PCR GAPDH 

Step Temperature Duration Cycles 

1 Initialization 60 °C 1800 sec  

2 Pre-denaturation 94 °C 120 sec  

3 Denaturation 94 °C 30 sec  

4 Annealing 56 °C 30 sec  

5 Elongation 68 °C 60 sec 35 cycles starting 

from step 3 

6 Final elongation 68 °C 600 sec  

7 Hold/pause 4 °C ¥  
 

Post-amplification, the RT-PCR samples were combined with an orange 10x loading dye 

(Table 28) and loaded onto a 1.5% agarose gel (Biozym Scientific GmbH, Germany) (Table 

30) stained with ethidium bromide. Electrophoresis was conducted at 80 V for 30 minutes 

in 1x TAE buffer (Table 29). GeneRuler 100 base pairs Plus DNA Ladder (ThermoFisher 

Scientific, Germany) was utilized as a size standard. Visualization of the resulting DNA 

bands was achieved using auto exposure of the UV light from the ChemiDoc XRS system 

(ChemiDoc XRS system, Bio-Rad Laboratories, USA).  
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Table 28. 10x Loading dye for agarose gel 

Ingredients Quantity 

Tris base 60.57 mg 

Glycerol 40% 20 mL 

EDTA 186.20 mg 

Orange G 0.25% 125.00 mg 

Bidest. H2O ad 50 mL 

 

Table 29. 50x TAE 

Ingredients Quantity 

Tris base 242 mg 

Acetic acid 57.1 mL 

0.5 M EDTA, pH 8.0 10.0 mL 

 

Table 30. 1.5% Agarose gel 

Ingredients Quantity 

Agarose 1.5 g 

1x TAE 100 mL 

 

3.12.3. Quantitative PCR 

The two-step reverse transcription quantitative PCR (RT-qPCR) was conducted in the 

laboratory of Prof. Dr. Marco Rust using the StepOnePlus Real-Time PCR System (Fisher 

Scientific GmbH, Schwerte, Germany). The previously extracted RNA from the RNA 

sample preparation (see chapter 3.12.1.) was subjected to treatment with the TURBO 

DNA-freeä Kit (ThermoFisher Scientific, Darmstadt, Germany) (Table 31) to remove the 

remaining genomic DNA from the sample. Subsequently, the contents of the 0.5 mL tubes 
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were briefly centrifuged and incubated at 37 °C for 45 minutes. Following, 0.3 µL of 0.5 M 

EDTA was added, and the mixture was incubated at 75 °C for 10 minutes. Finally, 0.6 µL 

of 0.25 M MgCl2 was inserted, and after thorough mixing, the concentration of the DNase-

treated RNA was measured using the NanoPhotometer. 

Table 31. TURBO DNA-free Kit 

Ingredients Quantity 

DEPC H2O ad 30 µL 

RNA sample 1 µg 

10x TURBO DNase buffer 3 µL 

TURBO DNase 0.5 µL 

 

The DNase-treated RNA was further used for complementary DNA (cDNA) synthesis with 

the High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Darmstadt, 

Germany). Therefore, the 2x RT master mix was prepared according to the manufacturer’s 

protocol using the kit components (Table 32). 200 ng of DNase-treated RNA was added 

and the respective amount of DEPC H2O to come to a final volume of 20 µL. DEPC water 

is deionized water treated with diethyl pyrocarbonate (DEPC) and filtered with a 0.22 µm 

membrane and is therefore ideal for applications with RNA. The complete reaction mix 

(Table 34) was incubated in the T-personal thermocycler (Biometra GmbH, Göttingen, 

Germany) and 100 µL DEPC H2O was added to each reaction tube to dilute the cDNA 

sample. The solution was mixed by tapping with the finger and directly used for qPCR or 

store at –20 °C until use. For qPCR measurement, the iTaq Universal SYBR Green 

Supermix (Bio-Rad Laboratories, Hercules, CA, USA) was used. First, the master mix was 

prepared (Table 34) and then 4 µL of diluted cDNA was carefully transferred into each 

reaction well of a MicroAmp Fast Optical 96-well Reaction Plate, 0.1 mL (ThermoFisher 

Scientific, Darmstadt, Germany). The plate was sealed with MicroAmp Optical Adhesive 

Film (ThermoFisher Scientific, Darmstadt, Germany), followed by shaking. The plate was 

then centrifuged down to collect the liquid at the tip of the plate and then the measurement 

was started. Triplicates of each sample were used for each measurement and the 

evaluation was performed through double delta Cτ analysis, involving the subtraction of 

Cτ values of the housekeeping gene U6 from the gene of interest, followed by the 

calculation of the ratio between the control and the preferred experimental condition. The 

messenger RNA (mRNA) expression fold change is represented as 2-∆∆Cτ. 
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Table 32. High Capacity cDNA Reverse Transcription Kit 

Ingredients Quantity 

10x RT buffer 2.0 µL 

25x dNTP Mix (100 mM) 0.8 µL 

10x RT Random Primers 2.0 µL 

MultiScribeä Reverse Transcriptase 1.0 µL 

Nuclease-free H2O 4.2 µL 

 

Table 33. cDNA synthesis 

Temperature Duration 

25 °C 10 min 

37 °C 120 min 

85 °C 5 min 

 

Table 34. qPCR master mix 

Ingredients Quantity 

2x iTaq SYBR Green Mix 5 µL 

Forward primer (10 µM) 0.3 µL 

Reverse primer (10 µM) 0.3 µL 

Nuclease-free water 0.4 µL 
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3.13. Software 

Table 35. Software 

Software Company 

GraphPad Prism 9.4.1 GraphPad Software Inc., La Jolla, USA 

GuavaSoft 4.5 Luminex Munich GmbH, Munich, 

Germany 

Seahorse Wave 2.6.1 Agilent Technologies, Waldbronn, 

Germany 

Optima 2.20 BMG Labtech, Offenbach, Germany 

Image Lab 6.1 Bio-Rad, Munich, Germany 

RTCA 1.2 Roche Diagnostics, Penzberg, Germany 

ImageJ (Fiji) 2.0.0 National Institutes of Health, Bethesda, 

USA 

LAS X 3.4.2 Leica Microsystems, Wetzlar, Germany 

WinSTAT standard statistical software 

(Microsoft Excel Add-In) 2012.0.96 

R.Fitch Software, Statcon GmbH, 

Witzenhausen, Germany 

 

3.14. Statistical analysis 

For statistical calculations, the software GraphPad Prism 9 (San Diego, USA) or WinSTAT 

standard statistical software (R. Fitch Software, Statcon GmbH, Witzenhausen, Germany) 

was used. Multiple comparisons were performed by analysis of variance (ANOVA) 

followed by Scheffé’s post-hoc test or Bonferroni test. All data are presented as mean ± 

standard deviation (SD) or the individual data points are illustrated ± SD. Data with p < 

0.001 (***/###/+++), p < 0.01 (**/##/++) and p < 0.05 (*/#/+) are considered significantly 

different.  
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4. Results 

4.1. Mitochondrial ROS formation determines 

ACSL4/LPCAT2-mediated ferroptosis 

The enzymes ACSL4 and LPCAT2 play a central role in the biosynthesis of PUFAs, 

serving as substrates to lipid peroxidation. Considering lipid peroxidation as a major 

hallmark of ferroptosis, ACSL4 is responsible for the uptake and activation of PUFAs. In 

collaboration with LPCAT2, it facilitates the conversion of AA to AA-CoA, subsequently 

esterified into AA-PE. The enzymatic cascade involving ACSL4, LPCAT2, and LOX, 

catalyzes the harmful formation of lipid ROS during ferroptosis. 

Consequently, HEK293T cells were methodically subjected to stable transfection 

employing the sleeping beauty system156, facilitating the overexpression (OE) of both 

enzymes, and the introduction of an empty vector as control (LV). This model system 

serves as a platform to investigate the impact of mitochondria in the context of 

ACSL4/LPCAT2-driven ferroptosis induced by the direct GPx4 inhibitor RSL3. 

Subsequent characterization focused on ferroptotic features, with a particular emphasis 

on mitochondrial parameters such as ROS formation, respiration, and DYm. Additionally, 

the investigation explored potential metabolic interventions in the ferroptosis cascade. 
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4.1.1. Overexpression of ACSL4 and LPCAT2 enhanced 

HEK293T cell sensitivity to ferroptosis 

HEK293T cells were subjected to stable transfection using the sleeping beauty system, 

introducing either an empty vector or a vector driving the overexpression of ACSL4 and 

LPCAT2 enzymes. This resulted in discernible enhanced protein levels, with an average 

3.5-fold increase in ACSL4 expression levels and an 18-fold increase in LPCAT2 levels 

observed in Western blot analysis (Figure 12 A–C). Notably, the protein expression levels 

of the selenoprotein GPx4 (Figure 12 D) remained unaltered in the OE cells compared 

to the LV controls, which is of great importance because GPx4 is the central antioxidative 

component of the cell playing a crucial role in the ferroptosis cascade and serving as the 

target for the ferroptosis inducing compound RSL3. The relative gene expression levels 

of ACSL4 and LPCAT2 were quantified through qPCR, revealing a 2-fold increase in 

ACSL4 mRNA levels and an average 40-fold increase in LPCAT2 mRNA levels in the 

overexpressing cells when compared to the control cells harboring the empty vector 

(Figure 12 E, F). 

 

Figure 12. Quantification of the overexpression of ACSL4 and LPCAT2 on protein and 
mRNA levels. 
The overexpression of the enzymes ACSL4 and LPCAT2 by the sleeping beauty system was confirmed by 
A) Western blot analysis, which was quantified for the proteins of interest B) ACSL4 (n = 10), C) LPCAT2 
(n = 8), and D) GPx4 (n = 4) and illustrated as fold protein level normalized to controls. The housekeeping 
protein vinculin served as normalization control. E, F) qPCR analysis of basal ACSL4/LPCAT2 
overexpressing cells and empty vector cells calculated the relative gene expression for E) ACSL4 and F) 
LPCAT2 by normalization to GAPDH mRNA level and LV control conditions (data are given as individual 
data points ± SD; n = 4 replicates per group). *** p < 0.001; ** p < 0.01 compared to control condition 
(ANOVA, Scheffé’s test). 
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To assess the impact of ACSL4/LPCAT2 overexpression on cell viability, both cell lines 

were treated with varying concentrations of the GPx4 inhibitor RSL3, ranging from 10 nM 

to 4 μM. The MTT assay revealed a notable decline in metabolic activity after 16 hours 

of RSL3 exposure in the OE cells, even at the lowest applied concentration of 100 nM, 

while the LV control cells exhibited marginal changes (Figure 13 A). These findings were 

corroborated by real-time impedance measurements (Figure 13 B) and by detecting cell 

death through PI staining and flow cytometry (Figure 13 C, D). These results indicated 

that the OE cell line displayed increased sensitivity to RSL3 compared to the control cell 

line, attributable to the overexpression of ACSL4 and LPCAT2. Although LV cells 

exhibited a response to the ferroptosis inducer, cell death occurred at considerably 

higher concentrations of RSL3 and with reduced sensitivity compared to the 

ACSL4/LPCAT2 OE cell line. It is important to note that the concentrations of RSL3 

required to induce ferroptosis varied due to cell density or passage-dependent 

differences affecting cell responsiveness between different experiments. Nevertheless, 

the consistent and reproducible relative difference in sensitivity to ferroptosis between 

OE and LV cell lines served as a robust and reliable reference point for comparison, 

irrespective of the specific RSL3 concentrations applied. 

 

Figure 13. ACSL4 and LPCAT2 overexpression increases the responsiveness of HEK293T 
cells to ferroptosis. 
The sensitivity of the HEK293T cells against RSL3 was analyzed by A) MTT assay after 16 hours of RSL3 
treatment (percentage of control condition) and B) xCELLigence real-time impedance measurement 
evaluated after 19 hours treatment time and normalized to the treatment time. Data are given as mean ± SD 
(n = 8 replicates). C) Cell death was quantified by FACS analysis of PI staining after 16 hours of RSL3 
treatment (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). D) Representative dot 
plots of the FACS measurements. *** p < 0.001 compared to untreated control condition (ANOVA, Scheffé’s 
test). 
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After demonstrating that GPx4 levels remained unchanged and that HEK293T cells, 

particularly the OE cells more than the LV cells, were sensitive to RSL3, the protein levels 

of the xCT system were examined. This transporter serves as the target for other 

ferroptosis inducing compounds such as erastin and glutamate36. Western blot analysis 

revealed no alteration in the protein levels of the xCT system due to the overexpression 

of ACSL4 and LPCAT2 (Figure 14 A, B). Following, both cell lines were treated with 

erastin and glutamate to assess their sensitivity to xCT inhibition. It was observed that 

very high concentrations of erastin were required to induce any reduction in metabolic 

activity in the HEK293T cells, and this reduction might be attributable to cytotoxic effects 

of the compound at the applied high concentrations and independent of ferroptosis 

pathways (Figure 14 C). In contrast, concentrations as low as 0.4 µM erastin are 

sufficient to induce ferroptosis in other cell systems, such as neuronal HT22 cells (Figure 

28 A)170. Similarly, after glutamate treatment, the cells did not respond at all, neither the 

LV nor the OE cells (Figure 14 D). In HT22 cells, 2 mM glutamate is adequate to trigger 

ferroptosis68. Consequently, it can be concluded that the HEK293T cells exhibit either no 

sensitivity to the inhibition of the xCT system or very high concentrations of the xCT 

system inhibitors are required to induce GSH depletion and ferroptosis. Furthermore, 

both cell lines responded equally to both xCT system inhibitors, regardless of the 

expression of the enzymes ACSL4 and LPCAT2. 

 

Figure 14. Protein levels and inhibition of the xCT system. 
A) Western blot analysis (n = 3 replicates) of the protein xCT in LV and OE cells. The protein bands were 
quantified with reference to the loading control actin. B) Respective quantification of the protein levels for LV 
and OE cells using the optical density. MTT assay after 16 hours treatment with different C) erastin 
concentrations (0.5 µM – 100 µM) or D) glutamate concentrations (2 mM – 8 mM). Data are shown as 
percentage of control conditions, n = 8 replicates. *** p < 0.001; ** p < 0.01 compared to untreated control 
condition (ANOVA, Bonferroni test). 
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4.1.2. Profound mitochondrial dysfunction caused by ACSL4 

and LPCAT2 overexpression 

Given the sensitivity of the cells to RSL3, an exploration was conducted to examine 

whether, under ACSL4/LPCAT2 overexpression conditions, mitochondria played a 

significant role in the increased sensitivity of HEK293T cells to ferroptosis. The MitoSOX 

marker was employed for this purpose to selectively identify mitochondrial superoxide 

formation. Consistent with the impact on cell viability, RSL3 significantly elevated 

mitochondrial ROS production in the OE cells. In contrast, the LV cells did not exhibit 

mitochondrial ROS accumulation after 16 hours of RSL3 treatment (Figure 15 A, B). 

Measurement of DYm using the fluorescent dye TMRE indicated a slight decrease in 

DYm at the highest RSL3 concentration in LV control cells. However, the OE cells 

demonstrated a profound loss of DYm upon exposure to RSL3 (Figure 15 C, D). 

For the assessment of energy metabolism, the Seahorse XFe96 analyzer was employed 

to quantify mitochondrial respiration by measuring the OCR and glycolysis by detecting 

the ECAR. These analyses revealed that ACSL4 and LPCAT2 overexpressing cells 

exhibited slightly lower basal respiration and glycolysis rates compared to LV control 

cells (Figure 15 E, F). RSL3 treatment led to reduced mitochondrial respiration and 

glycolysis rates in both cell lines, with OE cells displaying a more pronounced decrease 

in both ECAR and OCR after 16 hours of treatment compared to LV controls. These 

findings suggest that mitochondria play a crucial role in RSL3-mediated ferroptosis in 

ACSL4/LPCAT2 overexpressing HEK293T cells and this increased sensitivity to 

ferroptosis is linked to severe mitochondrial damage. 
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Figure 15. Mitochondrial involvement in ACSL4 and LPCAT2 overexpressing cells after 
RSL3 treatment. 
FACS analysis and Seahorse measurements demonstrate mitochondrial involvement in ACSL4 and LPCAT2 
OE cells. A) Mitochondrial ROS formation and C) DYm were quantified by FACS analysis of MitoSOX or 
TMRE stained cells after 0.3, 0.6, and 0.9 μM RSL3 treatment for 16 hours (5,000 cells per replicate of n = 
3 replicates, calculated as percentage of gated cells). B, D) Representative histograms of the respective 
FACS measurement with gating. E) Mitochondrial respiration (OCR) and F) glycolysis (ECAR) were detected 
by the Seahorse system after 16 hours of 0.8 μM RSL3 treatment (n = 6 – 8 replicates per condition). *** p 
< 0.001; ** p < 0.01; and * p < 0.05 compared to untreated control condition (ANOVA, Scheffé’s test). 
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4.1.3. Ferroptosis inhibitors conferred protection against RSL3-

mediated cell death 

To validate that the observed cellular damage induced by RSL3 in HEK293T cell lines 

was indeed attributed to ferroptosis, the effects of DFO and the ferroptosis inhibitor Fer-

1 were examined in the model system of RSL3-induced cell death. Acting as an iron 

chelator, DFO exhibited concentration-dependent protective effects, reaching maximum 

efficacy at 10 μM when co-treated with RSL3 for 16 hours in the MTT assay (Figure 16 

A). Fer-1 consistently prevented ferroptosis in both HEK293T cell lines, even at low 

concentrations of 0.1 μM (Figure 16 B), confirming its potent inhibitory role against RSL3-

induced lipid peroxidation, a characteristic of ferroptosis. Furthermore, the involvement 

of LOX were explored in this model system by testing three different LOX inhibitors: 

zileuton and ST1853 targeting 5-LOX and PD146176 targeting 12/15-LOX. These 

inhibitors (Figure 16 D), along with the lipophilic antioxidant trolox (Figure 16 C), 

demonstrated protective effects similar to those of DFO and Fer-1, affirming that RSL3-

induced cell death was mediated through ferroptosis. In the DPPH assay, the applied 5-

LOX inhibitors did not exhibit any radical scavenging potential. In contrast, the lipid ROS 

scavenger and ferroptosis inhibitor trolox demonstrated complete radical scavenging 

activity in this assay (Figure 16 I). Additionally, when co-treating 0.2 μM RSL3 with 10 

μM of ferroptosis inhibitors for 16 hours, protective effects were observed on 

mitochondrial parameters, including mitochondrial ROS formation (Figure 16 E, F) and 

DYm (Figure 16 G, H). These findings indicated that the ferroptosis inhibitors DFO and 

Fer-1 mitigated mitochondrial impairment induced by RSL3. 
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Figure 16. Fer-1 and DFO prevent OE cells from RSL3-induced mitochondrial impairment. 
Metabolic activity of was evaluated by MTT assays after 16 hours of treatment with A) 0.8 μM RSL3 and co-
treatment with 2.5 – 10 μM DFO; B) 0.1 μM RSL3 and co-treatment with 0.1 – 1 μM Fer-1 or with C) 
1 – 100 µM trolox and D) 0.2 μM RSL3 and co-treatment with 10 μM Fer-1, 10 μM DFO, 10 μM zileuton (Zil), 
0.5 μM ST1853 (ST) and 5 μM PD146176 (PD). Data are shown as percentage of control condition of n = 8 
replicates. E) Mitochondrial ROS formation and G) DYm were quantified by FACS analysis of MitoSOX or 
TMRE stained cells after 0.2 μM RSL3 and co-treatment with 10 μM DFO and Fer-1 for 16 hours (5,000 
cells per replicate of n = 3 replicates, percentage of gated cells). F, H) Histograms of the respective FACS 
measurements with gating. I) For the determination of antioxidant properties of the substances ST1853 and 
zileuton, an DPPH assay was performed with 50 μM and 100 μM trolox, 0.5 μM ST1853 and 10 μM zileuton. 
Data are given as mean ± SD (n = 6 – 8 replicates). *** p < 0.001; ** p < 0.01 compared to control, 
### p < 0.001; ## p < 0.01; and # p < 0.05 compared to RSL3-treated control (ANOVA, Scheffé’s test). 
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4.1.4.  Pharmacological inhibition of ACSL4 using 

thiazolidinediones effectively prevented ferroptosis 

To validate the contribution of ACSL4 overexpression and the ensuing activity of LPCAT2 

in the increased sensitivity of OE cells to ferroptosis, pharmacological ACSL4 inhibition 

was employed. Thiazolidinediones (TZDs), specifically known to block ACSL4 compared 

to other ACSL isoforms171, were chosen for this purpose. The compounds troglitazone 

(TRO), rosiglitazone (ROSI), and pioglitazone (PIO) were tested in LV and OE HEK293T 

cells, and their protective concentrations were determined using the MTT assay when 

co-treated with the ferroptosis inducer RSL3. A concentration-dependent effect of TRO 

and ROSI was observed (Figure 17 A, B), where PIO showed no protection but rather a 

reduction in metabolic activity with increasing PIO concentration (Figure 17 C). 

Furthermore, crystalline structure formation was observed in the medium after PIO 

application at concentrations of 25 µM or higher, indicating limitations in solubility (Figure 

17 E). Additionally, pre-treatment for up to 6 hours before damage did not enhance the 

efficacy of the TZD (Figure 17 F). For this reason, only the two TZDs, TRO and ROSI, 

were used for further analyses. To assess the antioxidant properties of the TZDs, a 

DPPH assay was conducted at the protective concentrations of 0.25 μM TRO and 25 μM 

ROSI, but also for 20 µM PIO. The DPPH assay confirmed that the observed protection 

was not due to radical scavenging properties of the substances (Figure 17 D). 

Furthermore, the protective effect against RSL3-induced cell death, resulting from 

pharmacological ACSL4 inhibition, was verified by FACS through PI staining (Figure 17 

G, H). 
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Figure 17. ROSI and TRO, but not PIO, prevent ferroptosis in ACSL4/LPCAT2 OE cells. 
A–C) Metabolic activity was determined by MTT assay after 16 hours exposure to 0.1, 0.2 or 0.5 μM RSL3 
and co-treatment with 0.1 – 1 μM troglitazone (TRO), 1 – 50 μM rosiglitazone (ROSI), or 0.1 – 50 µM 
pioglitazone (PIO). Data are shown as percentage of control conditions of n = 8 replicates. D) For the 
determination of the antioxidant properties of the substances, a DPPH assay was performed with 50 μM and 
150 μM trolox, 0.25 μM TRO, 25 μM ROSI, and 20 µM PIO. Data are given as mean ± SD (n = 3 replicates). 
E) Crystalline structure formation in HEK293T cells was observed under the microscope with 10x 
magnification after 25 µM PIO treatment for 16 hours. F) Pre-treatment with 25 µM PIO for 2 to 6 hours in 
advance of 0.2 µM RSL3 treatment for additional 16 hours (22 hours total treatment time), measured by 
MTT assay. Data are shown as percentage of control conditions, n = 8 replicates. G) Cell death was 
quantified by FACS analysis of PI stained cells after co-treatment with 0.25 µM TRO and 25 µM ROSI with 
0.1 µM RSL3 for 16 hours. H) Representative dot plots of the FACS measurement with gating (5,000 cells 
per replicate of n = 3 replicates, calculated as percentage of gated cells). *** p < 0.001 compared to control 
condition, ### p < 0.001 or ## p < 0.01 compared to RSL3-treated control condition (ANOVA, Scheffé’s test). 
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Moreover, both TZDs prevented parameters associated with mitochondrial impairment, 

such as mitochondrial ROS accumulation (Figure 18 A, B) and the loss of DYm (Figure 

18 C, D). Given that TZD compounds TRO and ROSI are also classified as peroxisome 

proliferator-activated receptor-γ (PPARg) agonists172, the non-TZD PPARg agonist 

GW1929 was administered in LV and OE cells, demonstrating no protective effects in 

the MTT assay (Figure 18 F) or in flow cytometry after PI staining (Figure 18 E). To 

corroborate the protective effects of TRO and ROSI against ferroptosis, irrespective of 

PPARg modulation, both inhibitors were co-treated with the PPARg antagonist 

GW9662173. GW9662 had no impact on the protective effects of TRO or ROSI after RSL3 

treatment, as measured by FACS analysis after PI staining (Figure 18 G) and in the MTT 

assay (Figure 18 H). This affirms that the effects of the ACSL4 inhibitors were achieved 

independently of PPARg activity. Consequently, the heightened sensitivity of OE cells to 

the ferroptosis insult resulted from the overexpression of ACSL4 and LPCAT2, and 

specific pharmacological inhibition of ACSL4 preserved the cells from RSL3-mediated 

ferroptosis, preventing the accompanying detrimental effects on mitochondria. 
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Figure 18. TZDs protect against mitochondrial impairment, PPARg independently. 
A) Mitochondrial ROS formation and C) DYm was quantified by FACS analysis of MitoSOX or TMRE stained 
cells after co-treatment of 0.25 µM TRO and 25 µM ROSI with 0.15 or 0.5 µM RSL3 for 16 hours (5,000 cells 
per replicate of n = 3 replicates, calculated as percentage of gated cells). B, D) Representative histograms 
of the respective FACS measurements with gating. Cell death measured by PI staining after 16 hours 
treatment of G) 1 µM RSL3 co-treated with 1 µM GW9662, 0.25 µM TRO, and 25 µM ROSI and E) 0.1 µM 
RSL3 co-treated with 10 µM and 30 µM GW1929 (5,000 cells per replicate of n = 3 replicates, percentage 
of gated cells). MTT assays of HEK293T cells after 16 hours treatment with H) 0.6 µM RSL3 and co-treated 
with 0.1, 1, or 10 µM GW9662 and 0.25 µM TRO or 25 µM ROSI and F) 1 µM RSL3 with 10 – 30 µM GW1929 
were evaluated. Data are shown as percentage of control conditions, n = 8 replicates. *** p < 0.001; ** p < 
0.01 compared to control conditions, ### p < 0.001 and # p < 0.05 compared to RSL3-treated control 
condition (ANOVA, Scheffé’s test). 
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The two TZDs that showed protective potential against ferroptosis in HEK293T cells were 

also tested in neuronal HT22 cells. In these neuronal cells, only TRO exhibited significant 

protective effects against RSL3-induced damage (Figure 19 A). Although ROSI slightly 

preserved metabolic activity after RSL3 exposure at a concentration of 10 µM, this effect 

was not statistically significant (Figure 19 B). In this model system, PPARg agonists and 

antagonists were also tested (Figure 19 C, D), yielding the same results as in HEK293T 

cells (Figure 18). This confirms that at least TRO exhibits PPARg-independent activity in 

neuronal HT22 cells. 

 

Figure 19. Troglitazone prevents ferroptosis in neuronal HT22 cells. 
MTT assay of 0.1 µM RSL3 co-treated with A) 0.1 – 100 µM TRO and B) ROSI in neuronal HT22 cells after 
16 hours treatment time. C) MTT assay of 0.2 µM RSL3 co-treated with 1 – 50 µM GW1929 for 16 hours. 
D) MTT assay after 16 hours treatment with 1 µM or 10 µM GW9662, 0.25 µM TRO and 25 µM ROSI. Data 
are shown as percentage of control conditions, n = 8 replicates. *** p < 0.001 compared to control condition, 
### p < 0.001 and ## p < 0.01 compared to RSL3-treated control cells, +++ p < 0.001 compared to RSL3 
and troglitazone treated condition (ANOVA, Scheffé’s test). 
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4.1.5. Mitochondrial ROS scavenging safeguarded against 

RSL3-induced ferroptosis in overexpressing cells 

Intrigued by the discovery of mitochondrial impairment in ACSL4/LPCAT2-driven 

ferroptosis (Figure 15), further experiments were conducted to particularly address the 

role of mitochondria in executing ferroptosis in these cells. As previously noted, 

mitochondria are recognized as a primary source of ROS, serving as an amplification 

system and a crucial decision point in ferroptosis. To investigate this, the mitochondria-

targeted ROS scavenger MitoQ was applied to impede mitochondrial ROS accumulation 

and the progression of oxidative cell death52,174,175. The results from the MTT assay 

demonstrated that the HEK293T cells maintained metabolic activity when treated with 

RSL3, particularly at low concentrations like 0.125 μM MitoQ (Figure 20 C). Furthermore, 

the co-treatment with the mitochondrial ROS scavenger preserved ATP levels in 

ACSL4/LPCAT2-overexpressing HEK293T cells despite exposure to RSL3 (Figure 20 

D). These results were further confirmed by FACS PI measurement (Figure 20 B), 

proving that extremely low concentrations of MitoQ were sufficient to protect the cells 

and that these effects were concentration dependent. While the MitoQ concentrations 

displayed a slight concentration-dependent inhibitory effect on metabolic activity and ATP 

production at basal levels in HEK293T cells, this was not reflecting cytotoxicity, as 

demonstrated by cell death measurements after incubation of the cells with varying 

MitoQ concentrations (Figure 20 A). 
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Figure 20. Mitoquinone, a scavenger of mitochondrial ROS, safeguards against RSL3-
induced ferroptosis in cells overexpressing ACSL4/LPCAT2. 
Cell death was quantified by flow cytometry and PI staining after A) 16 hours treatment time of different 
MitoQ concentrations (0.25 – 1 μM) or B) 6 hours of 1 μM RSL3 treatment and co-treatment with different 
MitoQ concentrations (0.0625 – 0.25 μM) (5,000 cells per replicate of n = 3 replicates per condition, 
percentage of gated cells). C) MTT assay and D) ATP assay were performed after 16 hours treatment with 
0.1 μM RSL3 and 0.125 µM or 0.25 µM MitoQ. Data are shown as percentage of control conditions, n = 8 
replicates. *** P < 0.001 compared to control condition, ### p < 0.001; # p < 0.05 compared to RSL3-treated 
condition (ANOVA, Scheffé’s test). 

Furthermore, complete protection against mitochondrial ROS production (Figure 21 A, B) 

and preserved DYm (Figure 21 C, D) were observed with MitoQ. Finally, the effects of 

0.25 μM MitoQ on mitochondrial respiration and glycolysis were assessed using the 

Seahorse XFe96 analyzer. This measurement demonstrated reduced OCR after 

exposure to MitoQ in both cell lines, entirely depleted by co-treatment with RSL3, 

indicating inhibition of basal mitochondrial respiration and reserve capacity by MitoQ. No 

response to the potent uncoupler FCCP could be detected (Figure 21 E, G). Similar 

responses were detected for glycolysis in LV cells: MitoQ and RSL3 slightly reduced the 

ECAR compared to untreated controls, whereas simultaneous application significantly 

decreased the ECAR (Figure 21 F). In OE cells, RSL3 application resulted in a severe 

shutdown of glycolysis. However, MitoQ co-treatment maintained energy supply through 

glycolysis, simultaneously inhibiting mitochondrial respiration and reducing 

mitochondrial ROS production (Figure 21 G, H). In contrast, RSL3-treated OE cells failed 

to maintain glycolytic activity, reflecting a breakdown of energy metabolism in cells 

undergoing ferroptotic death. In summary, these results underscore that the 

mitochondria-targeted antioxidant properties of MitoQ rescued OE cells from ferroptosis, 

emphasizing the crucial role of mitochondria in ACSL4/LPCAT2-driven ferroptosis.  
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Figure 21. MitoQ prevents mitochondrial impairment after RSL3-mediated cell death. 
A) Mitochondrial ROS formation and C) DYm were quantified by FACS analysis of MitoSOX and TMRE 
staining after co-treatment with 0.125 µM or 0.25 µM mitoquinone (MitoQ) and 0.4 µM (MitoSOX) or 0.8 µM 
RSL3 (TMRE) for 16 hours (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). B, D) 
Representative histograms of the respective FACS measurements with gating. E, G) Mitochondrial 
respiration and F, H) glycolysis measurements by the Seahorse XFe96 analyzer of LV (E, F) and OE (G, H) 
cells treated with 0.4 µM RSL3 and co-treated with 0.25 µM MitoQ for 16 hours. Data are shown as mean ± 
SD, n = 5 – 8 replicates per condition. *** p < 0.001 compared to control condition, ### p < 0.001 compared 
to RSL3-treated control condition (ANOVA, Scheffé’s test). 

 

 



  Results 

 63 

4.1.6. The biguanides metformin and phenformin failed to 

mitigate ferroptosis induced by ACSL4/LPCAT2 

overexpression 

Scavenging mitochondrial ROS and providing protection against ACSL4/LPCAT2-driven 

ferroptosis with MitoQ were associated with decreased mitochondrial respiration and a 

transition to glycolysis. To investigate if metabolic intervention alone, without antioxidant 

attributes, could confer protection to OE cells from ferroptosis, metformin was employed 

in the model of RSL3-induced oxidative damage. Metformin can redirect energy 

metabolism from mitochondrial OXPHOS to increased aerobic glycolysis. Unexpectedly, 

metformin was not able to prevent ferroptosis in HEK293T cells (Figure 22 A), but rather 

augmented cell death instead of protection, as shown by cell death measurements 

following metformin treatment (Figure 22 B). Additionally, metformin reduced OCR in LV 

control cells under basal culture conditions, with complete ceasing of OCR after co-

treatment with metformin and RSL3 (Figure 22 C). Once again, OE cells exhibited an 

increased response to metformin compared to LV cells, resulting in a complete 

deactivation of respiration by metformin even under basal culture conditions (Figure 22 

E). While the ECAR of LV cells slightly increased after co-administration of metformin 

and RSL3, compared to RSL3 treatment alone (Figure 22 D), treating OE cells with the 

ferroptosis inducer did not alter the glycolytic rate, whereas co-treatment with metformin 

further downregulated glycolysis (Figure 22 F). In summary, metabolic intervention with 

metformin not only failed to prevent ACSL4/LPCAT2-driven ferroptosis but exacerbated 

mitochondrial respiratory impairment and cell death. 
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Figure 22. Metformin fails to prevent ferroptosis in ACSL4/LPCAT2 overexpressing cells. 
A) Metabolic activity was determined by MTT assay after 22 hours co-treatment with 0.1 µM RSL3 and 
0.5 – 2 mM metformin. Data are shown as percentage of control conditions, n = 8 replicates. B) Cell death 
was measured by PI staining after treating HEK293T cells with 0.1 µM RSL3 and 5 mM metformin for 16 
hours (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). C, E) Mitochondrial respiration 
and D, F) glycolysis measurements by the Seahorse XFe96 analyzer of LV (C, D) and OE (E, F) cells treated 
with 1 µM RSL3 and co-treated with 5 mM metformin for 16 hours. Data are shown as mean ± SD, n = 5 – 8 
replicates per condition. *** p < 0.001 compared to control condition and ### p < 0.001 compared to RSL3-
treated control condition (ANOVA, Scheffé’s test). 

Furthermore, the efficacy of phenformin, a biguanide agent with better cell membrane 

penetrating capacity than metformin, was assessed in this model system. However, 

phenformin also failed to provide any protective effect against ferroptosis. This was 

observed both in the MTT assay across various concentrations (Figure 23 A) and in the 

Seahorse measurements (Figure 23 B – E). Under basal conditions, phenformin 

exhibited a concentration-dependent reduction in OCR in LV cells, with complete 

respiratory shutdown observed in OE cells even at low concentrations. At 20 µM, 

phenformin reduced basal glycolysis in control cells; however, in combination with RSL3, 

it maintained the ECAR at control levels. In contrast, the 50 µM concentration of 

phenformin failed to achieve maintenance of ECAR in conditions of RSL3-induced 

ferroptosis, although it did not significantly impair basal ECAR. Interestingly, phenformin 

treatment led to a concentration-dependent increase in basal glycolysis in OE cells, but 

after co-treatment with RSL3, it caused a concentration-dependent reduction of ECAR. 
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In summary, phenformin, when combined with RSL3 in the ACSL4/LPCAT2 

overexpressing cells, diminished both mitochondrial respiration and glycolysis and did 

not confer any protection of metabolic parameters. 

 

Figure 23. Phenformin fails to prevent ferroptosis in ACSL4/LPCAT2 overexpressing cells. 
A) Metabolic activity was determined by MTT assay after 22 hours co-treatment with 0.1 μM RSL3 and 
0.1 – 100 μM phenformin in LV and ACSL4/LPCAT2 OE cells. Data are shown as percentage of control 
conditions, n = 8 replicates. B, D) Mitochondrial respiration and C, E) glycolysis were measured in LV (B, C) 
and ACSL4/LPCAT2 OE (D, E) cells after 16 hours treatment with 1 μM RSL3 and 20 μM or 50 μM 
phenformin. Data are shown as mean ± SD with n = 5 – 8 replicates per condition. *** p < 0.001 compared 
to control condition (ANOVA, Scheffé’s test). 
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4.1.7. Assessing the impact of metformin and phenformin on 

ferroptosis in HT22 cells 

Based on the observed failure of metformin to prevent RSL3-induced ferroptosis in 

HEK293T cells, and its tendency to rather exacerbate cell death, the efficacy of the 

biguanide against the two ferroptosis inducers erastin and RSL3 was examined in 

neuronal HT22 cells. Notably, metformin exhibited protective effects specifically against 

erastin, while showing no such effects against RSL3 (Figure 24). Additionally, co-

treatment with RSL3 and metformin revealed a tendency towards elevated mitochondrial 

superoxide levels (Figure 24 F). In the context of erastin exposure, metformin 

demonstrated subtle impacts on metabolic activity, coupled with robust protection 

against cell death and mitigated mitochondrial ROS production (Figure 24 A, C, E). 

Seahorse measurements further unveiled a metabolic shift towards glycolysis at a 

concentration of 30 mM metformin during simultaneous erastin treatment (Figure 24 G, 

H). 
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Figure 24. Metformin protects against erastin-mediated ferroptosis in neuronal HT22 cells. 
Neuronal HT22 cells were treated with 0.4 µM erastin or 0.3 µM RSL3 to induce ferroptosis and the co-
treatment was performed with varying metformin concentrations (5 – 50 mM). A, B) Metabolic activity was 
assessed after 16 hours treatment with 50 mM metformin alone or erastin or RSL3 co-treatment with 
5 – 50 mM metformin. Data are shown as percentage of control conditions, n = 8 replicates. C, D) Cell death 
measurement was performed by Annexin V and PI staining 16 hours after 30 mM metformin treatment alone 
or co-treatment of 10 – 30 mM metformin with erastin or RSL3. E, F) Mitochondrial superoxide formation 
measurement after co-treatment with 5 – 20 mM metformin and erastin or RSL3 after 16 hours treatment 
time (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). G) Mitochondrial respiration 
and H) glycolysis was measured after 16 hours treatment with 10 mM and 30 mM metformin alone and in 
combination with 0.4 µM erastin. Data are shown mean ± SD with n = 7 – 8 replicates per condition. 
*** p < 0.001 compared to control condition and ### p < 0.001 or ## p < 0.01 compared to RSL3 or erastin-
treated control condition (ANOVA, Scheffé’s test). 
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Following the observation that metformin conferred protection only against erastin-

induced ferroptosis, a reassessment of measurements was conducted using the cell-

penetrating biguanide agent, phenformin. The findings indicated only marginal 

preservation of metabolic activity against erastin (Figure 25 A), with negligible impacts in 

other assays, including susceptibility to RSL3-induced ferroptosis (Figure 25). Notably, 

150 µM phenformin induced a reduction in OCR, with the ECAR persisting at damage-

associated levels upon co-treatment with 150 µM phenformin. Thus, no discernible 

metabolic shift was evident (Figure 25 G, H). In summary, phenformin demonstrated only 

minimal efficacy against erastin in the MTT assay, while metformin exhibited protective 

effects exclusively against erastin-induced ferroptosis, remaining ineffective against 

RSL3, consistent with the previous observations in HEK293T cells (Figure 22). 
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Figure 25. Phenformin fails to protect against ferroptosis in neuronal HT22 cells. 
Neuronal HT22 cells were treated with 0.4 µM erastin or 0.3 µM RSL3 to induce ferroptosis and the co-
treatment was performed with varying phenformin concentrations (10 – 150 µM). A, B) Metabolic activity 
was assessed after 16 hours treatment with 100 µM phenformin alone or erastin or RSL3 co-treatment with 
10 – 100 µM phenformin. Data are shown as percentage of control conditions with n = 8 replicates. C, D) 
Cell death measurement was performed by Annexin V and PI staining, 16 hours after 150 µM phenformin 
treatment alone or co-treatment of 50 – 150 µM phenformin with erastin or RSL3. E, F) Mitochondrial 
superoxide formation measurement after co-treatment with 20 – 150 µM phenformin and erastin or RSL3 
after 16 hours treatment time (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). G) 
Mitochondrial respiration and H) glycolysis was measured after 16 hours treatment with 50 µM and 150 µM 
phenformin alone and in combination with 0.4 µM erastin. Data are shown mean ± SD with n = 6 – 8 
replicates per condition. *** p < 0.001 compared to control condition and ### p < 0.001 or ## p < 0.01 
compared to RSL3 or erastin-treated control condition (ANOVA, Scheffé’s test). 

A B

C

E

D

- 100 - 10 20 50 100
0

20

40

60

80

100

120

Phenformin concentration [µM]

M
et

ab
ol

ic
 a

ct
iv

ity Erastin

###

***

***
##

###

- 100 - 10 20 50 100
0

20

40

60

80

100

120

Phenformin concentration [µM]

M
et

ab
ol

ic
 a

ct
iv

ity RSL3

***

***

- 150 - 50 100 150
0

20

40

60

80

100

Phenformin concentration [µM]

AV
 +

 A
V/

PI
 p

os
iti

ve
 c

el
ls Erastin

***

- 150 - 50 100
0

20

40

60

80

100

Phenformin concentration [µM]

AV
 +

 A
V/

PI
 p

os
iti

ve
 c

el
ls RSL3

***

- - 50 100 150
0

20

40

60

80

100

Phenformin concentration [µM]

M
ito

SO
X 

po
si

tiv
e 

ce
lls

Erastin
***

- 50 - 20 50
0

20

40

60

80

100

Phenformin concentration [µM]

M
ito

SO
X 

po
si

tiv
e 

ce
lls

RSL3

***

F

G

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

Time (minutes)

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Phenformin 150 µM
Phenformin 50 µM
Control

Erastin 0.4 µM
Erastin + Phenformin 50 µM
Erastin + Phenformin 150 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

100

200

Time (minutes)

EC
A

R
 (m

pH
/m

in
/N

or
m

. U
ni

t)

Phenformin 150 µM
Phenformin 50 µM
Control

Erastin 0.4 µM
Erastin + Phenformin 50 µM
Erastin + Phenformin 150 µM

H



Results 

 70 

4.1.8. A non-metabolic protection by VDAC1 inhibitor Akos-22 

To further interfere with mitochondrial processes involved in ACSL4/LPCAT2-driven 

ferroptosis, VDAC1 was specifically targeted using Akos-22. VDAC1 is the most 

abundant outer mitochondrial membrane protein and plays a pivotal role in cytosolic-

mitochondrial crosstalk44,176–178. Co-administration of Akos-22 with RSL3 in both LV and 

OE cells resulted in a concentration-dependent reduction in cell death (Figure 26 A). 

Notably, the ability to restrict mitochondrial ROS formation post-ferroptosis induction was 

evident even at low concentrations (0.5 µM) (Figure 26 B). To assess whether Akos-22 

exerts any intrinsic influence on the metabolism of HEK293T cell lines, OCR was 

determined using the Seahorse system, revealing no discernible changes in either LV or 

OE cells (Figure 26 C, D). In LV cells, however, a slight concentration-dependent 

reduction in respiration was observed when Akos-22 was combined with RSL3. In 

contrast, mitochondrial respiration in OE cells was already entirely diminished. Notably, 

1 µM Akos-22 displayed a marginal increase in OCR, while 5 µM Akos-22 almost 

restored it to control levels. Higher concentrations of Akos-22 were less protective, with 

5 µM emerging as the most effective concentration (Figure 26 E, F). These findings 

suggest that at the concentrations required for protection, Akos-22 does not mediate 

apparent metabolic effects, which become evident only at higher concentrations of the 

VDAC1 inhibitor. The impact on metabolism was not detrimental to the cells but was also 

not a prerequisite for mitochondrial protection. Consequently, the inhibition of VDAC1 did 

not protect ACSL4/LPCAT2-overexpressing HEK293T cells via metabolic effects; rather, 

protection was achieved by influencing the redox balance in the mitochondria. This 

underscores the involvement of VDAC1 in mitochondrial events in RSL3-induced 

ACSL4/LPCAT2-driven ferroptosis. 
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Figure 26. VDAC1 inhibition by Akos-22 protects HEK293T cells against ferroptosis in a 
non-metabolic way. 
A) Metabolic activity was determined by MTT assay of HEK293T cells treated with 0.2 µM RSL3 and 
1 – 10 µM Akos-22 for 16 hours. Data are shown as percentage of control conditions, n = 8 replicates. B) 
Mitochondrial superoxide formation measurement after co-treatment with 0.5 µM and 0.75 µM Akos-22 and 
0.1 µM RSL3 after 16 hours treatment time (5,000 cells per replicate of n = 3 replicates, percentage of gated 
cells). C, D) Mitochondrial respiration was measured after 16 hours treatment with 1 – 10 µM Akos-22 alone 
and E, F) 1 – 15 µM Akos-22 in combination with 0.1 µM RSL3. Data are shown as mean ± SD with n = 5 – 8 
replicates per condition. *** p < 0.001 compared to control condition and ### p < 0.001 or ## p < 0.01 
compared to RSL3-treated control condition (ANOVA, Scheffé’s test). 

4.1.9. Increased susceptibility against RSL3-induced 

ferroptosis under conditions of glutamine deprivation 

Given the failure of phenformin and metformin in preventing RSL3-induced ferroptosis in 

ACSL4/LPCAT2 overexpressing cells, an alternative approach was pursued. This 

involved the inhibition of succinate dehydrogenase (SDH), specifically targeting complex 

II of the respiratory chain. This was achieved by utilizing itaconate and its cell-permeable 

derivative, 4-octyl itaconate (4OI). However, no effects were observed with these 

complex II inhibitors (Figure 27 A). Subsequently, recognizing the pivotal role of 

glutamine in mediating mitochondrial pathways of ferroptosis through metabolic 

effects179, both LV and OE cell lines were subjected to ferroptosis induction by RSL3 
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under conditions of glutamine deprivation. The results indicated that, under basal 

conditions of glutamine deprivation, cellular metabolic activity remained unaffected. 

However, upon RSL3 treatment, reduced glutamine concentrations led to a significant 

decrease in metabolic activity and reduced normalized cell index specifically in the OE 

cells (Figure 27 B, C). Thus, glutamine deprivation did not mitigate ferroptosis in 

ACSL4/LPCAT2 overexpressing HEK293T cells (Figure 27 D), suggesting that 

glutaminolysis and the associated metabolic activity in mitochondria are dispensable for 

ACSL4/LPCAT2-driven ferroptosis in these cells. 

 

Figure 27. Increased susceptibility to RSL3 under conditions of glutamine deprivation. 
A) MTT assay was performed after 16 hours treatment with 1 µM RSL3 in addition to 5 mM or 20 mM 
itaconate and 0.5 µM or 2 µM 4-octyl-itaconate (4OI). Data are shown as percentage of control conditions, 
n = 8 replicates. B) xCELLigence real-time impedance measurement was performed for 18 hours after 
treating the cells with 0.3 µM or 0.5 µM RSL3 and normal cell culture conditions with 4 mM glutamine 
concentrations or under glutamine deprivation conditions (0 mM glutamine) (Data are shown as mean ± SD 
with n = 8 replicates). C) Metabolic activity was measured by MTT assay 16 hours after treatment with 0.15 
µM RSL3 under different glutamine concentrations (0 – 4 mM glutamine). Data are shown as percentage of 
control conditions, n = 8 replicates. D) Cell death was measured after PI staining, 16 hours after treatment 
with 0.6 µM RSL3 and different glutamine concentrations (0 – 4 mM glutamine) (5,000 cells per replicate of 
n = 3 replicates, percentage of gated cells). *** p < 0.001 or * p < 0.05 compared to control condition and 
### p < 0.001 compared to RSL3-treated control condition (ANOVA, Scheffé’s test). 
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4.2. Investigation of the role of LOX and mitochondria in 

hemin-induced ferroptosis 

In the context of this study, ferroptosis induction was achieved using ferroptosis inducers  

such as erastin, glutamate, and RSL3, acting through the inhibition of the xCT antiporter 

or the main antioxidative selenoenzyme GPx4180. Additionally, a novel subtype of 

neuronal ferroptosis has been recently associated with the hemolysis product hemin145. 

Since hemin operates through a distinct mechanism compared to erastin, and there is 

currently no established evidence of its direct interaction with the xCT antiporter145, the 

investigation sought to further elucidate the specific death pathway activated by hemin. 

The attention was directed towards understanding the role of different lipoxygenases and 

mitochondria, as they were recognized as pivotal factors in ferroptosis. The experimental 

evaluations were carried out in mouse hippocampal neuronal HT22 cells, since hemin 

toxicity is used as a model for secondary brain injury after hemorrhage145. 
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4.2.1. Concentration-dependent ferroptosis induction by erastin 

and hemin 

To investigate the impact of erastin and hemin on the neuronal HT22 cell line, varying 

concentrations of both ferroptosis inducers were applied and allowed to incubate for 

16 hours. Cell viability was assessed through the MTT assay, revealing a dose-

dependent decline in metabolic activity with increasing concentrations of both, erastin 

and hemin (Figure 28). In direct comparison with hemin, significantly lower 

concentrations of erastin were required to induce ferroptosis. Erastin mediated 

significant toxicity occurred already at concentrations of 0.2 µM, whereas 100 µM of 

hemin were required to reduce metabolic activity to a similar extent. These findings 

suggested that both compounds induced cell death in a concentration-dependent 

manner in the neuronal HT22 cell line. Concentrations between 100 and 200 μM of 

hemin and 0.4 – 0.6 µM of erastin exerted deleterious effects exceeding 50% reduction 

of metabolic activity, warranting their utilization in subsequent experiments. 

 

Figure 28. Erastin and hemin decrease metabolic activity in a concentration-dependent 
manner. 
Metabolic activity was determined by MTT assay after 16 hours of treatment with different concentrations of 
A) erastin (0.2 – 0.6 µM) or B) hemin (25 – 200 µM) in neuronal HT22 cells. Data are shown as percentage 
of control conditions, n = 8 replicates. *** p < 0.001 compared to control condition (ANOVA, Scheffé’s test). 
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4.2.2. FCS levels dictated cellular vulnerability to hemin and 

erastin 

Given that erastin acts as an initiator of ferroptosis, differing from hemin-induced 

oxidative stress, the objective was to delineate the differences between these forms of 

oxidative cell death. Considering albumin as the most abundant plasma protein129 and 

being present in FCS, neuronal HT22 cells were treated with varying FCS concentrations 

for 16 hours. Additionally, different concentrations of erastin and hemin were 

administered to elucidate how the cells respond to the ferroptosis stimulus under different 

FCS conditions. It was observed that HT22 cells, under standard cultivation conditions 

with 10% FCS, were sensitive to the erastin stimulus of 0.5 µM. However, this sensitivity 

declined upon FCS deprivation (Figure 29 A). Conversely, hemin treatment exhibited the 

opposite effect. The cells responded to 125 µM hemin under standard conditions, while 

with 5% FCS, 100 µM hemin proved to be a stronger stimulus than 125 µM with 10% 

FCS. Under complete FCS deprivation, 25 µM hemin was sufficient to fully reduce the 

metabolic activity of HT22 cells (Figure 29 B). Considering that diminishing the FCS 

content during erastin treatment results in the opposite effect, rendering the cells less 

responsive, it can be deduced that albumin does not contribute to cellular uptake of 

erastin. Moreover, the iron-containing components in FCS can influence the cells' iron 

metabolism, modulating their sensitivity to ferroptosis, or the lipids contained in FCS may 

affect lipid peroxidation and thus influence ferroptosis. The observed differential 

response to FCS deprivation indicated that different cell death pathways were involved 

in erastin versus hemin toxicity. 

 

Figure 29. FCS deprivation increases susceptibility of HT22 cells against hemin-induced 
ferroptosis. 
Metabolic activity was determined by MTT assay 16 hours after treatment with different FCS concentrations 
(10%, 5% or 0%) and A) different erastin concentrations, ranging from 0.3 µM to 5 µM or B) different hemin 
concentrations ranging from 25 µM to 150 µM. Data are shown as percentage of control conditions, n = 6 – 8 
replicates. *** p < 0.001 compared to control condition (ANOVA, Scheffé’s test). 
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4.2.3. Ferrostatin-1 protected against hemin-induced 

ferroptosis 

Fer-1 serves as an inhibitor of oxidative cell death in ferroptosis, targeting lipid-soluble 

ROS. To prove the involvement of ferroptosis mechanisms in the hemin-induced cell 

death pathway, the ferroptosis inhibitor Fer-1 was employed to assess its efficacy in 

mitigating the adverse effects of hemin. An MTT assay was conducted after 16 hours of 

treatment to test the impact of this inhibitor on metabolic activity (Figure 30 A). Under 

basal culture conditions, cells treated with 100 μM Fer-1 displayed no significant 

reduction in cell viability. At a hemin concentration of 200 μM, resulting in a substantial 

reduction lower than 20% metabolic activity compared to control conditions, the 

ferroptosis inhibitor partially mitigated this effect, bringing metabolic activity to 

approximately 40% of control level. These findings were corroborated through real-time 

impedance measurements using the xCELLigence system, where a high cell index 

corresponds to a high number of living cells. Basal Fer-1 treatment maintained 

impedance signals at control level and 100 μM hemin decreased the cell index after 5 

hours of treatment, which could be prevented by Fer-1 co-treatment, although it was not 

up to control level (Figure 30 B). From these data it can be concluded that hemin-

mediated oxidative stress can be partially inhibited by Fer-1, indicating that the pathway 

induced by hemin shares similarities and is therefore a subtype of ferroptosis.  

 

Figure 30. Protection by ferrostatin-1 against hemin-mediated ferroptosis. 
A) MTT assay was performed after 16 hours treatment with 200 µM hemin and 10 µM ferrostatin-1 (Fer-1). 
Data are shown as percentage of control conditions, n = 8 replicates. B) Real-time impedance measurement 
was measured for 23 hours. HT22 cells were treated with 100 µM hemin and 10 µM ferrostatin-1. Data are 
shown as mean ± SD with n = 8 replicates. *** p < 0.001 compared to control condition and ### p < 0.001 
compared to hemin-treated control condition (ANOVA, Scheffé’s test). 
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4.2.4. Contrasting effects of 12/15-LOX inhibition in ferroptosis 

and hemin-mediated cell death 

To further discern the involvement of ferroptosis in the hemin-induced cell death pathway, 

the impact of the 12/15-lipoxygenase (12/15-LOX) inhibitor PD146176 was investigated 

using the cell death measurement by Annexin V and PI staining and the real-time 

impedance measurement. Given that lipid peroxidation is mediated by 12/15-LOX181 and 

lipid peroxidation is a major hallmark of ferroptosis, this inhibitor serves as a tool to unveil 

the involvement of 12/15-LOX in classical ferroptosis mediated by erastin and hemin-

induced ferroptosis. A basal influence on cell death was not observed with the inhibitor 

PD146176 (Figure 31 A, B). In contrast to Fer-1, the 12/15-LOX inhibitor PD146176 did 

not exhibit protective effects against hemin-mediated ferroptosis (Figure 31 B). However, 

in co-treatment with erastin, a notable protective effect was evident (Figure 31 A). This 

implies that 12/15-LOX do not play a role in hemin-induced ferroptosis, whereas they are 

crucial in classical ferroptosis induced by erastin, especially in terms of lipid peroxidation 

progression. It further has to be noted that hemin-treated cells start to show 

morphological changes 4 to 5 hours after cell death induction, whereas morphological 

changes in erastin-treated cells occur a little bit later at 6 to 7 hours after induction of 

ferroptosis. Therefore, the hemin pathway seems to elicit morphological manifestations 

of cell death at an earlier stage when compared with the erastin pathway, but this may 

also be concentration dependent. 
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Figure 31. 12/15-LOX inhibitor PD146176 protects against erastin-mediated ferroptosis. 
Cell death was measured by Annexin V and PI staining after 16 hours treatment with A) 0.4 µM erastin and 
10 µM PD146176 or B) 170 µM hemin and 10 µM PD146176. (5,000 cells per replicate of n = 3 replicates, 
percentage of gated cells). Real-time impedance measurement was conducted for 23 hours after treatment 
with C) 0.5 µM erastin and 10 µM PD146176 or D) 190 µM hemin and 10 µM PD146176. Data are shown 
as mean ± SD with n = 8 replicates per condition. *** p < 0.001 compared to control condition and 
### p < 0.001 compared to erastin-treated control condition (ANOVA, Scheffé’s test). 
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4.2.5. 5-LOX inhibitors protected against both ferroptosis 

subtypes 

As the 12/15-LOX inhibitor PD146176 exhibited protective effects exclusively against 

classical ferroptosis induced by erastin (Figure 31), an interest arose in unraveling the 

potential involvement of 5-LOX in hemin-induced ferroptosis. Consequently, two distinct 

5-LOX inhibitors, namely zileuton and ST1853, were subjected to testing in both 

ferroptosis models. The assessments encompassing cell death measurements and 

xCELLigence assays unveiled a noteworthy protective influence of both inhibitors 

against both forms of ferroptosis (Figure 32). This observation implies that 5-LOX 

assumes a more pivotal role in hemin-mediated cell death when compared with the 

involvement of 12/15-LOX. 

 

Figure 32. Zileuton and ST1853 protect against erastin- and hemin-induced ferroptosis. 
Cell death was measured by Annexin V and PI staining after 16 hours treatment with A) 0.4 µM erastin and 
10 µM zileuton or 0.5 µM ST1853 or B) 170 µM hemin and 10 µM zileuton or 0.5 µM ST1853 (5,000 cells 
per replicate of n = 3 replicates, percentage of gated cells). Real-time impedance measurement was 
conducted for C) 18 hours after treatment with 0.4 µM erastin and 10 µM zileuton or 0.5 µM ST1853 or D) 
23 hours after treatment with 170 µM hemin and 10 µM zileuton or 0.5 µM ST1853. Data are shown as mean 
± SD with n = 8 replicates per condition. *** p < 0.001 compared to control condition and ### p < 0.001 
compared to erastin- or hemin-treated control condition (ANOVA, Scheffé’s test). 
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4.2.6. 5-LOX inhibitors reduced hemin-mediated mitochondrial 

damage 

The previous cell death experiment established that hemin induced a non-apoptotic cell 

death in neuronal HT22 cells and that both 5-LOX inhibitors were protective against 

erastin- and hemin-mediated ferroptosis. Subsequently, TMRE measurements were 

conducted to explore whether hemin toxicity involved the loss of DYm and whether this 

could be prevented by 5-LOX inhibition through zileuton or ST1853. The outcome was 

determined 16 hours after the onset of the treatments, revealing no basal effects of the 

5-LOX inhibitors, whereas a reduction of the DYm after hemin exposure was detected 

(Figure 33 A). However, this reduction could be reversed by both 5-LOX inhibitors. 

Furthermore, mitochondrial superoxide production was also assessed. Again, the 5-LOX 

inhibitors, showed no basal effects and the hemin treatment resulted in an increase in 

mitochondrial ROS production in neuronal HT22 cells, which was prevented by zileuton 

and ST1853 (Figure 33 B). These results suggest that 5-LOX plays a significant role in 

hemin-induced cell death, also at the mitochondrial level. 

 

Figure 33. 5-LOX inhibitors prevent mitochondrial impairment after hemin exposure. 
A) DYm was measured after 16 hours treatment with 150 µM hemin and 10 µM zileuton or 0.5 µM ST1853. 
B) Mitochondrial superoxide formation was measured by FACS analysis after 16 hours treatment with 150 
µM hemin and 10 µM zileuton or 0.5 µM ST1853 (5,000 cells per replicate of n = 3 replicates, percentage of 
gated cells). *** p < 0.001 compared to control condition and ### p < 0.001 compared to hemin-treated 
control condition (ANOVA, Scheffé’s test). 
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4.2.7. Mitochondrial ROS scavenging by MitoQ protected 

against erastin-mediated ferroptosis 

Considering the observation that hemin treatment induced a decrease in DYm and an 

increase in mitochondrial superoxide production (Figure 33), the objective was to explore 

the involvement of mitochondria in hemin-induced ferroptosis. To test this, the 

mitochondrial ROS scavenger MitoQ was employed to assess its effectiveness in 

erastin- mediated ferroptosis and hemin-induced ferroptosis. Both measurements of 

metabolic activity and cell death unveiled substantial damage induced by the ferroptosis 

inducers. However, protective effects were only detectable in the context of classical 

erastin-mediated ferroptosis, with no apparent protection against hemin-induced 

ferroptosis (Figure 34 A – D). Furthermore, the evaluation of mitochondrial ROS 

production with MitoQ revealed no protective effect to mitochondria in conditions of 

hemin-induced ferroptosis, contrasting with a clear protective impact against erastin-

mediated effects (Figure 34 E, F). This suggests a minor role for mitochondria in hemin-

induced ferroptosis compared to their pivotal involvement in erastin-induced ferroptosis. 

Consequently, these two pathways of ferroptosis exhibit distinctions concerning the 

participation of 12/15-LOX and the relevance of mitochondrial contribution to the 

oxidative death. 
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Figure 34. Mitoquinone protects against erastin-mediated ferroptosis. 
Metabolic activity was determined by MTT assay 16 hours after treatment with 0.5 µM MitoQ and A) 0.4 µM 
erastin or B) 170 µM hemin. Data are shown as percentage of control conditions, n = 8 replicates. Cell death 
was measured by FACS analysis after staining with Annexin V and PI, 16 hours post treatment with C) 
0.5 µM erastin and 0.5 µM MitoQ or D) 170 µM hemin and 1 µM MitoQ. Mitochondrial superoxide formation 
was measured by FACS analysis of MitoSOX stained neuronal HT22 cells. The measurement was 
conducted 16 hours after treatment with E) 0.5 µM erastin and 0.5 µM MitoQ or F) 170 µM hemin and 0.5 µM 
MitoQ (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). *** p < 0.001 compared to 
control condition and ### p < 0.001 compared to erastin-treated control condition (ANOVA, Scheffé’s test). 
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To further examine the mitochondrial involvement and effects of MitoQ in hemin toxicity, 

Seahorse measurements were conducted. Past studies have already established that 

MitoQ also induces metabolic effects in addition to its antioxidant mitochondrial ROS 

scavenging properties52. Even at low concentrations, MitoQ elicited a basal reduction in 

mitochondrial respiration and a slight increase in glycolysis (Figure 35 A, B). This effect 

is amplified by the simultaneous application of erastin, resulting in a pronounced 

metabolic shift towards glycolysis (Figure 35 C, D). Co-treatment with MitoQ and erastin 

significantly reduced the OCR compared to erastin treatment alone, rendering cells 

unresponsive to the uncoupling agent FCCP. However, it protected the cells by 

increasing basal ECAR compared to control condition. In conditions of co-treatment with 

hemin and MitoQ, the OCR was markedly reduced, but also the ECAR was significantly 

declined (Figure 35 E, F). These findings affirm that MitoQ induced a metabolic shift in 

erastin-mediated ferroptosis, but failed to prevent a metabolic breakdown in conditions 

of hemin toxicity.  

 

Figure 35. MitoQ induces a metabolic shift in erastin-mediated ferroptosis. 
Seahorse measurements were performed 16 hours after treatment induction with measuring the A, C, 
E) mitochondrial respiration (OCR) and B, D, F) glycolysis (ECAR). The cells were treated with A, B) 0.25 µM 
and 0.5 µM MitoQ to assess the basal effects on the OCR and ECAR or with C, D) 0.4 µM erastin and 
0.25 µM and 0.5 µM MitoQ or E, F) 150 µM hemin and 0.25 µM and 0.5 µM MitoQ. Data are shown as mean 
± SD with n = 7 – 8 replicates per condition). 

A B

C D

E F

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

200

250

Time (minutes)

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Control
Erastin 0.4 µM
Erastin + MitoQ 0.25 µM
Erastin + MitoQ 0.5 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

200

Time (minutes)

EC
A

R
 (m

pH
/m

in
/N

or
m

. U
ni

t)

Control
Erastin 0.4 µM
Erastin + MitoQ 0.25 µM

Erastin + MitoQ 0.5 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

200

250

Time (minutes)

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Control
Hemin 150 µM
Hemin + MitoQ 0.25 µM
Hemin + MitoQ 0.5 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

Time (minutes)

EC
A

R
 (m

pH
/m

in
/N

or
m

. U
ni

t)

Control
Hemin 150 µM
Hemin + MitoQ 0.25 µM
Hemin + MitoQ 0.5 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

200

250

Time (minutes)

O
C

R
 (p

m
ol

/m
in

/N
or

m
. U

ni
t)

Control
MitoQ 0.25 µM
MitoQ 0.5 µM

0 20 40 60 80 100 120

Oligo FCCP Rot/AA 2-DG

0

50

100

150

200

Time (minutes)

EC
A

R
 (m

pH
/m

in
/N

or
m

. U
ni

t)

Control
MitoQ 0.25 µM
MitoQ 0.5 µM



Results 

 84 

4.2.8. Metformin prevented erastin-mediated ferroptosis 

Considering the understanding that MitoQ has metabolic effects in addition to its 

antioxidant properties but has not prevented hemin-induced ferroptosis in neuronal HT22 

cells, the investigation focused on metabolic intervention with the complex 1 inhibitor and 

adenosine monophosphate-activated protein kinase (AMPK) activator metformin. In this 

context, metformin was observed to elevate metabolic activity after erastin treatment, 

displaying only partial protective effects with no discernible concentration-dependent 

impact (Figure 36 A). In contrast, cell death measurements revealed a clear 

concentration-response relationship, with 30 mM metformin exhibiting the most 

pronounced protection (Figure 36 B). After hemin treatment in the HT22 cells, a notable 

reduction in metabolic activity was evident, and none of the tested concentrations of 

metformin protected the cells from hemin-induced ferroptosis (Figure 36 C). These 

results indicated that hemin toxicity differs from erastin-mediated ferroptosis, as 

mitochondrial damage is associated in hemin toxicity, but not causal. In contrast, erastin-

induced ferroptosis prominently engages mitochondria in the process of cell death and 

was rescued through metabolic interventions, such as those involving metformin or 

MitoQ. 

 

Figure 36. Metformin protects against erastin, but not hemin-induced ferroptosis. 
A) MTT assay was performed 16 hours after treatment with 0.5 µM erastin and 5 – 20 mM metformin. Data 
are shown as percentage of control conditions, n = 8 replicates. B) Cell death was measured by FACS 
analysis after staining with Annexin V and PI, 16 hours post treatment with 0.4 µM erastin and 10 – 30 mM 
metformin (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). C) MTT assay was 
conducted 16 hours after the onset of treatment with 150 µM hemin and 1 – 20 mM metformin. Data are 
shown as percentage of control conditions, n = 8 replicates. *** p < 0.001 compared to control condition and 
### p < 0.001 compared to erastin-treated control condition (ANOVA, Scheffé’s test).  
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4.3. Novel ebselen-derived selenium compounds for 

pharmacological intervention of ferroptosis 

From the data presented before, it is evident that ferroptosis can be induced in various 

cell models by different compounds, such as erastin, hemin, glutamate or RSL3. Given 

that ferroptosis is implicated in various diseases like neurodegenerative disorders, acute 

kidney injury, stroke, and cancer40,41,182–184, it becomes crucial to develop 

pharmacological treatment strategies, specific for each disease. Therefore, the focus of 

further experimental approaches shifted to the central antioxidant selenoenzyme GPx4, 

which plays an important role in ferroptosis. GPx4 is the target for the ferroptosis inducer 

RSL3 and, following erastin treatment, exhibits reduced activity, leading to the loss of its 

primary function in reducing hydroperoxides and preventing lipid peroxidation with 

detrimental consequences for cell survival. Due to the crucial role of GPx4 in the 

ferroptosis pathway, the synthetic organoselenium compound ebselen has attracted 

great interest. Ebselen works by reducing ROS using a mechanism similar to the action 

of GPx4. It is known for its ability to scavenge radicals by effectively inhibiting the 

production of free radicals and the subsequent toxic by-products that result from these 

radical reactions95,96. Ebselen is currently being tested in clinical trials to investigate its 

potential to treat a variety of diseases. And because it demonstrates high potential as a 

compound in the treatment of various diseases, there was a need to investigate whether 

this is also possible in the models of ferroptosis. However, specific clinical trials have 

revealed significant cellular toxicity100, underscoring the importance of investigating novel 

selenium compounds or derivatives with potentially reduced toxicity. Therefore, novel 

compounds derived from ebselen were designed and synthesized. Among a selection of 

seven successful synthesized selenium compounds, three selenium compounds proved 

to have the most neuroprotective effects in preliminary tests in direct comparison to the 

other compounds. Therefore, these three compounds were further investigated and 

characterized in neuronal HT22 cells in the following chapter, according to their ability to 

prevent against ferroptotic cell death. 
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4.3.1. Development of unique selenium compounds based on 

the scaffold of ebselen 

Derived from ebselen (Figure 37 A), the three new selenium compounds were named 

Schl-36.185 (Figure 37 B), Schl-36.226 (Figure 37 C) and Schl-36.188 (Figure 37 D). 

 

Figure 37. Structure of ebselen and the novel selenium compounds Schl-36.185, Schl-
36.226, and Schl-36.188. 
A) Structure of the scaffold molecule ebselen and the newly designed selenium compounds B) Schl-36.185, 
C) Schl-36.226, and D) Schl-36.188.  
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4.3.2. EC50 determination for the selenium compounds 

To assess the protective potential of the novel selenium compounds against ferroptosis, 

neuronal HT22 cells were treated using the ferroptosis inducer erastin. Co-treatment with 

the compounds was carried out with increasing concentrations to determine EC50 and 

EC100 concentrations. The EC50 is the concentration of a drug that elicits a half-maximal 

response, whereas the EC100 is the concentration that gives a full response. The 

metabolic activity was assessed by MTT assay 16 hours after treatment onset and one 

representative experiment was depicted (Figure 38 A, C, E). For determination of the 

EC50, at least four independent MTT experiments were pooled and fitted. The 

calculations unveiled low micromolar EC50 values, ranging from 0.15 µM for Schl-36.226, 

0.28 µM for Schl-36.185 to 0.32 µM for Schl-36.188 (Figure 38 B, D, F). Metabolic activity 

was restored to control levels (EC100) at 0.5 µM for Schl-36.185 and Schl-36.226, and 1 

µM for Schl-36.188. Consequently, the following concentrations were applied in the 

following experiments: 0.2 µM (EC50) and 0.5 µM (EC100) for Schl-36.185, 0.1 µM (EC50) 

and 0.5 µM (EC100) for Schl-36.226, and 0.3 µM (EC50) and 1 µM (EC100) for Schl-36.188. 
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Figure 38. MTT screening of EC50 and EC100 concentrations of the selenium compounds. 
Metabolic activity screening of the selenium compounds A) Schl-36.185, C) Schl-36.226 and E) Schl-36.188 
in neuronal HT22 cells. MTT assay was performed after 16 hours treatment with 0.4 µM erastin and the 
indicated concentrations of the respective selenium compounds. Data are shown as percentage of control 
conditions with n = 8 replicates. B, D, F) MTT results from four to six independent experiments were pooled 
and plotted to determine the EC50 concentration of each selenium compound. Concentrations ranging from 
0.01 – 1 µM were co-treated with 0.4 µM erastin for 16 hours, followed by MTT analysis. EC50 values were 
calculated using Prism software. The EC50 concentration of B) Schl-36.185 is 0.28 µM, D) Schl-36.226 is 
0.15 µM and for F) Schl-36.188 is 0.32 µM. Data are shown as mean ± SD. +++ p < 0.001 compared to 
control condition and ### p < 0.001 compared to erastin-treated control condition (ANOVA, Bonferroni test). 
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4.3.3. Basal cell toxicity 

Prior to the investigation of the protective properties of the compounds against 

ferroptosis, it had to be clarified whether the compounds are well-tolerated and have a 

basal influence on neuronal HT22 cells. To evaluate the toxic potential of the new 

selenium compounds, HT22 cells were exposed to the three selenium compounds at 

concentrations ranging from 10 to 100 times higher than those required for maximal 

protective effects, since the EC100 concentrations are 0.5 µM and 1 μM (Figure 38). The 

compounds were tested in different concentrations in the MTT assay, revealing toxic 

effects on metabolic activity at higher concentrations starting from 10 µM after 16 hours 

of treatment (Figure 39 A). However, such high concentrations were not employed in the 

ferroptosis models and the relevant concentrations applied there exhibit no apparent cell 

toxicity. Additionally, toxic effects were investigated at concentrations of 1 µM using 

various methods. Cell death detected by Annexin V/PI staining (Figure 39 B), 

measurement of mitochondrial parameters such as mitochondrial ROS production 

(Figure 39 C), DYm (Figure 39 D), and metabolic parameters such as mitochondrial 

OCR, and glycolysis (Figure 39 G) were assessed, followed by measurements of lipid 

peroxidation (Figure 39 E) and soluble cytosolic ROS production (Figure 39 F). None of 

these assays revealed any toxic effect nor showed an interaction with the fluorescence 

dyes, suggesting that the compounds did not harm the cells at working concentrations 

applied in further experiments.  
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Figure 39. Selenium compounds are well tolerated and exert cytotoxic effects only at 
higher concentrations. 
The selenium compounds were tested under basal conditions to check for possible toxic effects on the 
neuronal HT22 cells. A) Higher micromolar concentrations (1 - 100 µM) of the compounds were tested in 
the MTT assay to check for toxic effects. All three compounds showed cytotoxic effects on metabolic activity 
at higher concentrations starting from 10 µM as detected 16 hours after the onset of the treatment. Data are 
shown as percentage of control conditions with n = 8 replicates. Further basal effects were tested with 1 µM 
of each compound in different assays. B) Cell death, C) mitochondrial ROS formation, and D) DYm were 
measured after 16 hours treatment with no visible toxic effect on these parameters. E) Lipid peroxidation 
and F) soluble, cytosolic ROS formation were measured after 8 hours treatment with no visible toxicity as 
well (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). G) The measurement of 
mitochondrial respiration and glycolysis was also unremarkable in its findings. Data are shown in mean ± 
SD with n = 8. *** p < 0.001; * p < 0.05 compared to DMSO control condition (ANOVA, Bonferroni test). 
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4.3.4. Selenium compounds prevent erastin- and RSL3-

mediated ferroptosis 

Now, that the concentrations are known at which the compounds exhibit partial and full 

protection, the effects on the inhibition of ferroptotic cell death were assessed. 

Ferroptosis induction was achieved using 0.4 µM erastin or 0.2 µM RSL3 and after 16 

hours, cell death was quantified after Annexin V/PI co-staining. Both ferroptosis inducers 

significantly initiated cell death in neuronal HT22 cells compared to control conditions 

(Figure 40 A, B). The three selenium compounds partially reduced cell death at EC50 

concentrations and entirely prevented erastin- or RSL3-mediated ferroptosis at EC100 

concentrations. Additionally, real-time impedance measurements with the xCELLigence 

system validated the FACS analysis results, demonstrating that the EC100 concentrations 

provided complete protection and the EC50 concentration of Schl-36.185 (in erastin-

mediated ferroptosis) and Schl-36.188 (in RSL3-mediated ferroptosis) protected 50% of 

the cells. Furthermore, real-time impedance measurements revealed that RSL3-

mediated ferroptosis occurred 3 to 4 hours after the onset of the treatment, whereas 

erastin-mediated ferroptosis occurred later, i.e., 7 to 8 hours after erastin exposure 

(Figure 40 C, D). Hence, it highlights the differences between the two ferroptosis inducer. 

RSL3 induces ferroptosis more rapidly as it directly targets GPx4, whereas erastin acts 

upstream in the cascade by inhibiting the xCT antiporter, subsequently leading to GSH 

depletion and thereby to reduced GPx4 activity. 
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Figure 40. Cell death and real-time impedance measurement reveal protective effects of 
the compounds derived from ebselen against ferroptosis. 
A, B) Cell death measurements using Annexin V and PI staining revealed a concentration-dependent 
protection of the selenium compounds against ferroptosis induced by A) 0.4 µM erastin or B) 0.2 µM RSL3 
16 hours after treatment (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). C, D) Real-
time impedance measurement using the xCELLigence system demonstrates a time- and dose-dependent 
protective effect over 17 to 19 hours of treatment. Each curve is depicted as mean ± SD, containing 
measurement points of n = 8 replicates. +++ p < 0.001 compared to untreated control; ### p < 0.001 
compared to erastin- or RSL3-treated control; *** p < 0.001; ** p < 0.01; * p < 0.05 EC50 value compared to 
EC100 value of the same compound (ANOVA, Bonferroni test).  

Subsequently, investigations were conducted to determine whether the compounds 

exclusively averted ferroptotic cell death or if they also had an impact on the caspase-

dependent apoptotic cell death pathway induced by staurosporine (STS). Therefore, the 

HT22 cells were one hour pre-treated with the caspase inhibitor Q-VD-OPh (QVD) as 

positive control and the selenium compounds, followed by additional 16 hours treatment 

with STS. Cell death was analyzed using the FACS after co-staining the cells with 

Annexin V/PI. The selenium compounds did not exhibit protective effects against 

caspase-dependent apoptosis induced by STS, as evidenced by the lack of protection 

compared to the caspase inhibitor QVD in HT22 cells (Figure 41). This suggests that the 

selenium compounds specifically target caspase-independent cell death pathways, such 

as ferroptosis. 
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Figure 41. No protection against STS-induced apoptosis by the novel selenium 
compounds. 
HT22 cells were pre-treated for 1 hour with the EC100 concentration of the selenium compounds and 10 µM 
QVD as positive control, followed by co-treatment with 1 µM staurosporine (STS) for additional 16 hours. 
Cell death was quantified by FACS analysis of Annexin V and propidium iodide-stained cells (5,000 cells per 
replicate of n = 3 replicates, percentage of gated cells). +++ p < 0.001 compared to untreated control; 
### p < 0.001 compared to STS-treated control (ANOVA, Bonferroni test).  

4.3.5. Inhibition of ROS formation by selenium compounds 

during ferroptosis 

Lipid peroxidation, a known feature of ferroptosis185, was investigated to better 

understand the mechanism that mediates protection by the selenium compounds. Due 

to the fact that the selenoprotein GPx4 neutralizes complex hydroperoxides in the cell186, 

the goal was to elucidate the impact of the selenium compounds on ROS formation 

following ferroptosis initiation induced by two distinct ferroptosis inducers, erastin, and 

RSL3. As anticipated from prior investigations52, elevated levels of lipid ROS and 

cytosolic soluble ROS were observed 8 hours after onset of ferroptosis induction (Figure 

42 A – D). The increase in lipid peroxidation surpassed the increase in cytosolic ROS 

levels measured by DCF staining. All three selenium compounds effectively alleviated 

ferroptotic ROS formation at their respective EC50 and EC100 concentrations. The 

disparities between EC50 and EC100 concentrations of each compound were more 

evident following RSL3 treatment compared to erastin-induced ferroptosis. This 

discrepancy was likely attributed to the direct GPx4 inhibition by RSL3 and the 

consequent significant reduction of antioxidative capacity. Given the pronounced effects 

of the selenium compounds against ferroptotic ROS formation, an examination on their 

potential for direct radical scavenging properties was undertaken (Figure 42 E). The 

results revealed only moderate antioxidative effects in the established DPPH assay, even 

at the full protective concentrations of 1 µM, closely resembling the effects observed with 
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the DMSO control. For this reason, further exploration was conducted to ascertain 

whether the selenium compounds exhibit anti-ferroptotic effects via direct antioxidative 

mechanisms. Considering that H2O2 is one of the ROS contributing to oxidative damage 

in HT22 cells during ferroptosis187, the influence of the compounds on H2O2 was 

investigated. In the H2O2 model of oxidative cell damage, similar protective effects were 

observed for the selenium compounds as for the radical scavenger and vitamin E 

derivative trolox (Figure 42 F). Hence, it can be suggested that the selenium compounds 

may act through additional antioxidative properties, despite the lack of radical 

scavenging properties revealed by the DPPH assay. 

 
Figure 42. Selenium compounds prevent the formation of lipid and soluble, cytosolic ROS 
independently of intrinsic ROS scavenging capabilities. 
A, B) Measurement of lipid ROS formation and C, D) DCF staining for measuring soluble, cytosolic ROS 
formation 8 hours after the induction of ferroptosis by 0.4 µM erastin or 0.2 µM RSL3 with and without co-
treatment of the indicated concentrations of the selenium compounds (5,000 cells per replicate of n = 3 
replicates, percentage of gated cells). E) Radical scavenging capacity was measured via DPPH assay. 50 
µM and 150 µM trolox served as positive control, DMSO and 75% ethanol (EtOH) as negative control and 
the compounds were tested at a concentration of 1 µM. All results were background corrected to the ethanol 
condition. Data are shown as mean ± SD with n = 5 replicates. F) HT22 cells were co-treatment with 0.8 mM 
H2O2 and the EC100 concentration of the selenium compounds or 50 µM trolox for 16 hours. Metabolic activity 
was quantified by MTT assay. Data are shown as percentage of control conditions with n = 8 replicates. 
+++ p < 0.001 compared to untreated control; ### p < 0.001 compared to erastin or RSL3-treated control; 
*** p < 0.001 or * p < 0.05 EC50 value compared to EC100 value of the same compound (ANOVA, Bonferroni 
test). 
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4.3.6. Novel selenium compounds influenced glutathione and 

GPx4 levels 

Expanding on the successful inhibition of ferroptotic ROS formation by the selenium 

compounds, the subsequent investigations further addressed the selenoenzyme GPx4. 

This comprehensive exploration encompassed the detection of GPx4 expression and 

glutathione levels. To initially assess baseline effects on GPx4 protein expression, 

Western blot analysis was conducted after 16 hours of treatment. The results revealed 

that Schl-36.185 and Schl-36.188 only modestly increased GPx4 levels and these effects 

did not reach statistical significance compared to the control conditions. In contrast, 

compound Schl-36.226 significantly upregulated GPx4 protein expression, exhibiting a 

fourfold increase over control levels (Figure 43 A, B). Afterward, the GPx4 levels were 

analyzed after treatment with the direct GPx4 inhibitor RSL3 (Figure 43 C, D). The results 

indicated a slight reduction in GPx4 levels caused by RSL3, which was restored to 

control levels when combined with Schl-36.185 and Schl-36.188. Again, the results 

confirmed the significant elevation of GPx4 expression levels by Schl-36.226, although 

these effects were only 1.5-fold over control levels in co-treatment conditions with RSL3 

and, thus, not as pronounced as compared to baseline effects. These findings suggested 

that Schl-36.226 induced an increase in GPx4 expression at the protein level, a 

phenomenon that was not observed with the other two compounds, Schl-36.185 and 

Schl-36.188. The effects on GPx4 expression levels were still detected, albeit less 

pronounced, in the presence of RSL3. 



Results 

 96 

 

Figure 43. Elevated GPx4 protein levels upon selenium compound treatment. 
A) Quantification by optical density of the GPx4 protein level after treatment with the selenium compounds 
with a concentration of 1 µM alone for 16 hours (n = 3). C) HT22 cells were co-treated with 0.2 µM RSL3 
and 1 µM of the respective selenocompound for 4 hours for Western blot quantification (n = 3). 
B, D) Representative Western blot of the protein of interest (GPx4, 17 kDa) and the housekeeping protein 
(vinculin, 116 kDa) after B) 16 hours basal selenium compound treatment or D) 4 hours co-treatment with 
RSL3. Western blot gels were cropped to the proteins of interest. +++ p < 0.001 compared to untreated 
control, ### p < 0.001; ## p < 0.01 compared to RSL3-treated control (ANOVA, Bonferroni test). 

As the diselenid Schl-36.226 increased GPx4 levels, further exploration focused on the 

benzisoselenazole counterpart Schl-48.014 and if this compound was also able to 

influence the GPx4 protein levels. Since the diselenid contains a selenium-selenium 

bond, providing two selenium molecules compared to one in the benzisoselenazole, the 

concentration of Schl-48.014 was doubled to achieve equimolar conditions for selenium 

supply compared with the diselenid. However, the results indicated an elevation in GPx4 

levels only by the diselenid Schl-36.226, both under basal conditions and after RSL3 

treatment (Figure 44 A, B). Therefore, it can be inferred that Schl-48.014 did not affect 

GPx4 levels, even after doubling the concentration, and this property seems to be 

specific to the selenium compound Schl-36.226. 
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Figure 44. Diselenid Schl-36.226 enhances GPx4 protein levels, but neither does 
benzisoselenazole Schl-48.014. 
A) Quantification by optical density of the GPx4 protein levels after co-treatment with 1 µM RSL3 and 1 µM 
Schl-36.226 or 4 µM Schl-48.014 for 4 hours (n = 3). B) Western blot replicates from the quantification of the 
protein of interest (GPx4, 17 kDa) and the housekeeping protein (vinculin, 116 kDa). Western blot gels were 
cropped to the proteins of interest. 

Furthermore, the impact of the selenium compounds on GSH concentration and the 

GSH-to-GSSG ratio was explored (Figure 45). The ratio between GSH and GSSG is a 

crucial parameter in cellular redox homeostasis. Under normal conditions, the 

GSH/GSSG ratio predominantly favors GSH, indicating robust antioxidant capacity. 

However, during oxidative stress or other oxidative challenges, this ratio shifts towards 

the dimer GSSG, an indicator of oxidative dysregulation, as GSH is increasingly oxidized 

in the process of neutralizing ROS and attenuating oxidative damage164,188–190. The 

effects of the compounds were assessed on GSH concentration and the GSH/GSSG 

ratio under both basal and RSL3-treated conditions following a 4-hour treatment period. 

Remarkably, Schl-36.185 had only a marginal impact, while Schl-36.226 and especially 

Schl-36.188 substantially elevated GSH concentrations under basal conditions (Figure 

45 A). After RSL3 treatment, GSH levels were drastically reduced but could be restored 

to the control level through co-treatment with the selenium compounds. Menadione, also 

known as vitamin K3, served as a negative control. It is a synthetic compound with pro-

oxidant properties that has been extensively used in research settings to induce 

oxidative stress and disrupt redox homeostasis within cells. Menadione achieves this by 

promoting the generation of ROS and causing oxidative damage to cellular 

components165,191. It was observed that menadione induced a reduction in GSH 

concentration and a shift in the GSH/GSSG ratio towards GSSG, indicating oxidative 

dysregulation. In this study, the compounds did not significantly affect the GSH/GSSG 



Results 

 98 

ratio under basal conditions (Figure 45 B). However, exposure to RSL3 led to a shift 

towards GSSG which, intriguingly, could be reversed in favor of GSH through a co-

treatment with the selenium compounds. This suggests a therapeutic effect of the 

selenium compounds by increasing GSH levels relative to GSSG, emphasizing their 

potential role in promoting cellular GSH antioxidant defense. 

 

Figure 45. Selenium compounds restore glutathione concentration after ferroptosis 
induction. 
A) Total glutathione concentration and B) GSH/GSSG ratio were calculated by performing the GSH/GSSG 
Glo assay after 4 hours treatment with 1 µM of the selenium compounds in absence or presence of 1 µM 
RSL3 and treatment of 25 µM menadione as positive control (n = 3). +++ p < 0.001; ++ p < 0.01 compared 
to untreated control, ### p < 0.001; ## p < 0.01 compared to RSL3-treated control (ANOVA, Bonferroni test). 
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4.3.7. Preserving mitochondrial parameters by the novel 

selenium compounds 

Having confirmed that the compounds can protect against the hallmarks of ferroptosis 

such as lipid peroxidation and cytosolic ROS formation (Figure 42), the investigation 

progressed to elucidate the subsequent stages in the ferroptotic cascade. The induction 

of lipid and cytosolic ROS triggers mitochondrial impairment, evidenced by the decline 

in membrane potential, increased ROS generation, compromised respiration, and 

mitochondrial lipid peroxidation. Consequently, it was further aimed at confirming the 

potential of the compounds in averting these mitochondrial constraints and to assess 

their impact on mitochondrial parameters. The results not only highlight the efficacy  of 

the selenium compounds in mitigating early ferroptotic hallmarks but also reveal their 

potential in protecting mitochondrial function and structural integrity, which serves as a 

comprehensive cellular protection mechanism. The fluorescence dye MitoPerOx, a 

BODIPY-C11 derivative capable of detecting lipid peroxidation in the mitochondrial inner 

membrane, was initially employed. After inducing ferroptosis in neuronal HT22 cells, 

enhanced mitochondrial lipid peroxidation levels were observed, which were significantly 

alleviated by the selenium compounds at EC50 concentrations, with complete protection 

achieved at EC100 concentrations (Figure 46 A, B). Furthermore, the selenium 

compounds exhibited notable protective effects on mitochondrial ROS formation after 16 

hours of erastin or RSL3 treatment (Figure 46 C, D). Similar results were observed for 

DYm, where ferroptosis induction led to DYm loss, and the selenium compounds 

effectively preserved mitochondrial membrane integrity and potential (Figure 46 E, F). 

Notably, the selenium compounds demonstrated greater efficacy in preventing erastin-

induced ferroptosis compared to RSL3-mediated ferroptosis, with EC50 concentrations 

providing partial protection in the latter case. To assess morphological changes in 

mitochondria post-ferroptosis induction, the cells were treated with RSL3 for 5 hours, 

followed by MitoTracker DeepRed staining for subsequent microscopic analysis. 

Ferroptosis induction resulted in a transition from elongated to fragmented mitochondria 

with reduced size, a phenomenon significantly mitigated by concurrent treatment with 

the selenium compounds (Figure 46 G, H). These findings support the conclusion that 

ferroptosis is associated with mitochondrial damage and loss of organelle membrane 

integrity, and the selenium compounds exert protective effects at the mitochondrial level, 

effectively shielding them from ferroptotic damage. 
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Figure 46. Selenium compounds prevent mitochondrial lipid peroxidation, ROS formation, 
fragmentation, and the loss of DYm. 
HT22 cells were co-treated for 16 hours with 0.2 µM RSL3 or 0.4 µM erastin and the respective EC50 and 
EC100 concentrations of the compounds Schl-36.185, Schl-36.226 and Schl-36.188. Different fluorescence 
dyes were used to measure for A, B) mitochondrial lipid peroxidation (MitoPerOx); C, D) mitochondrial ROS 
formation (MitoSOX) or E), F) DYm (TMRE) (5,000 cells per replicate of n = 3 replicates, percentage of 
gated cells). +++ p < 0.001 compared to untreated control; ### p < 0.001 compared to erastin- or RSL3-
treated control; *** p < 0.001; ** p < 0.01; * p < 0.05 EC50 value compared to EC100 value of the same 
compound (ANOVA, Bonferroni test). G) Representative images (63x oil objective) of mitochondrial 
morphology staining with MitoTracker DeepRed after 5 hours treatment with 0.2 µM RSL3 and the EC100 
concentrations of the compounds. Scale bar: 10 µm. H) Analysis of the average mitochondrial size (µm2) of 
at least 78 cells per condition. *** p < 0.001 or ** p < 0.01 untreated control compared with RSL3 treated 
control and the selenocompound co-treated conditions compared to the RSL3 treated control (ANOVA, 
Bonferroni test). 
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4.3.8. Novel selenium compounds retained mitochondrial 

respiration and glycolysis  

To explore the modulation of cellular energy metabolism in response to ferroptosis 

induction combined with the novel selenium compounds, the Seahorse XF fluxmeter was 

employed. Treatment of neuronal HT22 cells with erastin or RSL3 resulted in a complete 

exhaustion of mitochondrial respiration and glycolysis (Figure 47 A-D). Under basal 

conditions, the selenium compounds did not significantly influence OCR or ECAR 

compared to the control conditions (Figure 39 G). Co-treatment with the selenium 

compounds and erastin partially protected mitochondrial OCR, although it did not fully 

restore mitochondrial respiration to the basal control level (Figure 47 A). However, ECAR 

measurements showed that the selenium compounds Schl-36.226 and Schl-36.188 

slightly elevated basal glycolysis compared to the control condition, whereas ECAR 

remained at control levels in cells treated with the selenium compound Schl-36.185. 

Notably, the selenium compounds achieved complete protection against erastin 

regarding ECAR levels with Schl-36.185 reaching levels slightly below the control 

condition (Figure 47 B). In co-treatment conditions with RSL3, the compounds also 

exhibited protective effects against the ferroptosis-mediated decline of metabolism. 

Here, a mild reduction in maximal respiration, following FCCP injection, was observed 

with the selenium compounds Schl-36.226 and Schl-36.188 compared to control 

conditions and Schl-36.185 treatment (Figure 47 C). In ECAR measurements, Schl-

36.185 induced a slight increase in glycolysis, while selenium compounds Schl-36.226 

and Schl-36.188 remained at control levels (Figure 47 D). Measurements of basal 

respiration revealed that the selenium compounds only achieved partial protection of this 

parameter in conditions of erastin-mediated ferroptosis (Figure 47 E). In contrast, basal 

glycolysis was increased by selenium compound Schl-36.226 and Schl-36.188 in 

erastin-treatment conditions, whereas the selenium compound Schl-36.185 increased 

basal glycolysis rates under RSL3 treatment, all compared to respective ferroptosis 

controls (Figure 47 F). ATP levels and metabolic activity measurements also 

demonstrated a significant reduction in metabolism and energy supply following 

ferroptosis induction, likely attributed to substantial mitochondrial impairment. However, 

simultaneous treatment with the selenium compounds restored energy metabolism, and 

for ATP levels, there was even a slight increase in energy supply compared to the 

respective control condition (Figure 47 G, H). These data suggest that the selenium 

compounds preserved mitochondrial energy metabolism, thereby mediating cellular 

protection against the deleterious effects of oxidative stress. 
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Figure 47. Selenium compounds retain mitochondrial function, respiration, and glycolysis 
upon ferroptosis induction. 
Representative results from Seahorse measurements of A, C) mitochondrial respiration (OCR) and B, D) 
glycolysis (ECAR) after 16 hours co-treatment with 0.4 µM erastin or 0.2 µM RSL3 and the respective EC100 
concentration of the selenium compound. Data are shown as mean ± SD with n = 6 – 8 replicates per 
condition. E) Quantification of basal respiration and F) basal glycolysis before oligomycin (Oligo) injection of 
the Seahorse measurement A-D). G) ATP levels were detected 16 hours after 0.4 µM erastin or 0.2 µM RSL3 
co-treatment with 0.5 µM or 1 µM of the selenium compounds via ATP luminescence kit. Data are shown as 
percentage of control conditions with n = 8 replicates. H) Metabolic activity was determined by MTT assay 
after 16 hours treatment with 0.4 µM erastin, 0.2 µM RSL3 and 0.5 µM or 1 µM selenium compounds. Data 
are shown as percentage of control conditions with n = 8 replicates. +++ p < 0.001 compared to untreated 
control; ### p < 0.001 compared to erastin- or RSL3-treated control (ANOVA, Bonferroni test). 
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4.3.9. Selenium compounds mitigated ferroptosis in post-

treatment conditions 

To further evaluate the effectiveness of the novel compounds, post-treatment 

experiments were conducted to explore the duration for which the compounds could be 

administered after the initiation of ferroptosis and still demonstrate a protective effect. 

This investigation holds potential clinical relevance for future post-treatment strategies. 

Neuronal HT22 cells were exposed to the ferroptosis inducer RSL3 up to 8 hours before 

the application of the selenium compounds. Subsequently, post-treatment with the 

selenium compounds continued for additional 16 hours, resulting in a total treatment 

duration of 24 hours. The MTT assay indicated that the compounds could protect the 

cells up to 4 hours before a decline in metabolic activity (Figure 48 A). Measurements of 

cytosolic ROS production demonstrated protection for up to 6 hours following RSL3 

treatment (Figure 48 D). Mitochondrial ROS production (Figure 48 E), loss of DYm 

(Figure 48 F), cell death (Figure 48 B), and the ferroptosis hallmark lipid peroxidation 

(Figure 48 C) were mitigated when the compounds were applied up to 8 hours after 

ferroptosis induction. This suggests that the selenium compounds exhibit notable post-

treatment potency, capable of protecting cells for hours following the initiation of oxidative 

stress. 
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Figure 48. Cell death, ROS formation, and loss of mitochondrial integrity are attenuated by 
the selenium compounds when applied up to 8 hours after ferroptosis induction. 
RSL3-mediated ferroptosis (0.2 µM) was induced 0 to 8 hours prior to the addition of the novel selenium 
compounds (0.5 µM or 1 µM) for further 16 hours. Total RSL3 treatment time was 24 hours. Post-treatment 
time window was measured by A) MTT assay for the determination of metabolic activity. Data are shown as 
percentage of control conditions with n = 8 replicates. B) Annexin V and PI staining was used for cell death 
measurements, C) BODIPY dye for the detection of lipid peroxidation, D) DCF staining to observe cytosolic 
ROS formation, E) MitoSOX for mitochondrial ROS formation, and F) TMRE dye to measure DYm (5,000 
cells per replicate of n = 3 replicates, percentage of gated cells). +++ p < 0.001 compared to untreated 
control condition; ### p < 0.001, ## p < 0.01 compared to RSL3-treated control condition (ANOVA, 
Bonferroni test). 

Similar effects were observed following treatment with the ferroptosis inducer erastin, 

where the protection could be fully maintained by all three selenium compounds even 

8 hours after erastin-mediated ferroptosis (Figure 49). Only in the measurement of DYm, 

a slightly reduced protection was evident after 8 hours (Figure 49 F), otherwise the 8-

hour post-treatment conditions were all approximately at control levels. From these data 
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it can be deduced that the time-dependent protection with RSL3 wears off earlier than 

with erastin, where the compounds are still fully protective even after 8 hours. 

 

Figure 49. Up to 8 hours after induction, erastin-mediated ferroptosis is prevented by 
selenium compounds. 
Erastin-mediated ferroptosis (0.4 µM) was induced up to 8 hours before the addition of the novel selenium 
compounds (0.5 µM or 1 µM) for further 16 hours. Total erastin treatment time was 24 hours. Post-treatment 
time window was measured by A) MTT assay for the determination of metabolic activity. Data are shown as 
percentage of control conditions with n = 8 replicates. B) Annexin V and PI staining was used for cell death 
measurements, C) BODIPY dye for the detection of lipid peroxidation, D) DCF staining to observe cytosolic 
ROS formation, E) MitoSOX for mitochondrial ROS formation, and F) TMRE dye to measure DYm (5,000 
cells per replicate of n = 3 replicates, percentage of gated cells). +++ p < 0.001 compared to untreated 
control; ### p < 0.001 compared to erastin-treated control (ANOVA, Bonferroni test). 
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4.3.10. Attenuation of selenium compound protection varies with 

increasing ferroptosis inducer concentration 

To further characterize the novel selenium compounds, an assessment of their 

comparative efficacy was conducted under escalating ferroptosis stimuli while 

maintaining a consistent EC100 concentration for each compound. This allowed for 

determining which of the three selenium compounds could better withstand the 

increasing ferroptosis inducer concentrations. In terms of metabolic activity 

measurements, the protective effects of the selenium compounds were relatively similar 

(Figure 50 A). The main distinction observed among the compounds was that Schl-

36.185 exhibited the least protection at 3 µM RSL3, as visually depicted in the presented 

heat map (Figure 50 B). Annexin V/PI staining-based FACS analysis revealed that Schl-

36.185 was moderately protective at the lowest RSL3 concentration and exhibited a 

concentration-dependent decline in efficacy (Figure 50 C). Similar concentration-

dependent effects with reduced protective effects were observed for Schl-36.226 and 

Schl-36.188. However, both compounds exhibited more pronounced resilience to the 

increasing ferroptosis trigger compared to Schl-36.185. In a direct comparison between 

Schl-36.226 and Schl-36.188, Schl-36.188 emerged as the most potent compound in the 

cell death assay, although the detected differences were considered minor, as depicted 

in the heat map (Figure 50 D). 
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Figure 50. RSL3 reduces the protection of the selenium compounds in a concentration-
dependent manner. 
A) Metabolic activity was determined by MTT assay after 16 hours treatment with 1-3 μM RSL3 and co-
treated with the EC100 concentration of the three compounds derived from ebselen. Data are shown as 
percentage of control conditions with n = 8 replicates. C) Cell death was quantified by FACS analysis of 
Annexin V and PI-stained cells after addition of 1-3 μM RSL3 and co-treatment with the EC100 concentration 
of the selenium compounds for 16 hours. B, D) Representative heat maps of the respective measurement 
(5,000 cells per replicate of n = 3 replicates, percentage of gated cells). +++ p < 0.001 compared to untreated 
control; ### p < 0.001, ## p < 0.01, # p < 0.05 compared to RSL3-treated control condition (ANOVA, 
Bonferroni test). 

Due to the differences in the efficacy of selenium compounds against erastin and RSL3 

found in other assays, such as DYm measurements (Figure 49), the endurance of the 

compounds was also tested under increasing erastin concentrations. It became evident 

that even a 25-fold higher erastin concentration, compared to the standard erastin 

treatment, is insufficient to overcome the protective effects of the compounds (Figure 

51). This implies that the selenium compounds can withstand increasing erastin 

concentrations much better than RSL3, where a 15-fold concentration was already 

sufficient to significantly reduce metabolic activity (Figure 50 A). However, even here, 

subtle differences revealed that Schl-36.185 exhibits slightly less protection in terms of 

metabolic activity compared to the two diselenides, Schl-36.226 and Schl-36.188. This 

also corroborates the findings from the post-treatment experiments (Figure 48, Figure 

49), suggesting that the compounds lose potency earlier when facing RSL3-induced 

ferroptosis compared to erastin-induced ferroptosis. 
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Figure 51. Protection by selenium compounds even after increasing erastin 
concentrations. 
A) Metabolic activity was determined by MTT assay after 16 hours treatment with 2.5-10 μM erastin and co-
treated with the EC100 concentration of the three compounds derived from ebselen. Data are shown as 
percentage of control conditions with n = 8 replicates. C) Cell death was quantified by FACS analysis of 
AV/PI-stained cells after addition of 2-10 μM erastin and co-treatment with the EC100 concentration of the 
selenium compounds for 16 hours. B, D) Representative heat maps of the respective measurement (5,000 
cells per replicate of n = 3 replicates, percentage of gated cells). +++ p < 0.001 compared to untreated 
control; ### p < 0.001 compared to erastin-treated control condition (ANOVA, Bonferroni test). 
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48.019 was synthesized. For the diselenide compounds Schl-36.226 and Schl-36.188, 

the respective benzisoselenazole are Schl-48.014 and Schl-48.018. And lastly, for the 

benzisoselenazole Schl-36.185, the diselenide Schl-48.020 was synthesized (Figure 

52).  

 

Figure 52. Structure of diselenides and benzisoselenazoles. 
A) Structure of the scaffold molecule ebselen and E) the corresponding diselenide Schl-48.019. 
B) Compound Schl-36.185 and F) the corresponding diselenide Schl-48.020. C) Compound Schl-36.226 
and G) the corresponding benzisoselenazole Schl-48.014. D) Compound Schl-36.188 and H) the 
corresponding benzisoselenazole Schl-48.018. The diselenides are color-coded in blue, while the 
benzisoselenazoles are highlighted in green. 

To compare the effects of the benzisoselenazole with their respective diselenide, the 

selenium compounds were assessed in HT22 cells under standard ferroptosis conditions 

induced by 0.2 µM RSL3 and after escalating ferroptosis stimuli up to 3 µM RSL3 (Figure 

53 E). The cell death assay revealed that Schl-48.019, the diselenide counterpart to 
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more potent than their corresponding benzisoselenazole. In the case of the other 

selenium compounds, Schl-36.226 (Figure 53 B) and Schl-36.185 (Figure 53 D), and 

their corresponding counterparts, no major differences were observed in the cell death 

assays. In summary, selenium compounds existing as diselenides containing a 

selenium-selenium bond exhibit increased potency and effectiveness against RSL3-

induced ferroptosis in neuronal HT22 cells. 

 

Figure 53. Comparison of the respective partner molecules after increasing RSL3 
concentrations. 
A – D) Cell death was quantified by FACS analysis of AV/PI-stained cells after addition of 0.2, 1, 2 or 3 μM 
RSL3 and co-treatment with the EC100 concentration of the respective benzisoselenazole and diselenide for 
16 hours (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). E) Representative heat 
map of all four cell death measurements. +++ p < 0.001 compared to untreated control; ### p < 0.001 
compared to RSL3-treated control condition (ANOVA, Bonferroni test). 
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Using the same experimental setup, albeit without the standard RSL3 concentration of 

0.2 µM, the distinctions between benzisoselenazoles and diselenides were re-evaluated 

in the MTT assay (Figure 54). In this context, enhanced protections were observed for 

the diselenides Schl-48.019 and Schl-36.188, respectively, compared to ebselen and 

Schl-48.018. Once again, no differences were noted between the other two pairs, Schl-

48.014 and Schl-36.226, as well as Schl-36.185 and Schl-48.020. Consequently, the 

MTT results corroborate the findings from the cell death assays before (Figure 53). 

 

Figure 54. Diselenides outperform benzisoselenazoles after increasing RSL3 
concentrations by MTT assay. 
A – D) Metabolic activity was determined by MTT assay after addition of 1-3 μM RSL3 and co-treatment with 
the EC100 concentration of the respective benzisoselenazole and diselenide for 16 hours. Data are shown 
as percentage of control conditions with n = 8 replicates. +++ p < 0.001 compared to untreated control; 
### p < 0.001, ## p < 0.01 compared to RSL3-treated control condition (ANOVA, Bonferroni test). 
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As the selenium compounds are derived from the scaffold molecule ebselen, the 

protective effects of ebselen on neuronal HT22 cells were validated across various 

assays. For this purpose, different concentrations of ebselen were co-treated with RSL3, 

and measurements were performed after the respective incubation period. Under RSL3-

induced ferroptosis, clear concentration-dependent effects were observed, reaching a 

maximum at control levels with 15 µM and 20 µM ebselen (Figure 55). The effects are 

evident across all assays, encompassing aspects such as cell death, lipid peroxidation, 

as well as metabolic and mitochondrial parameters. 
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Figure 55. Protection by ebselen against RSL3-induced ferroptosis. 
A) MTT assay after 16 hours treatment with 0.2 µM RSL3 and 1 – 20 µM ebselen was determined. Data are 
shown as percentage of control conditions with n = 8 replicates. C) The xCELLigence system demonstrates 
a time- and dose-dependent anti-ferroptotic effect over 16 hours treatment with 0.1 µM RSL3 and 1 – 15 µM 
ebselen. Each curve is depicted as mean ± SD, containing measurement points of n = 8 replicates. FACS 
analysis measured B) cell death, E) mitochondrial lipid peroxidation, H) mitochondrial ROS formation and 
G) DYm after 16 hours, as well as D) lipid peroxidation and F) cytosolic ROS formation after 8 hours 
(5,000 cells per replicate of n = 3 replicates, percentage of gated cells). Measurements of I) mitochondrial 
respiration and J) glycolysis after 16 hours co-treatment with 0.1 µM RSL3 and 1 – 15 µM ebselen. Data are 
shown as mean ± SD with n = 6 – 8 replicates per condition. +++ p < 0.001 compared to untreated control; 
### p < 0.001, ## p < 0.01 compared to RSL3-treated control (ANOVA, Bonferroni test). 
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The same experiments were repeated with erastin to test whether ebselen exhibits 

distinct effects between erastin and RSL3 or if such differences were specific to the novel 

selenium compounds. Nevertheless, variations were observed with ebselen across both 

ferroptosis inducers. Ebselen demonstrates protective effects at lower concentrations 

against erastin compared to RSL3, as indicated by breaks at specific concentrations 

rather than concentration-dependent effects, as seen in the cell death assay starting 

from 5 µM (Figure 56 B). Additionally, some assays show protective effects even at the 

lowest concentration of 1 µM against erastin (Figure 56 D, E). Another distinction became 

evident in the Seahorse experiments, where 5 µM ebselen displays the most effective 

protection in both OCR and ECAR (Figure 56 I, J). However, with increasing ebselen 

concentrations, the impact on respiration and glycolysis diminishes. It is worth noting that 

the protection in the Seahorse measurements under erastin treatment was not as 

pronounced as under RSL3-induced ferroptosis, where 15 µM ebselen nearly reached 

control levels (Figure 55 I, J). In conclusion, ebselen exhibits protective effects against 

ferroptosis and differences in efficacy exist between the models of erastin and RSL3-

induced oxidative death. Moreover, the measurements highlight that 15-times higher 

concentrations of ebselen are required in conditions of RSL3-mediated ferroptosis 

compared to the compound Schl-36.188 (EC100 concentration of 1 µM). In comparison 

to compound Schl-36.185 and Schl-36.226 (EC100 concentration of 0.5 µM), the 

concentrations of ebselen required for protection were even 30-times higher. While 

ebselen was protective against ferroptosis in HT22 cells, the new selenium compounds 

surpass these effects at significantly lower concentrations, making them more potent in 

comparison to their scaffold molecule ebselen. 
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Figure 56. Concentration-dependent protection by ebselen against erastin-mediated 
ferroptosis. 
A) MTT assay after 16 hours treatment with 0.4 µM erastin and 1 – 20 µM ebselen was determined. Data 
are shown as percentage of control conditions with n = 8 replicates. C) The xCELLigence system 
demonstrates a time- and dose-dependent anti-ferroptotic effect over 16 hours treatment with 0.4 µM erastin 
and 1 – 15 µM ebselen. Each curve is depicted as mean ± SD, containing measurement points of n = 8 
replicates. FACS analysis measured B) cell death, E) mitochondrial lipid peroxidation, H) mitochondrial ROS 
formation and G) DYm after 16 hours, as well as D) lipid peroxidation and F) cytosolic ROS formation after 
8 hours (5,000 cells per replicate of n = 3 replicates, percentage of gated cells). Measurements of I) 
mitochondrial respiration and J) glycolysis after 16 hours co-treatment with 0.4 µM erastin and 1 – 15 µM 
ebselen. Data are shown as mean ± SD with n = 6 – 8 replicates per condition. +++ p < 0.001 compared to 
untreated control; ### p < 0.001, ## p < 0.01 compared to erastin-treated control (ANOVA, Bonferroni test). 
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5. Discussion 

5.1. ACSL4/LPCAT2-driven ferroptosis is determined by 

mitochondrial ROS formation 

In the first part of this study, HEK293T cells were stably transfected with an overexpression 

of the enzymes ACSL4 and LPCAT2 and compared against control cells transfected with 

an empty vector. The investigations validated a crucial role of ACSL4 and LPCAT2 for the 

susceptibility of HEK293T cells to RSL3-induced ferroptosis. Extensive mitochondrial 

involvement in ferroptotic cell death was observed, as evidenced by impaired 

mitochondrial respiration, reduced ATP production, disturbed DYm, and increased 

mitochondrial ROS formation. Oxidative cell death through ferroptosis could be averted by 

ferroptosis inhibitors like Fer-1, 5- and 12/15-LOX inhibitors, ACSL4 inhibitors, the iron-

chelator DFO, and the lipophilic antioxidant trolox, along with a protection against the 

demise of mitochondria by the mitochondria-targeted ROS-scavenger MitoQ in the OE 

cells. Conversely, metabolic intervention through the inhibition of mitochondrial respiration 

by the complex I inhibitor metformin or glutamine deprivation failed to block RSL3-induced 

ferroptosis. Therefore, overexpression of ACSL4 and LPCAT2 resulted in increased 

susceptibility to RSL3-induced oxidative cell death, requiring mitochondrial ROS formation 

downstream of accelerated lipid peroxidation. Mitochondrial ROS were scavenged by 

MitoQ, although these effects were independent of metabolic inhibition of mitochondria. In 

fact, metabolic intervention or glutamine starvation alone failed to prevent ferroptosis, 

demonstrating the importance of mitochondrial ROS accumulation over metabolic 

mechanisms in paradigms of ACSL4/LPCAT2 overexpression. 

Considering the physicochemical features of the cell membrane, it is important to explore 

the potential impact of overexpressing ACSL4 and LPCAT2. These enzymes play a key 

role in accelerating ferroptosis by facilitating the incorporation of PUFAs into cell 

membranes, thereby increasing the susceptibility to lipid peroxidation53. The accumulation 

of lipid peroxides and the generation of oxylipins contribute to membrane damage and 

oxidative stress, ultimately culminating in ferroptotic cell death. The upregulation of ACSL4 

and LPCAT2 may result in an augmented abundance of lipids containing unsaturated fatty 

acids within the membrane, potentially influencing its fluidity. Unsaturated fatty acids 

introduce structural changes in the lipid bilayer, conferring increased flexibility and fluidity 

compared to membranes enriched in saturated fatty acids192. Consequently, it can be 

assumed that the increased membrane fluidity stemming from ACSL4 and LPCAT2 
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overexpression could have implications for membrane dynamics, protein-lipid interactions, 

overall membrane stability, and may also impact the susceptibility of the cells to various 

cellular processes. However, the extent to which it influences ferroptosis remains unclear. 

The dysregulation of lipid metabolism involving ACSL4 and LPCAT2 has emerged as a 

critical regulatory mechanism in ferroptosis.  

The commonly used ferroptosis inhibitors Fer-1 and DFO, along with 5- or 12/15-LOX 

inhibitors, successfully prevented RSL3-mediated cell death in OE cells, confirming that 

the ACSL4/LPCAT2-induced oxidative cell death is ferroptosis. This aligns with the findings 

of Dixon et al., who identified the pivotal role of ACSL4 and LPCAT3 in ferroptosis58, as 

well as Doll et al., who highlighted the influence of ACSL4, specifically among the ACSL 

family members, on the necessary lipid composition for ferroptosis53. Despite the low 

expression of 5-LOX and non-detectable 5-LOX activity in HEK293T cells (personal 

communication with Prof. D. Steinhilber), the applied 5-LOX inhibitors ST1853 and 

zileuton exhibited protective effects against RSL3-mediated ferroptosis in this study. This 

protection may stem from non-specific LOX inhibition or alternative redox protection 

mechanisms, such as lipid peroxide scavenging. Nevertheless, the DPPH assay did not 

detect radical scavenging potential of the applied 5-LOX inhibitors, contrasting with the 

lipid ROS scavenger and ferroptosis inhibitor trolox, which exhibited full radical scavenging 

activity in the assay. However, it cannot be excluded that both 5-LOX inhibitors may exert 

redox regulation and protective activities through other mechanisms affecting the iron pool 

or lipid ROS scavenging in ferroptotic cells. Further, Yuan et al. showed that the 5-LOX 

inhibitor zileuton attenuated the production of ferroptosis-induced 5-

hydroxyeicosatetraenoic acid (HETE) in ACSL4-overexpressed K562 and LNCaP cells56, 

although it was induced by erastin instead of RSL3.  

Furthermore, the pharmacological inhibition of ACSL4 by both TZDs (TRO and ROSI) 

reversed the increased sensitivity of overexpressing cells to RSL3-mediated ferroptosis, 

underscoring that ACSL4 overexpression primarily accounts for the increased 

susceptibility. This aligns with findings by Yuan et al., demonstrating the involvement of 

ACSL4 in enhancing ferroptosis through 5-HETE-mediated lipotoxicity, since ACSL4 is 

important for the conversion of AA to AA-CoA. Further, excessive AA-CoA is oxidized, 

leading to the production of HETE, such as 5-HETE by LOX in ferroptosis56. A third TZD, 

PIO, was also tested for its ACSL4 inhibitory properties in HEK293T cells. However, this 

compound did not protect against RSL3, even after pre-treatment with the compound for 

up to 6 hours. In contrast, crystalline structures were observed in the medium starting from 

concentrations of 25 µM PIO (Figure 17). Due to these solubility problems and the lack of 
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protection, only the TZDs TRO and ROSI were further explored. During tests in HEK293T 

cells, it was noted that TRO exhibited strong protective effects at low concentrations of 

0.25 µM, whereas 100-fold higher concentrations of ROSI (25 µM) were required for 

protection. This reduced effectiveness of the substance ROSI was also evident in neuronal 

HT22 cells, where TRO continued to show a protection, whereas significant protective 

effects could not be achieved by ROSI. 

Considering that the TZDs are categorized as PPARɣ agonists, alongside their ACSL4 

inhibitory effects172, specific compounds were employed since they specifically target 

PPARɣ independently of ACSL4 inhibition. The treatment involving the PPARɣ agonist 

GW1929 or the PPARɣ antagonist GW9662 demonstrated that the agonist failed to rescue 

OE cells from ferroptosis, while the antagonist did not diminish the effects of the TZDs. 

These findings align with the work of Conrad et al. who demonstrated the selectivity of 

TZDs for ACSL4 and confirmed the assumption that the observed effects were mediated 

by the inhibition of ACSL4 and not by the involvement of PPARɣ53. Additionally, the authors 

proposed that the antioxidant effects of TRO might contribute to protection against 

ferroptosis in their model systems. However, antioxidant properties were only evident at 

higher micromolar concentrations (up to 100 μM) of TRO, potentially contributing to 

ferroptosis protection. In order to validate the attribution of observed protective effects to 

the antioxidants, a DPPH assay with the low protective concentrations (0.25 μM TRO and 

25 μM ROSI) was conducted, revealing no radical scavenging effects of the TZDs. Thus, 

it can be reasonably inferred that the antioxidant properties of the TZDs did not play a role 

in the protective effects against ferroptosis observed in ACSL4/LPCAT2 OE cells in this 

study. 

Since the involvement and role of mitochondria in ACSL4/LPCAT2-induced ferroptosis 

was investigated, it is important to begin with a general description of the role of 

mitochondria in ferroptosis. Mitochondria can have pro-ferroptosis functions, as well as 

defense mechanisms against it180. Pro-ferroptosis arguments are for example, that 

mitochondria are a major source of ROS193. Mitochondrial ROS generation is presumed to 

play a role in initiating ferroptosis by facilitating lipid peroxidation. Supporting this 

hypothesis, the administration of MitoQ was observed to mitigate ferroptosis induced by 

GPx4-inactivation52. Further, the mitochondrion serves as the primary organelle for ATP 

generation. Electron transport by the ETC complexes produces a proton driving force 

associated with the synthesis of energy by ATP synthase194,195. In addition, the use of 

several ETC inhibitors or uncoupling agents can effectively inhibit ferroptosis. This 

observation suggests that processes such as proton pumping and electron transport in the 
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mitochondria are crucial in ferroptosis induction61, potentially by influencing ATP 

generation and subsequently inactivating AMPK180. However, there is also evidence for 

defense mechanisms against ferroptosis by mitochondria. Following the inactivation of 

GPx4, dihydroorotate dehydrogenase (DHODH) takes over to neutralize lipid peroxides 

and protect against ferroptosis within mitochondria. As a result, the concurrent deactivation 

of DHODH and mitochondrial GPx4 leads to extensive mitochondrial lipid peroxidation, 

resulting in a stronger ferroptosis compared to the sole inactivation of GPx4196. 

Remarkably, the upregulation of mitochondrial GPx4, except for cytosolic ferroptosis 

suppressor protein 1 or GPx4, effectively mitigated cell death and mitochondrial lipid 

peroxidation triggered by RSL3 in DHODH knockout cells180,196. 

The initiation of ferroptosis has been proposed to involve mitochondrial dysfunction as a 

critical factor in some studies. Conversely, other perspectives argue that mitochondrial 

impairments could represent a secondary downstream consequence of ferroptosis rather 

than an initiating event. For example, studies have reported that the knockout of ACSL4 

resulted in increased mitochondrial resistance to RSL3-triggered mitochondrial outer 

membrane rupture, supporting the assumption of mitochondrial involvement in ACSL4-

induced ferroptosis. On the contrary, conflicting evidence suggests that mitochondrial ROS 

levels remain unchanged in erastin-treated human cancer cells. Additionally, cells 

remained sensitive to ferroptosis even after the elimination of mitochondria through 

mitophagy, indicating that these organelles might not be the primary site for lipid 

peroxidation during ferroptosis, and their contribution to the mechanisms of cell death may 

be dispensable36,197,198. 

In earlier investigations involving model systems simulating glutamate-mediated oxytosis 

in neuronal cells, the pivotal role of the pro-apoptotic BCL2 family protein BID in 

mitochondrial pathways of ferroptosis was unveiled. Activation of BID within mitochondria 

resulted in severe disruptions to mitochondrial function and integrity35,49,60,63,199. These 

impairments ultimately triggered the release and translocation of AIF from mitochondria to 

the nucleus, culminating in caspase-independent and AIF-mediated cell death31,49,59,63,200. 

Recent studies have corroborated these findings in models of ferroptosis induced by 

erastin or RSL3, employing both genetic strategies with BID knockout and 

pharmacological BID inhibitors to rescue neuronal cells from mitochondrial breakdown and 

ferroptotic cell death60,170,201. 
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Furthermore, Drp1 assumes a pivotal role in regulating mitochondrial fission and inhibiting 

Drp1 has been shown to have favorable effects on ferroptosis199,202. However, the primary 

focus of this study did not revolve around Drp1, as the observations indicate that 

mitochondria might not play a decisive role in the ACSL4/LPCAT2 model system beyond 

ROS production, due to protective effects by MitoQ. Given the overexpression of 

ACSL4/LPCAT2 in the model system, any additional stabilization by Drp1 does not seem 

imperative. Nevertheless, recent evidence has associated Drp1 with ACSL4-driven 

ferroptosis, revealing that heat shock protein 90 (Hsp90)-dependent Drp1 

dephosphorylation at serine 637 stabilizes and binds the ACSL4 protein. This interaction 

increases ACSL4 expression in glioma cells, influencing ferroptosis through the generation 

of lipid ROS and alterations in mitochondrial morphology203. 

In addition to Drp1, VDAC1 is also of crucial importance for mitochondrial processes, as it 

is the most abundant outer mitochondrial membrane protein and plays a central role in 

cytosolic and mitochondrial crosstalk44,176–178. VDAC1 is considered to participate in the 

release of ROS and mitochondrial function204. It facilitates the transport of metabolites and 

ions, thus, it contributes to the regulation of DYm and mitochondrial permeability. Under 

certain conditions or pathophysiological states, altered VDAC1 function can lead to 

increased ROS production in the mitochondria. Inhibition of VDAC1 by VBIT-4 or Akos-22 

resulted in a reduced conductance of the channel and prevented the increase in cellular 

and mitochondrial ROS levels205,206. Also, the inhibition of VDAC1 by Akos-22 protected 

the cells against RSL3-induced ferroptosis in the ACSL4/LPCAT2-driven model system 

(Figure 26). The protection was not achieved through metabolic effects, rather than by 

influencing the redox balance in the mitochondria. This emphasizes that mitochondrial 

redox balance and ROS formation are critical for ACSL4/LPCAT2-mediated ferroptosis in 

addition to the antioxidant effects of MitoQ.  

In the investigations of this project, a crucial role of mitochondria in ACSL4/LPCAT2-

mediated ferroptosis was discovered, as evidenced by the alterations observed in 

mitochondrial parameters. Notably, the OE cells exposed to RSL3 exhibited mitochondrial 

ROS accumulation, loss of DYm, and reduced mitochondrial respiration, indicating a 

significant contribution of mitochondria to ACSL4/LPCAT2-driven ferroptosis in HEK293T 

cells. Building upon these findings, further investigations were directed towards the 

specific importance of metabolic effects and mitochondrial ROS production in more detail 

in this paradigm of ferroptosis. In general, glutaminolysis, a metabolic pathway converting 

glutamine into 𝛼-ketoglutarate, plays a crucial role by providing an essential substrate for 

the TCA cycle179. The TCA cycle generates NADH and FADH2, which are pivotal redox 
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compounds during OXPHOS in the mitochondria. OXPHOS is the process wherein ATP is 

generated through the transfer of electrons along the ETC in the mitochondrial inner 

membrane, coupled with proton pumping across the membrane. Despite its ATP-

generating role, OXPHOS is a major source of ROS. These are highly reactive entities 

that can harm cellular components under pathophysiological conditions207. Interruption of 

the TCA cycle and inhibition of OXPHOS lead to decreased NADH and FADH2 production, 

the primary electron donors for the ETC. This reduction in electron flow along the ETC 

results in a diminished generation of the proton gradient across the mitochondrial inner 

membrane. Consequently, less ROS is produced due to a reduction in the leakage of 

electrons from the ETC to oxygen, which typically generates superoxide anions and other 

ROS. Another factor contributing to decreased ROS production is mild uncoupling, which 

is a physiological process where the coupling between the ETC and ATP synthesis is 

partially disrupted. Activation of UCPs, among other mechanisms, enables protons to re-

enter the mitochondrial matrix without promoting ATP synthesis. This, in turn, reduces the 

electron flow along the ETC, leading to a decrease in the generation of the proton gradient 

across the mitochondrial inner membrane. Consequently, there is a decrease in ROS 

production because of reduced electron leakage from complexes I and III of the ETC, 

which generate superoxides and are then converted into H2O2 through the dismutation 

mediated by SOD180,193. 

In the context of ferroptosis, glutaminolysis assumes a critical role by supplying essential 

substrates for the TCA cycle. A recent study has identified the amino acid L-glutamine as 

a ferroptosis inducer, fueling the cellular metabolic pathway of glutaminolysis179. This study 

demonstrated that glutamine is indispensable for the initiation of ferroptosis and that 

inhibition of glutaminolysis reduces ischemia/reperfusion-induced heart damage. Also 

other studies have demonstrated that blocking glutaminolysis or subjecting cells to 

glutamine deprivation inhibited erastin-triggered ferroptosis36,179,180. However, in the 

present HEK293T cell system, the deprivation of glutamine failed to protect against 

ferroptosis. The overexpression of ACSL4 and LPCAT2 in these cells accelerates 

ferroptosis to such an extent that mitochondria and glutaminolysis may no longer play a 

critical role and therefore are dispensable for further oxidative cell death mechanisms. In 

contrast, it was observed that the mitochondrial function and integrity, significantly 

impaired by RSL3 in ACSL4/LPCAT2 overexpressing cells, were preserved by the 

mitochondria-targeted ROS scavenger MitoQ. Previous work demonstrated that MitoQ 

functions as a mitochondria-targeted antioxidant, preserving mitochondrial integrity and 

function in neuronal HT22 cells52.  
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Additionally, metabolic effects in these neuronal cells were observed, along with the 

mitochondrial ROS scavenging activities of MitoQ52. Consequently, it was explored 

whether metabolic intervention alone could rescue HEK293T OE cells from ferroptosis. 

However, attempts targeting metabolic intervention with the complex I inhibitor metformin 

in HEK293T cells reduced mitochondrial respiration but did not prevent RSL3-mediated 

ferroptosis. Similar observations were achieved with the membrane-penetrating complex I 

inhibitor phenformin and the complex II inhibitors itaconate and 4OI. Hence, the metabolic 

effects of MitoQ were negligible while the antioxidant capacity mediated the observed 

protective effects at the mitochondrial and cellular levels. Conversely, the protective effects 

of metformin were evident in erastin-treated neuronal HT22 cells, highlighting distinctions 

between cell lines and the varying impacts of erastin versus RSL3-induced ferroptosis. 

Furthermore, metformin failed to protect against RSL3 in the neuronal HT22 cell line. Also, 

phenformin did not prevent ferroptosis in HT22 cells and only showed protection against 

erastin in the cell viability assay. This confirmed the results that metformin and phenformin 

failed to prevent RSL3-induced ferroptosis in HEK293T cells, suggesting that interfering 

with metabolism by inhibiting complex I may have little to no effects on RSL3-induced 

ferroptosis. The susceptibility of HT22 cells to glutamate or erastin-induced ferroptosis 

depends on metabolic processes and (impaired) OXPHOS, with metabolic interventions 

inhibiting OXPHOS and promoting glycolysis conferring protective effects in neuronal cells 

but not in HEK293T cells.  

In contrast, a notable discrepancy arises when comparing HEK293T cells to neuronal 

HT22 cells. The HEK293T cells were not responsive to ferroptosis when exposed to 

glutamate or necessitated significantly higher concentrations of the ferroptosis inducer 

erastin for cell death induction. Nevertheless, the limited response to xCT inhibition by 

both ferroptosis inducer cannot be attributed to reduced xCT expression in the cells, as 

shown by Western blot analysis, demonstrating comparable expression levels in both 

HEK293T cell lines. However, OE and LV cells show similar sensitivity to erastin and 

glutamate, in contrast to their markedly different responses to the GPx4 inhibitor RSL3. 

This leads to the suggestion that this might be a HEK293T-specific response, which is 

independent of the overexpression of ACSL4 and LPCAT2. According to Zheng et al., only 

β-mercaptoethanol, and not liproxstatin-1 or deferiprone, which is an iron chelator, showed 

a protective effect on HEK293T cells that were exposed to erastin208. This implies that 

inhibition of xCT does not induce ferroptosis in HEK293T cells. Furthermore, it was 

observed that despite the inhibition of xCT by erastin, induction of ferroptosis in HEK293T 

cells was unsuccessful. Furthermore, the sensitivities of the cells to erastin align with the 
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findings of Zheng et al., as 10 µM erastin reduced the cell viability of HEK293T WT cells 

to 40%208, and in LV and OE cells, this resulted in cell viability of around 50%.  

A limitation of the study arises from the rapid initiation of ferroptosis through lipid 

peroxidation via overexpression, a factor that might surpass the potential involvement of 

mitochondrial mechanisms. Additionally, the stable transfection of HEK293T cells with 

GFP-tagged constructs renders the measurement of lipid peroxidation using the 

fluorescence probe BODIPY impossible. This limitation results from the interference of 

GFP fluorescence with the detection of BODIPY signals, hindering accurate assessments 

of lipid peroxidation in this experimental setup. 

Collectively, the findings of this project underscore the engagement of mitochondrial 

dysfunction in ferroptosis, as evidenced by the determination of oxidative death driven by 

ACSL4/LPCAT2-induced mitochondrial ROS formation. The protection of HEK293T OE 

cells from oxidative damage through mitochondrial ROS scavenging with MitoQ 

emphasizes the independence of these effects from the metabolic inhibition of 

mitochondria. Notably, interventions in metabolism or glutamine deprivation alone proved 

insufficient to avert ferroptosis in HEK293T cells, underscoring the significance of 

mitochondrial ROS accumulation over metabolic processes in scenarios involving 

ACSL4/LPCAT2 overexpression. The potential utility of mitochondrial mechanisms in 

ferroptosis-related cell death pathways suggests avenues for future therapeutic 

exploration across diverse diseases. In summary, this part of the study highlights the 

context- and cell-type-dependent variation in the role of mitochondria in ACSL4/LPCAT2-

driven ferroptosis and emphasizes the need for further research to comprehensively 

elucidate the mechanisms involved and the specific contributions of mitochondria to 

oxidative cell death.  
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5.2. Hemin toxicity differs from erastin-mediated ferroptosis 

A recent discovery links the hemolysis byproduct hemin to a unique form of neuronal 

ferroptosis145. Given that hemin functions through a mechanism distinct from erastin with 

missing evidence of direct interaction with the xCT antiporter, this project aimed to 

investigate the specific death pathway triggered by hemin. The focus was on unraveling 

the involvement of 5- and 12/15-LOX and mitochondria, recognized as crucial elements in 

the process of ferroptosis. The acquired data show that hemin toxicity exhibits 

characteristics of ferroptosis, as the ferroptosis inhibitor Fer-1 prevented hemin-induced 

cell death. However, it differs from erastin-induced ferroptosis, as mitochondrial damage 

is associated with hemin toxicity but is not causal. In contrast, erastin-induced ferroptosis 

prominently involves mitochondria in the cell death process and can be rescued through 

metabolic interventions like metformin or MitoQ, which do not protect against hemin 

toxicity. Furthermore, hemin relies on 5-LOX activity, whereas erastin-mediated ferroptosis 

engages both, 5- and 12/15-LOX activity. 

First, the toxic effect of hemin and erastin on the neuronal HT22 cell line was established 

by measuring the metabolic activity by MTT assay. The assay revealed a concentration-

dependent toxic effect of both oxidative cell death inducers in HT22 cells. From these 

experiments, working concentrations of 100 μM – 200 μM of hemin and 0.4 µM – 0.6 µM 

of erastin were determined for all future experiments. The selected hemin concentrations 

can be confirmed by experiments in HT22 cells from the laboratory of Su et al.123. However, 

in a direct comparison with erastin, it is apparent that higher concentrations of hemin are 

necessary to elicit comparable damage in the same cell model, suggesting that erastin 

exerts a stronger stimulus in HT22 cells. 

Due to required higher concentrations for damaging effects by hemin compared to erastin 

and the known ability of albumin and hemopexin to bind hemin, preventing its uptake into 

the brain129, further investigations were conducted. Notably, albumin and hemopexin are 

present in high concentrations in serum, of which 10% (FCS) is included in the normal cell 

culture medium of HT22 cells. Therefore, MTT assays were performed under various FCS 

concentrations in co-treatment with erastin or hemin to assess the influence of FCS on 

HT22 cells and their sensitivity to both cell death stimuli. The results revealed that neurons 

under FCS deprivation conditions became less sensitive to erastin but more responsive to 

hemin. A concentration as low as 25 µM hemin was sufficient to completely reduce the 

metabolic activity of the cells, whereas even a 10-fold higher concentration of erastin did 

not achieve the same level of damage (Figure 29). The decrease in albumin and 
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hemopexin concentrations, resulting from FCS deprivation, may explain why hemin can 

more effectively enter the cytosol. However, since this caused the opposite effect for 

erastin. It can be inferred that these components are not involved in the cellular uptake of 

erastin. Moreover, the iron-containing components in FCS may influence the iron 

metabolism of the cells, modulating their sensitivity to ferroptosis or the lipids in FCS may 

affect lipid peroxidation, thus influencing ferroptosis sensitivity. The observed differential 

response to FCS deprivation indicates the involvement of different cell death pathways in 

erastin versus hemin toxicity. 

In addition to the distinct response to FCS deprivation, several other differences between 

the two cell death pathways induced by hemin and erastin are already described. Zille et 

al. demonstrated in 2022 that hemin-mediated oxidative stress is ERK1/2- and mitogen-

activated protein (MAP) kinase kinase (MEK)-independent145. This was evident through 

the lack of protection by inhibitors of Raf, ERK, or MEK against hemin or hemoglobin-

induced ferroptosis, as well as the absence of protection through the forced expression of 

ERK-selective MKP3. Furthermore, this study revealed that hemin-induced ferroptosis is 

transcription-independent, a characteristic that applies to erastin-induced ferroptosis. 

However, both cell death pathways also share similarities. The most fundamental 

commonality is that both share characteristics of ferroptosis, such as the protective effects 

of the ferroptosis inhibitor Fer-1126,209, also shown for the neuronal HT22 cell line (Figure 

30). Further similarities are the dependence on reactive lipid species and substances with 

enhancing effects on GSH exhibit protective effects against both hemin and erastin. 

Additionally, forced expression of GPx4 can prevent cell death induced by both 

compounds210. It was further demonstrated that ERK1/2 hyperactivation plays a role in 

both cell death pathways, and both can be counteracted by iron chelators, such as 

DFO126,145. Another commonality is the involvement of the enzyme HO-1. The inhibition of 

HO-1 by ZnPP has demonstrated the prevention of erastin-induced ferroptosis in HT-1080 

fibrosarcoma cells. In contrast, the induction of HO-1 by hemin and the introduction of CO 

using CO-releasing molecules (CORM) both facilitated erastin-induced ferroptosis, while 

biliverdin and bilirubin did not exhibit the same effect150. Notably, the expression of HO-1 

triggered by erastin was intensified in the presence of hemin and CORM, implying a crucial 

role for HO-1 in the initiation of ferroptosis211. Taken together, it can be concluded that 

hemin induces ferroptosis. However, it appears to represent a novel subtype of ferroptosis, 

since there are distinct differences in various aspects, as already described. 
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One important aspect is the involvement of different LOX in the ferroptosis pathway. It is 

known that erastin-mediated ferroptosis is dependent on 12/15-LOX since it can be 

prevented by the pharmacological 12/15-LOX inhibitor PD14617659,147–149, which could 

also be shown for the neuronal HT22 cell line. However, PD146176 failed to prevent hemin 

toxicity in these cells (Figure 31), suggesting that erastin-induced “classical ferroptosis”, 

as termed by Zille et al.145, is 12/15-LOX dependent, whereas hemin-induced cell death is 

not, which was also confirmed by Karuppagounder et al.146. Therefore, different 5-LOX 

inhibitors were tested for their protective effects against erastin and hemin in HT22 cells. 

Zileuton and ST1853 were used, while zileuton is an iron-ligand type 5-LOX inhibitor, which 

intercepts the active site iron and is the only approved redox inhibitor of 5-LOX for clinical 

use for the treatment of chronic bronchial asthma76. The experiments showed protection 

against both cell death inducers, indicating that 5-LOX is also important in erastin-

mediated ferroptosis and hemin toxicity is 5-LOX dependent, as confirmed by literature146. 

Ratan et al. also conducted experiments involving primary cultured neurons treated with 

hemin to simulate ferroptosis and hemorrhagic stroke. Additionally, they developed ALOX5 

knock-out mice. Their results indicated the significance of 5-LOX-derived lipids in cell 

death induced by hemorrhage following ICH146. Furthermore, the protection by ST1853 

against hemin is in line with findings in intact human polymorphonuclear leukocytes78. 

Moreover, hemin can enhance LOX activity by influencing the intracellular localization of 

5-LOX, as iron modulates the capability of the enzyme to bind to nuclear membranes212. 

Having identified several differences and similarities between hemin and erastin, the focus 

now turns to mitochondria. Given the crucial role mitochondria play in ferroptosis, as 

evidenced by mitochondrial ROS production, loss of DYm, and reduced mitochondrial 

respiration following RSL352 and erastin treatment170, the involvement of mitochondria in 

hemin toxicity was investigated. Both the loss of DYm and an increased ROS production 

were observed after hemin treatment in HT22 cells (Figure 33). This suggests that 

mitochondrial damage is associated with hemin-mediated ferroptosis. This is in line with 

findings in bovine aortic endothelial cells, where mitochondrial dysfunction after hemin 

treatment was observed213. The fact that hemin-induced mitochondrial impairment in HT22 

cells could be reduced and prevented by the pre-tested 5-LOX inhibitors shows that 5-

LOX inhibition exhibits protective effects even at the level of mitochondria and further 

confirms the importance of 5-LOX in the hemin model system. 
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Since mitochondrial ROS production was elevated after hemin exposure, the importance 

of the involvement of mitochondria in hemin-mediated ferroptosis was explored in more 

detail. Therefore, the mitochondrial ROS scavenger MitoQ was employed to assess its 

effectiveness in both cell death pathways. Low concentrations as 0.5 µM MitoQ were 

sufficient to prevent erastin-mediated ferroptosis in the HT22 cell line, whereas 0.5 µM or 

1 µM MitoQ was not able to protect the cells against hemin toxicity by scavenging 

mitochondrial ROS. These effects were observed by measuring the metabolic activity and 

cell death as well as the critical point of mitochondrial ROS formation. Since no protection 

was seen in this assay, it can be assumed that either the mitochondrial ROS scavenging 

was not sufficient under hemin conditions or mitochondrial ROS formation after hemin 

exposure is not as critical for cell death as in erastin-mediated ferroptosis. Therefore, the 

investigation was expanded to Seahorse measurements regarding mitochondrial 

respiration and the glycolytic activity of HT22 cells. Previous research has already 

demonstrated that MitoQ induces metabolic effects alongside its antioxidative properties 

in scavenging mitochondrial ROS52. These effects were also noticeable, as MitoQ, even 

at basal levels, caused a reduction in respiration at low concentrations, accompanied by 

a slight increase in glycolysis (Figure 35). These effects were even more pronounced 

under erastin-treated conditions, where the metabolic shift to glycolysis enabled further 

energy generation, thereby preventing the cells from cell death. Co-treatment with hemin 

also showed reduced respiration, but no increase in glycolytic activity. This indicates that 

MitoQ induced a metabolic shift in erastin-induced ferroptosis but was unable to prevent 

metabolic breakdown under hemin toxicity conditions. These data suggest a minor role for 

mitochondria in hemin-induced ferroptosis compared to their pivotal involvement in 

classical ferroptosis. 

Given the knowledge that MitoQ demonstrates metabolic effects alongside its antioxidant 

properties and considering its inability to prevent hemin-induced ferroptosis in neuronal 

HT22 cells, the focus of this research project was directed towards metabolic interventions 

using the complex I inhibitor metformin. Cell death measurements demonstrated 

concentration-dependent protective effects of metformin against erastin-induced 

ferroptosis. These effects were not reproducible in HT22 cells exposed to hemin, which 

was further confirmed by literature145. These findings suggest that hemin toxicity exhibits 

distinctions from erastin-induced ferroptosis, where mitochondrial damage is linked to 

hemin toxicity but does not act as a causative factor. Conversely, erastin-induced 

ferroptosis prominently involves mitochondria in the cell death process and responds 

positively to metabolic interventions such as metformin or MitoQ. 
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As mentioned before, erastin and hemin depend on reactive lipid species, and therefore it 

would be of great interest to investigate lipid peroxidation or cytosolic ROS formation. 

Unfortunately, it was not possible to measure BODIPY in hemin-treated cells, as the hemin 

treated condition showed no changes after staining with the green fluorescent dye in the 

FACS analysis. It can be hypothesized that the dark brown substance hemin interacted 

with the fluorescent dye and weakened or inhibited its fluorescence or that the dye could 

not be sufficiently taken up by the hemin-treated cells. Therefore, no statement can be 

made about the lipid peroxide levels in hemin treated HT22 cells. 

The objective of this project was to further define the differences and similarities between 

hemin- and erastin-induced ferroptosis. In the neuronal HT22 cell line, it was demonstrated 

that erastin and hemin exhibit distinct dependencies on the components of FCS, as the 

cells responded differently to the two stimuli at different FCS concentrations. Nevertheless, 

both compounds act as ferroptosis inducers, as their cell death-inducing effects can be 

prevented by Fer-1. Furthermore, hemin toxicity is 5-LOX dependent, whereas erastin-

induced ferroptosis is 5- and 12/15-LOX dependent. Mitochondrial damage is measurable 

in both cases, but it plays a more significant role in erastin-mediated ferroptosis, as it 

responds positively to metabolic interventions by metformin and MitoQ. Conversely, 

hemin-induced cell death cannot be prevented by complex I inhibition or scavenging of 

mitochondrial ROS. These data suggest that hemin-induced ferroptosis is 5-LOX 

dependent and mitochondrial damage is associated but not causal, while erastin-mediated 

ferroptosis is 5- and 12/15-LOX dependent and prominently involves mitochondria. 

Therefore, it can be concluded that hemin toxicity differs from erastin-induced ferroptosis.  
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5.3. Novel selenium compounds pharmacologically 

protected against ferroptosis in neuronal HT22 cells 

In this project, novel selenium compounds were introduced to explore their pronounced 

efficacy in attenuating ferroptosis. Various assays revealed significant protective effects of 

these compounds in neuronal HT22 cells against ferroptosis induced by erastin or RSL3, 

which exceeded the efficacy of the scaffold compound ebselen by a log scale. These 

selenium compounds showed a substantial reduction in crucial ferroptosis indicators and 

significantly affected the cellular redox balance, which includes GSH content, lipid 

peroxidation and ROS production. Furthermore, their effects extended to mitochondrial 

resistance to ferroptosis-induced oxidative death, thereby maintaining cellular viability 

under conditions of disturbed redox homeostasis. Also, a direct comparison between the 

benzisoselenazoles and the diselenides showed an increased efficacy of the diselenides 

in ferroptosis prevention. 

The initial phase involved titrating the compounds in MTT assays to ascertain their EC50 

and EC100 concentrations in erastin-induced oxidative cell death. These findings revealed 

EC50 concentrations of 0.2 μM for Schl-36.185, 0.1 μM for Schl-36.226, and 0.3 μM for 

Schl-36.188. Notably, the EC100 concentrations required for complete protection were 

observed at 0.5 μM for Schl-36.185 and Schl-36.226, and 1 μM for Schl-36.188. These 

concentrations were up to 10-times lower than those necessary for ebselen, which 

demonstrates full protective effects at 15 μM against RSL3 or between 5 μM and 15 μM 

for erastin-induced ferroptosis. This further underscores the superior efficacy of the newly 

developed selenium compounds compared to ebselen, which is already employed in 

clinical trials for the treatment of various diseases214. 

Furthermore, toxic effects on metabolic activity induced by the selenium compounds were 

only observed at higher concentrations starting from 10 μM, which is at least 10-fold higher 

than the required use concentration. The applied concentrations of the compounds were 

not cytotoxic to neuronal HT22 cells, as confirmed for various cellular parameters, such 

as cell death and lipid peroxidation measurements. Additionally, the selenium compounds 

have not provided protection against caspase-dependent apoptosis induced by STS, in 

contrast to the caspase inhibitor Q-VD-OPh, which prevented apoptosis215 in HT22 cells. 

This suggested that the selenium compounds selectively exhibited efficacy against 

caspase-independent cell death pathways, such as ferroptosis. 
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Given that ferroptosis is characterized by GSH depletion, lipid peroxidation, and ROS 

formation40, the properties of the selenium compounds against these ferroptosis hallmarks 

was investigated. The selenium compounds preserved GSH levels, reduced cytosolic and 

mitochondrial lipid peroxidation and ROS formation, and partially rescued mitochondrial 

parameters, including DYm. This is especially important, given the crucial role of 

mitochondria in the ferroptosis pathway and their vital role in maintaining cell 

integrity61,69,216,217. Mitochondrial impairment due to ferroptosis leads to fragmentation, 

reduced oxidative phosphorylation, and loss of DYm, all observed in HT22 cells following 

erastin or RSL3 treatment52,170, and mitigated by co-treatment with the selenium 

compounds. This reaffirms the essential role of mitochondrial protection for cell resilience 

and survival under conditions of oxidative dysregulation, which is further supported in 

recent literature217–219. In conclusion, the compounds demonstrated the ability to prevent 

key processes of ferroptosis at both the cytosolic and mitochondrial levels, with effects 

persisting for up to 4 to 8 hours after ferroptosis induction. This aspect could be particularly 

beneficial for clinical applications, such as the drug-based stroke therapy, where the post-

treatment time window is so far limited to up to 4.5 hours after the onset of the 

symptoms220–222. Considering the increasing evidence of ferroptosis involvement in infarct 

development after stroke126,223, effective inhibition by the novel selenium compounds 

presented here may open new treatment strategies. 

Ebselen acts as an antioxidant by mimicking the active site of GPx4, the key enzyme 

responsible for neutralizing complex hydroperoxide formation in cells74,224. Among other 

GPx isoforms, GPx4 uniquely possesses the capability to reduce cholesterol 

hydroperoxides and esterified oxidized fatty acids225,226. Ebselen reached an advanced 

stage of development for stroke treatment and was in the pre-registration phase for clinical 

application after subarachnoid hemorrhage and ischemic stroke in Japan. Despite its initial 

promise as a neuroprotective target, it faced setbacks during the final hurdle due to 

insufficient efficacy assessment by reviewers93,103. Notably, the selenium is not released 

and, therefore, is not bioavailable, as the metabolites of ebselen are excreted via bile and 

urine227,228, which mitigated concerns about selenium toxicity. This characteristic has 

sustained ongoing interest in ebselen for the treatment of respiratory viral infections and 

COVID-19229. 
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Considering the fact that the selenium compounds originate from ebselen, the efficacy of 

the scaffold molecule ebselen was also assessed in neuronal cells under ferroptosis 

conditions using various assays to enable a direct comparison with the novel compounds. 

Notably, ebselen exhibited a similar pattern to the new compounds, albeit requiring 

significantly higher concentrations, up to 10-fold, to achieve comparable protective effects. 

Nevertheless, these compounds demonstrated close resemblance, including distinctions 

between their respective protective effects against erastin- and RSL3-mediated 

ferroptosis. Lower concentrations of ebselen were effective in conditions of erastin 

treatment compared to RSL3-induced ferroptosis, with consistent effects across all 

assays.  

Additionally, the ability of the selenium compounds to exhibit anti-ferroptotic effects 

through direct antioxidative properties was assessed. Earlier research demonstrated that 

radical-trapping agents like Fer-1 or liproxstatin-1 effectively prevented the generation of 

ROS and subsequent cell death in ferroptosis52. Consequently, the potential inhibition of 

ferroptosis by the selenium compounds as radical scavengers appeared evident. 

However, no direct radical scavenging property was detected in the DPPH assay, in 

contrast to Fer-136,79. As H2O2 contributed to oxidative damage during ferroptosis in HT22 

cells187, the impact of the compounds on H2O2 was investigated. Protective effects, similar 

to the radical scavenger and vitamin E derivative trolox, were observed with the selenium 

compounds in the H2O2 model of oxidative stress. Thus, it can be suggested that the 

selenium compounds may act through additional antioxidative properties, even though the 

DPPH assay did not reveal such radical scavenger properties. Moreover, the selenium 

compounds may contribute to increased cellular selenium levels, thereby supporting GPx4 

activity through selenium fueling. Selenium assumes critical importance within cellular 

processes, including the regulation of GPx4 and ferroptosis, given the integral role of GPx4 

as a selenoprotein. Selenocysteine constitutes a fundamental component within the active 

site of GPx4. Selenoproteins, and specifically GPx4, function indispensably in mitigating 

oxidative stress by reducing lipid hydroperoxides. Considering the significance of lipid 

peroxidation in ferroptosis, selenium emerges as an essential element for sustaining GPx4 

functionality, thereby protecting the cells from the deleterious consequences of 

ferroptosis230–232. 
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Since GPx4 is the primary cellular antioxidant that utilizes GSH to diminish lipid 

hydroperoxides233, an investigation regarding the impact of the novel selenium compounds 

on the GSH content was performed. Consequently, the total GSH concentration and the 

GSH/GSSG ratio were assessed, demonstrating that RSL3, a direct inhibitor of GPx4, 

diminished GSH concentration after a 4-hour treatment period, as the remaining GSH 

interacts with the present lipid hydroperoxides and transforms into GSSG. The elevation 

of GSSG was identified in the assessment of the GSH/GSSG ratio, signifying oxidative 

stress within the cell. However, the novel compounds restored and even elevated the GSH 

concentration compared to the control condition. Even under basal treatment conditions, 

these compounds exhibited augmenting effects on GSH levels. The GSH/GSSG ratio 

depicted an increase in GSSG content following RSL3 treatment, which was then reversed 

in favor of GSH by the selenium compounds (Figure 45). These findings suggest that the 

novel selenium compounds inhibit ferroptosis by influencing detrimental events upstream 

of GPx4 downregulation, such as GSH depletion upon ferroptosis induction. 

Moreover, the impact of the selenium compounds on GPx4 protein levels was explored. 

Significantly increased basal GPx4 levels were observed after Schl-36.226 treatment, 

while Schl-36.185 and Schl-36.188 had only minor positive effects. RSL3 treatment led to 

a reduction in GPx4 protein levels, highlighting the crucial role of GPx4 depletion in 

maintaining redox balance and promoting oxidative stress59. Nevertheless, Schl-36.185 

and Schl-36.226 preserved GPx4 levels, suggesting that the compounds can positively 

influence GPx4 protein levels to varying extents. It is noteworthy that Oh et al.218 reported 

that the upregulation of mitochondrial-type GPx4 expression confers resistance to 

ferroptosis in SK-Hep1 ρ0 cells. Not only did this observation support the protective effects 

of elevated GPx4 expression against ferroptosis, but also underscored the pivotal role of 

mitochondria in this oxidative death pathway. 

Due to the substantial increase in GPx4 levels induced by Schl-36.226, also the impact of 

its corresponding benzisoselenazole partner molecule, Schl-48.014, on GPx4 levels was 

explored. Despite doubling the concentration of Schl-48.014, which contains only one 

selenium atom, to achieve equimolar selenium concentrations compared to the diselenide 

Schl-36.226, no change in GPx4 levels was observed under basal conditions (Figure 44). 

Therefore, it can be concluded that the pronounced effects on GPx4 expression levels are 

specific for Schl-36.226 and might be intrinsic to the individual selenium compounds. 
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Due to the findings that Schl-36.226 leads to an increase in GPx4 protein levels, the 

question regarding the implications of enhanced availability of the selenoenzyme arised. 

It is well-established that GPx4 shields cancer cells from oxidative harm, suppresses 

ferroptosis, and may exhibit an oncogenic impact across various types of cancer234. 

However, research in non-small cell lung cancer (NSCLC) cells indicate that GPx4 

overexpression influences the sensitivity to the ferroptosis inducer RSL3, making RSL3 

activity dependent on endogenous GPx4 expression levels. In cells sensitive to RSL3, a 

high expression of GPx4 was observed235. In contrast to that, it has further been 

demonstrated that increased GPx4 expression correlates with tumor progression and, in 

addition to its protective effects against ferroptosis, serves as a risk factor and target for 

treating thyroid cancer cells. The study revealed that GPx4 knockdown suppresses the 

proliferation of the cancer cell line and induces ferroptosis in thyroid cancer cells, indicating 

increased ferroptosis tolerance with elevated GPx4 levels236. These findings are grounded 

in a study from 2014 by the research group of the ferroptosis pioneer Stockwell, illustrating 

the indispensable role of GPx4 in controlling ferroptotic cancer cell death157. Some cancer 

cell lines are overexpressing the selenoenzyme GPx4 to ensure their survival and 

proliferation. Only a knockdown or knockout sensitizes the cells to RSL3, as 

overexpression confers strong resistance to RSL3 mortality in human fibrosarcoma cells 

(HT-1080 cells). These findings lead to the conclusion that increased GPx4 expression 

results in reduced sensitivity to ferroptosis, and the augmentation of GPx4 protein levels 

by Schl-36.226 provides additional protective effects against ferroptotic cell death. 

Furthermore, in a direct comparison between benzisoselenazoles and diselenides, it 

becomes apparent that diselenides exhibit their protective effects at lower concentrations 

and, in some cases, offer significantly stronger protection than benzisoselenazoles. 

Importantly, this increased protection persisted even under elevated concentrations of 

ferroptosis inducers, indicating that diselenides are more potent compared to their 

benzisoselenazoles counterparts. The enhanced potency of the diselenides may be 

attributed to their double-selenium structure. However, doubling the concentration of the 

benzisoselenazoles to match the molarity of selenium presented by the diselenides did 

not compensate for the observed differences in protection, as outlined earlier. This, 

however, requires further investigation of bioavailability and cellular uptake by the 

diselenide compounds compared to the benzisoselenazole counterparts in the future. 
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Moreover, when comparing the differences in the effects of the selenium compounds 

between erastin and RSL3, it becomes evident that the EC50 concentrations of the 

selenium compounds under RSL3 treatment conditions sometimes exhibited minor 

protective effects, whereas partial to full protection was achieved in erastin-induced 

ferroptosis. This difference can be attributed to the fact that RSL3 is a direct inhibitor of 

the selenoprotein GPx4, completely inhibiting the antioxidative machinery157, whereas 

erastin acts by inhibiting the xCT system, thereby reducing GSH levels and, subsequently 

GSH-dependent GPx4 activity in the ferroptosis cascade36. Moreover, erastin may only 

partly reduce GPx4 activity and does not directly block the enzyme, as is the case with 

RSL3. Beyond these differences in the mechanism of action between the ferroptosis 

inducers, erastin has been reported to interact with VDAC2 and VDAC3 at the outer 

mitochondrial membrane176, which may also initiate different mitochondrial pathways of 

cell death signaling beyond RSL3-mediated effects on GPx4. From the results obtained in 

this study and the known mechanisms of action of the ferroptosis inducers and literature235, 

it can be concluded that RSL3 is a stronger, direct ferroptosis inducer compared to erastin, 

and therefore, higher concentrations of the selenium compounds are required to protect 

against oxidative death in HT22 cells exposed to RSL3. 

Also, other research groups are engaged in the derivatization of ebselen to create new, 

even more potent substances for therapeutic applications. A publication by Landgraf et al. 

in 2020 introduced 21 new ebselen derivatives with four compounds demonstrating 

equally or better neuroprotective effects compared to ebselen. However, the core 

benzamide moiety was not subject of change, only the N-phenyl residue was exchanged. 

In contrast to this work, neither hydrazides nor diselenides were investigated. In human 

neuroblastoma SH-SY5Y cells, all four compounds showed at least 73% cell viability at 

concentrations of 10 µM237. Furthermore, earlier studies from 2004 successfully 

synthesized new ebselen derivatives with higher GPx-like activity than ebselen, measured 

through NADPH consumption238. These studies show that ebselen derivatives have the 

potential for improved effectiveness and protection compared to the scaffold molecule 

ebselen. 
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In conclusion, this study introduced novel selenium compounds with highly potent 

protective efficacy at concentrations up to 10-times lower than their scaffold molecule 

ebselen. These compounds significantly impact major hallmarks of ferroptosis, preserving 

GSH and GPx4 expression levels, reducing lipid peroxidation and overall ROS formation, 

and preventing mitochondrial ROS formation and organelle disintegration. Notably, these 

protective effects persist even when the compounds are applied in post-treatment 

protocols up to 8 hours following the initiation of ferroptosis stimuli. The selenium 

compounds exhibit robust activity against ferroptosis and oxidative dysregulation, making 

them of considerable interest for future in vivo studies. Considering the clinical trials 

involving the scaffold molecule ebselen in human subjects, a more comprehensive 

investigation is needed to elucidate the exact mechanism of action for the selenium 

compounds, particularly the diselenide compounds. The presented selenium compounds 

hold promise for the development of future therapeutic strategies in neurodegenerative 

disorders where oxidative dysregulation contributes to underlying neuronal demise. 
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6.  Summary 

The growing prevalence of neurological disorders, such as Parkinson's disease, 

Alzheimer's disease, and strokes, represents a growing challenge for our aging society 

and is one of the leading causes of morbidity and mortality. These diseases are closely 

linked to oxidative stress, and intensive research over the last decades has established a 

link to various cell death mechanisms such as apoptosis, oxytosis, ferroptosis, 

necroptosis, and hemin toxicity. This is based on evidence of different pathophysiological 

features, including lipid peroxidation, loss of iron homeostasis, and mitochondrial 

impairment. In order to gain a more comprehensive understanding of the previously 

unexplained factors and molecular mechanisms that contribute to neurodegenerative 

diseases and whose interrelationships have not yet been fully explored, this study 

investigated different aspects of ferroptosis. 

In the first section of this study, mitochondrial involvement in ACSL4/LPCAT2-driven 

ferroptosis was investigated in more detail. For this purpose, stably transfected HEK293T 

cell lines with overexpression of the enzymes ACSL4 and LPCAT2 or a control line with 

an empty vector were used to uncover the missing insights. The overexpression of lipid 

synthesis-related enzymes resulted in increased sensitivity to the ferroptosis inducer RSL3 

compared to the control cell line. Elevated mitochondrial damage was observed through 

increased mitochondrial ROS production, loss of mitochondrial membrane potential, and 

reduced mitochondrial respiration. These effects were prevented by ferroptosis inhibitors 

such as deferoxamine, ferrostatin-1, and 5- and 12/15-LOX inhibitors. Inhibition of the 

overexpressed enzyme ACSL4 by thiazolidinediones also protected against ferroptosis. 

VDAC1 inhibitor Akos-22 and the mitochondrial ROS scavenger MitoQ were used to 

investigate mitochondrial involvement in more detail. Both showed high efficacy in the 

overexpressing cells and provided protective effects at the cytosolic and mitochondrial 

levels. MitoQ prevented ferroptosis through its antioxidant effect and influenced 

metabolism. To determine whether metabolic intervention was sufficient, inhibitors of 

mitochondrial complex I of the respiratory chain and glutamine deprivation were examined. 

However, these interventions failed to protect HEK293T cells from ferroptosis. The results 

suggest that mitochondrial ROS production determines ACSL4/LPCAT2-driven ferroptosis 

while mitochondria-targeted antioxidants protect against it. 
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In the second section of this research, the link between erastin- and hemin-induced 

ferroptosis in neuronal HT22 cells was characterized in more detail, focusing on 

mitochondrial involvement. Differences in the response to FCS deprivation were observed. 

Furthermore, the pharmacological 12/15-LOX inhibitor PD146176 appeared to protect 

against erastin-induced ferroptosis but was ineffective against hemin toxicity. In contrast, 

the 5-LOX inhibitors were effective against both forms of ferroptosis. The protection was 

also able to prevent mitochondrial ROS production and the loss of mitochondrial 

membrane potential induced by hemin. MitoQ was utilized for a more detailed investigation 

of the role of mitochondrial ROS formation, showing protective effects against erastin but 

not against hemin-mediated ferroptosis. Metabolic intervention by the complex I inhibitor 

metformin also failed to protect the HT22 cells from hemin toxicity. As a result, hemin was 

found to induce a form of ferroptosis that is 5-LOX-dependent and associated with 

mitochondrial damage, but the latter was not causal for oxidative death. Erastin, on the 

other hand, induces a 5- and 12/15-LOX-dependent form of ferroptosis with major 

mitochondrial involvement, as metformin and MitoQ application were effective. Thus, the 

hemin toxicity differs from the classical ferroptosis induced by erastin. 

Finally, in the last section of the study, novel selenium compounds were investigated for 

their efficacy against ferroptosis in HT22 cells. These compounds are modifications of the 

already-known GPx4-mimicking compound ebselen. The selenium-containing compounds 

showed a remarkably potent effect against ferroptosis which was 15-20 fold more 

protective compared to ebselen. These compounds acted at cytosolic and mitochondrial 

levels by affecting lipid peroxidation and ROS production. Additionally, they exhibited 

strong antioxidant properties, as glutathione levels were maintained and one of the 

compounds even increased GPx4 protein expression. The diselenides were also found to 

be more potent in comparison to the benzisoselenazoles and were able to withstand an 

increasing ferroptosis stimulus. Furthermore, differences in efficacy against erastin- or 

RSL3-mediated ferroptosis were identified with lower concentrations being sufficient for 

erastin-induced damage. Application up to 8 hours after the onset of the cell death stimulus 

was still sufficient to preserve cell integrity. These promising in vitro results characterize 

the novel selenium compounds as potent agents against ferroptosis, warranting further 

studies to gain new insight into the efficacy of the selenium compounds in vivo. 
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7. Zusammenfassung 
Die zunehmende Prävalenz neurologischer Erkrankungen, wie Morbus Parkinson, Morbus 

Alzheimer und Schlaganfälle, stellt eine wachsende Herausforderung für unsere alternde 

Gesellschaft dar und zählt zu den führenden Ursachen von Morbidität und Mortalität. Diese 

Erkrankungen sind eng mit oxidativem Stress verbunden und die intensive Forschung der 

letzten Jahrzehnte konnte verschiedenen Zelltodmechanismen wie Apoptose, Oxytose, 

Ferroptose, Nekroptose und die Hemintoxizität damit verknüpfen. Dies basiert auf dem 

Nachweis unterschiedlicher pathophysiologischer Merkmale, darunter Lipidperoxidation, 

Verlust der Eisenhomöostase und Beeinträchtigung der Mitochondrien. Um ein 

umfassenderes Verständnis für bislang ungeklärte Faktoren und molekularen 

Mechanismen zu gewinnen, die zu neurodegenerativen Erkrankungen beitragen und 

deren gegenseitigen Verbindungen noch nicht vollständig erforscht sind, wurden in dieser 

Studie zahlreiche Untersuchungen im Bereich der Ferroptose durchgeführt. 

Im ersten Abschnitt dieser Studie wurde die mitochondriale Beteiligung an der 

ACSL4/LPCAT2-gesteuerten Ferroptose näher untersucht. Hierzu wurden stabil 

transfizierte HEK293T-Zellen mit einer Überexpression der Enzyme ACSL4 und LPCAT2 

oder einem Leervektor als Kontrolle verwendet. Die Überexpression der 

lipidsyntheserelevanten Enzyme führte zu einer erhöhten Sensitivität gegenüber der 

Ferroptose-induzierenden Substanz RSL3 im Vergleich zur Kontrollzelllinie. Eine 

verstärkte mitochondriale Schädigung wurde durch erhöhte mitochondriale ROS-

Produktion, Verlust des mitochondrialen Membranpotenzials und reduzierte 

mitochondriale Respiration festgestellt. Diese Effekte konnten durch Inhibitoren der 

Ferroptose verhindert werden. Die Hemmung des überexprimierten Enzyms ACSL4 durch 

Thiazolidindione schützte ebenfalls vor dem Zelltod. Zur genauen Untersuchung der 

mitochondrialen Beteiligung wurde der VDAC1-Inhibitor Akos-22 und der mitochondriale 

ROS-Scavenger MitoQ eingesetzt. Beide zeigten eine hohe Wirksamkeit in den 

überexprimierenden Zellen und protektive Effekte auf zytosolischer und mitochondrialer 

Ebene. MitoQ wirkte aufgrund seiner antioxidativen Wirkung schützend und beeinflusste 

den Stoffwechsel. Es wurden Inhibitoren des mitochondrialen Komplexes I der 

Atmungskette getestet, und es wurde ein Glutamin-Entzug durchgeführt, um festzustellen, 

ob ein Eingriff in den Stoffwechsel ausreichend war. Diese Maßnahmen konnten jedoch 

nicht gegen Ferroptose schützen. Die Ergebnisse deuten darauf hin, dass die 

mitochondriale ROS-Produktion die ACSL4/LPCAT2-gesteuerte Ferroptose bestimmt und 

Mitochondrien-gerichtete Antioxidantien die Zellen davor schützen können. 
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Im zweiten Abschnitt dieser Forschungsarbeit wurde die Verbindung zwischen Erastin- 

und Hemin-induzierter Ferroptose in neuronalen HT22-Zellen näher charakterisiert, wobei 

der Fokus auf der mitochondrialen Beteiligung lag. Es konnten Unterschiede in der 

Reaktion auf den FCS-Entzug festgestellt werden. Des Weiteren zeigte sich, dass der 

pharmakologische 12/15-LOX-Inhibitor gegen Erastin schützen konnte, jedoch gegen die 

Hemintoxizität wirkungslos war. Im Gegensatz dazu waren die 5-LOX-Inhibitoren gegen 

beide Formen der Ferroptose wirksam. Die Protektion konnte auch die durch Hemin-

induzierte mitochondriale ROS-Produktion und den Verlust des mitochondrialen 

Membranpotenzials aufhalten. MitoQ wurde erneut verwendet, um die mitochondriale 

ROS-Produktion genauer zu untersuchen, wobei ein Schutz gegen Erastin, aber nicht 

gegen die Hemin-Toxizität erreicht wurde. Auch die metabolische Intervention durch den 

Komplex I Inhibitor Metformin konnte die HT22-Zellen nicht vor der Hemintoxizität 

schützen. Dadurch kann geschlussfolgert werden, dass Hemin eine Form der Ferroptose 

induziert, die 5-LOX-abhängig ist und mit mitochondrialen Schäden verbunden ist, welche 

jedoch nicht ursächlich für den oxidativen Tod sind. Erastin hingegen induziert eine 5- und 

12/15-LOX-abhängige Form der Ferroptose mit hauptsächlicher Beteiligung der 

Mitochondrien, da MitoQ und Metformin wirksam waren. Die Hemintoxizität unterscheidet 

sich somit von der Erastin-induzierten Ferroptose. 

Abschließend wurden in dieser Studie neuartige Selenverbindungen auf ihre Wirksamkeit 

gegen Ferroptose in HT22-Zellen untersucht. Diese Verbindungen stellen Modifikationen 

der bereits bekannten GPx4-nachahmenden Verbindung Ebselen dar. Die selenhaltigen 

Verbindungen zeigten eine bemerkenswert potente Wirkung gegen Ferroptose, die 15–20 

Mal niedrigere Konzentrationen für den Schutz benötigten im Vergleich zum Ebselen. Die 

Selenverbindungen verhinderten die Lipidperoxidation und die ROS-Produktion auf 

zytosolischer und mitochondrialer Ebene. Zusätzlich wiesen sie starke antioxidative 

Eigenschaften auf, da die Glutathionspiegel aufrechterhalten werden konnten und eine 

der Verbindungen sogar die GPx4-Proteinexpression erhöhte. Es konnte auch festgestellt 

werden, dass die Diselenide wirksamer sind und einem ansteigenden Ferroptosestimulus 

länger standhalten können im Vergleich zu den Benzisoselenazolen. Es wurden auch 

Unterschiede in der Wirksamkeit zwischen Erastin- oder RSL3 identifiziert, wobei 

niedrigere Konzentrationen für die Erastin-induzierte Schädigung ausreichten. Die 

Anwendung bis zu 8 Stunden nach dem Ferroptosestimulus war immer noch ausreichend, 

um die Zellintegrität zu bewahren. Diese vielversprechenden in vitro-Ergebnisse 

charakterisieren die neuen Verbindungen als potente Substanzen gegen Ferroptose, was 

weitere Untersuchungen rechtfertigt, um Aufschluss über die Wirksamkeit der 

Selenverbindungen in vivo zu erhalten. 
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8. Abbreviations 

A 
AA   Antimycin A 

AA   Arachidonic acid 

AB   Antibody 

ACD   Accidental cell death 

AD   Alzheimer’s disease 

ACSL4   Acyl-CoA synthetase long-chain family member 4 

AIF   Apoptosis inducing factor 

AMP   Adenosine monophosphate 

AMPA   𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPK   Adenosine monophosphate-activated protein kinase 

AMR   ATP monitoring reagent 

ANOVA  Analysis of variance 

APS   Ammonium persulfate 

ATP   Adenosine triphosphate 

B 
BBB   Blood-brain barrier 

BCA   Bicinchoninic acid 

Benzisoselenazole 1,2-benzisoselenazole-3(2H)-one 

BID   BH3-interacting domain death agonist 

BODIPY  4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-

indacence-3-undecanoic acid 

BSA   Bovine serum albumin 

C 
cDNA   Complementary DNA 

CI   Cell index 

CO   Carbon monoxide 

CoA   Coenzyme A 

CORM   CO-releasing molecule 

D 
DYm   Mitochondrial membrane potential 

2-DG   2-Deoxy-D-glucose 
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DCF   2’,7’-dichlorodihydrofluorescein-diacetate 

DEPC   Diethyl pyrocarbonate 

DFO   Deferoxamine 

DHODH  Dihydroorotate dehydrogenase 

DMEM   Dulbecco’s modified Eagle’s medium 

DMSO   Dimethyl sulfoxide 

DMT1   Divalent metal transporter-1 

DNA   Deoxyribonucleic acid 

DNase   Deoxyribonuclease 

DPPH   2,2-diphenyl-1-picrylhydrazyl 

Drp1   Dynamin-related protein 1 

DTNB   5,5-dithio-bis-2-(nitrobenzoic acid) 

DTT   Dithiothreitol 

E 
ECAR   Extracellular acidification rate 

EDTA   Ethylenediamine-tetra-acetic acid 

ERK   Extracellular signal-regulated kinase 

ETC   Electron transport chain 

F 
FACS   Fluorescence-activated cell scanning 

FCCP   Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

FCS   Fetal calf serum 

Fer-1   Ferrostatin-1 

FITC   Fluorescein isothiocyanate 

Fpn1   Ferroportin 1 

Fwd   Forward 

G 
GAPDH  Glyceraldehyde-3-phosphatedehydrogenase 

GFP   Green fluorescent protein 

GPx4   Glutathione peroxidase 4 

GR   Glutathione reductase 

GSH   Glutathione (reduced) 

GSSG   Glutathione (oxidized) 
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H 
Hb   Hemoglobin 

HD   Huntington’s disease 

H2O2   Hydrogen peroxide 

HEK293T  Human embryonic kidney cells with SV40 large T antigen 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HETE   Hydroxyeicosatetraenoic acid 

HO-1   Heme oxygenase-1 

HRP   Horseradish peroxidase 

Hsp   Heat shock protein 

I 
ICH   Intracerebral hemorrhage 

 

L 

LIP   Labile iron pool 

LOX   Lipoxygenase 

LPCAT   Lysophosphatidylcholine acyltransferase 

LV   Empty vector 

M 
MAP   Mitogen-activated protein 

MEK   Mitogen-activated protein kinase kinase 

Mfrn   Mitoferrin 

MitoQ   Mitoquinone 

MKP   MAP kinase phosphatase   

mLIP   Mitochondrial labile iron pool 

MOMP   Mitochondrial outer membrane permeabilization 

MPA   Metaphosphoric acid 

mRNA   Messenger RNA 

mROS   Mitochondrial reactive oxygen species 

MS   Multiple slerosis 

MTT   3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 

N 
NSCLC  Non-small cell lung cancer 

NADH   Nicotinamide adenine dinucleotide 

NADPH  Nicotinamide adenine dinucleotide phosphate 
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NMDA   N-methyl-D-aspartate 

NOX   NADPH oxidase    

O 
4OI   4-octyl itaconate 

OCR   Oxygen consumption rate 

OE   Overexpression 

OXPHOS  Oxidative phosphorylation 

P 
PAGE   Polyacrylamide gel electrophoresis 

PBS   Phosphate buffered saline 

PCD   Programmed cell death 

PCR   Polymerase chain reaction 

PD   Parkinson’s disease 

PE   Phosphatidylethanolamine 

PI   Propidium iodide 

PIO   Pioglitazone 

PL   Phospholipids 

PPARg   Peroxisome proliferator-activated receptor g 

PPi   Inorganic pyrophosphate 

PS   Phosphatidylserine 

PUFA   Polyunsaturated fatty acid 

PVDF   Polyvinylidene difluoride 

Q 
qPCR   Quantitative polymerase chain reaction 

R 
RBC   Red blood cell 

RCD   Regulated cell death 

RLU   Relative light units 

RNA   Ribonucleic acid 

ROS   Reactive oxygen species 

ROSI   Rosiglitazone 

rpm   Rounds per minute 

RSL3   1S,3R-RSL3 

RT   Room temperature 
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RTCA   Real-time cell analysis 

RT-PCR  Reverse transcription polymerase chain reaction 

RT-qPCR  Reverse transcription quantitative polymerase chain reaction 

S 
SD   Standard deviation 

SDH   Succinate dehydrogenase 

SDS   Sodium dodecyl sulfate 

SoD   Superoxide dismutase   

STEAP3  Six-transmembrane epithelial antigen of the prostate 3 

SV-40   Simian virus 40 

T 
TBS   Tris-buffered saline 

TBST   Tris-buffered saline with Tween 20 

TCA   Tricarboxylic acid cycle 

TE   Trypsin-EDTA 

TEAM   Triethanolamine 

TEMED  Tetramethylenethylendiamine 

Tf   Transferrin 

TfR1   Transferrin receptor 1 

TMRE   Tetramethylrhodamin ethyl ester 

TNB   5-thio-2-nitrobenzoic acid 

TRO   Troglitazone 

TZD   Thiazolidinedione 

U 
UCP   Uncoupling protein 

V 
VDAC   Voltage-dependent anion channel 

VDCC   Voltage-gated calcium channel 

X 
xCT   Cystine/glutamate antiporter SLC7A11
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