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Abstract

Regulated cell death (RCD) is indispensable for homeostasis and plays a crucial role in the
pathophysiology of numerous diseases. Adrenocortical carcinomas (ACCs) represent a rare and highly
malignant type of cancer. Currently, the most common therapeutic options include the complete surgical
removal of the adrenal gland and/or the administration of mitotane, a derivative of the pesticide DDT. Yet
patient survival remains poor and the mechanism of action of mitotane remains elusive. In this thesis it is
demonstrated that the human ACC cell line NCI-H295R is sensitive to mitotane-induced cell death. In the
first part, the involvement of three different RCD pathways, namely apoptosis, necroptosis and ferroptosis,
in mitotane induced necrosis was investigated. To this end, different inhibitors were used, which were not
able to block mitotane-induced cell death. When the medium was supplemented with insulin, transferrin,
sodium selenite and linoleic acid (ITS+1) no cell death of the ACC cells was observed. This phenomenon
was attributed to the presence of linoleic acid, since ITS supplementation lacking this component was not
able to reverse mitotane-induced necrosis.

Identification of new drug targets for alternative options of ACC treatment led to the investigation
of key molecules involved in the pathways of necroptosis and ferroptosis. The receptor-interacting protein
kinase 1 and 3 (RIPK1 and 3) and the mixed lineage kinase domain-like protein (MLKL) were considered
as interesting targets given their crucial role in the execution of necroptosis. A western blot analysis of
those molecules revealed the presence only of RIPK1, suggesting that the necroptosis machinery is not
present in the NCI-H295R cells. Of interest, evaluation of the expression levels of glutathione peroxidase
four (GPX4), one of the main inhibitory molecules of ferroptosis, showed a much higher expression in the
ACC cells compared to the standard cell line used for studying ferroptosis, the human fibrosarcoma HT1080
cells. A hypothesis that the NCI-H295R cells are susceptible to ferroptosis induction was formed based on
this finding. Compounds representative of all the four classes of ferroptosis inducers (FINS) were tested.
Direct inhibition of GPX4 using the small compound RSL3, a type Il FIN, led to high necrotic populations.
Co-treatment with the ferroptosis inhibitor ferrostatin-1 (Fer-1) completely reversed RSL3-induced
ferroptosis. Type IV FIN FINOZ2, that causes indirect loss of the enzymatic activity of GPX4, lead also to
high necrotic populations, while Fer-1 prevented FINO2-induced ferroptosis.

Data from public databases concerning gene methylation or mutation status of ACC tissues and
normal human adrenal tissues was used to investigate potential key players of ferroptosis that might be
either mutated or silenced in ACCs. Of note, glutathione peroxidases 3 and 5 (GPX3 and 5) were highly
methylated, while the enzyme cystathionine gamma-lyase (CSE) involved in the transsulfuration pathway
via the break down of cystathionine into cysteine and a-ketobutyrate and ammonia was found to be highly
mutated. Collectively, these data point towards a high sensitivity of ACCs to ferroptosis induction. This

could provide a new chapter for the therapeutic approaches of ACCs. Additionally, these findings provide



a better understanding of the biology of this type of cancer that highly mutates or silences ferroptosis-related
genes.

The second part of this thesis focuses on the involvement of RCD in spontaneous cell death in isolated
murine tubules. Existing literature points towards an involvement of necroptosis and ferroptosis pathways
in the kidney in models of acute kidney injury (AKI). Acute tubular necrosis (ATN) represents a hallmark
of AKI. While the work in the Linkermann lab has shown that isolated tubules perfused with type | FIN
erastin undergo cell death in a “wave-0f-death” manner, no deeper insights into the propagation of tubular
necrotic injury exist. A protocol for isolation of murine kidney tubules was established, providing an ex-
vivo model for investigation of tubular death. The absence of potentially confounding blood cells as well
as immune cells was ensured by extensive washing steps as well as the use of collagenase. Visual
observation and staining of isolated tubules with the nucleic acid stain SYTOX green revealed a
spontaneous cell death in a “wave-0f-death” manner. This wave was running in parallel with a calcium
concentration change, indicating its involvement in the spontaneous necrosis. To investigate the potential
involvement of mitochondria in this process, electron microscopy images were obtained from parts of the
tubules with different levels of damage which revealed highly damaged and ballooned mitochondria. These
data provided with a phenotypic characterisation of the spontaneous tubular necrosis.

Aiming to approach this type of death genetically, necroptosis and pyroptosis deficient mice
(MLKL/GSDMDPK®) were used. Comparison of the LDH release, used as a measure of necrosis, from
isolated kidney tubules of the MLKL/GSDMDPX® mice and wild type (WT) mice showed no difference.
This indicated that neither necroptosis nor pyroptosis are involved in the tubular necrosis. Therefore, the
next step was to investigate the effects of Fer-1 at the levels of LDH of isolated tubules from WT mice. A
significantly lower LDH release was observed in tubules treated with Fer-1 compared to the ones treated
with vehicle. However, this reduction in the LDH release was not complete, suggesting that ferroptosis is
only partially responsible for the spontaneous death of isolated tubules.

The difference of male and female mice towards AKI sensitivity has been noted in the literature in
that female mice are less susceptible compared to the male mice. Therefore, the next step was to investigate
whether this protection of females can be observed at the level of isolated tubules. Indeed, the LDH release
from tubules isolated from female mice was significantly less compared to the LDH release of tubules
isolated from male mice. Based on the data obtained from isolated tubules from WT male mice treated with
Fer-1, a similar experiment was performed with tubules isolated from WT female mice. No difference in
the LDH release was observed between the Fer-1-treated tubules and the vehicle-treated ones, indicating
that another cell death pathway might be involved.

The most obvious difference between male and female organisms is the sex hormones. Whether

testosterone or B-estradiol are responsible for the higher susceptibility or protection against cell death has



been a debate over the last years. To test this hypothesis, three different cell lines were utilised. A pre-
treatment of 16 h with either testosterone or B-estradiol was performed. Treatment with either type | FIN
erastin or type 1l FIN RSL3 followed, and cells were analysed via flow cytometry. Data revealed protective
effects of p-estradiol against ferroptosis induction. Next, the effects of p-estradiol in a simultaneous
treatment with RSL3 were investigated. Interestingly the protective effects of the hormone were still
observed. Among the metabolites of B-estradiol, 2-hydroxyestradiol (2-OHE2) has been reported to exert
antioxidant effects. Therefore, 2-OHE2 was used in a simultaneous treatment with RSL3, and the obtained
data showed that it was a much more potent inhibitor of necrotic cell death than p-estradiol even at lower
concentrations. Collectively these data indicate that the lower susceptibility of female organisms towards
cell death might be explained by the presence of B-estradiol and its more potent antioxidant metabolites.
Such findings could change the way the two sexes are approached scientifically, while providing new

insights on different therapeutic strategies between male and female organisms.



Zusammenfassung

Der regulierte Zelltod (RCD) ist fur die Homdostase unverzichtbar und spielt eine entscheidende
Rolle in der Pathophysiologie zahlreicher Krankheiten. Nebennierenrindenkarzinome (ACCs) stellen eine
seltene und hochgradig bosartige Krebsart dar. Die derzeit gangigsten Therapieoptionen sind die
vollstdndige chirurgische Entfernung der Nebenniere und/oder die Verabreichung von Mitotane, einem
Derivat des Pestizids DDT. Die Uberlebenschancen der Patienten sind jedoch nach wie vor schlecht, und
der Wirkmechanismus von Mitotane ist nach wie vor nicht Klar. In dieser Arbeit wird gezeigt, dass die
menschliche ACC-Zelllinie NCI-H295R empfindlich gegentber dem durch Mitotane ausgel6sten Zelltod
ist. Im ersten Teil wurde die Beteiligung von drei verschiedenen RCD-Wegen, ndmlich Apoptose,
Nekroptose und Ferroptose, an der Mitotane-induzierten Nekrose untersucht. Zu diesem Zweck wurden
verschiedene Inhibitoren eingesetzt, die den Mitotane-induzierten Zelltod nicht blockieren konnten. Wurde
das Medium mit Insulin, Transferrin, Natriumselenit und Linolsdure (ITS+1) ergénzt, wurde kein Zelltod
der ACC-Zellen beobachtet. Dieses Ph&nomen wurde auf das Vorhandensein von Linolsdure
zurlickgefiihrt, da eine ITS-Erganzung ohne diese Komponente die Mitotane-induzierte Nekrose nicht
umkehren konnte.

Die Identifizierung neuer Zielmolekule fur alternative Behandlungsmoglichkeiten von ACC fihrte
zur Untersuchung von Schliisselmolekiilen, die an den Wegen der Nekroptose und Ferroptose beteiligt sind.
Die rezeptorinteragierende Proteinkinase 1 und 3 (RIPK1 und 3) und das Mixed-Lineage-Kinase-Domain-
ahnliche Protein (MLKL) wurden als interessante Zielmolekile betrachtet, da sie eine entscheidende Rolle
bei der Durchfuihrung der Nekroptose spielen. Eine Western-Blot-Analyse dieser Molekile ergab nur das
Vorhandensein von RIPK1, was darauf hindeutet, dass die Nekroptose-Maschinerie in den NCI-H295R-
Zellen nicht vorhanden ist. Interessanterweise zeigte die Auswertung der Expression von
Glutathionperoxidase 4 (GPX4), einem der wichtigsten hemmenden Molekile der Ferroptose, eine viel
hohere Expression in den ACC-Zellen im Vergleich zu der Standard-Zelllinie, die fir die Untersuchung der
Ferroptose verwendet wird, den menschlichen Fibrosarkomzellen HT1080. Auf der Grundlage dieses
Ergebnisses wurde die Hypothese aufgestellt, dass die NCI-H295R-Zellen fiir die Ferroptose-Induktion
empfanglich sind. Es wurden Verbindungen getestet, die fiir alle vier Klassen von Ferroptose-Induktoren
(FINSs) reprasentativ sind. Die direkte Hemmung von GPX4 mit dem kleinen Wirkstoff RSL3, einem FIN
des Typs I, fuhrte zu hohen nekrotischen Populationen. Die gleichzeitige Behandlung mit dem Ferroptose-
Inhibitor Ferrostatin-1 (Fer-1) kehrte die RSL3-induzierte Ferroptose vollstdndig um. FINO2 vom Typ 1V,
das einen indirekten Verlust der enzymatischen Aktivitdt von GPX4 bewirkt, fuhrte ebenfalls zu hohen
nekrotischen Populationen, wahrend Fer-1 die FINO2-induzierte Ferroptose verhinderte.

Daten aus offentlichen Datenbanken uber den Methylierungs- oder Mutationsstatus von ACC-

Gewebe und normalem menschlichen Nebennierengewebe wurden verwendet, um potenzielle
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Schlusselfiguren der Ferroptose zu untersuchen, die in ACC entweder mutiert oder stillgelegt sein konnten.
Bemerkenswert ist, dass die Glutathionperoxidasen 3 und 5 (GPX3 und 5) stark methyliert waren, wahrend
das Enzym Cystathionin-Gamma-Lyase (CSE), das am Transsulfurierungsweg Uber die Aufspaltung von
Cystathionin in Cystein, a-Ketobutyrat und Ammoniak beteiligt ist, stark mutiert war. Insgesamt deuten
diese Daten auf eine hohe Empfindlichkeit von ACCs gegentliber der Ferroptose-Induktion hin. Dies konnte
ein neues Kapitel firr die therapeutischen Ansétze bei ACCs darstellen. Daruiber hinaus ermdglichen diese
Ergebnisse ein besseres Verstandnis der Biologie dieser Krebsart, bei der Ferroptose-regulierende Gene
stark mutiert oder stillgelegt sind.

Der zweite Teil dieser Arbeit befasst sich mit der Beteiligung der RCD am spontanen Zelltod in
isolierten murinen Tubuli. Die vorhandene Literatur deutet darauf hin, dass Nekroptose- und
Ferroptosewege in der Niere bei Modellen der akuten Nierenschadigung (AKI) eine Rolle spielen. Die
akute tubuldre Nekrose (ATN) ist ein charakteristisches Merkmal der AKI. Waéhrend die Arbeit im
Linkermann-Labor gezeigt hat, dass isolierte Tubuli, die mit Typ | FIN Erastin perfundiert wurden, einen
Zelltod in Form einer "Welle des Todes" erfahren, gibt es keine tieferen Einblicke in die Ausbreitung der
tubulédren nekrotischen Schadigung. Es wurde ein Protokoll fir die Isolierung von Nierentubuli der Maus
entwickelt, das ein Ex-vivo-Modell fur die Untersuchung des Tubulustods bietet. Die Abwesenheit von
potenziell storenden Blutzellen und Immunzellen wurde durch umfangreiche Waschschritte und die
Verwendung von Kollagenase sichergestellt. Die visuelle Beobachtung und die Anférbung isolierter Tubuli
mit dem Nukleinsdure-Farbstoff SYTOX gruin zeigten einen spontanen Zelltod in Form einer "Welle des
Todes". Diese Welle verlief parallel zu einer Veradnderung der Kalziumkonzentration, was auf deren
Beteiligung an der spontanen Nekrose hindeutet. Um die mdgliche Beteiligung von Mitochondrien an
diesem Prozess zu untersuchen, wurden elektronenmikroskopische Aufnahmen von Teilen der Tubuli mit
unterschiedlichem Schédigungsgrad gemacht, die stark geschadigte und aufgeblédhte Mitochondrien
zeigten. Diese Daten ermdglichten eine phanotypische Charakterisierung der spontanen tubuléren Nekrose.

Um diese Art des Todes genetisch zu erfassen, wurden Nekroptose- und Pyroptose-defiziente Mause
(MLKL/GSDMDPX®) verwendet. Der Vergleich der LDH-Freisetzung, die als MaR fir die Nekrose
verwendet wird, aus isolierten Nierentubuli der MLKL/GSDMDPX°-Mause und der Wildtyp-Mause (WT)
ergab keinen Unterschied. Dies deutet darauf hin, dass weder Nekroptose noch Pyroptose an der tubuléren
Nekrose beteiligt sind. In einem néchsten Schritt wurden daher die Auswirkungen von Fer-1 auf die LDH-
Konzentration in isolierten Tubuli von WT-Mausen untersucht. In den mit Fer-1 behandelten Tubuli wurde
eine signifikant geringere LDH-Freisetzung beobachtet als in den mit dem Vehikel behandelten Tubuli.
Diese Verringerung der LDH-Freisetzung war jedoch nicht vollstandig, was darauf hindeutet, dass die

Ferroptose nur teilweise fiir den spontanen Tod der isolierten Tubuli verantwortlich ist.



Der Unterschied zwischen mannlichen und weiblichen M&usen in Bezug auf AKI wurde in der
Literatur dahingehend beschrieben, dass weibliche M&use im Vergleich zu ménnlichen M&usen weniger
empfindlich sind. Daher wurde in einem néchsten Schritt untersucht, ob dieser Schutz der weiblichen Tiere
auch auf der Ebene der isolierten Tubuli beobachtet werden kann. In der Tat war die LDH-Freisetzung aus
den isolierten Tubuli weiblicher Maduse deutlich geringer als die LDH-Freisetzung aus den isolierten Tubuli
ménnlicher Mause. Auf der Grundlage der Daten, die aus isolierten Tubuli von mit Fer-1 behandelten
ménnlichen WT-Mausen gewonnen wurden, wurde ein ahnliches Experiment mit Tubuli durchgefiihrt, die
aus weiblichen WT-Mausen isoliert wurden. Es wurde kein Unterschied in der LDH-Freisetzung zwischen
den mit Fer-1 behandelten Tubuli und den mit dem Vehikel behandelten Tubuli festgestellt, was darauf
hindeutet, dass ein anderer Zelltodweg beteiligt sein kénnte.

Der offensichtlichste Unterschied zwischen maénnlichen und weiblichen Organismen sind die
Geschlechtshormone. Ob Testosteron oder B-Ostradiol fiir die hohere Anfélligkeit oder den Schutz vor dem
Zelltod verantwortlich sind, wurde in den letzten Jahren diskutiert. Um diese Hypothese zu testen, wurden
drei verschiedene Zelllinien verwendet. Es wurde eine Vorbehandlung von 16 Stunden mit Testosteron
oder B-Estradiol durchgefuhrt. Anschlieend wurden die Zellen entweder mit Typ-I-FIN-Erastin oder Typ-
II-FIN-RSL3 behandelt und mittels Durchflusszytometrie analysiert. Die Daten zeigten eine schiitzende
Wirkung von B-Ostradiol gegen die Ferroptose-Induktion. Als nichstes wurde die Wirkung von B-Ostradiol
bei gleichzeitiger Behandlung mit RSL3 untersucht. Interessanterweise wurden die schiitzenden Wirkungen
des Hormons weiterhin beobachtet. Von den Metaboliten des B-Estradiols wurde berichtet, dass 2-
Hydroxyestradiol (2-OHE?2) eine antioxidative Wirkung hat. Daher wurde 2-OHEZ2 in einer gleichzeitigen
Behandlung mit RSL3 verwendet, und die erhaltenen Daten zeigten, dass es ein viel stérkerer Inhibitor des
nekrotischen Zelltods war als B-Ostradiol, selbst bei niedrigeren Konzentrationen. Insgesamt deuten diese
Daten darauf hin, dass die geringere Anfalligkeit weiblicher Organismen fir den Zelltod durch das
Vorhandensein von B-Ostradiol und seinen starkeren antioxidativen Metaboliten erklart werden konnte.
Diese Erkenntnisse konnten die Art und Weise, wie die beiden Geschlechter wissenschaftlich betrachtet
werden, verandern und gleichzeitig neue Erkenntnisse tber unterschiedliche therapeutische Strategien flr

méannliche und weibliche Organismen liefern.
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1. Introduction

1.1. Regulated cell death

Regulated necrosis (RN) of a cell is defined by the loss of the integrity of its plasma membrane,
caused in a traumatic manner or via regulated signalling pathways (RCD). It is essential during homeostasis
and in some cases the capacity of adaptation to stress stimuli (Tonnus et al., 2021a). Physiological or
pathophysiological conditions in vivo that result in necrosis, can lead to the dysfunction of the tissue but
also cause the release of molecules, termed as damage associated molecular patterns (DAMPs) (Sarhan et
al., 2018b). The release of DAMPs can modulate the immune system and can cause an immune response
referred to as necroinflammation, a process which is becoming increasingly more relevant (Maremonti et
al., 2022).

Many pathways related to RCD have been described aiming to unravel the biology of cells under
physiological conditions as well as the contribution of RCD in a wide variety of diseases. Until around 2006
apoptosis was tightly linked with the term regulated cell death. However, the increased knowledge on cell
death has expanded dramatically the way necrosis is viewed (Galluzzi et al., 2018). Since then, new details
concerning different pathways, such as necroptosis, pyroptosis, ferroptosis and others have emerged. The
first two mentioned pathways are tightly interconnected via a caspase-controlled system (Tonnus et al.,
2018), which will be further explained in sections 1.1.2, 1.1.3 and 1.1.4. On the other hand, ferroptosis is a
peroxidation/autooxidation-mediated process, leading to a very distinct cell death which can lead to a
synchronized cell death pattern across the tissue (Tonnus et al., 2018). More details on this matter are given
in the section 1.1.5. Necroptosis, pyroptosis and ferroptosis, in contrast to apoptosis, result in plasma
membrane integrity loss. Schematic illustrations of the regulated cell death pathways are shown in Figure
1.
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Figure 1. The regulated cell death pathways. A. Apoptosis represents a caspase-mediated and non-
inflammatory pathway. The intrinsic and extrinsic apoptosis pathways have been characterized as two
distinct signalling pathways which can be triggered by death receptors, such as the tumour necrosis factor
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receptor family 1 (TNFR1). A cascade of proteolytic cleavages of caspases lead to the activation of the
initiator caspase 8 (casp8) and the concomitant activation of the effector caspases (casp3, 6 and 7). During
the intrinsic pathway mitochondrial outer membrane permeabilization (MOMP) is observed. B.
Necroptosis, a kinase-mediated pathway, depends on RIPK1 and RIPK3, which participate in the formation
of the necrosome. RIPK3 phosphorylates the pseudokinase MLKL, which triggers the rupture of the plasma
membrane. This process can be counteracted by the membrane repair ESCRT-111 complex. C. Pyroptosis,
in contrast to apoptosis, involves inflammasomes which will activate the caspases 1, 4 and 11. This step
results in the cleavage of pro-IL-1B, pro-1L-18 and gasdermin D (GSDMD). The N-terminus of GSDMD
will form pores in the plasma membrane leading to the release of pro-inflammatory cytokines. D.
Ferroptosis, an iron-dependent form of regulated cell death, is characterised by the lipid peroxidation of the
plasma membrane, which will lead to membrane rupture. Lipid peroxidation is prevented by the glutathione
peroxidase 4 (GPX4), in a GSH-dependent manner. Other molecules, such as the oxidoreductase FSP1 (also
known as AIFM2) prevents the lipid peroxidation upon myristoylation-dependent recruitment to the plasma
membrane in a GSH-independent manner. casp; caspase, DAMP; damage-associated molecular pattern,
DD; death domain, DED; death effector domain, ER; endoplasmic reticulum, FA; fatty acid, MLKL; mixed
lineage kinase domain-like protein, PL-OH; phospholipid alcohol, PL-OOH; phospholipid hydroperoxide,
RIPK1; receptor-interacting protein kinase 1, RIPK3; receptor-interacting protein kinase 3, RTA; radical
trapping antioxidant. (Image obtained from Tonnus et al., 2021).

1.1.1. Apoptosis
More than 10 billion cells die by apoptosis each day, representing the default pathway of regulated

cell death (RCD) in tissue development. As a consequence of apoptosis, the cell shrinks, the nucleus
condenses, the DNA is fragmented and the exposure of phosphatidylserine, normally constrained to the
inner part of the plasma membrane, acts as the “eat me” signal to macrophages. Membrane blebbing is
another characteristic of apoptosis. However, the plasma membrane remains intact, therefore preventing
the release of intracellular contents to the extracellular space. Therefore, apoptosis is considered as
immunologically silent.

There are two distinct identified pathways of apoptosis; the extrinsic and the intrinsic. The extrinsic
pathway is mediated by death receptors, such as the tumour necrosis factor receptor family (TNFR) and the
Fas receptor (also known as CD95). The binding of the tumour necrosis factor (TNF) to the TNFR leads to
the activation of initiator caspases (caspase-8 and caspase-10) through the recruitment of Fas-associated
death domain protein (FADD) at the intracellular region of the death receptor. The bound procaspase-8
recruits additional procaspase-8 molecules, which will be activated by dimerization. Active capsase-8
cleaves and concomitantly activates the executioner capsase-3, caspase-6 and caspase-7. Caspase-8 cleaves
and thereby activates BID, a BH3-only protein, resulting in tBID. The cleaved product, tBID antagonizes
the anti-apoptotic Bcl-2 proteins, activates BAX and BAK therefore causing mitochondrial outer membrane
permeabilization (MOMP). The activation of caspase-8 does not only occur upon ligation to death
receptors. The kinase RIPK1 can bind to FADD to promote caspase-8 activation and ultimately apoptosis
(Green, 2019; Tonnus et al., 2019).
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In the intrinsic pathway, also referred to as the mitochondrial pathway of apoptosis, caspase-8 cleaves
and activates the BH3 protein, Bid, which antagonizes the anti-apoptotic Bcl-2 proteins. As a result, BAX
and BAK are being activated, recruited to the outer mitochondrial membrane leading to mitochondrial outer
membrane permeabilization (MOMP). Among the mitochondrial content that is being released into the
cytosol, cytochrome c assembles with the cytosolic proteins APAF1 and caspase-9. This complex is referred
to as the apoptosome, a large heteroheptameric structure that will eventually activate the executioner
caspases (Figure 1A). Caspase-3, 7 and 9 are bound and inhibited by the X-linked inhibitor of apoptosis
(XIAP). Smac and Omi are also released upon MOMP, which antagonise XIAP, disabling this mode of
caspase inhibition and thereby aiding their function (Sarhan et al., 2018b; Green, 2019; Tonnus et al., 2019;
Tonnus et al., 2021a).

1.1.2. Necroptosis
Necroptosis, another type of RN (Figure 1B), is evolutionarily conserved as a pathway to defend the

cell against viral infection. Some pathogens are capable of inhibiting caspase-8 in order to prevent
apoptosis. As a cellular backup mechanism this inhibition would also lead to the activation of RIPK1 and
RIPK3, the key kinases in the necroptotic pathway (Mocarski et al., 2011). Both RIPK1 and RIPK3 contain
a RIP homotypic interaction motif (RHIM), which is typical of the necroptosis pathway (Kaiser et al.,
2013). The deubiquitination of RIPK1 no longer intercalates its RHIM domains between the RIPK3 RHIM
domains. Concomitantly RIPK1 mediates the phosphorylation of RIKP3 and therefore activates it. RIPK3
can then oligomerize through its RHIM domain, forming a large amyloid-like platform, referred to as the
necrosome (Kaiser et al., 2008; Kaiser et al., 2013). Two chaperone proteins, HSP90 and CDC37, stabilize
the necrosome rendering it fully active (Li et al., 2015; Li et al., 2016).

Other than RIPK1 and RIPK3, two more proteins are known to contain a RHIM domain. The Z-
DNA-binding protein 1 (ZBP1, also referred to as DAI) can recognize intracellular oligonucleotides. As a
result, another detection of viral infection is being merged to the necroptosis machinery pathway (Kaiser et
al., 2008; Rebsamen et al., 2009; Upton et al., 2012; Lin et al., 2016). The other RHIM-containing protein,
the TIR domain-containing adapter-inducting interferon- (TRIF) links necroptosis to host recognition of
bacteria.

Necroptosis is not only activated in response to viral or bacterial invasion, but also as a result of the
activation of the TNF receptor 1 (TNFR1), the toll-like receptors (TLRs) and the tumor necrosis factor
related apoptosis inducing ligand receptor (TRAILR). The default behaviour of TNFR1 receptor is the
recruitment of a complex comprised of TNFR1-associated death domain (TRADD) and RIPK1. RIPK1 is
post-translationally modified by K63 (linear, also known as M1) linkages or K48 linked polyubiquitination

by E3-ligase complexes, such as the cellular inhibitor of apoptosis protein 1 (clAP1) and cellular inhibitor
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of apoptosis protein 2 (CIAP2) (Feoktistova et al., 2011; Vanlangenakker et al., 2011). In a similar manner,
the linear ubiquitin chain assembly complex (LUBAC), consisting of the SHARPIN, HOIP and HOIL1
proteins, generate linear polyubiquitin chains (Haas et al., 2009; Ikeda et al., 2011; Peltzer et al., 2018). In
this state, the receptor activation triggers the downstream NF-«xB signalling (Wong et al., 2010; Dondelinger
etal., 2015). Concomitantly, the cellular FLICE-inhibitory protein (cFLIP) will be expressed, rendering the
cell resistant to cell death (Krammer et al., 2007). With prolonged receptor activation, deubiquitinases
(DUBSs), such as A20 (Wartz et al., 2004; Onizawa et al., 2015) and CYLD (Moquin et al., 2013; Hrdinka
etal., 2016; Newton et al., 2019a), remove K63 polyubiquitin chains from RIPK1 molecules. Linear chains
are being removed by OTULIN (Keusekotten et al., 2013; Damgaard et al., 2016; Heger et al., 2018).
Deubiquitination of RIPK1 then leads to the recruitment of pro-caspase-8 via its death domain (DD) that
binds FADD. This complex results in a functional caspase-8 homodimer capable of cleaving the effector
caspases (caspase-3, 6 and 7) that will mediate and execute apoptosis (Krammer et al., 2007). Caspase-8
also forms heterodimers with the long version of cFLIP, and by mechanisms which include RIPK1, RIPK3
and CYLD, inactivates RIPK3. Hereby, the necroptosis pathway is inhibited. This inhibitory effect of
cFLIP/caspase-8 explains the embryonic lethality of caspase-8 deficient mice, a phenotype reversed on a
RIPK3-deficient background in mice (Kaiser et al., 2011; Oberst et al., 2011). Hence, the loss of cFLIP or
viral inhibition of caspase-8 unleashes the activation of RIPK3 upon RIPK1-mediated phosphorylation
which set off the process of necroptosis (Dillon et al., 2012; Dillon et al., 2014).

All the necroptosis triggers lead to a shared downstream path involving the mixed lineage kinase
domain-like pseudokinase (MLKL). MLKL is being phosphorylated at the activation loop by the RIPK3
kinase domain of the active necrosome, causing the exposure of a four helical bundle (4-HB). Additionally,
a persistent phosphate residue in the hinge region between the 4-HB and the rest of the protein is being
dephosphorylated (Murphy et al., 2013; Murphy et al., 2014; Rodriguez et al., 2016). The fully active
protein, phospho-MLKL (pMLKL) binds to phosphatidylinositol-4,5-bisphosphate (PIP2) in the plasma
membrane and by means yet to be clarified causes the loss of plasma membrane integrity (Dondelinger et
al., 2014; Wang et al., 2014). However, membrane repair mechanisms formed by the endosomal sorting
complexes required for transport (ESCRT-I11) have been shown to be downstream of pMLKL. The presence
of the ESCRT-III machinery extends the time until the plasma membrane ruptures (Gong et al., 2017).
Absence of the ESCRT-I11 complex leads to MLKL-dependent necroptosis (Gong et al., 2017; Yoon et al.,
2017; Zargarian et al., 2017).

Several molecules have been developed that inhibit necroptosis. Such molecules are referred to as
“necrostatins”. For instance, the small molecule Necrostatin-1 (Nec-1) inhibits the RIPK1 kinase (Degterev
et al., 2005; Degterev et al., 2013; Degterev and Linkermann, 2016). Apart from blocking necroptosis, Nec-

1 has been shown to exhibit ferroptosis-inhibitory features (Friedmann Angeli et al., 2014a), a pathway that
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is presented in more detail in section 1.1.4. A more necroptosis-specific molecule based on the structure of
Nec-1 was developed and termed Nec-1s (Degterev et al., 2013). Other inhibitors of RIPK3 (e.g. GSK’840)
(Mandal et al., 2014) and MLKL (e.g. necrosulfonamide) (Sun et al., 2012) have also been developed.

1.1.3. Pyroptosis

Pyroptosis is defined as an inflammasome-mediated pathway in which gasdermins are key mediators
of cell death (Figure 1C). It has been described in macrophages as a necrotic type of death where
inflammasomes lead to caspase activation (Man et al., 2014). Inflammasomes are cytosolic, intracellular
supramolecular complexes. Caspase-1 and caspase-11 mediate the proteolytic activity of inflammasomes
in mice, and caspase-4 mediates the proteolytic activity of inflammasomes in humans (Broz and Dixit,
2016; de Vasconcelos et al., 2016). The interleukins pro-IL-1f and pro-1L-18 contain a cleavage site for
caspase-1, while gasdermin D (GSDMD) can be cleaved by caspase-11 (Kayagaki et al., 2015; Shi et al.,
2015; Ding et al., 2016). The N-terminus of the cleaved GSDMD forms a 28-fold single-ring pore, in a
similar way as GSDMA, which represents another member of the gasdermin family able to execute necrotic
cell death by pyroptosis (Ding et al., 2016; Ruan et al., 2018). The formation of this pore allows IL-1p and
IL-18 to be released into the extracellular space (Ding et al., 2016). These two highly pro-inflammatory
cytokines render pyroptosis the most pro-inflammatory RCD pathway described to date (Tonnus et al.,
2018).

An important aspect of pyroptosis is its role in the response to infectious diseases. It has been shown
that mice lacking GSDMD are protected from lipopolysaccharide-mediated shock (LPS shock).
Interestingly, caspase-8 controls the cleavage of gasdermins (Fritsch et al., 2019; Newton et al., 2019b), an
event that occurs upstream of inflammasome activation (Vince et al., 2012; Kang et al., 2013; Philip et al.,
2014; Lawlor et al., 2015). In cell culture systems the death effector domain (DED) of caspase-8 was shown
to bind to ASC (an inflammasome component) (Newton et al., 2019b). However, data demonstrating this
in mice are lacking. Evidently, inflammasomes exert two major functions: the cytokine maturation and the
GSDMD cleavage. These two events happen in a mechanistically distinct fashion, during which ASC
oligomerization is required for IL-1p maturation, while absence of ASC allows the cleavage of GSDMD
(Dick et al., 2016).

At least six members of the gasdermin family have been identified in humans: GSDMA, GSDMB,
GSDMC, GSDMD, GSDME and DFNB59 (Wang et al., 2017). Other members of the gasdermin family
have the potential of forming pores, such as GSDME, which can be activated by caspase-3 during apoptosis
(Wang et al., 2017; Rogers et al., 2019). GSDMD also contains a caspase-3 cleavage site (Taabazuing et
al., 2017) which is preventing the GSDMD N-terminal fragment pore formation (Wang et al., 2017; Rogers
etal., 2019).
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1.1.4. Ferroptosis
The term ferroptosis was first introduced in 2012 (Dixon et al., 2012), and is an iron-catalysed type

of RCD that leads to lipid peroxidation (Dixon et al., 2012a; Stockwell et al., 2017a). Ferroptosis differs
from the other RCD pathways (apoptosis, necroptosis and pyroptosis) in many ways (Figure 1D). No death
receptors or DNA-sensors have been found to induce ferroptosis, while it remains unclear which specific
signal triggers ferroptosis initiation in vivo (Davidson and Wood, 2020). Cellular concentrations of reactive
oxygen species (ROS) may result from iron-catalysed or Fenton reactions, which can potentially lead to
lipid peroxidation. Under healthy conditions, lipid peroxidation is prevented by diverse cellular anti-redox
systems (Tonnus et al., 2021a). When these systems fail, then the plasma membrane will get oxidised
leading to its rupture by poorly understood mechanisms (Dixon et al., 2012; Dixon and Stockwell, 2014).
Polyunsaturated fatty acids (PUFAS) are considered to be the primary targets of free radicals, such as ROS
(Yinetal., 2011; Tonnus et al., 2021a). A hydrogen atom from the targeted PUFA is abstracted, yielding a
carbon-centered radical that can react with O,. The last reaction leads to a peroxyl radical that can propagate
the chain reaction by interacting with another molecule or even itself. Interestingly, the number of double
bonds of the lipids increases the complexity of the oxidised products, as PUFAs can be autooxidised (Yin
etal., 2011).

The metabolism of amino acids is tightly linked to ferroptosis (Friedmann Angeli et al., 2017,
Stockwell et al., 2017a). The antiporter system X exchanges a cysteine with a glutamate in a 1:1 ratio.
High levels of glutamate inhibit the system X and therefore trigger ferroptosis (Dixon et al., 2012a).
Cystine is metabolized intracellularly to cysteine, the rate-limiting amino acid for glutathione (GSH)
synthesis (Sarhan et al., 2018b). GSH is synthesized from glutamate, cysteine, and glycine in two steps.
The ATP-dependent cytosolic enzyme glutamate-cysteine ligase (GCL) produces a molecule of y-glutamyl-
cysteine, which with glycine will be utilised by the also ATP-dependent cytosolic enzyme glutathione
synthetase (GSS) (Stockwell et al., 2017a). GSH is essential for the anti-ferroptotic function of the enzyme
glutathione peroxidase 4 (GPX4), a selenoprotein, which inhibits the peroxidation of plasma membrane
lipids (Stockwell et al., 2017b; Ingold et al., 2018). Metabolism of GSH results in the increase of
intracellular levels of NADPH, which in certain types of cells such as renal tubular cells may diffuse freely
through shared cytoplasms interconnected via gap junctions and tight junctions (Belavgeni et al., 2020).
Depletion of the GSH or the NADPH levels will therefore lead to a dysfunction of GPX4 halting the
reduction of continuously produced peroxidised lipids to PE-alcohol (Belavgeni et al., 2020).
Consequently, GPX4 counterbalances the Fenton reactions maintaining homeostasis alongside low
intracellular levels of H,0..

Two other GSH-independent inhibitory systems have been reported: the ferroptosis-suppressing

protein 1 (FSP1, also known as apoptosis-inducing factor mitochondrial 2) (Bersuker et al., 2019; Doll et



1. Introduction

al., 2019) and prominin-2 (Belavgeni et al., 2019a; Brown et al., 2019). FSP1 is recruited to the plasma
membrane by a myristoylation-binding motif and functions as an oxidoreductase that generates radical-
trapping antioxidants (RTA) by reducing the coenzyme Q10 (CoQ10 otherwise known as ubiquinone-10),
which counteract lipid peroxidation. FSP1 uses NAD(P)H to catalyse the generation of CoQ10 (Bersuker
et al., 2019; Doll et al., 2019). Interestingly, GXP4 deficient mice are embryonically lethal (Ingold et al.,
2018), while FSP1 deficient mice are viable and fertile (Bersuker et al., 2019). On the other hand, prominin-
2 facilitates ferroptosis resistance via promoting the formation of ferritin-containing multivesicular bodies
(MVBs) and exosomes that transport iron out of the cell, thus inhibiting ferroptosis. Consequently, this
system regulates iron homeostasis and intracellular trafficking (Brown et al., 2019). However, to what
extent the neighbouring cells might get sensitised to ferroptosis due to the increase of iron concentration in
the microenvironment is unclear (Belavgeni et al., 2019a).

The repair mechanisms are essential in combating the peroxidation of membrane lipids, thereby
counteracting cellular processes, which modulate the lipid peroxidation system. ACSL4 (Acyl-CoA
Synthetase Long Chain Family Member 4) converts free fatty acids into fatty CoA esters (Doll et al., 2017).
LPCAT3 (lysophosphatidylcholine acyltransferase 3) is involved in the biosynthesis of phospholipids. The
products of ACSL4 and LPCAT3 are required for the onset of ferroptosis (Stockwell et al., 2017a).
Consequently, loss of these genes leads to a resistance against ferroptosis (Dixon et al., 2015; Doll et al.,
2017). Other systems such as oxidoreductases, including NADPH-cytochrome P450 reductase (POR) and
NADH-cytochrome B5 reductase (CYB5R1), contribute to the sensitivity towards ferroptosis via the
transferring of electrons from NAD(P)H to oxygen. This results in the production of H,O,, which reacts
with iron generating reactive hydroxyl radicals. Concomitantly, these radicals react with PUFAs, thereby
disrupting the membrane integrity leading to ferroptosis (Yan et al., 2021). Another system critically
involved to the ferroptosis sensitivity is the regulation of the intracellular iron pool, by heme oxidase 1
(Zarjou et al., 2013), H-ferritin (Fang et al., 2020) and hepcidin (Scindia et al., 2015).

Ferroptosis inducers (FINS) have been developed, studied, and considered for a range of diseases
such as cancer therapy or treatment of autosomal dominant polycystic kidney disease (ADPKD). Based on
the mode of action four major classes of FINs have been proposed. Type | FINs inhibit the system Xc.
Erastin, a small molecule found in a wide screen of compounds aiming to “eradicate” oncogenic RAS
mutant cell lines belongs to this group (Dolma et al., 2003). Compounds that target the active center of
GPX4, such as the small molecule RSL3 that confers increased lethality in the presence of oncogenic RAS
(Yang and Stockwell, 2008), are categorized as type 1l FINs. Type Il FINs, such as FIN56, degrade GPX4
(Shimada et al., 2016). Compounds belonging to the type 1V FIN class, such as FINO2, cause indirect loss
of the enzymatic activity of GPX4 while directly oxidizing iron (Gaschler et al., 2018). However, its exact

mechanism remains unclear. Development of FINs is an ambitious field of research in pursuit of
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therapeutics of a variety of diseases. For example, cancer cells that evade high H.O- levels by upregulation
of anti-ferroptosis pathways belonging to tumours that are resistant to initial chemotherapy are particularly
sensitive to ferroptosis induction. Other types of cancer, such as adrenocortical carcinomas and clear cell
carcinomas, show a high sensitivity towards ferroptosis induction (Yang and Stockwell, 2008; Zhou and
Yuan, 2014; Belavgeni et al., 2019b).

On the other hand, small molecules have also been developed targeting ferroptosis (Skouta et al.,
2014; Degterev and Linkermann, 2016; Martin-Sanchez et al., 2017a), with several of them representing
high-quality compounds with promising pharmacodynamic and pharmacokinetic properties (Hofmans et
al., 2016; Devisscher et al., 2018). Ferrostatin-1, also referred to as Fer-1, was found in a screen for
inhibitors of erastin-induced ferroptosis in human fibrosarcoma (HT1080) cells (Dixon et al., 2012a). Fer-
1 acts a lipid antioxidant and is the most used compound in studying ferroptosis. Interestingly, the
necroptosis inhibitor Nec-1 was also found to function as an effective ferroptosis inhibitor (Friedmann
Angeli et al., 2014a). The compound SRS11-92, a Fer-1 derivative, has been found to be effective in the
prevention of tubular necrosis (Skouta et al., 2014). Similarly, liproxtatin-1 (Lip-1) was investigated in a
model of liver ischemia reperfusion injury (IRI) and showed strong beneficial effects (Friedmann Angeli et
al., 2014a).

In certain cases ferroptosis has been observed to occur in a synchronized manner in renal tubules
(Linkermann et al., 2014), cell culture (Kim et al., 2016; Riegman et al., 2020a) or in the tail fins of
zebrafish upon wound response induction (Katikaneni et al., 2020). In the case of HAPL1 cells, when
challenged to undergo ferroptosis a calcium signal precedes the SYTOX green marker of dead cells (nucleic

stain that enters the nuclear membrane only when it ruptures) (Riegman et al., 2020a).

1.1.5. Interconnections of the regulated cell death pathways

Necroptosis is of critical importance in cells infected with virus that express caspase inhibitors (Cho
et al., 2009). Several viral proteins inhibit the proteolytic function of caspase 8, rendering it incapable of
cleaving caspases 3, 6 and 7. Therefore, apoptosis is inhibited (Kaiser et al., 2013). At the same time,
caspase-8 inhibition prevents the inactivation of RIPK1, which proceeds to trigger the necroptotic pathway
(Cho et al., 2009; Newton et al., 2019a). Interestingly, caspase 8 deficient mice are embryonically lethal, a
phenotype reversed upon additional deficiency to RIPK3 (Kaiser et al., 2011; Oberst et al., 2011) or MLKL
(Alvarez-Diaz et al., 2016). The significance of the interconnection between apoptosis and necroptosis was
demonstrated by mutations of RIPK1 preventing its cleavage by caspases which subsequently resulted in
autoinflammatory diseases (Lalaoui et al., 2020). Additionally, the cleavage of RIPK1 does not only inhibit
necroptosis, but also assists in the maintenance of the inflammatory homeostasis during development
(Lalaoui et al., 2020).
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Apoptosis and pyroptosis are also interconnected via caspase 8. Caspase 8 might directly recruit ASC
through its DED, regulating inflammasome activation and therefore pyroptosis (Fritsch et al., 2019; Newton
et al., 2019b). Whether caspase 8 can directly cleave and thereby activate GSDMD under certain
circumstances is not entirely clear (Mandal et al., 2018; Orning et al., 2018; Sarhan et al., 2018a).
Additionally, the proteolytic activity of caspase 3 directly cleaves GSDME at its linker, generating a
GSDME-N fragment capable of forming pores in the plasma membrane and initiating pyroptosis (Wang et
al., 2017). Furthermore, the cellular FLICE-inhibitory protein was shown to directly inhibit caspase 8-
mediated GSDMD cleavage and protecting macrophages from LPS-induced pyroptosis (Muendlein et al.,
2020). Concerning the sensitivity of cells towards necroptosis or pyroptosis the ESCRT-III complex
prevents the loss of membrane integrity by releasing pMLKL (Gong et al., 2017; Yoon et al., 2017) or
GSDMD-N terminal-containing microvesicles (Ruhl et al., 2018), respectively.

Ferroptosis, on the other hand, is not shown to have any interconnections with the other three
regulated pathways. The only known common feature of ferroptosis to necroptosis and pyroptosis is the
loss of plasma membrane integrity, an event occurring due to the loss of the redox capacity of the cell
(Tonnus et al., 2021a). Nevertheless, a connection of ferroptosis with the other pathways would be rather
expected, since evidence from acute kidney injury models point towards the importance of both necroptosis
and ferroptosis (Belavgeni et al., 2020). Clinical needs to inhibit acute kidney injury (AKI) have led, for
instance, to the development of a dual inhibitor of necroptosis and ferroptosis termed as Nec-1f (Tonnus et
al., 2021c).

1.2. The neuroendocrine system of the HPA axis: focus on the adrenal glands
1.2.1 The HPA axis

Under stress conditions, the human body activates multiple coordinated and dynamic processes
aiming to restore homeostasis (Russell and Lightman, 2019). This system was evolutionary developed with
the goal of better survival of the organism when the body is under threat or under physiological conditions
dictated by the circadian rhythm. In such a case, a hormonal-neural network is mobilized to optimize the
metabolic, immunological, cognitive and cardiovascular functions (Russell and Lightman, 2019). In the
absence of stress, a circadian rhythm of the adrenocorticotropic hormone (ACTH) and glucocorticoid
secretion is observed. The nadir and the quiescent phase of the ACTH and the secreted glucocorticoids are
dictated by the waking and sleeping cycle of the organism (Lightman and Conway-Campbell, 2010; Russell
and Lightman, 2019). This rhythm is tightly regulated from the suprachiasmatic nucleus of the
hypothalamus (Reppert and Weaver, 2002) and has been observed in several mammals including humans
(De Kloet and Sarabdjitsingh, 2008; Sarabdjitsingh et al., 2010). Pathophysiological conditions, such as

arthritis, may alter the circadian corticosterone rhythm in rodents (Windle et al., 2001).
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The system responsible for the regulation and secretion of the adrenal hormones is the hypothalamus-
pituitary-adrenal (HPA) axis (Figure 2). Briefly, the suprachiasmatic nucleus (SCN) of the hypothalamus
is responsible for the secretion of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP)
to the portal blood vessel system. These hormones act on the anterior lobe of the pituitary, which in turn
produces ACTH (also known as corticotropin). The adrenal glands respond to the ACTH signal via the
production and release of glucocorticoids, such as cortisol. Once the levels of glucocorticoids are high

enough, they act with negative feedback on the hypothalamus and the pituitary.

SCN CNS

Circadian

. ) Stressors
information

Hypothalamus

CRHand |
AVP release

Median
eminence

Anterior
pituitary

Portal vein

Corticotroph
cells

ACTH
release

Corticosterone

Figure 2. Schematic model of the HPA (hypothalamus-pituitary-adrenal) axis and the release of
hormones. Inputs from the suprachiasmatic nucleus (SCN), physical stressors relayed from the central
nervous system (CNS), negative feedback mediated by the secretion of glucocorticoids are a few features
to which the hypothalamus responds. The paraventricular nucleus of the hypothalamus secretes
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP), two adrenocorticotropic hormone
(ACTH) secretagogues, at the portal vein that reaches the anterior pituitary. CRH and AVP activate the
receptors of the corticotroph cells, which in turn will release ACTH. Subsequently, ACTH triggers the
production and release of glucocorticoids, which elicit negative feedback at the level of CRH release of the
hypothalamus and ACTH of the pituitary. (Image obtained from Lightman and Conway-Campbell, 2010).

1.2.2. The adrenal glands
The adrenal glands are complex polyfunctional bilateral organs situated above the kidneys. They are
comprised of two distinct regions: an outer region termed cortex and an inner region termed medulla. The

cortex comprises of three distinct histological zones. The zona glomerulosa, is comprised of cells arranged
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in a rosette formation which are surrounded by a basement membrane. These cells are responsible for the
production of mineralocorticoids, such as aldosterone (responsible for the regulation of blood pressure as
part of the renin-angiotensin system and electrolyte balance). In the zona fasciculata, which comprises the
bulk of the cortex, the lipid-laden cells are arranged radially in bundles of parallel cords (fasces). Cells of
this zona produce glucocorticoids, cortisol and cortisone, important regulators of the immune system and
metabolism. The innermost layer of the cortex, the zona reticularis, consists of a tangled network of cells
and produces androgens that are converted to fully functional sex hormones in the gonads. The medulla
consists of modified sympathetic ganglia, that respond to cholinergic preganglionic fibres releasing
catecholamines: epinephrine (also known as adrenaline) and norepinephrine (also known as noradrenaline)
(Goodman, 2009; Hahner et al., 2021). A schematic view of the adrenal gland zonation and the hormones
produced from each zona are shown in Figure 3.

The outer layers of the cortex undergo homeostatic renewal and regeneration after injury. As a
dynamic organ, the adrenal gland is able to adjust its size and function in order to respond to the varying
physiological demands (Lyraki and Schedl, 2021). During this process, steroidogenic cells undergo lineage
conversion from zona glomerulosa to zona fasciculata, altering their identity (Freedman et al., 2013). The
capsule zone and the sub-capsule zone, which are highly proliferative, will replace the adrenal tissue in a
span of 3 months depending on the sex. For instance female mice show three times higher turnover of the
adrenal cortex compared to male mice (Grabek et al., 2019). Canonical WNT signalling (B-catenin-
dependent) is crucial for the development of the zonas in the adrenal. A gradient of diminishing WNT
ligand expression is observed from the outer to the inner adrenal cortex. Therefore, high levels of B-catenin
accumulate in the zona glomerulosa (Walczak et al., 2014; Finco et al., 2018; Basham et al., 2019). In the
outer cortex R-spondin 3 (RSPO3) counteracts the activity of the membrane-bound E3 ubiquitin-protein
ligase ZNRF3 (Hao et al., 2012; Zebisch et al., 2013; Vidal et al., 2016). ZBRF3 promotes in the inner
cortex the lysosomal degradation of Frizzled WNT receptors. Therefore, the WNT signalling pathway is
inhibited in the inner cortex (Basham et al., 2019). Given the complexity of the adrenal microenvironment
in terms of renewal it is important to bear the effects of sex hormones, e.g. testosterone, in mind, on its

developmental process (Grabek et al., 2019), a concept that has started to evolve during the past few years.
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Figure 3. Schematic view of the adrenal gland zonation and the respective hormones produced from
each zona. There are two major parts of the adrenal gland, the outer steroid-secreting cortex, and the inner
neuroendocrine medulla. The cortex is further subdivided into three layers/zones. A capsule is covering the
outermost zona glomerulosa, responsible for the production of mineralocorticoids. The intermediate zona
fasciculata releases glucocorticoids, while the inner zona reticularis secretes adrenal androgen precursors.
Catecholamines are being secreted by the medulla. DHEA; dehydroepiandrosterone, DHEAS;
dehydroepiandrosterone sulfate. (Image obtained from Hahner et al., 2021).

1.2.2.1. Adrenocortical carcinomas

Adrenocortical carcinomas (ACCs) are rare, frequently aggressive tumours derived from the cortex
of the adrenal glands. ACCs are recognized by the 2017 WHO (World Health Organization) classification
as malignant epithelial tumours of adrenocortical cells (Lam, 2017; Lloyd et al., 2017). The incidence of
ACCs is approximately one to two per million per year (Allolio and Fasshacht, 2006; Fassnacht et al., 2011;
McAteer et al., 2013). A bimodal distribution of age has been observed for ACCs, with a peak before the
age of five and a plateau between 40 and 60 years of age. Generally, the pace and aggressiveness of the
disease progression are more severe in adults than in children (Ng and Libertino, 2003). The median overall
survival of adult patients is approximately three to four years, while an approximate five year survival for
the paediatric patients appears to be less than 60% (McAteer et al., 2013). Depending on the location of the

ACC the survival might differ. For example, for patients whose ACC is limited to the adrenal cortex there
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is a 60-80 % chance for a 5-year survival, while this number drops to 35-50 % for ACCs with locally
advanced disease and 0-28 % when distant metastases are observed. These statistics reveal the importance
of tumour staging for the prognosis of the disease (Fassnacht et al., 2009). The malignancy of the ACC is
primarily determined by the Weiss scoring system (Weiss, 1984). The WHO recommends the use of the
European Network for the Study of Adrenal Tumours (ENSAT), which is based on the size and the extent
of the ACC (Fasshacht and Allolio, 2009). Additionally, the proliferation marker Ki-67, may be used to
assess the proliferation rate of the tumour, making it an important prognostic factor (Fassnacht and Allolio,
2009).

An early diagnosis of the disease is challenging due to its rarity, combined with the lack of distinct
alarming symptoms. Endocrine disturbances may occur in cases of hormone-secreting ACCs, representing
the 50-60 % of cases. Clinically, hypercortisolism, or else referred to as Cushing syndrome (50-60 % of
patients) and/or hyperaldosteronism (20-30% of female patients) are observed in the cases of hormone-
secreting ACCs. A smaller percentage of patients show estrogen and/or mineralocorticoid excess (Fassnacht
et al., 2018). Additionally, symptoms such as weight loss or gain, fatigue, insomnia, night sweating or fever
are commonly observed and develop rapidly (usually between three to six months) (Ng and Libertino,
2003). Non-hormone-secreting ACCs or tumours with a modest production of steroids present with a
clinical manifestation related to the growth of the tumour (e.g., abdominal pain) or with an incidentally
found abdominal mass, which in this case is termed as incidentaloma. Apart from the evaluation of the
hormone secretion, imaging using for examples computed tomography (CT) or magnetic resonance imaging
(MRI) is used for differential diagnosis of a primary adrenal mass and potential metastases (Fassnacht and
Allolio, 2009). Moreover, cytology from a specimen obtained by fine-needle aspiration (FNA) may not
distinguish between a benign adrenal tumour and an ACC, but it can distinguish between an adrenal tumour
and a metastatic tumour, providing more information concerning the staging of the disease (Jhala et al.,
2004).

Most ACC cases appear to be sporadic, however, several hereditary cancer syndromes have been
described as the cause of ACCs (Koch et al., 2002; Else and Rodriguez-Galindo, 2016). The Li-Fraumeni
syndrome is inherited as an autosomal dominant disorder and is associated with inactivating mutations of
TP53. This syndrome is detected in 50 % of the paediatric ACC tumours (Wasserman et al., 2015).
Germline mutations at the TP53 are detected in 4-6 % of the adult patients (Herrmann et al., 2012; Raymond
et al., 2013; Zheng et al., 2016). Mutations or deletions of genes at the chromosome 11p5.5 are associated
with the Beckwith-Wiedemann syndrome, which is found in some cases of paediatric ACC (Weksberg et
al., 2010). Interestingly, even though the mechanisms of many hereditary syndromes are rather well
characterized, the molecular pathogenesis of sporadic ACCs is yet to be understood. Nevertheless, high

chromosomal aneuploidy is a hallmark of ACC tumours, which separates them from adrenocortical
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adenomas. The TCGA cohort identified three subgroups of ACCs: “chromosomal” with gains or deletions,
“noisy” with high number of chromosomal breaks and “quiet” with few somatic copy number alterations
(Zheng et al., 2016). It is estimated that ACCs rank among the top five tumours with the highest levels of
chromosomal aneuploidy (Taylor et al., 2018). In addition, irregular cell cycle, impaired chromatin and
DNA repair, and alterations of signalling pathways, such as the WNT-B-catenin pathway, are considered to
be some of the molecular hallmarks of the ACC biology (Tissier et al., 2005).

The only curative option for patients with ACC currently is complete surgical resection of the tumour
(adrenalectomy). According to the ENSAT guidelines, patients must undergo a hormonal profiling to
determine the secretory activity of the tumour. This knowledge is important for cases of cortisol-producing
tumours due to the potential suppression of the HPA axis, which could lead to a postoperative adrenal
insufficiency (Fassnacht et al., 2018). Removal of the peritumoral lymph nodes has additionally been shown
to increase the survival rate of patients with ACCs (Reibetanz et al., 2012).

Patients with inoperable or advanced ACC are treated with the only drug approved by the European
Medicines Agency and the FDA, mitotane (Crona and Beuschlein, 2019). Mitotane is a derivative of the
pesticide DDT (1,1-(dichlorobiphenyl)-2,2-dichloroethane) and even though it has been used for more than
70 years, its mode of action remains unclear (Paragliola et al., 2020). As an adrenocorticolytic drug,
mitotane treatment seems to be more successful for patients with less aggressive tumours (Fasshacht et al.,
2018). A combination of mitotane with other cytotoxic agents, such as etoposide, doxorubicin and/or
cisplatin, may be used for the primary therapy of unresectable tumours and for the treatment of the
recurrence of the disease (Fassnacht et al., 2018). Concerning the duration of the mitotane used as an
adjuvant treatment there are no clear guidelines, especially for patients with low-risk disease (Fassnacht et
al., 2013; Fassnacht et al., 2018). Even though mitotane seems to be beneficial in certain cases of ACC, a
high spectrum of side effects has been observed. These include fatigue, lethargy, dizziness, nausea,
vomiting, anorexia, skin rash, diarrhoea, leukopenia, haematuria, to name a few (Allolio and Fassnacht,
2006). While adrenolytic drugs (e.g., mitotane) might be beneficial for the clearance of the tumour, the
steroidogenesis of the normal adrenal cells is inhibited, thereby causing steroid deficiency. Adrenal

insufficiency is treated by administration of glucocorticoids (Fassnacht et al., 2018; Paragliola et al., 2020).

1.2.2.2. Regulated cell death in the adrenal glands

Adrenocortical tumours seem to show high levels of DNA double-strand breaks, as detected via TdT-
mediated dUTP-biotin nick end-labelling (TUNEL) staining (Wachenfeld et al., 2001). This observation
has led to interpretation of TUNEL positivity as a sign of apoptosis (Tonnus et al., 2021a). However, every
cell death pathway (including the ones mentioned in section 1.1) exhibits TUNEL positivity. Therefore, a

scientific interpretation concerning the regulated cell death pathway which could be triggered to eliminate
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ACC cells is not yet possible. As mentioned already in section 1.1., necrotic cells release DAMPs that may
trigger different inflammatory responses. A hormone producing tumour dying by necrosis would therefore
not only release DAMPs, but also hormones that might be associated with necrotic death. This phenomenon
is referred to as damage-induced release of endocrine factors (DIRE) (Tonnus et al., 2021a). Those factors
can potentially cause systemic consequences mediated by hormone signalling or interfere with the
progression of regulated cell death pathways, as shown for dexamethasone effects on ferroptosis sensitivity
(Lau et al., 2022; von Méssenhausen et al., 2022). Analysis of the supraphysiological concentrations of
DIRE in the serum of patients could provide the scientific field with information on the underlying
mechanism of necrosis and therefore dictate a better treatment strategy (Tonnus et al., 2021a).

The importance of GPX4 during ferroptosis was mentioned above (section 1.1.4). Other members of
the glutathione peroxidase family (GPX3, GPX7 and GPX8) were found to be amongst the most frequently
mutated genes in ACCs (Giordano et al., 2009; Zheng et al., 2016). Interestingly, those studies found
lipoxygenases (e.g., ALOX12) to be mutated, while thioredoxin reductases were overexpressed (Giordano
et al., 2009; Zheng et al., 2016). Such mutations of the cancer cells could indicate a strategy of the tumor
to avoid on the one hand ferroptosis and lipid peroxidation on the other hand. However, a connection of the
ACC with regulated cell death pathways, other than apoptosis, has not been thoroughly investigated.

1.3. Structure of the kidney

Up to two thirds of the human body consist of water. The normal organ function is maintained via
the fluid balance attributed to the function of the kidneys (Wallace, 1998). The human kidneys are located
in the retroperitoneal space of the posterior abdominal wall on each side of the spine at the level between
the twelfth thoracic and third lumbar vertebrae and are bean-shaped (Wallace, 1998; Du et al., 2018). The
right kidney lies slightly lower than the left one due to the displacement by the liver (Wallace, 1998). A
cushion of fat keeps the kidneys in position, while their position between the abdominal organs and the
muscles of the back protect them from trauma (Wallace, 1998). Blood enters through the paired renal
arteries and exits through the paired renal veins, while the end-product of the kidney, the urine, is
transported to the bladder through the ureters. Each kidney has three distinct structures enclosed by a fibrous
capsule: the cortex, the medulla, and the pelvis (Figure 4A) (Du et al., 2018). The medulla is divided into
a series of wedges, termed as renal pyramids, that open into the renal calyces. The major calyces join
forming the renal pelvis, the extension of the upper end of the ureter. Renal columns extend from the cortex

down between the renal pyramids (Figure 4A) (Wallace, 1998).
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Figure 4. The structure of the kidney. A. Three main structures can be observed in the kidney: cortex,
medulla, and the pelvis. Blood enters via the renal artery and exits via the renal vein. The secreted urine is
transported through the ureter to the bladder. B. The basic structural and functional unit of the kidney is the
nephron. It consists of the glomerulus and Bowman’s capsule, and the renal tubules (with the order of
sequence; proximal tubule, loop of Henle, distal tubule, collecting ducts) and the peritubular capillaries
surrounding the renal tubules. C. Detailed illustration of the nephron. The afferent arteriole transfers blood
into the glomerulus, while the high blood pressure in the glomerular cavity triggers the filtration of fluid,
solutes, and waste from the blood into the Bowman’s space and then into the proximal tubules (cells located
in this part have characteristic microvilli). The efferent arteriole transports the filtered blood. D. Between
the glomerular capillary lumen and the Bowman’s capsule is the glomerular filtration barrier. It consists of
endothelial cells carrying glycocalyx structures, the glomerular basement membrane (GBM) and podocytes.
The distance between the endothelial cells, the pore size of the GBM and the distance of the podocytes limit
the size of proteins that can be filtered under physiological conditions. The endothelial fenestrations are
between 70-90 nm, the GBM has 2-8 nm size pores. E. The endothelial glycocalyx is consisted of
glycosaminoglycans and associated proteoglycans, that line the vascular lumen. The podocytes face the
Bowman'’s space and are arranged in a monolayer with their foot processes featuring 4-11 nm gaps. (Image
obtained from Du et al., 2018).

The main functions of the kidneys can be divided into five different activities. Firstly, the kidneys
regulate the total amount of water in the body, the inorganic ion composition, the acid-base balance, as well
as the fluid volume of the internal environment. This is achieved by the excretion of water and inorganic
ions, keeping the concentrations of these substances within a narrow range in the body. Secondly, the

kidneys are responsible for the excretion of waste metabolic products, in order to prevent them from
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accumulating in the body. These include urea, produced from the catabolism of proteins, uric acid, produced
from nucleic acids, and creatinine, produced from the muscle creatine. As a third function, foreign
chemicals, such as drugs, pesticides, food additives etc. and their metabolites, are being excreted with the
urine. Another function of the kidneys is the gluconeogenesis, which occurs after prolonged periods of
fasting. Glucose is synthesized from amino acids and their precursors and then released into the blood.
Lastly, kidneys are responsible for the release of two hormones: erythropoietin (important for the
maturation of red blood cells) and 1,25-dihydroxyvitamin D (important for the regulation of plasma Ca?"),
while the secretion of the enzyme renin is important for the control of blood pressure and sodium balance
(Widmaier et al., 2019).

Approximately 1.2 million functional units, called nephrons, are contained in each kidney (Figure
4B). Each nephron consists of an initial filtering component, the renal corpuscle, and the tubule component,
that extends from the renal corpuscle. All the renal corpuscles are located in the cortex of the kidneys, while
the tubules extend from the cortex with varying lengths into the medulla (Widmaier et al., 2019). The renal
corpuscle contains the glomerulus, a compact tuft of interconnected capillary loops, which is surrounded
by the fluid-filled Bowman’s capsule (Wallace, 1998; Widmaier et al., 2019). The kidneys are highly
vascularised organs with a perfusion rate of approximately 1,200 mL of blood per minute (Wallace, 1998).
Blood is filtered from the afferent arteriole into the renal corpuscle to the glomeruli. The high blood pressure
in the glomerular cavity results in the filtration of the fluid and its components (containing small molecular
size solutes and waste) into the Bowman’s space (Figure 4C). The glomerular filtrate lacks cells, large
polypeptides, and proteins, that are too large to pass through the pores formed by a filtration barrier. This
barrier consists of three difference components: the single-celled capillary endothelium (cells that have
glycocalyx structures), the basement membrane (non-cellular proteinaceous layer) and the single-celled
epithelial lining of Bowman’s capsule (cells referred to as podocytes) (Figure 4D,E) (Wallace, 1998; Du
et al., 2018; Widmaier et al., 2019). Podocytes are characteristic for their “octopus-like” structure with a
large number of foot processes (Widmaier et al., 2019). The unfiltered residual fluid is effused through the
efferent arteriole, thereby entering the peritubular capillaries, the renal vein and then the main bloodstream
(Du et al., 2018). Around 80 % of the renal plasma flows through the efferent arterioles to the peritubular
capillaries, while the remaining 20 % is filtered at the glomerulus and passes into the Bowman’s capsule
(Wallace, 1998). The filtration of the plasma per unit of time, represents an important parameter of the
physiological function of the kidneys and is referred to as the glomerular filtration rate (GFR). The
clearance of creatinine is a method that assesses glomerular filtration with sufficient accuracy for clinical
use. Urine formation starts with the glomerular filtration of the plasma (Wallace, 1998). Blood enters the

kidney through the cortex, where only 10 % of blood vessels branch off to supply the medulla. This
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anatomic structure of blood vessels creates a gradient in the cortico-medullary oxygen pressure. This high
osmotic concentration in the medulla facilitates the urine concentration (Scholz et al., 2021).

The second step in urine formation is the selective reabsorption of filtered substances, which is
achieved by active (energy consuming) and passive (non-energy consuming) transport mechanisms. Among
the filtered substances are electrolytes (such as sodium, calcium, potassium, magnesium, phosphate,
bicarbonate and chloride), non-electrolytes (such as glucose, amino acids, urea, uric acid and creatinine),
and water (Wallace, 1998). The filtered fluid that drains from the Bowman’s capsule passes through the
proximal tubules where the bulk of the fluid and solutes is reabsorbed (Scholz et al., 2021). Concentration
of the urine and regulation of salt excretion takes place at the distal nephron segments (Scholz et al., 2021).
Following the proximal tubule is the loop of Henle, which is a sharp, hairpin-like loop consisting of a
descending and an ascending limb. The ascending limb passes between the afferent and the efferent
arterioles of that loop’s own nephron (Figure 4C) (Du et al., 2018). The cells located at the transition to
the distal convoluted tubules are referred to as macula densa. Most of the water is reabsorbed by the
proximal tubule and the loop of Henle. The ascending limb of the loop of Henle leads to the next tubular
segment, the distal convoluted tubules. Fluid from the distal convoluted tubules flows into the collecting
duct system, which is comprised of the cortical collecting duct and the medullary collecting duct (Widmaier
et al., 2019). The reabsorption and excretion of metabolic substances are fine tuned by the different tubular
parts. For instance, the secretion of the mineralocorticoid aldosterone from the adrenal glands acts on the
ascending portion of the Henle loop, the distal convoluted tubule, and the collecting duct increasing sodium
ion reabsorption and potassium and hydrogen ion excretion (Wallace, 1998). While each nephron is a
separated unit, ultimately multiple collecting ducts merge and the urine drains into the renal pelvis, the
kidney’s central cavity (Widmaier et al., 2019).

1.3.1. Regulated cell death in kidney diseases

A dysregulation or damage of the kidneys can lead to an inadequate filtration of the blood resulting
in severe health consequences, such as heart diseases, stroke, anaemia, or increased occurrence of
infections. The deterioration of kidney function is defined by a decline in the glomerular filtration rate,
tubular necrosis and nephron loss (Venkatachalam et al., 2015; Romagnani et al., 2017; Ruiz-Ortega et al.,
2020). Necrosis is a main feature of different acute and chronic renal disorders (Belavgeni et al., 2020).
Necroptosis, pyroptosis and ferroptosis play an important role in the pathophysiology of kidney diseases
(Tonnus et al., 2019; Belavgeni et al., 2020; Tonnus et al., 2021a), as well as the necroinflammation
following these types of regulated cell death (Sarhan et al., 2018b; Tonnus et al., 2018).

Kidney diseases, such as acute kidney injury (AKI) represent a global burden (Hoste et al., 2018).
AKI is frequently associated with acute tubular necrosis (ATN) and results in nephron loss, as well as

permanent deterioration of the renal function in an AKI to chronic kidney disease (CKD) (Venkatachalam
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et al., 2015; Agarwal et al., 2016). Even though it is possible that more than one RCD pathways might be
important for the progression of renal failure, increasing evidence points towards ferroptosis as the main
pathway involved, especially in tubular necrosis (Martin-Sanchez et al., 2017b; Huang et al., 2019; Su et
al., 2019; Hu et al., 2020; Mishima et al., 2020). In fact, isolated renal tubules perfused with a ferroptosis
inducer, were shown to undergo a cell death that propagated in a synchronized manner (Linkermann et al.,
2014), which looks similar to the clinical manifestation in humans. Also, experimental intravital
microscopy Videos do point towards a cell death occurring in a “wave” (Kim et al., 2016; Riegman et al.,
2019). The speculation as to how this death propagates is that the carriers of intracellular redox capacity
(primarily NADPH) diffuse through intercellular junctions. Across a line of living and dying cells a
NADPH gradient forms, increasing the risk of the neighbouring cells to undergo ferroptosis (Figure 5)
(Tonnus et al., 2021a).

The pathways involved in renal dysfunction have intrigued the field of science, as well as the
involvement of the gender of the organisms. Even though it is clear that male rodents are more sensitive to
kidney injury as shown in the models of ischemia-reperfusion injury (Muller et al., 1999a; Park et al., 2004;
Silva Barbosa et al., 2020), the reason behind such observation remains unclear. Whether testosterone has
a sensitizing effect (Park et al., 2004; Kim et al., 2006), or p-estradiol has a protective effect (Squadrito et
al., 1997; Barbosa et al., 2020), remains to be further investigated.
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Figure 5. Synchronized regulated necrosis in renal tubules. Graphical representation of renal tubules
undergoing ferroptosis. A propagation of death in a “wave-like” manner is being portrayed. It is assumed
that a gradient of the redox capacity, specifically the concentration of NADP(H), establishes along the
living and dying cells. Consequently, a neighbouring cell has increased risk of dying in a regulated cell
death manner. AA, arachidonic acid, FA, fatty acid; GSH, glutathione; GSR, glutathione-disulphide
reductase; GSSG, glutathione disulphide; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; PL-OH,
phospholipid alcohol; PL-OOH, phospholipid hydroperoxide; RTA, radical trapping antioxidant. (Image
obtained from Tonnus et al., 2021a).
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1.4. Aims

Despite the growing knowledge in the cell death field, the integration of this scientific evidence into
a clinical context remains challenging.

In the field of cancer research, detailed knowledge of the mechanisms leading to cell death and the
strategies of the cells to evade cell death is of critical importance for understanding the biology of these
cells. Furthermore, insights into different cell death modalities are essential in the development of
chemotherapeutic agents to be used in the treatment of neoplastic diseases. ACCs have been treated with
mitotane for more than 70 years, though the molecular mechanism of action remains unclear. Emphasizing
the importance identifying and unravelling specific cell death pathways is provided by numerous studies
that used unspecific experimental methods and thereby came to false conclusions regarding the cell death
modality. As a consequence, apoptosis is wrongly presented as the main pathway for the action of mitotane.
In the first part of this thesis, the principal aim is to understand the mechanisms by which mitotane
eliminates ACC cells. To this end, different types of RCD inhibitors were utilized to identify the relevant
molecules. The reporting of potential superior therapeutic targets against ACCs was an additional aim of
this thesis.

Kidney diseases and their relevance to RCD represent another field of high interest, which as of now
is insufficiently studied. Understanding the role of the different RCD pathways in the kidney under
physiological and pathophysiological conditions is of utmost importance. Therefore, the principal aim of
the second part of this thesis was to investigate the involvement of RCD in a system of isolated renal tubules
that undergo spontaneous necrosis. These studies were extended to investigate gender-specific differences
of renal tubules, due to the knowledge that female mice are less sensitive to AKI in comparison to male
mice. The main difference of male and female organisms is observed at the level of sex hormones. To this

end, the effect of testosterone and p-estradiol in the progression of RCD was studied.
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2. Materials and Methods
2.1. Reagents

Table 1. Substances used during experimental procedures.

Chemicals Source Identifier
DMSO Sigma Aldrich Cat#D2650
Ethanol Carl Roth Cat#64-17-5
ITS+1 Liquid Media Supplement Sigma Aldrich Cat#12521

ITS Liquid Media Supplement Gibco Cat#41400045
ITS Liquid Media Supplement (100x) Sigma Aldrich Cat#13146
Insulin from bovine pancreas Sigma Aldrich Cat#16634
Transferrin human Sigma Aldrich Cat#T8158
Sodium selenite Merck Millipore Cat#214485
Selenium standard solution Merck Millipore Cat#1.19796.0100
B-estradiol Sigma Aldrich Cat#E2758
Testosterone Sigma Aldrich Cat#86500
Mitotane Sigma Aldrich Cat#SML1885
MIA602 Andrew V. Schally N/A

Erastin (type 1 FIN) Sigma Aldrich Cat# E7781
RSL3 (type Il FIN) Selleckchem Cat#S8155
FIN56 (type 111 FIN) Sigma Aldrich Cat#SML1740
FINO2 (type IV FIN) Keith Worperl, Brent Stockwell N/A
Ferroptocide (FTC) Paul Hergenrother N/A
Ferrostatin-1 (Fer-1) Merck Millipore Cat#341494
TNFo human BioLegend Cat#570108
Birinapant Chemietek Cat#CT-BIRI
zZVAD-FMK BD Biosciences Cat#550377
Emricasan MedChemExpress Cat#HY-10396
Necrostatin-1 (Nec-1) Sigma Aldrich Cat#480065
7-O-ClI-Nec-1 (Nec-1s) Merck Millipore Cat#5.04297.0001
SYTOX™ Green Nucleic Acid Stain Life Technologies Cat# S7020
BioTracker™ 609 Red Ca?* AM dye Merck Millipore Cat#SCT021
7-AAD BD Biosciences Cat# 559925
Annexin-V-FITC BD Biosciences Cat# 556420
Annexin-V binding buffer BD Biosciences Cat# 556454
Kits

Bradford assay Fisher Scientific Cat#G1780
ECL™ Prime Western Blotting System Fisher Scientific Cat#GERPN2232
LDH release assay Promega Cat# G1780
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Bovine insulin, human transferrin and sodium selenite were diluted in Earle’s Balanced Salts medium
(Sigma Aldrich, E2888) prior to their use. Testosterone and B-estradiol were diluted in ethanol, while all
the other substances were diluted in DMSO.

2.2. Antibodies

Table 2. Antibodies used during experimental procedures.

Antibodies Dilution Source Identifier
Anti-Fas (clone 7C11) 10 ng/ml Merck Millipore Cat#05-201
Rabbit monoclonal anti-ACSL4 (anti 1:5000 Abcam Cat#ab155282
FACL4); human, mouse

Rabbit polyclonal anti-GPX4 1:5000 Abcam Cat#ab125066
(EPNCIR144); human

Rabbit polyclonal anti-cleaved caspase 3 1:1000 Cell Signaling Cat#9661
(Asp175); human, mouse

Rabbit monoclonal anti-RIP1; human, 1:1000 Cell Signaling Cat#3493
mouse

Rabbit polyclonal anti-RIP3; human, 1:1000 Novis Cat#NBP1-77299
mouse

Rabbit polyclonal anti-MLKL C-term; 1:250 Abgent Cat#AP14272b
human, mouse

Rabbit monoclonal anti-MLKL (phosphor-  1:1000 Abcam Cat#ab187091
ser358), (EPR9814); human

Mouse monoclonal anti-B-actin 1:1000 Cell Signaling Cat#3700S
(8H10D19); human, mouse

Rabbit monoclonal anti-GAPDH (14C10);  1:1000 Cell Signaling Cat#2118S
human, mouse

Anti-mouse 1gG; HRP-linked antibody 1:5000 Cell Signaling Cat#7076S
Anti-rabbit 1gG; HRP-linked antibody 1:5000 Cell Signaling Cat#7074S

2.3. Experimental models: Cell lines and mice

Table 3. Cell lines used during experimental procedures.

Cell line Origin Source

Human: NCI-H295R Adrenocortical carcinoma Provided by Waldemar Kanczkowski
(8.9.2017)

Human: Jurkat T cells Acute T cell leukemia Provided by Angela Ro&sen-Wolff
(1.2.2018)

Human: HT29 Colorectal adenocarcinoma Provided by Simone Fulda (11.10.2017)

Human: HT1080 Fibrosarcoma ATCC (CCL-121)

Mouse: NIH-3T3 Embryonic fibroblasts ATCC (ERL-1685)

Mouse: L929 Adipose tissue Provided by Simone Fulda (29.8.2017)
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Human: HEK Embryonic  epithelial kidney Leibniz Institute DSMZ-German

cells Collection of Microorganisms and Cell
Cultures (ACC-305)

Human: CD10-135 Kidney tubular epithelial cells Provided by Rafael Kramann (5.2020)

Mice Type of mice Source

C57B1/6N Wild type (WT) Charles River, Germany

MLKL/GSDMDPX© Necroptosis and  pyroptosis MLKL-KO: provided by James M.
deficient Murphy and Warren S. Alexander (The

Walter and Eliza Hall Institute of
Medical Research, Australia)
GSDMD-KO: provided by Feng Shao
(NIBS, Bejing, China)

2.4. Cell culture conditions

NCI-H295R cells (gender: female) were cultured in DMEM/F12 (modified) medium (Gibco,
11330032) supplemented with 2.5 % Nu-Serum (Corning Nu-Serum Culture Supplement, 355500) and 1
% penicillin-streptomycin (Gibco, 15140122). HT29, HT1080, L929, NIH-3T3 and HEK cells were
cultured in DMEM (modified) medium (Gibco, 4966029) supplemented with 10% FBS (Gibco, 10270106)
and 1 % penicillin-streptomycin. Jurkat T cells were cultured in RPMI (modified) medium (Gibco,
21875091) supplemented with 10 % FBS and 1 % penicillin-streptomycin. For maintenance of the culture,

the cells were split in appropriate ratio after reaching 75 % confluency.

2.5. Plating and treatment of cells

For detaching NCI-H295R cells from the flasks Accutase (Thermo Fisher, 00455556) was used,
while for all other adherent cell lines Trypsin-EDTA (Gibco, 25200056) was used. Cells were washed with
their respective medium (as mentioned at section 2.4) and centrifuged in a Ficoll Paque Plus (Sigma
Aldrich, GE17-1440-02) gradient. Cells collected from the corresponding Ficoll fraction were then seeded
in six-well plates (Sarstedt, 83.3920) (5 x 10° for NCI-H295R cells and 8 x 10° for the other cell lines) in
their respective medium. The following day the medium was removed, and cells were washed with 1 ml
1X PBS. Substances for treatments were dissolved in vehicle medium (as mentioned in section 2.1.), diluted
in fresh medium and added in the established concentrations in 1 ml total volume. After treatment for
indicated time points cells were harvested as described above and processed for flow cytometry or western
blot (see sections 2.8.1 and 2.8.2)

For experiments involving testosterone or (-estradiol treatment the set-up was adjusted due to the
long duration of the experiment. Unless otherwise stated, 1 x 10° cells were seeded in six-well plates and 4

h later 10 uM testosterone or -estradiol was added to the medium for 12 h. Type | (erastin; 5 uM) and 1l
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(RSL3; 1.13 uM) FINs, were then added for indicated time points. Cells were harvested for flow cytometry
analysis (see section 2.8.1).

2.6. Mice

8 - 12-week-old C57B1/6N (wild type) male or female mice were co-housed with 2 - 5 mice/cage in
individually ventilated cages (IVCs) in the animal facility at the Medizinisch-Theoretisches Zentrum
(MTZ) at the Medical Faculty of the Technische Universitat Dresden (TU Dresden). Wild type mice
(C57BI/6N) were provided by Charles River, Sulzfeld, Germany, at the age of 6 - 7 weeks.
MLKL/GSDMDPK® mice were generated in the lab by crossing previously published MLKLX® mice (von
Massenhausen et al., 2018) kindly provided by James Murphy (WEHI, Melbourne, Australia) to GSDMD-
ko mice (Shi et al., 2015) kindly provided by Feng Shao (NIBS, Bejing, China). All mouse experiments
were performed according to German animal protection laws and were approved by the ethic committees
and local authorities in Kiel (Germany) and Dresden (Germany).

2.6.1 Isolation of primary murine renal tubules

Primary murine renal tubules were isolated following an adapted protocol that was previously
published (Tonnus et al., 2021c). Briefly, murine kidneys were removed, washed with PBS (1X),
decapsualized and sliced in four to five slices. Kidney slices of each kidney were transferred in 2 ml
Eppendorf tubes containing 2 mg/ml collagenase type Il in incubation solution (48 ug/ml trypsin inhibitor,
25 pug/ml DNAse I, 140 mM NaCl, 0.4 mM KH2POs, 1.6 mM K;HPO, x 3 H.0, 1 mM MgSO. x 7 H20, 10
mM CH3;COONa x 3 H,0, 1 mM a-ketoglutarate and 1.3 mM Ca-gluconate). Slices were digested in a
thermoblock for 5 min at 37°C at 850 rpm. These digestion periods were repeated and the supernatant
containing isolated tubules was collected after each 5-minute incubation. After each supernatant removal,
1 ml of fresh digestion solution (2 mg/ml collagenase type Il in incubation solution was added on the kidney
slices). In order to reduce the number of damaged tubules the first and second supernatants were discarded.
The third resulting supernatant was collected and transferred in a 2 ml Eppendorf tube containing 1 ml ice-
cold sorting solution (0.5 mg/ml bovine serum albumin in incubation solution). The tubes were left for 5
min on ice for the tubules to precipitate. The supernatant was removed, and the tubules were washed twice
with ice-cold incubation solution. Once tubules precipitated the supernatant was removed and ice-cold
sorting solution was added (volume was adjusted depending on the number of samples needed for the
experiment). Tubules were thendistributed in a twenty four-well plate containing DMEM/F12 Nutrient
Mixture without glycine and phenol red (DMEM/F12, custom-made medium provided by Cell Culture
Technologies LLC), supplemented with 0.01 mg/ml recombinant human insulin, 5.5 pg/ml human

transferrin, 0.005 pg/ml sodium selenite (ITS without linoleic acid, Sigma Aldrich), 50 nM hydrocortisone,
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100 U/ml penicillin, and 100 pg/ml streptomycin (Pen/Strep, Thermo Fisher). Images of the isolated
tubules were obtained using a 20x/0.30 PH1 objective on a Leica DMil microscope.

2.6.2. Induction of cell death on isolated murine tubules

All the experiments performed contain a negative control to assess LDH release at 0 h of incubation
as a quality control for the tubule isolation procedure. No more than 10% LDH release in these controls
was tolerated. Isolated murine renal tubules were placed in twenty-four-well plates containing the
respective agents diluted in DMEM/F12 Nutrient Mixture without phenol red (DMEM/F12, custom-made
medium provided by Cell Culture Technologies LLC), supplemented with 0.01 mg/ml recombinant human
insulin, 5.5 pg/ml human transferrin, 0.005 pg/ml Na,SeOs (ITS without linoleic acid, Sigma Aldrich),
50 nM hydrocortisone, 100 U/ml penicillin, and 100 pg/ml streptomycin (Pen/Strep, Thermo Fisher). After
the indicated time points, the medium of each well was collected and prepared for the LDH release assay.
Images of the treated murine renal tubules were obtained using a 20x/0.30 PH1 objective on a Leica DMil

microscope.

2.6.3. Generation, culture and induction of cell death in primary murine tubular cells
Murine tubular cells were generated by outgrowth from isolated renal tubules (as mentioned at
section 2.6.1). Primary murine tubules were placed in six-well plates containing DMEM/F12 Nutrient
Mixture without glycine and phenol red (DMEM/F12, custom-made medium provided by Cell Culture
Technologies LLC), supplemented with 0.01 mg/ml recombinant human insulin, 5.5 pg/ml human
transferrin, 0.005 pg/ml sodium selenite (ITS without linoleic acid, Sigma Aldrich), 50 nM hydrocortisone,
100 U/ml penicillin, and 100 ug/ml streptomycin (Pen/Strep, Thermo Fisher). After two to three days the
outgrown primary murine tubular cells were washed with PBS and fresh medium was added. When the
confluency of primary murine tubular cells had reached 60 — 70 %, cells were washed with PBS and treated
with the four types of FINs (as mentioned in detail at sections 1.1.4 and 2.1). After 24 hours, medium was

collected and prepared for LDH release assay (as mentioned in section 2.8.5).

2.7. Generation of a 3D-printed double chamber

For specific live imaging experiments (see section 2.8.3) of isolated tubules 3D-printed double
chambers were used.

The chambers consist of a border including a retainer for a glass wall and a glass wall, which is
separating the two chambers. The border was printed using a silicone elastomere (SE 1700; Dow Corning)

with the 3DDiscovery bioprinter from RegenHU using a conical nozzle with an inner diameter of 250 pum.
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Print layouts were developed using the BIOCAD software (RegenHU). The printing speed and extrusion
pressure was adjusted to get the thickness of the printed line around 500 pm and a height of 8mm.

The borders of the chamber were printed on top of a silinized microscope slide and cured at 100°C
for 30 minutes. A line of SE1700 was printed in the center of the chambers using higher printing speed thus
making it thinner than the border of the chambers (around 200 um). SE1700 was applied to the retainer
manually (via a syringe with a conical needle) to bond the glass wall. For the glass wall a cover slip (20 x
20 mm, thickness 0.12 mm) was cut to a size of 8 x 20 mm, cleaned with ethanol, and treated with air
plasma for 10 seconds using a cold-plasma generator Piezobrush PZ2-i equipped with a Nearfield nozzle
from Relyon Plasma. Then the glass wall was inserted into the retainer and pushed down until it was in
direct contact with the thin line of SE1700. This structure was again cured at 100 °C for 30 minutes. The
structure was removed from the microscope slide and its bottom side as well as the inside of a six-well plate
was treated with air plasma for around 10 seconds (using Piezobrush PZ2-i). Then the structure was attached
to a six-well plate and kept at 60 °C for 2 hours for bonding. In some cases, certain places of the border
were poorly linked to the surface. These places were sealed with SE1700 manually and then the structure
was placed again at 60 °C for 4 hours.

The generation of the 3D-chamber was supported by the Microstructure Facility, a Core Facility of
the CMCB Technology Platform at TU Dresden

2.8. Experimental procedures
2.8.1. Fluorescence activated cell sorting (FACS)

NCI-H295R cells were removed from the six-well plates (Sarstedt, 83.3920) with Accutase (Thermo
Fisher, Cat#00455556) while all other adherent cell lines were removed with Trypsin-EDTA (Gibco,
Cat#25200056). Cells were then resuspended in their respective medium (as mentioned at section 2.4). The
obtained pellets were washed twice with PBS (1X) and filtered using polystyrene round-bottom tubes with
cell-strainer caps (Corning, Cat#352235). Subsequently, cells were stained with 5 ul of annexin-V-FITC
(BD Biosciences) and 5 ul of 7-AAD (BD Biosciences) added to 100 ul annexin-V binding buffer (BD
Biosciences). After a 15 min incubation with the staining solution, the cells were analyzed using the BD
Biosciences LSRII with the FACS Diva 6.1.1 software (BD Biosciences). The data were analyzed using
the FlowJo v10 software (Tree Star).

Flow cytometry experiments were supported by the Flow Cytometry Facility, a Core Facility of the
CMCB Technology Platform at TU Dresden.
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2.8.2. Western Blotting (WB)

Cell pellets were lysed in ice-cold 10 mM Tris-HCIO, pH 7.5, 50 mM NaCl, 1% Triton X-100, 30
mM sodium pyrophosphate, 50 mM NaF, 100 uM 100 uM NazVOs, 2uM ZnCly, and 1 mM
phenylmethylsulfonyl fluoride (PMSF, modified Frackelton buffer) for 30 min on ice. Samples were
centrifugated (14,000 g) for 30 min at 4 °C to remove insoluble material and the supernatant was transferred
to a clean tube. Protein concentration was determined using a commercial Bradford assay kit according to
the manufacturer’s instructions (Thermo Fisher). Subsequent preparation of samples included their
denaturation with ROTI Load (Carl Roth, K929) at 95 °C for 5 min. Samples were kept on ice until they
were loaded in equal amounts of protein (typically 30 — 35 ug per lane) on a 4 — 15 % gradient SDS/PAGE
gel. Following the transfer of proteins on a PVDF membrane (Biorad), membranes were blocked with either
5 % w/v BSA (Carl Roth, Cat#8076.4) or 5 % powder milk (AppliChem ITW Reagents, Cat#271-045-3)
in TBS 0.1 % Tween. Primary antibody incubation was performed overnight at 4 °C for anti-ACSL4
(Abcam, Cat# ab155282, 1:5000), anti-GPX4 (Abcam, Cat#ab125066, 1:5000), anti-cleaved-caspase 3
(Cell Signaling, Cat#9661, 1:1000), anti-RIP1 (Cell Signaling, Cat#3493, 1:1000), anti-RIP3 (Novis,
Cat#NBP1-77299, 1:1000), anti-MLKL (Abgent, Cat#AP14272b, 1:250), anti-pS358-MLKL (Abcam,
Cat#ab187091, 1:1000), anti-B-actin (Cell Signaling, Cat#3700S, 1:1000) and anti-GAPDH (Cell
Signaling, Cat#2118S, 1:1000). Secondary antibodies (anti-mouse, HRP-linked antibody, Cell Signaling,
Cat#70756S; anti-rabbit, HRP-linked antibody, Cell Signaling, Cat#7074S) were applied in a 1:5000
dilution in BSA or milk and incubated for 1 hour at room temperature. Blots were visualised by enhanced

chemiluminescence (ECL; Amersham Biosciences).

2.8.3. Time lapse imaging and processing of the time lapse data

NCI-H295R cells were plated in either 6-well plates or 8-well glass-bottom slides (Ibidi 15 p-slide 8
well, Cat#80827), treated as mentioned at the section 2.5 and subsequently stained with 50 nM SYTOX
green nucleic acid stain (Life Technologies).

Videos of primary murine tubules stained with 50 nM SYTOX green with or without 150 nM Ca**
AM dye (Merck Millipore) were obtained by using an oil-immersion 63x/0.3 EC Plan Neofluar objective.
For some live imaging experiments with murine tubules high quality plastic-bottom slides (Ibidi 15 u-slide
8-well, Cat#80826,) were used. The comparison of female and male tubules was performed using a 2.5x/0.3
EC Plan Neofluar objective. The isolated murine tubular cells were placed in the single 3D-printed well
separated by a glass slide and stained with SYTOX green nucleic acid stain. Proliferating cells were
generally interpreted as outgrown primary tubular cells and were imaged using a 5x/0.3 EC Plan Neofluar

objective. An Axiovert 200M equipped with a large incubation chamber (37°C), 5% CO; and humidity
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control were used for all time lapse imaging experiments. Transmitted light and fluorescent images (GFP
BP filter cube, RFP double filter cube) were acquired by using an Orca flash camera.

Processing of the time lapse data was performed with the open-source image processing software
Fiji. The fluorescent channels for SYTOX green or Ca2* AM dyes in the time lapse videos of renal tubules
were processed using the Surface Plot plugin in Fiji. This results in a time lapse video showing the intensity
on the y’ axis and the dimensions of the sample on the x* and z’ axis, from which representative images are
shown. Lookup tables for SYTOX green and Ca?* AM dyes were adjusted for color-blind individuals, when
necessary.

The live imaging procedure was supported by the Light Microscopy Facility, a Core Facility of the
CMCB Technology Platform at TU Dresden.

2.8.4. Assessment of SYTOX positivity in freshly isolated renal tubules

Isolated renal tubules from male or female mice were incubated in a single 3D-printed well separated
by a glass slide, stained with SYTOX green nucleic acid stain. Transmitted light and fluorescent time lapse
images (GFP BP filter cube) were acquired (described in more detail in the time lapse imaging and
processing of the time lapse data section above). Every 30 minutes the images were assessed for the number
of tubules exhibiting more than 90 % of SYTOX green positivity. Tubules with less than 90% SYTOX
positivity were counted as “negative” in the analysis, while debris were not included in the analysis. The
total numbers of male and female tubules were calculated manually. Data are presented as the percentage

of tubules with equal or more than 90 % of SYTOX positivity over time.

2.8.5. LDH release assay

LDH release of freshly isolated kidney tubules or primary tubular cells was measured according to
manufacturers’ instructions (Promega, Cat# G1780) at indicated time points. Briefly, an aliquot of the
supernatant was taken, and Lysis Solution was added for 45 minutes to induce maximal LDH release before
another aliquot of the supernatant was taken. Subsequently, the supernatants were incubated with CytoTox
96® Reagent for 15 minutes protected from light at room temperature. Stop Solution was added and the
absorbance was measured at 490 nm. Percentage (%) of LDH release was measured by using the formula:
% of LDH = 100 * (supernatant LDH/maximal LDH).

2.8.6. Electron microscopy
Electron microscopy was performed by our collaborator Dr. Jan Ulrich Becker. Briefly, murine
tubules were isolated with the protocol mentioned above and placed in 4 % buffered paraformldehyde for

fixation. Afterwards, tubules were subjected to another fixation in glutaraldehyde and 1 hour of post-

33



2. Materials and Methods

fixation/contrasting with osmium tetroxide. They were then embedded in Epon resin through graded
ethanols and propylene oxide. Blocks were polymerized at 80 °C overnight. Semi-thin sections were stained
with methylene blue and azure blue. Thin sections were stained with lead citrate and uranyl acetate.
Transmission electron microscopy was performed on a Zeiss Electron Microscope.

2.9. Statistics

Statistical analyses were performed using Prism 8 (GraphPad software, San Diego, CA, USA). In all
experiments, unpaired student t-test with Welch’s correction was used. The difference of means was
considered significant when * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3. Results

3.1. Part I: The sensitivity of adrenocortical carcinoma cells towards regulated cell death
pathways
3.1.1. NCI-H295R cells are sensitive to mitotane

The first established cell line for studying ACC was the NCI-H295, prepared from a female patient
diagnosed with adrenocortical carcinoma (Gazdar et al., 1990). Even though the NCI-H295 cells could
produce a variety of steroids (Gazdar et al., 1990), problems during their slow growth in culture conditions
lead to the establishment of three new ACC cell lines (H295R-S1, H295R-S2 and H295R-S3), distinct from
each other based on their medium supplementation (Rainey et al., 2004; Wang and Rainey, 2012). From
the three aforementioned cell lines the strain H295R-S1 (mentioned throughout the text as NCI-H295R
cells) that grows in DMEM7/F12 supplemented with Nu-Serum was selected for the adrenal-related
experiments of this thesis, due to their maintenance of several steroids being produced (Rainey et al., 2004;
Wang and Rainey, 2012).

Mitotane, an insecticide dichlorodiphenyltrichloroethane (o,p’DDT) derivative, acts as an
adrenocytolytic drug and is currently the only therapeutic option approved by the US Food and Drug
Administration (FDA) and the European Medicine Executive Agency (Schteingart et al., 2005; Paragliola
et al., 2018; Paragliola et al., 2020). Mitotane is used as the main drug in the clinical practice for the
treatment of ACCs. Aiming to determine n optional concentration of mitotane that should be used
throughout the rest of the adrenal-related experiments, different concentrations varying from 25 uM to 100
uM of mitotane were tested. NCI-H295R cells and other cell lines were plated, and flow cytometry analysis
(FACS) was utilised to assess the occurrence of cell death (scheme shown in Figure 6A). For FACS
analysis, the cells were stained withfluorescently labelled annexin V, which reliably detects the
phosphatidylserine on the plasma membrane, and 7AAD, which intercalates with DNA thereby labelling
the nuclei of necrotic cells. Different concentrations of mitotane were used to treat the cells for 24 h (Figure
6B). Cell lines used to study regulated cell death pathways, such as Jurkat T cells used for apoptosis, HT29
cells used for necroptosis, HT1080 cells used for ferroptosis, exhibited no sensitivity to mitotane for
concentrations up to 50 uM. Similar data were obtained when other cells lines (NIH-3T3, L929, HEK) were
tested in a similar experimental set-up. On the contrary, NCI-H295R cells showed low sensitivity to
concentrations of mitotane up to 50 uM. At a mitotane concentration of 100 uM, NCI-H295R cells, Jurkat
T cells and L929 cells showed increased sensitivity (36 %, 29 % and 12 % double negative stained cells
respectively) compared to their corresponding vehicle control. Investigating the temporal component of the

cytotoxic activity of mitotane another set of experiments was set up, incubating this time only the NCI-
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H295R cells with either 50 uM or 100 uM mitotane for 2, 4 or 6 h (Figure 6C). Both concentrations showed
similar results, while the 6 h treatment time point was the optimal in terms of cytotoxic effects of mitotane.
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Figure 6. NCI-H295R cells are sensitive to mitotane. A. Protocol followed for testing different
concentrations of mitotane on different cell lines. B. NCI-H295R, Jurkat T, HT29, NIH-3T3, HT1080, L929
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and HEK cells treated for 24 h with 25, 50, 75 or 100 uM mitotane. C. NCI-H295R cells treated for 2, 4 or
6 h with 50 uM or 100 uM mitotane. Cells were stained for the phosphatidylserine on the plasma membrane
with annexin V and for DNA of impaired nuclei with 7AAD. Representative FACS plots from at least three
independent experiments are shown.

The ACC cell line, NCI-H295R, showed cytotoxicity even at the lowest tested concentration, a result
that comes in line with the literature (Lehmann et al., 2013). Collectively, these data indicate a stronger
effect of mitotane’s cytotoxicity towards the ACC cell line. Any cell death observed with concentrations
above 50 uM were accounted to toxic effects of mitotane. Therefore, the 50 uM were chosen as the closest
to the clinical practice relevant concentration (14 mg/L) (Paragliola et al., 2018), while the 6 h were chosen
as the earliest time point that more than 70 % of the cells were necrotic. Consequently 50 uM mitotane
treatment for 6 h was chosen as the standard treatment of the ACC cell line.

3.1.2. Mitotane does not induce apoptosis or necroptosis

Even though mitotane has been in clinical use for many years, its mechanism of action is not yet
understood. In order to gain further insight into which pathway might play the major role in mitotane-
induced cytotoxicity, various inhibitors specific for aforementioned RCD pathways were tested. As
mentioned before (section 1.1), several inhibitors have been established for the known regulated cell death
pathways. To this end, the pan-caspase inhibitors, zZVAD-fmk (referred in the rest of the text as zZVAD) and
emricasan, and the RIPK1 inhibitor necrostatin-1s (Nec-1s) were used at concentrations 20 uM, 5 uM and
10 uM, respectively (Figure 7A). Flow cytometry analysis of NCI-H295R cells treated with mitotane (50
uM) and co-treated with either zZVAD or emricasan showed a reduction of the double negative stained cells
(13 % and 12 %, respectively) compared to mitotane-only treated cells (27 %) (Figure 7B). Jurkat T cells
were used as a positive control for the induction of apoptosis using the well established monoclonal
antibody anti-Fas (100 ng/ml) (Nagata, 1996). The presence of pan-caspase inhibitors served as the
protection control. Cell lysates of the aforementioned experimental set-up were used for western blot
analysis against cleaved caspase 3, a marker of apoptosis induction. The positive control of Jurkat T cells
indicated the specific bands of cleaved caspase 3 which were partially present in the mitotane-treated NCI-
H295R cells (Figure 7C).

Necroptosis is another form of regulated cell death, described in detail in section 1.1.2. This pathway
relies on the proteins RIPK1 and 3 and MLKL. The latter will get phosphorylated (p-MLKL), locate to the
membrane and by unknown means lead to its rupture (Linkermann and Green, 2014; Sarhan et al., 2018b).
Nec-1s has been shown to inhibit RIPK1 (Takahashi et al., 2012), and therefore was used for the inhibition
of necroptosis. Following a similar experimental set-up, co-treatment of NCI-H295R cells with Nec-1s and

50 uM mitotane showed no difference to mitotane-treated cells (23 % double-negative stained cells and 27
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% double-negative stained cells, respectively). Similar results were obtained when zZVAD and Nec-1s were
used together as a co-treatment with mitotane (12 % double-negative stained cells) (Figure 7D). For the
positive control of necroptosis induction the human colorectal adenocarcinoma cells, HT29, were used and
treated with the combination of TNFa (20 ng/ml), smac mimetic birinapant (1 uM) and the pan-caspase
inhibitor zVAD (20 uM) (TSZ referred to as an abbreviation), as proposed in the literature (Tait et al., 2013;
Ousingsawat et al., 2016). Western blot analysis of cell lysates obtained from the presented experiment
showed no phosphorylated MLKL in mitotane-treated NCI-H295R cells, compared to the positive control
of HT29 cells treated with TSZ (Figure 7E). Time lapse analysis of NCI-H295R treated with mitotane (50
uM) in the presence of the necrosis marker SYTOX green, that stains the DNA of a necrotic cell, revealed
membrane blebbing within 6 hours of treatment. In the presence of zVAD the phenomenon was completely
abolished. Nec-1s did not affect the membrane blebbing process (Figure 7F).

The hypothesis of apoptosis or necroptosis being the underlying mechanism of action of mitotane
was challenged with the co-treatment of mitotane and the pan-caspase inhibitors, zZVAD and emricasan, or
the co-treatment with the necroptosis inhibitor, Nec-1s. All the three inhibitors failed to prevent the
mitotane-induced necrosis. Even though WB analysis revealed low expression of cleaved caspase 3, the
failure of caspase inhibitors to block mitotane-induced cell death fail to overall support the hypothesis that
apoptosis is involved. Additionally, no presence phosphorylated MLKL was detected, disapproving the
hypothesis of necroptosis as the involved pathway. Hypothesising that blockade of apoptosis during a
mitotane treatment might unleash necroptosis or the other way around, the combined treatment of the
apoptosis inhibitor, zZVAD, and the necroptosis inhibitor, Nec-1s, in mitotane-treated NCI-H295R cells was
tested. However, the mitotane-induced cell death was not blocked. Collectively, these data suggest that

mitotane induces a necrotic type of cell death that does not involve apoptosis or necroptosis.
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Figure 7. Mitotane does not induce apoptosis or necroptosis. A. The chemical structure of the pan-
caspase inhibitors, zZVAD-fmk and emricasan, which inhibit apoptosis and of the necrostatin-1s (Nec-1s)
that inhibits necroptosis. B. FACS analysis of NCI-H295R cells treated with 50 uM mitotane and co-treated
with zZVAD (20 uM) or emricasan (5 uM) for 6 h. Jurkat T cells were treated with 100 ng/ml anti-Fas
antibody. C. NCI-H295R cells were treated with mitotane (50 pM) and co-treated with zZVAD (20 puM)
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and/or Nec-1s (10 uM) for 6 h. Western Blot against cleaved caspase 3 (c-casp3) after treatment as used in
B. Samples of Jurkat T cells treated with anti-Fas antibody (100 ng/ml) and co-treated with zZVAD (20 uM)
were lysed and served the positive control for cleaved caspase 3. D. FACS analysis of NCI-H295R cells
treated with 50 M mitotane and co-treated with Nec-1s (10 uM) or the combination of zVAD and Nec-1s
(20 uM and 10 uM, respectively) for 6 h. HT29 cells were treated with TNF-a (20 ng/ml), smac mimetics
birinapant (1 uM) and zZVAD (20 uM) (together referred to as TSZ). E. NCI-H295R cells were treated with
50 uM mitotane and co-treated with Nec-1s (10 uM) or the combination of zVAD and Nec-1s (20 M and
10 uM, respectively) for 6 h. The samples were lysed for WB against phosphorylated MLKL (p-MLKL).
Lysates from samples of HT29 cells treated with TSZ (as mentioned in D) served as the positive control
for p-MLKL. F. Still images of time lapse analysis of NCI-H295R cells treated with mitotane (50 uM) in
the presence or not of the co-treatments of zZVAD (20 uM), Nec-1s (10 uM) or the combination of zVAD
and Nec-1s for a total of 6 h. Cells were stained for the phosphatidylserine on the plasma membrane with
annexin V and for DNA of impaired nuclei with 7AAD. Representative data from at least three independent
experiments are shown.

3.1.3. Mitotane does not induce ferroptosis

Ferroptosis was first mentioned in 2012 as an iron-dependent form of non-apoptotic cell death (Dixon
et al., 2012b) (described in detail in section 1.1.4). Induction of ferroptosis can be achieved with the use of
the four types of FINs (ferroptosis inducers) (Tonnus et al., 2021b). Among the FINs, RSL3 was described
as the first direct inhibitor of GPX4, the glutathione peroxidase 4 that plays a key role in the execution of
ferroptosis (Yang et al., 2014). Ferroptosis inhibitors were also developed, such as Ferrostatin-1 (Fer-1)
(Skouta et al., 2014), while other compounds such as necrostatin-1 (Nec-1), were shown to inhibit both
necroptosis (Degterev et al., 2005) and ferroptosis (Friedmann Angeli et al., 2014a). The hypothesis
whether mitotane induces ferroptosis was addressed by using the necroptosis/ferroptosis inhibitor Nec-1
and the ferroptosis inhibitor Fer-1, the structure of which is shown in Figure 8A. Flow cytometry analysis
showed that neither Nec-1 (30 uM) or Fer-1 (1 uM) prevented the mitotane-induced type of death. The
observed double negative stained population for annexin V and 7AAD were very similar in all three
samples; 11 % for cells treated with mitotane, 9 % when treated with mitotane and Fer-1, and 11 % for cells
treated with mitotane and Nec-1. The human fibrosarcoma cell line, called HT1080, is used as the standard
cell line to study ferroptosis. Therefore, these cells served as positive control for RSL3-induced ferroptosis,
while the co-treatment with Nec-1 and Fer-1 served as the protection controls (Figure 8B).

To test whether mitotane might induce a ferroptosis-related type of cell death, ferroptosis inhibitors
(Nec-1 and Fer-1) were used in mitotane-treated NCI-H295R cells. However, neither of them was able to
reverse the cell death induced by mitotane, indicating that ferroptosis might not be the pathway involved in

mitotane-induced necrosis.
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Figure 8. Mitotane does not induce ferroptosis. A. Chemical structures of the ferroptosis inhibitors
necrostatin-1 (Nec-1) and ferrostatin-1 (Fer-1). B. FACS analysis of NCI-H295R cells treated with 50 uM
mitotane and co-treated with the ferroptosis inhibitors, Fer-1 (1 uM) or Nec-1 (30 uM) for 6 h. HT1080
cells were used as positive controls for ferroptosis induction (treatment with 1.13 uM RSL3) or inhibition
(co-treatment with Fer-1 or Nec-1). Cells were stained for the phosphatidylserine on the plasma membrane
with annexin V and for DNA of impaired nuclei with 7AAD. Representative data from at least three

independent experiments are shown.
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3.1.4. Medium supplementation with 1TS+1 rescues the NCI-H295R cells from mitotane-
induced cell death

Previously established culture conditions of NCI-H295R cells indicate the supplementation of the
basal medium with ITS+1 (Rainey et al., 2004). ITS stands for human insulin, transferrin, sodium selenite
(NazSe0s) or selenium (Se). The presence of linoleic acid is indicated with the +1 (Figure 9A). Since the
presence of such supplements may influence not only the growth of cells, but also their sensitivity to RCD,
different concentrations of ITS+1 were tested in cultured NCI-H295R cells for 6 h. The 5 % of
supplementation indicated concentrations of 114.6 nM human insulin, 2.78 puM transferrin, 144 nM
Na.SeOsz and 83.8 uM linoleic acid are contained. Flow cytometric analysis of annexin V and 7AAD-stained
cells showed healthy double negative populations in the cells treated with either 5 % or 10 % ITS+1
compared to cells that were incubated in DMEM/F12 medium without any supplementation
(DMSO/control: 73 % double negative stained cells, addition of 5 % ITS+1 supplementation: 80 % double
negative stained cells, addition of 10 % ITS+1 supplementation: 74 % double negative stained cells)
(Figure 9B). Based on these data 5 % supplementation of ITS+1 was chosen for the following experiments.
The respective ITS compounds and all possible combinations at concentrations indicated for the 5 % ITS+1
were tested on NCI-H295R cells in the presence or absence of 50 uM mitotane. All ITS compounds and
their combinations, apart from the combination of insulin + selenium and transferrin + selenium, showed
similar double negative stained cells compared to the vehicle control. Interestingly, supplementation of the
medium with 5 % ITS+1 resulted in the protection of NCI-H295R cells against mitotane (87 % double
negative stained cells compared to 19 % double negative stained cells treated with mitotane only). However,
none of the distinct compounds or their combinations showed a protective effect (Figure 9C). To
investigate the hypothesis that the presence of linoleic acid is responsible for the protective features of
ITS+1 against mitotane-induced necrotic cell death, ITS without linoleic acid was tested. The flow
cytometry analysis revealed that only the ITS+1 was protective against mitotane (Figure 4D). Time lapse
imaging of NCI-H295R cells treated with mitotane in the presence or absence of ITS+1 confirmed the data,
showing no SYTOX positivity when ITS+1 was present (Figure 9E).

Taken together, none of the tested cell death inhibitors not individual components of ITS and their
combinations were able to prevent mitotane-induced cell death. However, the presence of PUFASs in the
culture medium of NCI-H295R cells were able to reverse the cell death. This finding could point towards

a potential oxidative type of cell death induced by mitotane.
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Figure 9. ITS+1 supplementation inhibits mitotane-induced cell death of NCI-H295R cells. A. Cartoon
representing the compounds contained in ITS+1 or ITS supplementation recommended for the culture of
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NCI-H295R cells. ITS+1 contains insulin, transferrin, selenium (Se) and linoleic acid, while ITS contains
insulin, transferrin, and sodium selenite (Na2SeQO3). B. FACS analysis of different concentrations of ITS+1
supplementation added to the medium of NCI-H295R cells. In the 5 % ITS+1 contains 114.6 nM human
insulin, 2.78 uM transferrin, 144 nM Na»SeOs and 83.8 uM linoleic acid are contained. 10 % ITS+1 229.2
nM human insulin, 5.56 uM transferrin, 288 nM Na,SeOs and 167.6 uM linoleic acid are contained. C.
FACS analysis of NCI-H295R cells treated with ITS+1 or its individual compounds alone and in different
combinations in the presence or absence of mitotane (50 uM) for 6 h. D. FACS analysis of NCI-H295R
cells treated with ITS+1 or ITS (8.61 uM human insulin, 0.34 uM transferrin, 0.42 uM Se) in the presence
or absence of mitotane (50 uM) for 6 h. E. Still images of time lapse analysis of NCI-H295R cells treated
with mitotane (50 pM) in the presence or absence of 5 % ITS+1 for a total of 6 h. Cells were stained for the
phosphatidylserine on the plasma membrane with annexin V and for DNA of impaired nuclei with 7AAD.
Representative data from at least three independent experiments are shown.

3.1.5. NCI-H295R cells are sensitive to ferroptosis induction

Aiming to further investigate key players of necroptosis and ferroptosis pathways, cell pellet lysates
of NCI-H295R cells and other cell lines that served as positive controls were tested in western blot analysis.
Of the main three necroptosis mediators RIPK1, RIPK3 and MLKL, only RIPK1 was detected in NCI-
H295R cells, while RIPK3 and MLKL were absent (Figure 10A-C). Western blot analysis against ACSL4
in adrenocortical carcinoma cells and HT1080 cells, the standard cell line used to study ferroptosis, revealed
equal expression levels. On the other hand, GXP4 expression was increased in the ACC cell line compared
to HT1080 cells (Figure 10D). This finding lead to the hypothesis that the NCI-H295R might be sensitive
to ferroptosis induction. The four types of FINS were tested in the presence or absence of Fer-1 for 6 or 24
h. The subsequent flow cytometry analysis showed no response of the NCI-H295R cells to the treatment
with the type I FIN, erastin (5 uM) and some sensitivity to the type 111 FIN FIN56 (20 uM) (Figure 10E).
Interestingly, high sensitivity of the ACC cell line was observed even after 6 h when treated with type Il
FIN RSL3 (1.13 uM), and type IV FIN FINO2 (5 uM) (Figure 10E). The addition of ferroptosis inhibitor,
Fer-1 prevented the induced cell death.

The findings of ITS+1 supplementation in the medium of mitotane-treated NCI-H295R cells, lead to
the hypothesis of ITS+1 blocking ferroptosis induction. Therefore, the medium of NCI-H295R cells was
supplemented with 5 % ITS+1 (114.6 nM human insulin, 2.78 uM transferrin, 144 nM Na,SeOs and 83.8
uM linoleic acid) or 5 % ITS (114.6 nM human insulin, 2.78 uM transferrin, 144 nM Na,SeOs) and treated
with the four FINs (5 uM erastin, 1.13 uM RSL3, 20 uM FIN56, 5 uM FINO2). Erastin and FIN56 did not
induce a significant necrosis (Figure 10F). RSL3 induced a necrotic type of death, which was reversed in
the presence of Fer-1 (1 uM) (15 % compared to 68 % double negative stained cells, respectively). ITS+1
and ITS supplementation reversed the RSL3-induced cell death to similar percentages to the vehicle control
(64 % and 59 % for the ITS+1 and ITS samples respectively, compared to 73 % double negative stained

cells of the vehicle control). After FINO2 treatment only ITS+1 supplementation reversed the observed
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death (10% for the FINO2 vs 63 % for the FINO2 and ITS+1 double negative stained cells).
Supplementation of the medium with ITS, that did not contain linoleic acid, resulted in 22 % double
negative stained cells, compared to 73 % double negative of the control (Figure 10F).

To investigate which pathways the ACC cells are susceptible to, a semi-quantitative method (WB)
indicated that one of the main molecules important for the execution of necroptosis (MLKL) is absent.
However, the main enzyme responsible for the prevention of ferroptosis was highly expressed in the NCI-
H295R cells. Indeed, induction of ferroptosis with FINs (mainly types Il and V), showed a high sensitivity
of the cells. Additionally, the prevention of ferroptosis induction when linoleic acid was present indicated

the oxidation of PUFASs to be crucial for the execution of this cell death pathway.
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Figure 10. The NCI-H295R cells are sensitive to ferroptosis induction. A. Western blot analysis of NCI-
H295R and HT29 lysates against RIPK1. The HT29 represent the positive control. B. Western blot analysis
of cell lysates of NCI-H295R, HT1080 and L929 (positive control) against RIPK3. C. Western blot analysis
of HT1080, HT29 (positive control) and NCI-H295R cells against total MLKL. D. Western blot analysis
of NCI-H295R and HT1080 (positive control) cells against ACSL4 and GPX4. For all western blots
GAPDH or B-actin were used as the loading control. E. Flow cytometry of NCI-H295R cells treated with
the four different FINs (5 uM erastin, 1.13 uM RSL3, 20 uM FIN56, 5 uM FINO2) in the presence or
absence of 1 uM Fer-1 for 6 or 24 hours. F. Flow cytometry of NCI-H295R cells treated with the four
different FINs (concentrations mentioned in E) in the presence or absence of ITS+1 or ITS (5 % of the
medium volume). Fer-1 (1 puM) was used as the protection control. Cells were stained for the
phosphatidylserine on the plasma membrane with annexin V and for DNA of impaired nuclei with 7AAD.
Representative data from at least three independent experiments are shown.
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3.1.6. NCI-H295R cells are sensitive to other types of necrosis inducers

The high sensitivity of the ACC cell line towards ferroptosis lead to the hypothesis that these cells
might be sensitive to other inducers of necrotic cell death. The growth hormone-releasing hormone (GHRH)
has been studied as a potential target of synthesised antagonists for the elimination of pheochromocytomas
(Ziegler et al., 2013). MIA602, a synthesised amino acid chain by the laboratory of Andrew Schally, is a
potent GHRH inhibitor (Bellyei et al., 2010). Since NCI-H295R cells are shown to express the GHRH
receptor (Giordano et al., 2009), different concentrations of MIA602 were tested for 24 h. Already at
concentrations of 5 uM the majority of cells underwent necrotic cell death. This further increased with up
to 13 % double negative stained cells when treated with 20 uM MIA602 compared to the 78 % double
negative cells in the vehicle control (Figure 11A). Next, NCI-H295R cells were treated with 20 uM
MIAG02 in the presence of zVAD (20 uM), Nec-1s (10 uM), the combination of zVAD and Nec-1s, or Fer-
1 (1 uM) to investigate the involvement of apoptosis, necroptosis or ferroptosis in the MIA602-induced
necrotic death. However, none of the tested inhibitors blocked the observed cell death (Figure 11B).

Recently the group of Paul Hergenrother produced a compound called ferroptocide (FTC) that
inhibits thioredoxin, a key component of the antioxidant system (Llabani et al., 2019a). Different
concentrations FTC were tested on NCI-H295R for 24 h. Concentrations of 10 uM FTC resulted in 7 %
double negative cells compared to 79 % double negative cells in the vehicle control (Figure 11C). Based
on this experiment the concentration 10 uM FTC was chosen and its potential to cause necrotic cell death
was challenged in the presence or Fer-1 (1 uM) or ITS+1 (114.6 nM human insulin, 2.78 uM transferrin,
144 nM Na,SeO; and 83.8 uM linoleic acid). As shown at the flow cytometry analysis, both Fer-1 and
ITS+1 successfully blocked the FTC-induced cell death, indicating the involvement of ferroptosis (Figure
11D).
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Figure 11. The NCI-H295R cells are sensitive to compounds inducing regulated necrosis. A. Flow
cytometry analysis of NCI-H295R cells treated with different concentrations of the compound MIA602 for
24 h. B. Apoptosis, necroptosis and ferroptosis inhibitors (20 uM zVAD, 10 uM Nec-1s, 1 uM Fer-1) were
used in combined treatment with MIA602 (20 uM) for 24 h and subsequently analysed via flow cytometry.
C. Flow cytometry analysis of NCI-H295R cells treated with different concentrations of ferroptocide (FTC)
for 24 h. D. Flow cytometry of NCI-H295R cells treated with 10 uM FTC for 24 h in the presence or
absence of Fer-1 (1 uM) or 5 % ITS+1 (114.6 nM human insulin, 2.78 uM transferrin, 144 nM Na,SeOs
and 83.8 uM linoleic acid). Cells were stained for the phosphatidylserine on the plasma membrane with
annexin V and for DNA of impaired nuclei with 7AAD. Representative data from at least three independent
flow cytometry experiments are shown.
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The results obtained so far lead to the question whether adrenocortical carcinomas mutate key players
of regulated cell death pathways, such as ferroptosis. To answer this question, analysis of two published
public databases (Giordano et al., 2009; Zheng et al., 2016) was performed. The analysis showed several
ferroptosis-associated genes, such as the glutathione peroxidases 3 and 7 (GPX3, GPX7), the lipoxygenase
L1 (LOXL1) and the phospholipid scramblase co-factor (XKRS8), that were highly mutated and/or
hypermethylated (Figure 12A). The second database (Giordano et al., 2009) confirmed those findings,
while showing that GPX4 and of thioredoxin reductases 1 and 2 (TXNRD1 and 2) are highly expressed in

ACCs, as well as adrenal adenomas and normal adrenal tissue (Figure 12B).
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Figure 12. Data base analysis reveals ferroptosis-related genes highly mutated in ACCs. A. Samples
of human adrenocortical carcinomas analysed for gene expression and DNA methylation according to
Zheng et al (Zheng et al., 2016). B. Selected differentially expressed genes in tissues of adrenocortical
carcinomas, adenomas, and normal human adrenal tissue.

Research on compounds that can eliminate the ACC cells, prove that the field for potential
therapeutic directions for ACC can expand further from ferroptosis induction. The mutated genes involved

in the protection against ferroptosis observed in human ACC samples highlight potential drug targets.
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3.2. Part I1: Investigation of murine kKidney tubules towards spontaneous necrosis
3.2.1. Tubular necrosis is related to a non-random type of necrotic cell death

The process of regulated cell death in tissues such as the kidney is a source or many open scientific
guestions. Ferroptosis and necroptosis are involved in various pathologies related to the kidney (Tonnus et
al., 2018; Tonnus et al., 2019; Belavgeni et al., 2020). Aiming to further understand the distinct role of
kidney tubules in these pathologies a protocol for the isolation of fresh murine kidney tubules was
established. This protocol can provide a large number of tubules that can be used in time lapse imaging,
western blot analysis etc. To investigate whether isolated tubules undergo a random type of cell death,
tubules from wild type mice were stained with the nucleic acid stain SYTOX green and observed under the
microscope over time. The time lapse images revealed a propagation of the SYTOX signal in a non-random
manner during their spontaneous death (Figure 13A). Further analysis of the SYTOX green signal via
surface plot confirmed the observation of this signal propagating from the ends of the tubules inwards
(Figure 13B). Adding a red fluorescent calcium indicator (Ca?* AM dye) in the presence of SYTOX green
during imaging, revealed a propagation of the calcium signal along the isolated tubules similar to the
SYTOX green signal (Figure 13C). Analysis via surface plots showed that the propagation of both signals
happened almost simultaneously (Figure 13D). Tubules that remained alive during the time lapse imaging,
no positivity of SYTOX green or calcium was detected (Figure 13E).

To further visualise the state of individual compartments of the tubules, imaging of the intermediate
necrotic part and the necrotic part of the tubules was assessed using electron microscopy. Representative
images are shown in Figure 13F. Interestingly, throughout the tubules impaired mitochondria can be
observed, with the damage to be more profound in the necrotic part (Figure 13F-H).

The wave of death as observed via a nucleic acid staining and a calcium dye, point towards a
regulated process occurring during the spontaneous death of isolated murine tubules. Additionally,
similarities between electron microscopy images of murine and human tubules (e.g., impaired
mitochondria, and other cellular structures) show that the established protocol of the freshly isolated kidney

tubules a helpful tool for understanding the physiology and pathology of renal tubules.
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Figure 13. The spontaneous necrosis in murine tubules exhibits a non-random necrotic cell death
propagation. A. Still images of time lapse imaging of freshly isolated murine kidney tubules stained with
SYTOX green (pseudo-coloured in yellow) at different time points. B. Surface plots obtained from the
analysis of the time lapse imaging mentioned in A. The plot indicates the intensity of the SYTOX green
over time. C. Still images at different time pointes of time lapse imaging of freshly isolated tubules stained
with SYTOX green (pseudo-coloured in yellow) and Ca?* AM dye (pseudo-coloured in blue). D. Surface
plots of the SYTOX green and Ca?* AM dye from the time lapse imaging mentioned in C, indicating their
intensity over time. E. Still images of freshly isolated murine renal tubules stained with SYTOX green
(pseudo-coloured in yellow) and Ca?* AM dye (pseudo-coloured in blue). F. Electron microscopy images
obtained from the intermediate necrotic and the necrotic parts of the tubule (scaled at 250 nm). G. Electron
microscopy image (scaled at 250 nm) of the intermediate transition part of a murine renal tubule. The
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zoomed area (scaled at 100 nm) of the image focuses on the damaged mitochondria (indicated by the white
arrows). H. Electron microscopy image (scaled at 250 nm) of the necrotic part of a murine renal tubule.
The zoomed area (scaled at 100 nm) of the image focuses on the severely damaged mitochondria. Images
for A-E were obtained with the use of a 63x lens. All freshly isolated murine tubules were isolated from
male wild type mice.

3.2.2. Spontaneous tubular necrosis is partially mediated by ferroptosis

The role of regulated cell death pathways, such as necroptosis, pyroptosis and ferroptosis during the
spontaneous cell death of murine tubules was assessed next. For addressing this, kidney tubules were from
necroptosis and pyroptosis deficient mice (MLKL/GSDMDPX®) and the spontaneous occurring necrotic
death was compared with tubules isolated from WT mice. Careful examination of the tubules revealed that
throughout the experimental time course necrotic tubules change their morphology and show a white
appearance under the microscope. Microscopic examination between isolated WT and
necroptosis/pyroptosis deficient tubules revealed no phenotypic differences (Figure 14A). Comparing the
LDH release from these tubules also showed no significant difference (Figure 14B).

The hypothesis as to whether ferroptosis plays an important role during the spontaneous tubular
necrosis was addressed using the ferroptosis inhibitor, Fer-1, in the medium of freshly isolated wild type
tubules. Microscopic observation revealed the presence of less “whitened” tubules when Fer-1 was present
(Figure 14C). Data obtained from the LDH release of WT tubules treated with 30 uM Fer-1 further
supported this finding showing significantly lower LDH levels compared to vehicle-treated tubules. (Figure
14Error! Reference source not found.D). The susceptibility of tubules towards ferroptosis was further
examined with the treatment of isolated wild type tubules with RSL3 (1.13 uM). Microscopic analysis
(Figure 14E), as well as LDH release after 2 h of treatment showed increased tubular necrosis, which was
reversed in the presence of Fer-1 (Figure 14F).

Genetic evidence as well as the cell death inhibitor Fer-1 used to investigate the role of necroptosis,
pyroptosis or ferroptosis during the spontaneous tubular necrosis reveal the involvement of ferroptosis,
even though the reversal of death was not 100 % complete. Moreover, the induction of ferroptosis via type
Il FIN RSL3 leads to increased damage of tubules which is reversed by the presence of the ferroptosis

inhibitor Fer-1, data that strengthen the susceptibility of renal tubules to ferroptosis.
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Figure 14. The presence of a ferroptosis inhibitor reduces the LDH release of tubules undergoing
spontaneous necrosis. A. Representative images of freshly isolated tubules from wild type mice (WT) and
MLKL/GSDMDPX® mice (DKO) at indicated time points. B. LDH release from isolated tubules from WT
and MLKL/GSDMDPX® mice (n = 4). C. Representative images of isolated WT tubules treated with vehicle
control or 30 uM Fer-1. D. LDH release from isolated tubules in the presence of 30 uM Fer-1 (n = 3) or
vehicle control (n = 5). E. Representative images of isolated WT tubules treated with vehicle control for 0
and 2h, RSL3 (1.13 uM) and RSL3 with Fer-1 (10 uM) for 2h. F. LDH release from isolated WT tubules
in the presence of RSL3 (1.13 uM) and in co-treatment with 10 uM Fer-1 for 2 h. DMSO at 0 h represents
the starting point of LDH release (n = 5). All experiments were independently repeated at least 3 times.
Graph plots show the mean +/- standard deviation (SD). * p < 0.05; ** p < = 0.01; ns = non significant.
Statistical analysis was performed using unpaired student t-test with Welch’s correction.

3.2.3. Tubules isolated from female mice are less sensitive towards spontaneous necrosis
The increased susceptibility of male mice towards kidney injury compared to female mice has been

previously reported (Bairey Merz et al., 2019). Aiming to further investigate this effect on the level of
isolated tubules, a custom-made 3D-printed silicone chamber was generated. A glass slide was placed in
the middle of the chamber dividing the silicone well in two halves rendering the communication between
the two parts impossible (Figure 15A). This allowed for time lapse imaging of two different samples
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without moving the stage of the microscope, while reducing any sheer stress. Female and male WT mice
were sacrificed, kidney tubules were isolated and stained with the nucleic acid stain SYTOX green. The
time lapse imaging showed a higher uptake of SYTOX green by male tubules compared to female tubules
over time (Figure 15B). The percentage of tubules with equal or greater than 90 % SYTOX positivity was
calculated for both male and female tubules. An example of the tubules fulfilling the criteria used to include
or exclude tubules from the set criteria is shown in Figure 15C. Tubules that showed less than 90 % of
SYOX positivity or debris were not included in the calculation. This analysis revealed a much faster
increase and higher total percentage of male tubules with equal or greater than 90 % SYTOX positivity
compared to female tubules (Figure 15D). These data were further supported by the LDH release assay
from the samples used for live imaging, showing a higher LDH release from isolated male tubules (Figure
15E). In another set of experiments comparing the LDH release of female and male WT tubules alongside
with their phenotypic changes under the microscope, the higher susceptibility of male tubules compared to
female tubules towards spontaneous necrosis was statistically significant already after half an hour (Figure
15F-G).

The role of ferroptosis during spontaneous tubular necrosis of male tubules lead to the hypothesis
that this pathway might also be involved during the spontaneous necrosis of female tubules. To address this
hypothesis Fer-1 (30 uM) was added to the medium of freshly isolated WT female tubules. Microscopic
observation did not reveal any phenotypic differences between the control and the Fer-1-treated tubules
(Figure 15H). Alongside these findings, analysis of the LDH release showed no statistical significance
between female tubules treated either with vehicle control or 30 uM Fer-1 (Figure 151).

Collectively these data show that the sensitivity of male tubules towards spontaneous death compared
to female tubules links the previously described findings of the literature in the context of male mice being
more susceptible to models of AKI compared to female mice. Interestingly the already low levels of LDH
release of female tubules could not be lowered further in the presence of Fer-1. A potential explanation to

this outcome could be the presence of a molecule with anti-ferroptotic or antioxidant properties.
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Figure 15. Female tubules are more resistant towards spontaneous tubular necrosis compared to
male tubules. A. Cartoon representing the custom-made 3D printed chamber used to simultaneously
monitor isolated tubules from female and male mice. The presence of the glass slide prevented any
communication of the samples. B. Still images of the time lapse imaging of isolated kidney tubules from
female and male mice. The tubules were stained with SYTOX green to visualise necrotic cells. Higher
background in the female sample was caused by the low magnification used. C. Distinction of tubules with
different percentages of SYTOX green positivity. D. Calculation of the percentage of necrotic tubules with
equal or greater than 90 % SYTOX positivity based on the time lapse imaging shown in B. E. LDH release
of samples obtained after the 6 h time lapse imaging experiment shown in B. F. Representative images of
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freshly isolated kidney tubules from female and male mice at indicated time points. G. LDH release of male
and female tubules during spontaneous necrosis (n = 4). H. Representative images of female tubules in the
presence of vehicle or Fer-1 (30 uM) at indicated time points. 1. LDH release of isolated female tubules
treated with vehicle or 30 uM Fer-1 (n = 3). All experiments were independently repeated at least 3 times.
Graph plots show the mean +/- the standard deviation (SD). * p < 0.05; ** p <= 0.01; ns = non significant.
Statistical analysis was performed using unpaired student t-test with Welch’s correction.

3.2.4. Primary tubular cells are susceptible to ferroptosis

Leaving isolated murine tubules in a culture dish would eventually lead to the outgrowth of primary
cells from individual tubules. With the help of time lapse imaging this process was monitored over time
(Figure 16A). When the outgrown cells reached a confluency of about 70 — 80 %, they were used for
experiments. Primary tubular cells derived from either male of female mice were challenged with the four
FINs for 24 h, to address the hypothesis that primary tubular cells are susceptible towards ferroptosis. LDH
release assay revealed a low sensitivity of male and female primary cells towards erastin (5 uM) as well as
its more stable derivate imidazole ketone erastin (IKE, 5 uM) (Figure 16B). On the contrary, RSL3-induced
ferroptosis resulted in 36 % LDH release from female primary tubular cells and 58 % of LDH release in
primary tubular cells generated from male tubules, which was statistically significant compared to their
corresponding controls (Figure 16C). Treatment with 20 uM FIN56 did not result in a necrotic death in
either female or male primary tubular cells (Figure 16D). Treatment with the type IV FIN FINO2 (10 uM),
resulted in an increase of LDH release in both female and male primary tubular cells, which was statistically
significant to their respective controls (Figure 16E). The thioredoxin inhibitor, ferroptocide (FTC, 10 uM),
led to 39 % LDH release in female primary tubular cells and 48 % LDH release in male primary tubular
cells (Figure 16F). Interestingly, in this case Fer-1, which was used as the protection control of all FINs
and FTC, did not reduce the LDH of FTC-induced necrosis as successfully as in the cases of the type I-1V
FINs. To test the involvement of necroptosis as an important pathway in the primary tubular cells, the cells
were treated with a combination of TNFa and zVAD-fmk (referred to as TZ). LDH release showed no
induction of necrosis in female or male primary tubular cells after 24 h of treatment (Figure 16G).

Another event that was observed during RSL3-induced cell death on primary tubular cells was a non-
random necrotic death that was monitored with the help of time lapse imaging. This phenomenon was more
profound when only the SYTOX green cells were visualised in inverted images with white background and
the SYTOX green depicted in black (Figure 16H). The “wave of death” occurring from the outer part of
the cell cluster is moving towards the centre, which resembled the same pattern observed in the tubules
during spontaneous tubular necrosis (as shown in Figure 12A).

Cultivation of isolated tubules from male or female mice resulted in the outgrowth of primary cells,

which were susceptible to RSL3, just like the tubules (Figure 13F), as well as to FINO2. Therefore, primary
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tubular cells maintain susceptibility to ferroptosis induction as well as the feature of a “wave of death”

pattern, proving them to be a good model for studying RCD.
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Figure 16. Primary tubular cells are sensitive to ferroptosis induction. A. Still images of time lapse
imaging of primary cells growing out from isolated tubules. B-G. LDH release of primary tubular cells
derived from female or male WT murine tubules treated with B. erastin or IKE (both at 5 uM), C. RSL3
(2.13 uM), D. FIN56 (20 uM), E. FINO2 (10 uM), F. FTC (10 uM) or G. with a combined treatment of 20
ng/ml TNFa and 20 uM zVAD (indicated as TZ) for 24 h. H. Still images of time lapse imaging of primary
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tubular cells treated with RSL3 and stained with SYTOX green at indicated time points. The lower panel
shows the SYTOX green positive cells (images with inverted colours to show SYTOX green in black
colour). Fer-1 (10 uM) and Nec-1s (10 uM) were used as protection controls. All experiments were repeated
independently at least 3 times. Graph plots show the mean +/- the standard deviation (SD). * p < 0.05; **
p < =0.01; ns = non significant. Statistical analysis was performed using two-way ANOVA for multiple
comparisons.

3.2.5. Testosterone does not promote ferroptosis

The increased sensitivity of male kidney tubules towards spontaneous necrosis compared to female
kidney tubules, lead to the hypothesis that the sex hormones are involved in this phenomenon. To this end
three well established cell lines for studying of ferroptosis were employed. A pre-treatment of 10 pM
testosterone was performed 16 h before treatment with 5 uM erastin for 16, 18, 20 and 24 h, as shown in
Figure 17A. Flow cytometry analysis showed no effect on the kinetics of annexin V and 7AAD staining in
the murine fibroblasts NIH-3T3 (Figure 17B), the human fibrosarcoma cells HT1080s (Figure 17C), or
the human kidney tubular epithelial cells CD10-135 (Figure 17D) regardless the time of erastin treatment.

In contrast with the literature that testosterone is responsible for the enhanced susceptibility of male
mice to AKI (Park et al., 2004), these data do not support the hypothesis of an acceleration of cell death in
three different cell lines. The use of the three cell lines to disapprove this hypothesis indicates a cell line
independent effect of testosterone. Therefore, an investigation on how B-estradiol affects ferroptosis

induction should be performed.
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Figure 17. Testosterone does not affect ferroptotic cell death. A. Flow cytometry analysis of NIH-H3T3
cells pre-treated for 16 h with 10 uM testosterone and then treated with 5 uM erastin for indicated time
points. B. HT1080 and C. CD10-135 cells treated as mentioned in A. Cells were stained with annexin V

and 7AAD.
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3.2.6. B-estradiol exhibits anti-ferroptotic properties

The female sex hormone, B-estradiol, was tested in a-similar experimental set-up to address the
hypothesis that the presence of B-estradiol reduces the sensitivity towards ferroptosis. The murine fibroblast
NIH-3T3, human fibrosarcoma HT1080 and the human kidney epithelial cells CD10-15 cell lines were
employed to a pre-treatment of 10 uM B-estradiol of 16 h before a 5 pM erastin treatment for 16, 18, 20
and 24 h, as shown in Figure 18A. Flow cytometry analysis revealed a significant protection again erastin-
induced ferroptosis in all cell lines (Figure 18B-D). Interestingly, even after 24 h of erastin treatment
samples pre-treated with B-estradiol showed much higher percentage of double negative stained cells for
almost all time points (49 % p-estradiol/erastin vs 2 % erastin-treated NIH-3T3 cells, 48 % pB-
estradiol/erastin vs 15 % erastin-treated HT1080 cells, 38 % p-estradiol/erastin vs 7 % erastin-treated
CD10-135 cells after 24 h of erastin treatment).

To test whether the phenomenon observed when B-estradiol is present in erastin-containing medium
is a general mechanism of B-estradiol preventing ferroptotic cell death, the type Il FIN RSL3 was tested in
a similar approach. Indeed, following a similar experimental approach (Figure 19A). Samples pre-treated
with p-estradiol showed a higher percentage of double negative stained cells for all cell lines (Figure 19B-
D). In all cell lines p-estradiol led to roughly 40% protection against RSL3-induced ferroptosis. Of notice,
the increased incubation time with either erastin or RSL3 resulted in less double negative cells regardless
the presence of B-estradiol. In all cases, Fer-1 was used as the protection control against ferroptosis
induction.

The female hormone, B-estradiol is metabolized into different compounds, each of which bears
different properties (Zhu and Conney, 1998). Even though estrogens react with their respective receptors,
literature suggests that both B-estradiol and its metabolite 2-hydroxyestradiol (2-OHE2) inhibit lipid
peroxidation (Miura et al., 1996). The difference of the two hormones is an additional hydroxide (-OH) at
the second carbon molecule of the aromatic structure (Figure 20A). Therefore, the capacity of B-estradiol
and 2-OHEZ2 in inhibiting RSL3-mediated cell death during a simultaneous treatment was tested (protocol
showed as illustration in Figure 20B). Indeed, both hormones were able to inhibit RSL3-induced ferroptosis
in all cell lines at 10 uM concentration (3T3, HT1080 and CD10) (Figure 20C-E). Different concentrations
of the two hormones revealed a more potent effect of 2-OHE2 compared to B-estradiol.

Collectively, these data suggest a protective effect of B-estradiol against ferroptosis induction when
cells are either pre-treated or treated simultaneously with p-estradiol and the FIN. The protective effect of
B-estradiol and 2-OHE?2 during a simultaneous treatment with RSL3 points towards antioxidant features.
Such features could be due to the presence of the aromatic ring structure that offers double bonds that could

be oxidized.
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Figure 18. p-estradiol inhibits erastin-induced cell death. A. Illustration indicating the protocol followed
for parts B-D of this figure. B. Flow cytometry analysis of NIH-H3T3 cells pre-treated for 16 h with 10 uM
[-estradiol and then treated with 5 uM erastin for indicated time points. C. HT1080 and D. CD10-135 cells
treated as mentioned in part A. Cells were stained with annexin V and 7AAD.
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Figure 19. p-estradiol inhibits RSL3-induced cell death. A. Illustration indicating the protocol followed
for parts B-D of this figure. B. Flow cytometry analysis of NIH-H3T3 cells pre-treated for 16 h with 10 uM
[-estradiol and then treated with 1.13 pM RSL3 for indicated time points. C. HT1080 and D. CD10-135
cells treated as mentioned in part A. Cells were stained with annexin V and 7AAD.

63



A
B-estradiol
B simulataneous treatment of
o 2% - B-estradiol or 2-OHE2
and RSL3 - FACS
1 x 10° cells
C RSL3
_Fer-1_
ol 10/ 3|13 34 2
2 |
a 4§§ﬁ 2 14’6 16 93 4
— 10 uM ZpM 6 uM
o8 .
8 11 2(13].2513 22'1 2
8 I 1
B Lt - 1t 1
AR ;_g”ﬁ3f;6§°1016 117610955
@ T T
Dlakf1] 21417 3117 2191 2
5|24 | :
QI~ligh 3 i 5 ik 3 B %
annexin V

ug
CD10-135

2-OHE2 B-estradiol

HT1080

2-OHE2 B-estradiol

DMSO

DMSO

7AAD

3. Results

RSL3
Fer-1
{2 [
189 2
6 uM 10 pM
{85010 46/ (4 8
| | |
36 6 140 4 86 2
12] 6|42]1.2|J1 16
96 1 488 3 188 3
—> ‘
anneme
RSL3
Fer-1
11| 5|14 48 2] 4
T g i iy
ga‘ 6 127 24 87 7
10uM 2 uM 6 uM 10 uM
11| 5|13] 48|14 3| 4] 26/11| 5
& 7 :;gé*’“'f_ 24 138 24 158 17 186 8
2] sl14] 42|d5] z]fe] 8| 4] z
i i
o 73&13,1Z811p 75 11477 12
annexin V

ygs

ygs

Figure 20. Simultaneous treatment of p-estradiol or 2-hydroxestradiol protects cells from RSL3-
induced cell death. A. Chemical structure of B-estradiol and 2-hydroxyestradiol. B. Illustration indicating
the protocol followed for parts B-D of this figure. C. Flow cytometry analysis of NIH-H3T3 cells treated
simultaneously with 10 uM B-estradiol or 2-hydroxyestradiol (2-OHE2) and 1.13 uM RSL3 for 5 h. D.
HT1080 and E. CD10-135 cells treated as mentioned in part A. Cells were stained with annexin V and

TAAD.
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4. Discussion

4.1. Part I: Adrenocortical carcinomas and key findings

Adrenocortical carcinoma (ACC) is a rare type of tumour located in the cortex of the adrenal
glands. For many years, the best curative option is surgical removal either of the tumour or the whole
adrenal glands. Other treatment options include the use of mitotane, a derivative of the pesticide DDT.
Even though mitotane has been used for more than 60 years in the clinical practice its mechanism of
action is not understood. Up to date, several laboratories that study the pharmacodynamics of mitotane
have attributed its action to the inhibition of steroidogenesis (Lehmann et al., 2013), the destruction of
mitochondria (Hescot et al., 2017) and ER stress (Shiera et al., 2015). Apoptosis has also been proposed
as the mechanism of action of mitotane (Pereira et al., 2019). This assumption has been derived from
assays such as the activity of caspase 3 and 7 (Lehmann et al., 2013), assays labelling annexin V (Shiera
et al., 2015), and TUNEL assays (Kanczkowski et al., 2010). However, such results ought to be
interpreted with caution, since it has been shown that TUNEL positivity occurs in many regulated cell
death pathways beyond the classical apoptosis pathway (Galluzzi et al., 2014; Galluzzi et al., 2018).
Data presented in this dissertation fail to clearly place the mode of action of mitotane in the one of the
three RCD pathways analysed here, namely apoptosis, necroptosis, and ferroptosis. Inhibitors used to
block apoptosis, necroptosis or ferroptosis did not reverse the mitotane-induced cell death, while
western blot analysis indicated no cleavage of caspase3 (indicating the execution of apoptosis) or
phosphorylated MLKL (indication for necroptosis execution). However, presence of linoleic acid, a
PUFA, completely abrogated the effects of mitotane as evaluated with flow cytometry analysis and live
imaging. This event could potentially point towards an oxidative type of death or a non-classical
ferroptosis pathway, given the fact that the addition of Fer-1 was not sufficient to prevent this necrotic
death. This hypothesis is supported by the finding that mitotane induces lipid peroxidation in ACC cells
(Weigand et al., 2020).

Regulated cell death pathways, such as ferroptosis, might be more related to endocrine diseases
than previously assumed (Tonnus et al., 2021a). Investigation of GPX4, one of the main regulators of
ferroptosis, in the ACC cell line NCI-H295R revealed a much higher expression compared to the
standard cell line used to study ferroptosis (HT1080). This finding led to the hypothesis that ACC cells
are particularly sensitive to ferroptosis. Indeed, agents from the type 1l and 1V FINs (see section 1.1.4)
were able to induce cell death, which was reversed in the presence of Fer-1 or in the presence of PUFAs.
Literature on three adrenocortical cell lines reported their high susceptibility to type 1l FIN RSL3
(Weigand et al., 2020). The high sensitivity of ACCs towards ferroptosis, as well as data supporting
that ACC patients at low to intermediate risk of recurrence after surgery do not benefit significantly

from mitotane treatment (Berruti et al., 2022), could point towards better targeted therapy strategies by
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the induction of ferroptosis. Thereby this could offer a promising alternative to the currently broadly
used therapeutic options with a suboptimal side effect profile (e.g., mitotane).

The exquisite sensitivity of ACCs to ferroptosis induction, is further supported by the analysis
of two public databases, containing expression profiles of human ACC samples (Giordano et al., 2009;
Zheng et al., 2016). According to this analysis, glutathione peroxidases (GPX3 and GPX7) are highly
mutated in ACCs, which indicates an attempt of the tumour to evade ferroptotic cell death or alter its
sensitivity to ferroptosis. The absence or the inhibition of GPX4 is in fact sufficient to kill kidney
tubular cells (Linkermann et al., 2014). In line with these data, mutation of the selenocysteine required
at the active center of GPX4 to its functional redox-competent analogue cysteine, renders mice more
susceptible to AKI compared to WT mice (expressing the wild type version of GXP4) (Tonnus et al.,
2021c), indicating the importance of GXP4 not only in the adrenal gland but also in other organs.
Additionally, the cystathionine gamma lyase (cystathionase) indirectly regulates the sensitivity to
ferroptosis, representing another potential clinical target for the control of the ferroptosis set point in
ACCs. As mentioned in the introduction (section 1.2.2.1.), p53 is highly mutated in ACCs. Recently,
p53 has also been associated with the regulation of ferroptosis (Jiang et al., 2015; Chen et al., 2017),
establishing another link of ACCs and ferroptosis.

4.2. Part 11: Kidney tubules, spontaneous necrosis, and key findings

In renal tubules, ferroptosis induction exhibits unique dynamics referred to as a “wave-0f-death”
or synchronized regulated necrosis (Linkermann et al., 2014; Tonnus et al., 2021a). In contrast to the
procedure followed in this thesis, this phenomenon has been observed under micro-perfusion of the
renal tubules and after direct infusion with erastin. Since the perfusion with erastin might not allow
general conclusions on the physiological relevance of this cell death propagation, the spontaneous cell
death was observed in isolated kidney tubules. Live imaging of isolated tubules undergoing
spontaneous necrosis showed a clear “wave-of death” as indicated using nucleic stain (SYTOX green).
Similar non-random cell death propagation has also been observed in cell culture models and the fins
of zebrafish (Kim et al., 2016; Riegman et al., 2019; Katikaneni et al., 2020; Riegman et al., 2020b).
Additionally, the live imaging data of this thesis show a calcium signal that propagates in parallel to
the SYTOX green signal. In a different cell culture system it was shown that a ferroptosis predicting
signal (rapid increase in calcium concentration) preceded the cell rupture and therefore the staining of
the cells with SYTOX green (Riegman et al., 2020b). These two different observations might indicate
two different types of cell death propagation.

Renal tubules are rich in mitochondria. The central role of mitochondria in tubular necrosis has

been well established (Reimer and Jennings, 1971; Brooks et al., 2009). Therefore, maintenance of
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mitochondrial homeostasis and quality control is vital for normal kidney function (Tang et al., 2021).
Hence the high number of mitochondria observed in the electron microscopy images of isolated tubules
was expected. These images further revealed a gradient of modestly damaged mitochondria to
ballooned and highly damaged mitochondria following the propagation of the “wave-of-death” was
highly interesting. These data are in line with the description of MOMP that has been associated with
necrotic cell death and a calcium wave in proximal tubules (Weinberg et al., 1997; Feldkamp et al.,
2009; Weinberg et al., 2016). Collectively, the data of this thesis and the existing literature further focus
the spotlight on the mitochondria during the spontaneous tubular necrosis.

The vulnerability of kidney tubules in models of AKI has been shown and discussed at length
(Linkermann et al., 2014; Linkermann, 2016). However, to what extent tubules contribute or how they
are linked to the observed necrotic death is still not clear. Establishing a protocol for the isolation of
murine renal tubules provided a tool free of immune system cells or vascular system interactions with
the tubules, which are eliminated due to the extra washing steps of the tubules. Murine tubules die
spontaneously in a non-necroptotic and non-pyroptotic manner, as shown in the genetically deficient
model. However, small numbers of pMLKL positive cells observed in biopsies of transplanted human
kidneys (Gong et al., 2017), while cleavage of GSDMD has been observed in mice undergoing
cisplatin-induced AKI (Miao et al., 2019). Such findings indicate a potential role of necroptosis and
pyroptosis in the kidney and do not support the data of this thesis. It is important to identify which
compartment of the kidney is susceptible to necroptosis and/or pyroptosis. Partial involvement of
ferroptosis in the spontaneous death of kidney tubular cells is implied by the finding that Fer-1 partially
improved the viability of tubules when added directly to the medium. The existing literature points
towards a strong presence of ferroptosis in the kidneys when mice are challenged with models of AKI
(Linkermann et al., 2014; Tonnus et al., 2021c).

In this context, a discrepancy in the sensitivity of female and male mice to ischemia-reperfusion
injury (IRI) of the kidney has been mentioned decades ago (Miiller et al., 1999b; Park et al., 2004;
Silva Barbosa et al., 2020). The protection of female mice was shown to be also characteristic of
isolated murine tubules isolated from female mice. Female tubules undergoing spontaneous necrosis
exhibited lower levels of LDH release compared to tubules isolated from male mice. In addition,
primary tubular cells from female tubules were less susceptible to ferroptosis induction compared to
primary tubular cells from male tubules. The difference between male and female organisms has been
attributed to the sensitizing effects of testosterone (Hayward et al., 2000; Park et al., 2004; Kim et al.,
2006), while by some other to the protective effects of estrogens (lkeda et al., 2015; Singh et al., 2017;
Tanaka et al., 2017; Silva Barbosa et al., 2020). This discord in the literature dictated the hypothesis

that sex hormones affect the sensitivity to ferroptosis induction. The data of this thesis exploring this
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hypothesis indicated no effect of testosterone on the potency of erastin-induced ferroptosis, while 3-
estradiol showed protective effects against type | (erastin) and 1l (RSI3) FIN-induced cell death. The
fact that this protection was observed in three different cell lines indicated a cell line-independent effect
of the hormone. Interestingly, a wide-range screening of CYP-substrates and hormones indicated that
B-estradiol generally inhibits ferroptosis (Mishima et al., 2020). Furthermore, B-estradiol has been
reported to regulate redox capacity in breast cancer cells by downregulating the lipoxigenase
ALOX12B and upregulating oxidoreductases (e.g., cytochrome ¢) (Lin et al., 2004). The protection of
B-estradiol against ferroptosis was not only observed after pre-treatment of cells, but also when cells
were treated simultaneously with p-estradiol and the FINs. This points towards a general antioxidant
effect of B-estradiol and should be further assessed in the future. In fact, metabolites of B-estradiol, such
as 2-hydroxyestradiol show high antioxidant effects as well (Miura et al., 1996). Whether p-estradiol
or one of its metabolites is transformed into its semiquinone derivative resulting in the recycling of the

hormone and which enzymes play a role in this process is yet to be discovered.

4.3. Current understanding of the ferroptosis pathway

The interest in ferroptosis and its role in the physiology and the pathophysiology of various
organs has increased extensively since 2012, when the term ferroptosis was introduced. It was shown
that this type of death is caused by to lipid peroxidation, that will concomitantly lead to plasma
membrane rupture. Which specific types of lipids are mainly involved during this process is an ongoing
matter of debate (Zager and Foerder, 1992; Skouta et al., 2014; Yang et al., 2016; Li et al., 2017;
Stockwell et al., 2017a; Ingold et al., 2018). Lipids that contain one or more double bonds (PUFAS)
are prone to becoming a carbon-centered phospholipid radical (PL"). Subsequently a reaction with
molecular oxygen would yield a phospholipid peroxyl radical (PLOO"). Such radicals can remove the
hydrogen of another PUFA, thereby forming PLOOH. In case the lipid is not converted by GPX4 to its
corresponding alcohol (PLOH), then PLOOH and lipid free radicals, such as PLOO" and alkoxyl
phospholipid radicals (PLO"), will react with PUFA-PLs propagating PLOOH production by further
hydrogen atom removal and its concomitant reaction with molecular oxygen will form PLOOH:S.
Ultimately, this circle of reactions will lead to the formation of a myriad of lipid radicals and secondary
products, such as breakdown products of lipids, oxidized and modified proteins. The increased
modifications of the membrane lead to the loss of its stability and therefore to its breaking (Jiang et al.,
2021). Baring this information in mind, it is expected that the presence of linoleic acid in medium
containing FINs can reduce the percentage of necrotic cells, as seen in the experiments using the ACC

cell line.
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To which extent a cell can have oxidized lipids and the concomitant membrane modifications
until it stops being functional and loses the membrane barrier is not yet clear. On the same note, the
extent to which a cell can sustain lipid oxidization that is still reversible is particularly interesting. Is
there a “lipid-point-of-no-return” for ferroptosis, like the “point-of-no-return” for apoptosis? Even
though it has been shown that in some cases ferroptosis signals can propagate as a “wave-of-death”
(Linkermann et al., 2014; Kim et al., 2016; Riegman et al., 2020a), the factor that confers this
propagation is not known. One hypothesis is that this signal propagates via gap junctions. The decreased
redox capacity of a dying cell results in an NAD(P)H gradient, meaning higher concentrations being
observed inside the living cells and lower concentrations in the dying cells (Belavgeni et al., 2020;
Tonnus et al., 2021a; Maremonti et al., 2022). Measurement and/or visualisation of the NAD(P)H
gradient in a cell culture system or in isolated renal tubules could be performed via the fluorescence
lifetime imaging microscopy (FLIM), allowing a better understanding of ferroptosis. Even though
attempts at incorporating FLIM microscopy in studies related to kidney pathophysiology have been
made (Ranjit et al., 2020), no relevant connection of its use with the field of ferroptosis exists.

During the membrane rupture of a cell DAMPs are being released (see section 1.1.), which are
considered to induce an inflammatory response. A classification of these DAMPs and their
immunogenicity has been established previously (Sarhan et al., 2018b; Tonnus et al., 2021a). Until
recently it was considered that any kind of regulated cell death that results in the rupture of the cellular
membrane results in an inflammatory response. To which extent the necrotic debris shape the immune
response is not fully understood. As revised in the literature (Maremonti et al., 2022), necroptotically
dying cells trigger a response from the adaptive immune system. The exposure of the debris to
conventional dendritic cells (cDC1) stimulated cross-presentation of CD8-positive cytotoxic T cells
(Giampazolias et al., 2021). In the microenvironment of tumours, soluble factors, such as gelsolin,
interfere with actin binding to DNGR1 and thereby preventing an anti-tumour immune response
(Giampazolias et al., 2021). Whether such a mechanism occurs during ferroptosis, for instance in an
ischemic kidney, is not yet clear. Interestingly, even though previous literature suggests ferroptosis as
an immunogenic necrosis pathway (Tang et al., 2020; Li et al., 2021; Turubanova et al., 2021), recent
data implicate ferroptosis leading to the release of anti-immunogenic factors. Namely, T cells were
paralysed by myeloid cells in high ROS conditions (Baumann et al., 2020), an effect mediated as a
direct cell-to-cell contact between the T cells and the myeloid cells. This mechanism could explain the
presence of adaptive immune cells and the paradoxical absence of an adaptive inflammatory response
in histological samples of IRI-induced acute tubular necrosis, despite the high levels of tubular necrosis
(von Massenhausen et al., 2018; Tonnus et al., 2021c). Such findings are also in line with the absence

of immune cell infiltration in mice with a dysfunctional GPX4 enzyme (Friedmann Angeli et al.,
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2014a). Under conditions of active inhibition of the adaptive immune system the microenvironment of
the kidney tubules would allow a regeneration process.

Understanding the pathophysiological features of ferroptosis in various diseases and other
clinical implications is extremely valuable for developing new therapeutic strategies. The production
of ROS or nitric oxide species (NOS) either in the cytosol of the cell or other cellular compartments,
such as the mitochondria, the endoplasmic reticulum (ER), etc., does not necessarily lead to lipid
peroxidation. However, ROS and oxidative stress have been tightly linked to ferroptosis (Stockwell et
al., 2017a). The production of ROS plays a role in a wide variety of physiological responses, such as
cellular proliferation, migration, angiogenesis, etc. (Sies and Jones, 2020; Sies et al., 2022). In fact,
even beyond the cellular level, whole organisms such as mussels use ROS as a defence mechanism
against xenobiotics or pathogens (Tsarpali et al., 2015; Belavgeni and Dailianis, 2017). Such an event
might result in a triggered inflammatory response aiming to eliminate the pathogen without inflicting
fatal damage to the host. Observations like this are leading to the open question regarding the
physiological and evolutional role of ferroptosis. Why would a cell be prone to ferroptosis in
physiological conditions? Which is the physiological role of ferroptosis? Until light is shed on these
guestions, they remain a promising avenue for research, setting perhaps ferroptosis as one of the most
important pathways in almost all (if not all) the organisms of this world.

4.4. Ferroptosis and its significance in the endocrine system and beyond

The adrenal glands are tightly linked to ferroptosis, even beyond the high sensitivity of ACCs to
this type of death. As mentioned in the introduction (see section 1.2.2.2.), a closer look into the cause
of adrenal-related diseases might reveal their connection to ferroptosis, and even necroptosis and
pyroptosis. Addison’s disease, a primary adrenal insufficiency, can be caused by a haemorrhagic,
ischemic, or surgical event, or by infection, or metastatic destruction of the adrenal tissue, or treatment
of ACC (Merke et al., 2000; Bornstein, 2009; Husebye et al., 2021). In the pathophysiology of this
disease a bleeding would result in increased free iron being released from damaged erythrocytes, an
event that can lower the threshold for ferroptosis. Free iron can easily be oxidized via the Fenton
reaction leading to an increase of ROS (Belavgeni et al., 2020; Tonnus et al., 2021a), that will oxidize
the lipid membranes. Such an assumption remains a hypothesis, since it is unclear how most of the
adrenal cells die during the progression of the disease. However, a therapeutic strategy using an RTA,
such Fer-1 or Lip-1, might prove beneficial. Additionally, it would be of interest to investigate whether
in a mouse model of Addison’s disease administration of PUFAs would exhibit positive effects, while

aiming at a better understanding of the biology of the adrenal glands.
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Primary aldosteronism (PA, also known as Conn’s syndrome), refers to the excess production of
the mineralocorticoid, aldosterone. Aldosterone is important for the function of the renin-angiotensin
system that regulates the blood pressure and its dysfunction confers a higher cardiovascular risk
(Zennaro et al., 2020). The most common cause for PA is a unilateral aldosterone-producing adenoma
(APA) or a bilateral adrenal hyperplasia (Zennaro et al., 2020). Genetically this disease has been linked
to a chimeric gene, resulting from an unequal crossing-over event that fuses the regulatory regions of
CYP11B1 and CYP11B2. CYP11B1 gene encodes the enzyme 11B-hydroxylase, while CYP1B2
encodes aldosterone synthase, making them the responsible genes for the last steps of cortisol and
aldosterone biosynthesis, respectively (Lifton et al., 1992; Pascoe et al., 1992). The aldosterone-
mediated cell death has been attributed to apoptosis (De Angelis et al., 2002; Yan et al., 2010).
However, recent data on APAs indicated upregulation of BEX1, a protein involved in cell cycle
progression. When BEX1 was stably expressed in human adrenocortical cells, a protection against type
II-mediated ferroptosis was observed in comparison to BEX1 deficient cells (Yang et al., 2021). This
establishes a new road for further investigation of the role of ferroptosis and the pathogenesis of APAs.
Additionally, the role of aldosterone as a DIRE (section 1.2.2.2.) should be further investigated not only
in the concept of damage arising in the adrenal gland but from a more systemic point of view. In this
context of DIRE, it is worth mentioning that dexamethasone, a glucocorticoid analogue, was found to
accelerate ferroptosis induction (von Massenhausen et al., 2022). This indicates that clinical use of
DIRE in combination with cell death-inducing drugs should be approached with caution and warrants
further research, particularly in relation to the gender of the patients. Whether testosterone would prove
to be a DIRE is yet to be investigated using a broader array of cell death inducers.

The inner part of the adrenal gland, the medulla, is prone to cancer formation as well.
Pheochromocytomas (PCCs) and paragangliomas (PGLSs) represent neuroendocrine tumours of the
adrenal medulla. They are associated with high cardiovascular morbidity, due to their high production
of catecholamines (Scriba et al., 2020). Catecholamines can also be included in the category of DIRE.
Myocardial necrosis can be related to epinephrine release (Short and Padfield, 1976), while in extreme
cases of PCC and PGL DIRE can lead to severe and eventually lethal shock (Delaney and Paritzky,
1969; Nyman and Wahlberg, 1970). Profiling of the DNA methylation of PCCs and PGLs revealed
GXP3 as a frequently mutated prognostic marker (de Cubas et al., 2015). Even though GPX3 belongs
to the glutathione peroxidation enzyme family, it is unclear which is its contribution to ferroptosis. Of
particular interest in this regard are the findings of numerous mutations in this gene in both ACCs (as
presented in this dissertation) and PCCs/PGLs. These findings are an essential clue in pursuit of better
understanding of the microenvironment of the different parts of the adrenal gland. Given the systemic

consequences of PCCs and PGLs, it is worth mentioning a case report that pointed to a potential link
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between these type of tumors and acute tubular necrosis (Carpenter and Kunin, 1961). Whether
ferroptosis could be the connecting link of the two diseases remains an unanswered question.

4.5. Pharmacologically harnessing ferroptosis

During the past decade, several compounds acting on RCD have been developed with the aim to
be used in the therapy of diseases related with regulated necrosis (Degterev and Linkermann, 2016; von
Maéssenhausen et al., 2018). Some of those inhibitors, such as venetoclax, have since been applied to
the clinical routine for the treatment of haematological cancers (Souers et al., 2013). Both necrostatins
and ferrostatins are currently moving intro clinical trials (Tonnus et al., 2021a). On the other hand,
inducers of regulated necrosis are just as important, for example in the treatment of cancer. Numerous
of necroptosis, pyroptosis and ferroptosis (FINS) inducers have been developed (Stockwell et al.,
2017b; Llabani et al., 2019b; Zhang et al., 2019). Further development of such molecules, aimed at
introduction of novel drugs with more favourable side effect profiles, could be the next step in the
treatment of adrenal-related cancers. The high sensitivity of ACCs to ferroptosis, as shown in this thesis,
suggests a possibly similar nature of PCCs/PGLs in relation to ferroptosis. FINs could therefore
contribute to the improvement of outcomes in patients with these tumours.

The ferroptosis inhibitor, Fer-1, has been shown to protect against AKI, as well as heart injury
(Martin-Sanchez et al., 2017c; Tonnus et al., 2021c). Based on the chemical structure of Fer-1, other
novel inhibitors have been developed, such as UCAM-3203/3206 (Devisscher et al., 2018). The iron
chelator deferoxamine (DFO) inhibits cell death in isolated tubules from rabbits (Sogabe et al., 1996).
The lipophilic antioxidant, diphenyl-p-phenylenediamine (DPPD), also exhibited a certain protective
effect, in terms of LDH release, of isolated kidney tubules (Sogabe et al., 1996). The compound 11-92
was highly effective in the prevention of tubular necrosis, (Skouta et al., 2014), while the development
of the compound 16-86 yielded strong effects in preclinical models of AKI (Linkermann et al., 2014).
However, the plasma stability of 16-86 was not ideal. Liproxstatin-1 (Lip-1), successfully blocks
ferroptosis-induced cell death in immortalized human renal proximal tubule epithelial cell line HK-2,
as well as liver IRI (Friedmann Angeli et al., 2014a). Even though these inhibitors are unspecific, they
could be used to further assess mitotane-induced cell death in NCI-H295R cells, given the hypothesis
that the machinery of ferroptosis might be involved in a non-classical manner. On the other hand,
treatment of tubules with different ferroptosis inhibitors could improve the current understanding of
spontaneous necrosis. Finally, a more complete image of the ACC and tubule biology could be provided
by genetic models, a field of future investigations. Overall, it is necessary to further improve the in vivo

pharmacokinetics and efficacy.
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Many different diseases have been reviewed and linked to ferroptosis. Interestingly, it seems like
organs that are more prone to ischemic injury, such as the heart and the kidneys, are highly susceptible
to ferroptosis (Tonnus et al., 2019; Tonnus et al., 2021a). For example, treatment with mitochondria-
targeted antioxidant MitoTEMPO in an established murine model of doxorubicin (DOX) and
ischemia/reperfusion (I/R)-induced cardiomyopathy, resulted in significant rescue against DOX
cardiomyopathy (Fang et al., 2019). On the same spectrum, ferritin H, a spherical heteropolymer
responsible for the storage of excess cellular iron, plays an important role in protection against cardiac
ferroptosis and a subsequent heart failure, as shown in mice with cardiomyocytes lacking ferritin H
(Fang et al., 2020). The importance of mitochondrial oxidative damage in cardiomyocytes, is in
accordance with the finding that inhibition of the glutaminolysis process prevent heart injury induced
by I/R (Gao et al., 2015).

Prevention of lipid peroxidation by Fer-1 was also shown to inhibit cell death in a cellular model
of Huntington’s disease (Skouta et al., 2014), while selenium supplementation improved behaviour in
a haemorrhagic stroke model (Alim et al., 2019). Additional data concerning the connection of
ferroptosis and stoke (Degterev et al., 2005; Tuo et al., 2017; Kenny et al., 2019), reveal a broader
spectrum of the relevance of ferroptosis with different pathophysiological models in organs prone to
ischemic injury. A deeper and more ferroptosis-oriented research will broaden the biology basis of such
diseases, while exploring new direction for drug targeting strategies.

Before a connection of ferroptosis and kidney was established, necroptosis was thought to be the
primary RCD pathway in murine AKI models. This hypothesis was supported by data showing Nec-1-
mediated protection against contrast-induced murine AKI model (Linkermann et al., 2013).
Considering the complexity of each organ, the involvement of more than one RCD pathways mut be
considered. From a clinical approach, the use of dual or triple RCD inhibitors may prove more efficient
than single RCD inhibitors. Such inhibitors are known for a while in the scientific community but have
also been a source of misinterpretations. The necrostatin Nec-1 functions as a necroptosis as well as a
ferroptosis inhibitor (Takahashi et al., 2012; Friedmann Angeli et al., 2014b). Based on the structure
of Nec-1, another dual inhibitor of necroptosis and ferroptosis was constructed (termed Nec-1f). Nec-
1f was also shown to have a similar effect on the recruitment of neutrophils and the cardiomyocyte cell
death using a similar transplantation model (Tonnus et al., 2021c). Additionally, in the same paper it
was shown that Nec-1f protects tubules from undergoing RSL3-induced cell death (Tonnus et al.,
2021c), possibly exerting this effect to its anti-ferroptotic features. This is in line with the findings of
this thesis concerning the protection of tubules in the presence of a ferroptosis inhibitor.

In transplantation medicine, an allograft must endure several unfavourable environments,

occurring already from the explantation from the donor, during the organ preservation and during the
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implantation-associated postischemic reperfusion injury (IRI) in the recipient. The development of
ROS-mediated oxidative stress, in combination with the release of DAMPs can activate the innate
immune system (Land et al., 2016). Considering a potential anti-inflammatory response of cells dying
by ferroptosis, and the inflammatory response of necroptotic cells, the prefusion of the organs with a
dual necroptosis and ferroptosis inhibitor might represent the future of organ transplantation handling.
Furthermore, this approach could prevent or reduce the complications of transplantation on the other
organs in the recipient, as the cell death in the graft can trigger pathological events in distant organs.
This is demonstrated particularly in an in vivo model of ischemic renal graft-mediated lung injury where
the use of a PARP-inhibitor and the RIPK1 inhibitor Nec-1 resulted in some protection on their own,
but the combination therapy proved to almost completely prevent pulmonary damage after kidney
transplantation (Vanden Berghe and Linkermann, 2015; Zhao et al., 2015). Therefore, crosstalk of
ferroptosis with other types of necrosis, such as parthanatos (Linkermann, 2016), render the production
of dual or even triple inhibitors important for the clinical approach of transplant-mediated remote death.

While the use of different mammalian or cell line models provides a better insight into the
biology of different diseases, and many books have been written for human physiology, a clinical
approach on how this knowledge would be best used proves to be a challenging question. Ultimately
the balance of drug inducers and inhibitors remains a clinical issue. Which should be the dosage of an
anti-cancer drug that induces ferroptosis without risking a renal failure or heart ischemia? Would a
continuous use of ferroptosis inhibitors result in a ferroptosis-sensitive tumour? Additionally, genetic
models should be established to clarify the specificity of the developed compounds/drugs. Such
information would help the scientific community better understand the pathology of the targeted
disease, as well as the molecular pathway that the drugs interfere with. Based on this knowledge, highly
specific molecules could be developed, that can be used in low dosage and would therefore be more

favourable in terms of their side effect profiles.

4.6. Sexual dimorphism in regulated cell death

Steroids are biologically active organic compounds with four interconnected carbon rings,
composing the main skeleton of every steroid. Polar hydroxyl groups are attached to this ring structure,
however in quantities unable to render steroids water-soluble. Steroid hormones (a word derived from
the Greek-origin word 6pudv, with the meaning “setting in motion™) are a class of signalling molecules
that freely diffuse across lipid bilayers due to their lipophilic nature and are regulating numerous
pathways. Cholesterol is the precursor of steroids, from which cortisol is produced in the adrenal glands.
A major difference of male and female organisms can be observed on the production of sex hormones

by the gonads. Males are characterized by higher levels of androgens, such testosterone and its
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concomitant metabolites, while females show higher levels of estrogens, such as estradiol and its
metabolites (Widmaier et al., 2019).

Hormones exert their effects via their corresponding receptors. The activation of the receptors in
cells ultimately leads to alterations in molecular pathways, inhibition, or enhancement of gene
expression. The androgen receptor (AR) offers a binding site for testosterone (Tan et al., 2014), while
estrogen receptors alpha and beta (ESRa and ESRp respectively) fashion a binding site for estradiol
(Widmaier et al., 2019). Several NADPH-dependent cytochrome P450 enzymes are involved in steroid
hormone production (Zhu and Conney, 1998; Peter Guengerich, 2019), which have been in the center
of scientific attention concerning different diseases. Interestingly, not all enzymes are universally
expressed in all tissues. Therefore, different sex hormone metabolites may be produced in different
organs. The amount of hormones, e.g. stress hormones, in the different sexes also differ (Goel et al.,
2014). It has already been indicated that sex hormones play a role in the contect of stress response, with
higher levels of corticosterone in female rats compared to male littermates (Goel et al., 2014). On the
other hand, their role in regulated cell death is an entirely new field of research.

Presently there is evidence that testosterone enhances the susceptibility of male mice to IRI (Park
et al., 2004) and promotes cell death in renal tubular cells (Peng et al., 2019). Further supporting these
findings, orchiectomy in mice was shown to diminish post-ischaemic oxidative stress and IRI (Kim et
al., 2006). However, the findings in this thesis stand at contrast with these theories. Interestingly,
examination of data derived from the United Network for Organ Sharing (UNOS) revealed an
association of delayed graft function (DGF) in male recipients compared to female recipients
(Aufhauser et al., 2016). In addition to this finding, a growing body of literature reports a reduced
sensitivity of female rodents to IRl compared to males (Aufhauser et al., 2016; Singh et al., 2017;
Tanaka et al., 2017), a protective role of 17p-estradiol during AKI (Silva Barbosa et al., 2020), and a
reduction of myocardial necrosis and macrophage infiltration (Squadrito et al., 1997). These are further
supported by the data of this thesis, showing the reduced sensitivity of tubules derived from female
mice compared to tubules of male mice.

One hypothesis concerning the protective effects of 17p-estradiol is that the “presence of 17f3-
estradiol leads to a receptor-mediated upregulation of genes promoting cell survival or the
downregulation of genes promoting cell death”. However, the chemical structure of 17p-estradiol
reveal an aromatic ring structure with three double bonds that could provide radical trapping functions
(Zhu and Conney, 1998). In fact, literature supports the hypothesis that 17p-estradiol and its metabolite
2-hydroxyestradiol exhibit antioxidant effects, thereby inhibiting lipid peroxidation (Begofia Ruiz-
Larrea et al., 1994; Miura et al., 1996). However, it is not clear how 17f-estradiol and certain

metabolites may act as antioxidants at the chemical level. It is believed that 2- and 4-hydroxyestradiols
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can generate reactive estrogen semiquinones/quinones (Zhu and Conney, 1998). Given the fact that
guinones can be recycled by reductases, a recycling process of the hydroxyestradiol quinones
generating estradiol might be happening intracellularly. Which exact NADPH-dependent
oxidoreductase is involved in this prosses is yet to be found. The reaction of a semiquinone to a quinone
yields superoxide anions (O™), which as ROS may mediate protein, lipid and DNA damage etc (Zhu
and Conney, 1998). However, if indeed the estradiol hormones are transformed to quinones, the cell
should exhibit higher antioxidant capacities against ROS production. It would be of interest then, to
investigate the basal expression of anti-ferroptosis genes, such as GPX4 and FSP1, in isolated tubules
from male and female mice. If there is yet another mechanism to prevent these ROS from damaging
the cells, it remains to be elucidated. Overall literature and data provided from this thesis concerning
the protective effect of 17p-estradiol against a simultaneous RSL3 induction point towards a very potent
anti-ferroptotic hormone highly present in female organisms. In that case 17p-estradiol and its
metabolites would render them more protected against death. Medical approaches of cancer therapy,
organ transplantation, etc., especially regarding their effects and outcome depending on the respective
sex should be revisited. A better evaluation of transplantations taking gender into account might be
crucial to achieve better transplant function. Even though the hypothesis points towards organs of
female origin to be less prone to death, a perfusion with highly potent antioxidant estradiol metabolites
might be a path to be considered. In fact, as mentioned in the previous section of the discussion, a
perfusion with estrogens and dual cell death inhibitors (such as Nec-1f) could potentially prolong the

viability of the transplanted organs while aiming at minimizing the side effects of both chemicals.

4.7. Outlook, future perspectives, and limitations of this thesis

Regulated cell death in the adrenal glands and the kidneys might at first glance seem to be
unrelated events. Nevertheless, studies of the human body show that organs and cells can communicate
in the most intricate ways. The hormones produced by the adrenal glands affect the physiological
processes under normal conditions as well as in pathological conditions, such as cancer. Excessive
production of hormones can lead to a potentiation of ferroptosis when ferroptosis-inducing drugs are
present, as seen in the case of dexamethasone (Lau et al., 2022; von Méssenhausen et al., 2022). Other
hormones and their metabolites, such as 17p-estradiol, exert anti-ferroptotic effects, a feature that could
potentially explain the higher tolerance of female organisms to heart failure and kidney injury. The data
provided in this thesis speak for a cascade of events unrelated to the estrogen receptors (ESRo and
ESRp) conferring this effect. The lack of respective knock out cell lines or even mice can be considered
a limitation of the experimental approach used here. However, existing literature (Begofia Ruiz-Larrea
et al., 1994; Miura et al., 1996) supports this hypothesis.
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A genetic model for ferroptosis has been a challenge due to the fact that GXP4 knock out mice
are embryonically lethal (Ingold et al., 2018). Alternative genetic models to study ferroptosis are the
FSP1 knock out mice and mice that carry a manipulation of the active center of the GXP4 enzyme
(GPX4%s") (Tonnus et al., 2021c). These models could be an important addition to the data presented
in this thesis and used to further validate them and better understand the role of ferroptosis both in the
adrenal gland and the kidneys. The high sensitivity of an ACC cell line to ferroptosis might indicate a
high sensitivity of the organ to regulated cell death. In fact, the adrenal glands exhibit high capacity of
antioxidant enzymes against the constant production of hormones and the response to stress. So far,
any attempts to study adrenal cells derived from normal human or mouse adrenal tissue were
unsuccessful. Such cell lines would remove the bias created from the background of a cancer cell line.
On the other hand, multicellular complex systems, such as renal tubules enable studying RCD in a more
physiological setting. Limitations, such as lack of typical hormones or stimuli present in the Kidney,
cannot be avoided and hence, observations made in the kidney tubules cannot be directly linked to an
in vivo effect. However, a system free of systemic effects of the body has its own advantages, depending
on the scientific question.

Ultimately, the best approach to a scientific matter is to combine techniques, and use, if possible,
all available material (cells, organoids, mice) in the most unbiased way possible.
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