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1.1 Contribution to paper |

This is the first publication from the Bartelt Lab on the topic of ferroptosis. | conceptual-
ized the topic of ferroptosis in brown adipose tissue myself and designed all experiments.
All experiments were performed by myself or under my supervision, including statistical
analysis. Coauthors assisted in specific techniques (native PAGE) and provided animal
models. Data in Fig. 6 were collected by AB and analyzed by me. The manuscript was
created and written by me with revisions from AB and scientific input from all coauthors.
In addition, | helped to write a successful DFG proposal on this topic with AB.

1.2 Contribution to paper Il

This manuscript is a joint work by the Herzig Lab and Bartelt Lab. The initial hypothesis
was formulated by my co-first author, MG. MG was a postdoctoral researcher at the
Herzig Lab and subsequently moved to Bartelt Lab before leaving in 2021. | joined the
project in early 2021 and performed several experiments including ex vivo tissue analysis
and in vitro experiments regarding mitochondrial function.

A detailed list of my contributions:

Figure 1: re-analysis of the sequencing data, including generation of 1F, Sup. 1C-F
Figure 2: generation of replicates for 2E-H, Sup. 2D-K

Figure 3: data generation of Sup. 3, Sup. 4MN; re-analysis 4D-O

Figure 4: data generation of 4E-H, M-P

Figure 5: data generation 5B, L-N, analysis of 5G-K

Figures 6, 7: data were analyzed by AH in collaboration with me

| wrote the manuscript together with MG, with revisions from SH and AB including input
from all coauthors. All experiments during the revision period lasting two years were per-
formed by me.

This work includes collaboration of international research groups for specific techniques
and datasets. Especially in the final phase of the project, the communication between all
collaborators was mediated by me.
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2. Introduction

2.1 Thermogenic adipose tissue

Cardiovascular diseases are the most common cause of death in Germany'. Obesity is
a major risk factor for cardiometabolic diseases and Type 2 Diabetes?. Therefore, ade-
quate treatment of obesity is an unmet clinical need with the potential to not only extend
the lifespan but also increase the quality of life of a large part of the population. The most
effective treatment options today is still bariatric surgery, but in recent years pharmaco-
logical interventions based on the incretin hormone biology like Glucagon-like peptide 1
receptor (GLP1R)-agonists (semaglutide) have become promising therapeutic options®*.
However, these treatments have side-effects like nausea and vomiting. The activation of
thermogenic adipose tissue has emerged in the past years as a promising target for the
treatment of obesity and cardiovascular disease using natural inborn mechanisms that
consequently should be devoid of side effects®.

Adipose tissue in the human body can be subdivided into three major classes: white,
beige, and brown adipose tissue. White adipose tissue (WAT) is the most abundant class
in humans serving as a depot for lipids and the storage of spare energy. In contrast, the
function of brown adipose tissue (BAT) is to burn calories to generate heat, a process
known as non-shivering thermogenesis (NST). Beige adipose tissue is an intermediate
form, which whilst developmental closely related to WAT is also thermogenically active.
The highest prevalence of BAT, expressed as a fraction of bodyweight, is found in ro-
dents, but also adipose tissue of hibernating mammals contains thermogenic potential®’.
The natural stimulus for BAT activation is cold exposure under the point of thermoneu-
trality. In most laboratory mice, thermoneutrality is achieved at approximately 30°C, lead-
ing to NST already at room temperature®. In humans this point is highly variable but is
rarely fallen below for a longer time due to the advances of civilization like heating and
clothing®. Therefore, BAT thermogenesis does not markedly contribute to total energy
expenditure in adult humans. In contrast, a relatively large amount of BAT is found in
neonates in the interscapular region but undergoes a drastic involution during infancy. In
adults, remnants of BAT can still be found in the deep cervical, paravertebral, and perire-
nal region, especially during cold exposure or pharmacological stimulation'. Pharmaco-
logical activation of human BAT can be achieved by sympathomimetics, which target (3-
receptors on adipocytes, leading to the execution of the thermogenic program'"'2. While
this is showcasing that the remaining tissue is still functional, the therapeutical treatment
with sympathomimetics is however unsuitable as cardiovascular side effects such as
tachycardia and hypertension are to be expected. The prevalence of BAT has been
shown to be positively correlated with cardiometabolic health in large human studies’.
Activation of BAT in rodents has very strong positive effects on obesity, dyslipidemia and
overall cardiometabolic health'°,

The unique color of BAT stems from its high content of iron-rich mitochondria. Unlike in
most other tissues, BAT mitochondria contain a specialized protein called Uncoupling
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Protein 1 (UCP1). UCP1 uncouples the proton gradient over the inner mitochondrial
membrane, in which it resides. This leads to the catabolism of nutrients without the gen-
eration of adenosine triphosphate (ATP). Heat is produced as a byproduct of the futile
enzymatic activity of the cell, which is used to regulate the core temperature of most
mammals.

Next to the thermogenic activity of BAT in humans, the prevalence of beige adipose
tissue in fat depots of humans has gained interest in recent years. Unlike BAT, which
represents as developmental distinct entity to WAT, the term beige adipocyte describes
a phenomenon of thermogenic activation of white adipocytes. These adipocytes undergo
morphological changes from the large, univacuolar lipid droplet to a multivaculoar phe-
notype and increase both their mitochondrial content and their UCP1 expression, in a
process known as browning®.

2.2 Mitochondrial Dynamics

BAT is characterized by abundant mitochondria and high levels of respiration when fully
activated. Mitochondria are regarded as the “powerhouse” of the cell, as they are the
main site of cellular ATP production. The abundance of mitochondria can be regulated
on the level of biogenesis and removal, a process known as mitophagy, which also
serves as a quality control. Furthermore, mitochondria can undergo morphological
changes to adapt to the changing demands of the cell by the processes of mitochondrial
fission and fusion'. In the process of fusion, two or more mitochondria fuse into one
bigger organelle, the reversal is referred to as fission. A magnitude of different stimuli
can influence mitochondrial dynamics, however in the context of adipose tissue biology,
nutrient availability and demand are next to the thermogenic state the main regulators of
mitochondrial fission and fusion'® '°. Dynamin-related protein 1 (DRP1) is the main reg-
ulator of mitochondrial fission as it constricts the mitochondrion by forming a ring-like,
oligomeric structure, which leads to the splitting of the organelle?®. During mitochondrial
fusion, two organelles are tethered to each other by mitofusins-1 and -2 (MFN 1/2) and
merge their membranes?'??). The merging process is mediated by Optic atrophy 1
(OPA1)%. Genetic ablation of one of those molecules has been shown to shift mitochon-
drial dynamic to the opposite of their specific function. The full scope of effects of mito-
chondrial dynamics on the cell is not understood yet. It is however clear that it is a fine-
tuned mechanism, which can be exemplified by the detrimental consequences of errors
in dynamics. The neurological disorders Charcot-Marie-Tooth disease type 2A (CMT2A)
or autosomal dominant optic atrophy (ADOA) are caused by mutations in the MFN2 and
OPAT1 gene respectively?*?*?6_ |t has become apparent that neither fission nor fusion is
always preferential to the other, but that both are necessary to keep the cell flexible to
its challenges.

In adipocytes both fission and fusion seem to be necessary to execute the thermogenic

program, with mitochondrial fission being associated with thermogenesis in humans?’22,
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On the other hand, fused mitochondria are also correlated with thermogenic activation
and the abrogation of fusion events can attenuate thermogenic capacity?**. When BAT
is quiescent, for example when animals are adapted to thermoneutrality, mitochondrial
content is diminished. This raises the question how cells deal under these conditions
with excess iron liberated from the mitochondria.

2.3 Ferroptosis

Ferroptosis has emerged as a novel form of regulated cell death, yet it is distinct from
the best described form of programmed cell death, apoptosis. It is mainly dependent on
lipid peroxidation, a process which can be catalyzed by free intracellular iron by Fenton
chemistry®'. Whereas the term ferroptosis was only coined in 2012, the mechanisms
protecting the cell against lipid peroxidation have been described in detail years be-
fore32'33’34.

The enzyme Glutathione Peroxidase 4 (GPX4) has been proven to be the main anti-
ferroptotic player, as its genetic deletion will cause ferroptotic cell death in various tis-
sues®®. GPX4 uses glutathione (GSH), a reductive agent highly abundant in the cytosol,
to reduce and thereby detoxify lipid peroxides. Genetic deletion of the enzyme or phar-
macological inhibition of GPX4 by the small molecule RSL3 causes ferroptosis in a dose-
dependent manner, even though the precise molecular mechanism of RSL3 function has
been disputed®3¢ 3", The molecular mechanism by which the small molecule erastin
causes ferroptosis, shows the dependency of GPX4 on GSH availability. Erastin inhibits
the cysteine/glutamate antiporter system Xc- (encoded by solute carrier family 7 member
11 (SLC7A11)), thereby diminishing intracellular cysteine levels®. Cysteine levels be-
come limiting for GSH synthesis, resulting in reduced GPX4 activity and ferroptosis. Next
to the GPX4 system, coenzyme Q10 (CoQ10) can be used as an antioxidant in mem-
branes. Ferroptosis suppressor protein 1 (FSP1, formerly also known as apoptosis in-
ducing factor 2 (AIFM2)) can utilize CoQ10 to reduce lipid peroxides®: . Direct pharma-
cological inhibitors of FSP1 have only been described recently, at the time | conducted
the experiments for our study, FIN56 was the gold standard to test this anti-ferroptotic
axis*® *'. FIN56 activates squalene synthase, thereby redirecting the mevalonate path-
way towards cholesterol synthesis and away from CoQ10 synthesis, reducing CoQ10
availability and causing ferroptosis**. Pharmacological inhibition of ferroptosis can be
achieved by lipid antioxidants, which chemically defuse lipid peroxides. Next to the nat-
urally occurring Vitamin E, the small molecules ferrostatin-1 and liproxstatin-1 have been
shown to be potent inhibitors of ferroptosis*®.

The clinical relevance of ferroptosis is poorly understood, but it has been implicated both
as a risk factor, e.g. in neurodegenerative diseases an ischemia-reperfusion injury, and
as potential therapeutic target for tumor therapy**. Sedaghatian-type spondylometaph-
yseal dysplasia (SSMD) is an autosomal-recessive rare genetic disorder caused by mu-
tations in the GPX4 gene, leading to a reduced GPX4 activity*. It presents with skeletal
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malformations, as wells as cardiovascular and neurological abnormalities leading to a
severely shortened life expectancy of a few days to a few years, depending on the re-
sidual activity of GPX4.

As brown adipocytes largely consist of iron-rich mitochondria and lipids, they offer in
theory a ferroptosis-prone environment. At the time of publication, no conclusive studies
were available on the role of ferroptosis in adipose tissue or thermogenesis. Interestingly,
it was previously shown that degenerated BAT due to loss of proteostasis is character-
ized by high levels of labile iron*’.

® m
erroptosis =
PUFA-PL “Fe? ™ <«— PL-OOH ‘ ‘

Fe?* , —>
ros | -OOH ‘\_J \>\/
PLOH -
of \\_" NAD(P)*  NAD(P)H
Lip-1 — @ RSL3
Fer-1 7N

GSSG  GSH (x2) T

GSH

Erastin
I
Cysteine /

System Xc-

Glutamate

Figure 1: Mechanisms of ferroptosis

Ferroptosis describes cell death by peroxidation of polyunsaturated fatty acids in phospholipids
(PUFA-PL). This process is mediated by free iron (Fe2+) and reactive oxygen species (ROS).
Reduction of the peroxides (PL-OOH -> PL-OH) is catalyzed by GPX4 by oxidation of glutathione
or by FSP1 which uses CoQ10 as a substrate. The glutathione pool is limited by cysteine abun-
dance which is regulated by the cysteine/glutamate antiporter System Xc-. Ferroptosis can be
pharmacologically inhibited by lipid antioxidants such as ferrostatin-1 (Fer-1) and liproxstatin-1
(Lip-1). Amongst the inducers of ferroptosis are RSL3, which is a GPX4-inhibitor, and erastin
which blocks cysteine import via System Xc-. Created with Biorender.com.
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2.4 Ubiquitin Proteasome System (UPS)

The UPS is essential for the cell to maintain homeostasis between protein synthesis and
protein degradation, a process known as proteostasis. To facilitate specific targeted re-
moval, unwanted proteins are tagged with a ubiquitin chain by E3 ligases and degraded
by the proteasome into small peptides*®. The proteasome is a large molecular complex
made up of a 20S core and a 19S regulatory unit, however, the constitution of the pro-
teasome can be adapted to cellular conditions and stress (e.g. immunoproteasome)**°.
Further adaptation of proteasomal activity can be achieved by regulating the number of
proteasomes in a cell. A key regulatory component for this is the transcription factor
nuclear factor erythroid-2 like bZIP transcription factor 1 (NFE2L1, also known as
NRF1/TCF11). NFE2L1 is translated into the membrane of the endoplasmic reticulum,
undergoes cleavage by DNA Damage Inducible 1 Homolog 2 (DDI2) and deglycosylation
by N-glycanase 1 (NGLY1), and is released into the cytosol where it is immediately de-
graded by the proteasome. However, when proteasomal activity is compromised or the
rate of ubquitination is increased, NFE2L1 escapes degradation and translocates to the
nucleus where it positively regulates the expression of proteasomal subunits®'.

NFE2LT) S g
oA
DDI2
NFE2L1 NGLY1 { 1

@5y
proteasomal @t
degradation proteasomal ‘.

impairment

NFE2L1
NFE2L1

NFE2LT
—P ((NFE2L1 DY PSMgenes Q3
NFE2LT

Figure 2: NFE2L1 as master regulator of the proteasome

NFE2L1 gets translated in the endoplasmic reticulum, processed by DDI2 and NGLY1 and is
released into the cytoplasm. During homeostasis, NFE2L1 gets constantly degraded by the pro-
teasome. If proteasomal activity is impaired, NFE2L1 gets translocated to the nucleus where it
acts as a transcription factor for proteasomal subunit genes. This leads to an enhanced assem-
bly of proteasomes to regain the equilibrium. Created with Biorender.com. Adapted from 2.
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Nfe2l1 has been shown to be essential for the remodeling of BAT during cold adaptation,
as this process is dependent on an adaptive increase of proteasomal activity. Genetic
depletion renders BAT incapable of heat production and phenocopies the inactive state
of BAT during thermoneutrality>>*’.

In paper 1, we elucidate the role of the UPS in ferroptosis®. As proteasomal activation
has been shown to be highly relevant for BAT adaptation, we used brown adipocytes as
a model. We observed in multiple in vivo and in vitro models a drastic reduction of pro-
teasomal activity during the early stages of ferroptosis where cell death does not occur
yet. Furthermore, we were able to expand this observation to other cell types, such as
the human fibrosarcoma cell line HT-1080 and primary fibroblasts from a patient with
SSMD. As NFE2L1 is a master regulator of the proteasome, we investigated if ferroptosis
is modulated by NFE2L1. Induction of ferroptosis lead to a strong increase of NFE2L1
activity and genetic inhibition of NFE2L1 made cells more sensitive to ferroptosis.

Our results on the role of NFE2L1 in ferroptosis were largely replicated by another study

published shortly after our manuscript®®.

2.5 Long non-coding ribonucleic acid (IncRNA)

The first discovered function of RNA%657

was as a messenger from genomic deoxyribo-
nucleic acid (DNA) to ribosomes for protein synthesis. Next to this coding form of RNA,
in later years a multitude of RNA species that are not encoding proteins have been dis-
covered, amongst them ribosomal RNA, transfer RNAs, and micro RNAs. Even though
most of the research is conducted on mRNA, non-coding RNA are with 98% of all tran-
scripts the more abundant species®®. Among those species are long non-coding RNA,
defined as molecules longer than 200 nucleotides, even though their potential for encod-
ing peptides or short-lived proteins has been topic of discussion® . The conservation
of INcRNA between species is limited, therefore they are hypothesized to be a large con-
tributor to inter-species variability®®. INcRNA are implicated in several cellular processes
such as the regulation of transcription and translation, but the knowledge about exact

mechanisms is limited and large number of interaction partners have been identified®’.

The research about INcRNA in metabolism and adipocyte biology is limited, but multiple
candidates have been implied in major pathways of browning® 54 Most of those stud-
ies were conducted in mouse models. To address distinct human adipose tissue physi-
ology, in paper 2 we are however characterizing a human-specific INcRNAS.

Using a combination of transcriptional profiles of human thermogenic adipose tissues,
we identified the INncRNA Apoptosis associated transcript in bladder cancer (AATBC) to
be consistently upregulated in thermogenic conditions. Modulation of AATBC levels in
models of human thermogenic adipocytes was positively correlated with thermogenic
markers, mitochondrial activity, and mitochondrial fission. In both a mouse model with
exogeneous expression of AATBC and humans, AATBC was correlated with lower leptin
levels and higher markers of metabolic health.
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3. Summary

Obesity is a major risk factor for cardiovascular diseases, the most common cause of
death in Germany. Studies in rodents have shown that the activation of BAT is a prom-
ising way to fight obesity and cardiovascular disease utilizing the inborn mechanism of
NST. Among the many unanswered questions about BAT biology are the mechanisms
of involution of the tissue during infancy and how to translate findings in rodents to hu-
mans.

In the first publication | investigated the role of the recently discovered cell death mech-
anism “ferroptosis” in brown adipose tissue. | discovered that ferroptosis compromises
the UPS in brown adipocytes, a pathway that has been shown to be essential for brown
adipose tissue homeostasis. NFE2L1 acts as a master regulator of the UPS and can
restore proteasomal activity during proteotoxic stress. Surprisingly, NFE2L1 is strongly
activated by inducers of ferroptosis. Genetic depletion of NFE2L1 lead to increased sen-
sitivity towards ferroptosis in brown adipocytes and tumor cell lines. On top of that pa-
tient-derived fibroblasts carrying a mutation in the anti-ferroptotic enzyme GPX4 repli-
cated this phenotype, proving the relevance of NFE2L1 in ferroptosis protection in mul-
tiple models. Mice lacking Nfe2l1 in BAT present whitening of the tissue with a loss of
thermogenic capacity. Signatures of ferroptosis were also observed in brown adipose
tissue of mice lacking Nfe2l1, hinting at a possible role of ferroptosis in BAT involution.
In summary, we discovered a novel anti-ferroptotic mechanism in brown adipocytes, in
which NFE2L1 promotes proteasomal activity to prevent ferroptosis.

Adipose tissue research is usually performed using the mouse as a model organism.
Due to the vastly reduced prevalence of BAT in humans it is necessary to find mecha-
nisms in thermogenic adipose tissue that are functional in humans.

In the second study we found the human specific long non-coding RNA AATBC to be a
modulator of thermogenesis. Using transcriptomic analysis from human adipose tissue
and cell lines we found AATBC to be enriched in thermogenic conditions. Modulating the
expression levels of AATBC revealed a positive correlation with markers of thermogen-
esis and mitochondrial activity. As mitochondrial abundance was unaltered, we observed
changes in mitochondrial dynamics with AATBC promoting mitochondrial fission, which
is associated with thermogenesis. Since AATBC is only expressed in humans, we used
virus-mediated overexpression in mouse adipose tissue to study the effects of the
IncRNA in vivo. We found leptin levels to be suppressed in animals expressing AATBC,
which could also be observed in independent human cohorts. In humans, AATBC ex-
pression is furthermore negatively correlated with bodyweight and body mass index, and
positively correlated with markers of adipose tissue browning. In conclusion, we describe
a novel human-specific INcRNA that promotes adipose tissue browning my shifting mito-
chondrial dynamics to fission-like phenotype.



4 Zusammenfassung 17

4. Zusammenfassung

Adipositas ist ein Risikofaktor fiir kardiovaskulare Erkrankungen, die haufigste Todesur-
sache in Deutschland. Studien im Tiermodell haben gezeigt, dass die Aktivierung von
braunem Fettgewebe (BAT) eine vielversprechende Methode zur Bekampfung von Adi-
positas und kardiovaskularen Erkrankungen darstellt, indem sie den angeborenen Me-
chanismus der zitterfreien Thermogenese nutzt. Zu den vielen unbeantworteten Fragen
gehoren die Mechanismen der BAT-Involution des Gewebes im Sauglingsalter und wie
sich Erkenntnisse aus dem Tiermodell auf den Menschen Ubertragen lassen. In der ers-
ten Publikation untersuchte ich die Rolle des kurzlich entdeckten Zelltodmechanismus
"Ferroptose" im braunen Fettgewebe. Ich stellte fest, dass Ferroptose das UPS in brau-
nen Adipozyten beeintrachtigt, welches fur die Homdostase des braunen Fettgewebes
als wesentlich gilt. NFE2L1 fungiert als Hauptregulator des UPS und kann die proteaso-
male Aktivitat wahrend proteotoxischem Stress wiederherstellen. Uberraschenderweise
l&sst sich bei Induktion von Ferroptose eine substanzielle Aktivierung von NFFE2L1 fest-
stellen. Die genetische Depletion von NFE2L1 fiihrte zu erhéhter Empfindlichkeit gegen-
Uber Ferroptose in braunen Adipozyten und Tumorzelllinien. Dieses Phanomen konnte
in Fibroblasten eines Patienten mit einer Mutation im anti-ferroptotischen Enzym GPX4
repliziert werden, was die Relevanz von NFE2L1 im Schutz vor Ferroptose in mehreren
Modellen beweist. Mause ohne Nfe2l1 im BAT zeigen eine Aufhellung des Gewebes und
einen Verlust der thermogenen Kapazitat. In diesen lassen sich ebenfalls Anzeichen von
Ferroptose beobachten, was auf eine mégliche Rolle der Ferroptose bei der Involution
von BAT hindeutet. Zusammenfassend haben wir einen neuartigen anti-ferroptotischen
Mechanismus in braunen Adipozyten entdeckt, bei dem NFE2L1 durch Aufrechterhal-
tung der proteasomalen Aktivitdt Ferroptose verhindert.Die Forschung an Fettgewebe
wird Ublicherweise am Mausmodell durchgefiihrt. Aufgrund der stark reduzierten Pra-
valenz von BAT beim Menschen ist es notwendig, Mechanismen im thermogenen Fett-
gewebe zu finden, die beim Menschen funktional sind. In der zweiten Studie fanden wir,
dass die, spezifisch im Menschen exprimierte, long non-coding RNA AATBC ein Modu-
lator der Thermogenese ist. Mittels Transkriptomanalyse von menschlichem Fettgewebe
und Zelllinien stellten wir fest, dass AATBC vermehrt unter thermogenen Bedingungen
vorliegt. Durch Modulation der Expression von AATBC zeigte eine positive Korrelation
mit Markern der Thermogenese und mitochondrialer Aktivitat. Da die Anzahl an Mito-
chondrien unverandert war, untersuchten wir Veranderungen in der mitochondrialen Dy-
namik. AATBC foérderte die mitochondriale fission, die mit Thermogenese assoziiert ist.
Da AATBC nur im Menschen exprimiert ist, nutzten wir virusvermittelte Uberexpression
im Mausfettgewebe, um die Effekte der INcRNA in vivo zu untersuchen. Wir stellten fest,
dass die Leptin-Spiegel in Tieren mit AATBC verringert waren, was wir auch in unabhan-
gigen Patientenkohorten beobachten konnten. In klinischen Studien Kkorreliert die
AATBC-Expression negativ mit dem Kdrpergewicht und Body-Mass-Index und positiv
mit Markern der Thermogenese des Fettgewebes. Zusammenfassend beschreiben wir
eine neuartige, menschenspezifische INcRNA, die die Thermogenese férdert, indem sie
die mitochondriale Dynamik hin zu einem fission-ahnlichen Phanotyp verschiebt.
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5. Paperl

Kotschi S, Jung A, Willemsen N, Ofoghi A, Proneth B, Conrad M, Bartelt A.

NFE2L 1-mediated proteasome function protects from ferroptosis.

Mol Metab. 2022;57:101436. (Impact Factor 2002: 8.1)
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cytes.

EMBO Rep. 2023:57600. (Impact Factor 2023: 6.5)



References 20

References

1. Statistisches Bundesamt (Destatis), Genesis-Online [Internet]. 2024 [cited 24.07.2024].
Available from: https://www-genesis.destatis.de/genesis/online.

2. Collaborators GBDO, Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, et al. Health
Effects of Overweight and Obesity in 195 Countries over 25 Years. N Engl J Med.
2017;377(1):13-27.

3. Eisenberg D, Shikora SA, Aarts E, Aminian A, Angrisani L, Cohen RV, et al. 2022 American
Society for Metabolic and Bariatric Surgery (ASMBS) and International Federation for the
Surgery of Obesity and Metabolic Disorders (IFSO): Indications for Metabolic and Bariatric
Surgery. Surg Obes Relat Dis. 2022;18(12):1345-56.

4. Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay |, et al. Once-
Weekly Semaglutide in Adults with Overweight or Obesity. N Engl J Med. 2021;384(11):989-
1002.

5. Cypess AM, Kahn CR. Brown fat as a therapy for obesity and diabetes. Curr Opin
Endocrinol Diabetes Obes. 2010;17(2):143-9.

6. Gesta S, Tseng YH, Kahn CR. Developmental origin of fat: tracking obesity to its source.
Cell. 2007;131(2):242-56.

7. Ballinger MA, Hess C, Napolitano MW, Bjork JA, Andrews MT. Seasonal changes in brown
adipose tissue mitochondria in a mammalian hibernator: from gene expression to function. Am J
Physiol Regul Integr Comp Physiol. 2016;311(2):R325-36.

8. Cannon B, Nedergaard J. Nonshivering thermogenesis and its adequate measurement in
metabolic studies. J Exp Biol. 2011;214(Pt 2):242-53.

9. Nahon KJ, Boon MR, Doornink F, Jazet IM, Rensen PCN, Abreu-Vieira G. Lower critical
temperature and cold-induced thermogenesis of lean and overweight humans are inversely
related to body mass and basal metabolic rate. J Therm Biol. 2017;69:238-48.

10. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al. Identification and
importance of brown adipose tissue in adult humans. N Engl J Med. 2009;360(15):1509-17.

11. Cypess AM, Weiner LS, Roberts-Toler C, Franquet Elia E, Kessler SH, Kahn PA, et al.
Activation of human brown adipose tissue by a beta3-adrenergic receptor agonist. Cell Metab.
2015;21(1):33-8.

12. Blondin DP, Nielsen S, Kuipers EN, Severinsen MC, Jensen VH, Miard S, et al. Human
Brown Adipocyte Thermogenesis Is Driven by beta2-AR Stimulation. Cell Metab.
2020;32(2):287-300 e7.

13. Becher T, Palanisamy S, Kramer DJ, Eljalby M, Marx SJ, Wibmer AG, et al. Brown adipose
tissue is associated with cardiometabolic health. Nat Med. 2021;27(1):58-65.

14. Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus K, et al. Brown adipose
tissue activity controls triglyceride clearance. Nat Med. 2011;17(2):200-5.

15. Berbee JF, Boon MR, Khedoe PP, Bartelt A, Schlein C, Worthmann A, et al. Brown fat
activation reduces hypercholesterolaemia and protects from atherosclerosis development. Nat
Commun. 2015;6:6356.

16. Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential.
Nat Med. 2013;19(10):1252-63.

17. Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease: mechanisms and
potential targets. Signal Transduct Target Ther. 2023;8(1):333.

18. Tilokani L, Nagashima S, Paupe V, Prudent J. Mitochondrial dynamics: overview of
molecular mechanisms. Essays Biochem. 2018;62(3):341-60.

19. Xia W, Veeragandham P, Cao Y, Xu Y, Rhyne TE, Qian J, et al. Obesity causes
mitochondrial fragmentation and dysfunction in white adipocytes due to RalA activation. Nat
Metab. 2024;6(2):273-89.



https://www-genesis.destatis.de/genesis/online

References 21

20. Smirnova E, Griparic L, Shurland DL, van der Bliek AM. Dynamin-related protein Drp1 is
required for mitochondrial division in mammalian cells. Mol Biol Cell. 2001;12(8):2245-56.

21. Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins Mfn1 and Mfn2
coordinately regulate mitochondrial fusion and are essential for embryonic development. J Cell
Biol. 2003;160(2):189-200.

22. Ishihara N, Eura Y, Mihara K. Mitofusin 1 and 2 play distinct roles in mitochondrial fusion
reactions via GTPase activity. J Cell Sci. 2004;117(Pt 26):6535-46.

23. Mishra P, Carelli V, Manfredi G, Chan DC. Proteolytic cleavage of Opa1 stimulates
mitochondrial inner membrane fusion and couples fusion to oxidative phosphorylation. Cell
Metab. 2014;19(4):630-41.

24. Rocha AG, Franco A, Krezel AM, Rumsey JM, Alberti JM, Knight WC, et al. MFN2 agonists
reverse mitochondrial defects in preclinical models of Charcot-Marie-Tooth disease type 2A.
Science. 2018;360(6386):336-41.

25. Fridman V, Bundy B, Reilly MM, Pareyson D, Bacon C, Burns J, et al. CMT subtypes and
disease burden in patients enrolled in the Inherited Neuropathies Consortium natural history
study: a cross-sectional analysis. J Neurol Neurosurg Psychiatry. 2015;86(8):873-8.

26. Lenaers G, Hamel C, Delettre C, Amati-Bonneau P, Procaccio V, Bonneau D, et al.
Dominant optic atrophy. Orphanet J Rare Dis. 2012;7:46.

27. Wikstrom JD, Mahdaviani K, Liesa M, Sereda SB, Si Y, Las G, et al. Hormone-induced
mitochondrial fission is utilized by brown adipocytes as an amplification pathway for energy
expenditure. EMBO J. 2014;33(5):418-36.

28. Pisani DF, Barquissau V, Chambard JC, Beuzelin D, Ghandour RA, Giroud M, et al.
Mitochondrial fission is associated with UCP1 activity in human brite/beige adipocytes. Mol
Metab. 2018;7:35-44.

29. Boutant M, Kulkarni SS, Joffraud M, Ratajczak J, Valera-Alberni M, Combe R, et al. Mfn2 is
critical for brown adipose tissue thermogenic function. EMBO J. 2017;36(11):1543-58.

30. Borg K, Gottofrey J, Tjalve H. Effects of some chelating agents on the uptake and
distribution of 203Hg2+ in the brown trout (Salmo trutta): studies on ethyl- and
isopropylxanthate, diethyl- and diisopropyldithiophosphate, dimethyl- and
diethyldithiocarbamate and pyridinethione. Arch Toxicol. 1988;62(5):387-91.

31. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular
mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death
2018. Cell Death Differ. 2018;25(3):486-541.

32. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060-72.

33. Yant LJ, Ran Q, Rao L, Van Remmen H, Shibatani T, Belter JG, et al. The selenoprotein
GPX4 is essential for mouse development and protects from radiation and oxidative damage
insults. Free Radic Biol Med. 2003;34(4):496-502.

34. Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C, et al. Glutathione
peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent- and
AlF-mediated cell death. Cell Metab. 2008;8(3):237-48.

35. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA, Hammond VJ, et al.
Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat Cell Biol.
2014;16(12):1180-91.

36. Gao J, Yang F, Che J, Han Y, Wang Y, Chen N, et al. Selenium-Encoded Isotopic
Signature Targeted Profiling. ACS Cent Sci. 2018;4(8):960-70.

37. Cheff DM, Huang C, Scholzen KC, Gencheva R, Ronzetti MH, Cheng Q, et al. The
ferroptosis inducing compounds RSL3 and ML162 are not direct inhibitors of GPX4 but of
TXNRD1. Redox Biol. 2023;62:102703.

38. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature. 2019;575(7784).688-
92.



References 22

39. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold |, et al. FSP1 is a
glutathione-independent ferroptosis suppressor. Nature. 2019;575(7784):693-8.

40. Hendricks JM, Doubravsky CE, Wehri E, Li Z, Roberts MA, Deol KK, et al. Identification of
structurally diverse FSP1 inhibitors that sensitize cancer cells to ferroptosis. Cell Chem Biol.
2023;30(9):1090-103 e7.

41. Nakamura T, Mishima E, Yamada N, Mourao ASD, Trumbach D, Doll S, et al. Integrated
chemical and genetic screens unveil FSP1 mechanisms of ferroptosis regulation. Nat Struct Mol
Biol. 2023;30(11):1806-15.

42. Shimada K, Skouta R, Kaplan A, Yang WS, Hayano M, Dixon SJ, et al. Global survey of cell
death mechanisms reveals metabolic regulation of ferroptosis. Nat Chem Biol. 2016;12(7):497-
503.

43. Zilkka O, Shah R, Li B, Friedmann Angeli JP, Griesser M, Conrad M, et al. On the
Mechanism of Cytoprotection by Ferrostatin-1 and Liproxstatin-1 and the Role of Lipid
Peroxidation in Ferroptotic Cell Death. ACS Cent Sci. 2017;3(3):232-43.

44. Hadian K, Stockwell BR. A roadmap to creating ferroptosis-based medicines. Nat Chem
Biol. 2021;17(11):1113-6.

45. Liu H, Forouhar F, Seibt T, Saneto R, Wigby K, Friedman J, et al. Characterization of a
patient-derived variant of GPX4 for precision therapy. Nat Chem Biol. 2022;18(1):91-100.

46. Cheff DM, Muotri AR, Stockwell BR, Schmidt EE, Ran Q, Kartha RV, et al. Development of
therapies for rare genetic disorders of GPX4: roadmap and opportunities. Orphanet J Rare Dis.
2021;16(1):446.

47. Bartelt A, Widenmaier SB, Schlein C, Johann K, Goncalves RLS, Eguchi K, et al. Brown
adipose tissue thermogenic adaptation requires Nrf1-mediated proteasomal activity. Nat Med.
2018;24(3):292-303.

48. Finley D. Recognition and processing of ubiquitin-protein conjugates by the proteasome.
Annu Rev Biochem. 2009;78:477-513.

49. Collins GA, Goldberg AL. The Logic of the 26S Proteasome. Cell. 2017;169(5):792-806.

50. Kimura H, Caturegli P, Takahashi M, Suzuki K. New Insights into the Function of the
Immunoproteasome in Immune and Nonimmune Cells. J Immunol Res. 2015;2015:541984.

51. Kim HM, Han JW, Chan JY. Nuclear Factor Erythroid-2 Like 1 (NFE2L1): Structure, function
and regulation. Gene. 2016;584(1):17-25.

52. Lemmer IL. The role of the transcription factor Nfe2I1 for skeletal muscle metabolism and
function: LMU Munich; 2024.10.5282/edoc.33629

53. Bartelt A, Widenmaier SB. Proteostasis in thermogenesis and obesity. Biol Chem.
2020;401(9):1019-30.

54. Kotschi S, Jung A, Willemsen N, Ofoghi A, Proneth B, Conrad M, et al. NFE2L1-mediated
proteasome function protects from ferroptosis. Mol Metab. 2022;57:101436.

55. Forcina GC, Pope L, Murray M, Dong W, Abu-Remaileh M, Bertozzi CR, et al. Ferroptosis
regulation by the NGLY1/NFE2L1 pathway. Proc Natl Acad Sci U S A.
2022;119(11):e2118646119.

56. Brenner S, Jacob F, Meselson M. An unstable intermediate carrying information from genes
to ribosomes for protein synthesis. Nature. 1961;190:576-81.

57. Gros F, Hiatt H, Gilbert W, Kurland CG, Risebrough RW, Watson JD. Unstable ribonucleic
acid revealed by pulse labelling of Escherichia coli. Nature. 1961;190:581-5.

58. Consortium EP, Birney E, Stamatoyannopoulos JA, Dutta A, Guigo R, Gingeras TR, et al.
Identification and analysis of functional elements in 1% of the human genome by the ENCODE
pilot project. Nature. 2007;447(7146):799-816.

59. Ruiz-Orera J, Messeguer X, Subirana JA, Alba MM. Long non-coding RNAs as a source of
new peptides. Elife. 2014;3:e03523.



References 23

60. Mattick JS, Amaral PP, Carninci P, Carpenter S, Chang HY, Chen LL, et al. Long non-
coding RNAs: definitions, functions, challenges and recommendations. Nat Rev Mol Cell Biol.
2023;24(6):430-47.

61. Kazimierczyk M, Kasprowicz MK, Kasprzyk ME, Wrzesinski J. Human Long Noncoding
RNA Interactome: Detection, Characterization and Function. Int J Mol Sci. 2020;21(3).

62. Tran KV, Brown EL, DeSouza T, Jespersen NZ, Nandrup-Bus C, Yang Q, et al. Human
thermogenic adipocyte regulation by the long noncoding RNA LINC00473. Nat Metab.
2020;2(5):397-412.

63. Bast-Habersbrunner A, Kiefer C, Weber P, Fromme T, Schiessl A, Schwalie PC, et al.
LncRNA Ctcflos orchestrates transcription and alternative splicing in thermogenic adipogenesis.
EMBO Rep. 2021;22(7):€51289.

64. Zhang Z, Cui Y, Su V, Wang D, Tol MJ, Cheng L, et al. A PPARgamma/long noncoding
RNA axis regulates adipose thermoneutral remodeling in mice. J Clin Invest. 2023;133(21).

65. Giroud M, Kotschi S, Kwon Y, Le Thuc O, Hoffmann A, Gil-Lozano M, et al. The obesity-
linked human IncRNA AATBC stimulates mitochondrial function in adipocytes. EMBO Rep.
2023:e57600.



Acknowledgements 24

Acknowledgements

| want to thank my supervisor Professor Alexander Bartelt for inviting me to start this scientific
journey in his laboratory. | do not take the trust and money offered to me as a medical student
with very little experience for granted. He has been a true mentor for me throughout my doctoral
thesis and beyond.

| would also like to express my gratitude to him for funding my trips around the world to confer-
ences on four different continents. Stepping into his office for the first time, | did not imagine it
could be a venue for both late-night grant submissions and Champions League watch parties.
O’zapft wars!

| want to thank the entire MLP30 team for providing me with my Munich home, in which | spent
so much more time than anticipated. Not only for your efforts teaching a naive medical student
how to do science but even more for the amazing atmosphere and some (maybe too many) beers.
You made it a place | like to remember. Thank you to Sajjad, Maude and Virginia for teaching me
about science and how to live with it. Thank you to the OG PhD students, Imke, Nienke, Caro,
and Anahita for treating me as their equal and telling me to go home sometime. Thank you to the
Boulder Babes for giving me something to do outside of the lab. Thank you to Anna for being my
student and inexplicably still staying in the lab afterward. Thank you to Alba for following in the
footsteps of ferroptosis (and being great). Thank you to Silvia, Thomas, Julia, and all the other
(temporary) MLP30 members for their support on the way.

| also want to acknowledge all the mice used for this work. Metabolic research would not be
possible without them.

| am also much obliged to all my coauthors that contributed to these publications. Without their
expertise and openness to collaboration, these projects and science in general would not be pos-
sible.

| want to thank the F6FolLe program and Frau Kleucker for generously supporting me during my
thesis.

| also want to thank Prof. Sabine Steffens and Prof. Jens Waschke for serving on my thesis com-
mittee. In particular, | want to thank Jens Waschke and Franziska Vielmuth for their guidance at
the start of my scientific career, and for showing me a new world outside the dissection theater.

Last but definitely not least, | want to express my deepest gratitude to my parents. The sacrifices
they made to provide me with the privileged situation of just fully focusing on my education and
growing up without worries enabled this work. | was offered unwavering support through every
step of my life, and it is very much thanks to their effort that | am becoming a real Doktor.





