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ABSTRACT

The composition of lipid species is conserved within sub-cellular compartments, although it is unclear
whether organelle lipidomes differ between organs. Mitochondria present in brown adipose tissue
(BAT) contain uncoupling protein 1 (UCP1), which enables them to convert chemical energy stored as
triglycerides into heat, a process known as non-shivering thermogenesis. Therefore, we sought to
determine whether UCP1 in BAT requires a distinct lipidomic environment within mitochondria that
differs from those of other tissues, including white adipose tissue (WAT), muscle and liver. Lipidomic
analyses of mitochondria revealed substantial differences in their glycerophospholipid (GPL) and free
cholesterol (FC) contents. The GPL to FC ratio was 50-fold higher in BAT than WAT mitochondria. Their
purity was confirmed following a proteomic comparison to ER and mitochondria-associated membrane
(MAM). A lipid signature containing PC and FC, calculated from the lipidomic profiles, allowed
differentiation of mitochondria from BAT of mice housed at different temperatures. To ascertain the
functional relevance of specific mitochondrial lipid compositions, respiratory capacity, including UCP1
activity, was investigated. Elevating FC in isolated BAT mitochondria prevented UCP1 function,
whereas increasing GPL boosted it. Similarly, overexpression of STARD3, which facilitates
mitochondrial FC import, inhibited UCP1 function in primary brown adipocytes. Conversely, a
knockdown promoted it.

As phosphatidylserine decarboxylase (PISD) decarboxylates PS to generate PE in mitochondria, it is
evident that this enzyme essentially regulates mitochondrial GPL contents. In the subsequent step, we
asked whether PISD can be related to adipose tissue browning and UCP1 function. Stable isotope
labeling of cellular GPL metabolism revealed an increased PISD activity in brown compared to white
adipocytes. Consequently, a mouse model having a tamoxifen-inducible PISD knockout in UCP1-
expressing cells (iBcKO-PISD) was developed. Microplate-based respirometry analyses of brown
adipocytes originating from iBcKO-PISD mice demonstrated an increased UCP1-mediated respiration
upon B-adrenergic stimulation compared to adipocytes from wildtype animals. Further, their
mitochondrial GPL/FC ratios were 2-fold higher. Most importantly, several pathologies observed in
brown and beige adipose tissue as well as in liver of wildtype mice after high fat feeding, were
alleviated or even absent in iBcKO-PISD animals after cold exposure. These included obesity-related
parameters such as a higher fat mass, insulin and leptin resistance, and larger lipid droplets in
brown/beige adipose tissue, as well as non-alcoholic fatty liver disease (NAFLD)-related measures such
as elevated alanine aminotransferase (ALT) levels in plasma and immune cell infiltration in the liver.

In summary, our findings demonstrate that the lipidomic organization of mitochondria (GPL/FC) and
the activity of PISD are critical for BAT function and for whole-body metabolism (e.g. for liver-BAT-
communication). We propose that targeting the mitochondrial GPL/FC and/or PISD in BAT might be a
promising strategy to promote UCP1 activity and metabolic health.
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ZUSAMMENFASSUNG

Die Zusammensetzung von Lipidspezies ist innerhalb subzellularer Kompartimente konserviert, jedoch
ist bisher unklar, ob sich das Lipidom von Organellen zusatzlich zwischen verschiedenen Organen
unterscheidet. Mitochondrien im braunen Fettgewebe (BAT) enthalten das Entkopplungsprotein 1
(UCP1), welches sie dazu befahigt, chemische Energie, die in Form von Triglyceriden gespeichert ist, in
Warme umzuwandeln (zitterfreie Thermogenese). Aus diesem Grund wurde in dieser Studie
untersucht, ob die Funktion von UCP1 in BAT von einer spezifischen lipidomischen Zusammensetzung
abhingt, die sich von der in anderen Geweben wie weillem Fettgewebe (WAT), Muskeln und Leber
unterscheidet. Lipidomische Analysen der Mitochondrien ergaben erhebliche Unterschiede in ihrem
Gehalt an Glycerophospholipiden (GPL) und freiem Cholesterin (FC). Das Verhaltnis von GPL zu FC war
in den Mitochondrien von BAT 50-mal héher als in denen von WAT. |Ihre Reinheit wurde durch einen
Vergleich des Proteoms mit ER und Mitochondrien-assoziierten Membranen (MAM) bestatigt. Eine aus
den lipidomischen Profilen berechnete Lipidsignatur, die PC und FC enthielt, ermdglichte die
Differenzierung von Mitochondrien aus BAT von Mausen, die bei unterschiedlichen Temperaturen
gehalten  wurden. Um die funktionelle  Bedeutung spezifischer = mitochondrialer
Lipidzusammensetzungen zu ermitteln, wurde die Atmungskapazitat, einschlieBlich der UCP1-
Aktivitat, untersucht. Eine Erhéhung von Cholesterin in isolierten BAT-Mitochondrien hemmte die
UCP1-Aktivitat, wahrend eine Erhohung des GPL sie wiederum verstarkte. In dhnlicher Weise hemmte
die Uberexpression von STARD3, welches den mitochondrialen FC-Import erméglicht, die UCP1-
Funktion in primdren braunen Adipozyten. Umgekehrt férderte ein Knockdown die UCP1 Aktivitat.

Da die Phosphatidylserindecarboxylase (PISD) PS decarboxyliert, um PE in den Mitochondrien zu
erzeugen, ist es offensichtlich, dass dieses Enzym den mitochondrialen GPL-Gehalt wesentlich
reguliert. Daher stellten wir in einem weiteren Schritt die Frage, ob PISD mit der Braunung des
Fettgewebes und der Funktion von UCP1 in Verbindung gebracht werden kann. Die stabile
Isotopenmarkierung des zelluldren GPL-Stoffwechsels ergab eine erhéhte PISD-Aktivitat in braunen im
Vergleich zu weiBen Adipozyten. Auf Grund dessen wurde ein Mausmodell mit einem Tamoxifen-
induzierbaren PISD-Knockout in UCP1-exprimierenden Zellen (iBcKO-PISD) entwickelt. Mitochondriale
Atmungsuntersuchungen in braunen Adipozyten von iBcKO-PISD-Mausen zeigten eine erhohte UCP1-
vermittelte Atmung nach B-adrenerger Stimulation im Vergleich zu Adipozyten von Wildtyp-Tieren.
AuBerdem war ihr mitochondrialer GPL/FC-Ratio um das Zweifache gesteigert. Hervorzuheben ist, dass
mehrere Pathologien, die im braunen und beigen Fettgewebe sowie in der Leber von Wildtyp-Mausen
nach einer fettreichen Flitterung beobachtet wurden, wahrend diese bei iBcKO-PISD-Tieren nach einer
Kalteexposition gemildert wurden oder sogar fehlten. Dazu gehorten mit Fettleibigkeit
zusammenhangende Parameter, wie eine héhere Fettmasse, Insulin- und Leptin-Resistenz, groRere
Lipidtropfen im braunen/beigen Fettgewebe, sowie Messwerte, die mit der nicht-alkoholischen
Fettlebererkrankung (NAFLD) zusammenhédngen, zum Beispiel erhohte Alanin-Aminotransferase (ALT)-
Spiegel im Plasma und Immunzellinfiltration in der Leber.

Zusammenfassend zeigen unsere Ergebnisse, dass die lipidomische Organisation der Mitochondrien
(GPL/FC) und die Aktivitat von PISD fir die Funktion von BAT und den Ganzkorperstoffwechsel (z.B. fir
die Leber-BAT-Kommunikation) entscheidend sind. Wir schlagen vor, dass die gezielte Beeinflussung
des mitochondrialen GPL/FC und/oder der PISD-Aktivitdt in BAT eine vielversprechende Strategie zur
Forderung der UCP1-Aktivitat und der metabolischen Gesundheit sein kénnte.
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Introduction

1 INTRODUCTION

1.1 THE METABOLIC SYNDROME AND OBESITY — A WORLDWIDE EPIDEMIC

A significant public health burden, linked to all-cause mortality, is given by the rapid increase in people
suffering from metabolic syndrome. This includes a broad spectrum of metabolic abnormalities such
as glucose intolerance, insulin resistance, hypertension, dyslipidemia, and central obesity (Eckel et al.
2005). In particular, the prevalence of obesity is continuously rising, with more than 50% of the world’s
population being considered as being overweight or living with obesity. This is not limited to adults; as
over 390 million adolescents and children (aged 5-19 years) are affected (World Health Organization,
2022). Overweight and obesity are characterized by a persistent positive energy balance, caused by
genetic factors along with reduced energy expenditure (i.e. physical activity) and excessive energy
intake from food (Després und Lemieux 2006). To combat this global epidemic, novel therapeutic
strategies for its prevention and treatment are crucial. The thesis presented here contributes to
ongoing investigations in the field of lipid metabolism, providing valuable information for improving
metabolic health.

1.2 THE MULTI-COLORED PICTURE OF THE ADIPOSE ORGAN — BROWN, BEIGE, AND WHITE

ADIPOSE TISSUE
Historically, adipose tissue (AT) was not regarded as a metabolically active organ. Instead, it was
considered to be merely an inert energy storage and connective tissue, with the primary function of
insulating organs. After decades of research, it is evident that adipose tissue plays a pivotal role in
energy homeostasis. It is an endocrine organ that utilizes glucose, and it releases and stores lipids
(Ottaviani et al. 2011). It is characterized by a highly unstructured and heterogeneous organization,
comprising not only adipocytes but also a variety of other cell types, including pre-adipocytes and other
precursor cells, stem cells, immune cells, vascular cells, mesothelial cells, and fibroblasts (Emont et al.
2023; Schwalie et al. 2018; Cristancho und Lazar 2011). Each white adipocyte displays a single large
lipid droplet (unilocular), which serves to store lipids in the form of triacylglycerol (TAG). The
accumulation of lipids results in adipocyte hypertrophy and/or adipocyte hyperplasia, which ultimately
leads to obesity (Vishvanath und Gupta 2019). The adipose tissue depots of mammals are diverse,
varying in composition, size, location, and function. In addition to numerous white adipose tissue
(WAT) depots, primarily situated around blood vessels and organs within the abdominal cavity and
subcutaneously, brown adipose tissue (BAT) represents another major adipose tissue depot (Koenen
et al. 2021). Until the late 2000s, it was believed that metabolically relevant BAT is not found in adult
humans, but solely in infants and small rodents (Cypess et al. 2009; Trayhurn 2022). The advent of
technological innovations, such as computed tomography (CT) in conjunction with ¥fluoro-2-
deoxyglucose positron emission tomography (18F-FDG-PET), has led to a paradigm shift in this field of
study (Cypess et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009). The area of BAT
decreases with age, with approximately 4.3% of all AT depots in adult humans comprising BAT. It can
be found in axillary, supraclavicular, cervical, mediastinal, paraspinal, and abdominal regions (Leitner
et al. 2017; Virtanen et al. 2009). Newborns as well as rodents possess an additional depot,
interscapular BAT (iBAT) (Lidell et al. 2013). In large contrast to white adipocytes, brown adipocytes
display multilocular lipid droplets, higher vascularization and sympathetic innervation, and a large
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number of mitochondria rich in cristae (Koenen et al. 2021; Cinti 2012). Cristae serve to enlarge the
inner mitochondrial membranes (IMM), which express the uncoupling protein 1 (UCP1) (Klaus et al.
1991). Approximately two decades ago, Himms-Hagen and colleagues (Himms-Hagen et al. 2000) first
described a third type of adipose tissue in rats, beige or bright (“brown in white”) adipose tissue, which
attracted considerable attention in research on human beige adipose tissue. It is a particular type of
WAT which can recruit brown-like (beige) adipocytes in response to certain stimuli, including B3-
adrenergic ligands, norepinephrine released upon cold exposure, peroxisome proliferator-activated
receptor gamma (PPARY) agonists, exercise, and cachexia. This process of adipocyte conversion is
typically referred to as “browning”. In a manner comparable to brown adipocytes, beige adipocytes
display a multilocular morphology and have a higher level of mitochondria and UCP1 compared to
white adipocytes (Yao et al. 2017; lkeda et al. 2018; Ikeda und Yamada 2020; Stanford et al. 2015;
Petruzzelli et al. 2014).

In contrary to WAT, the size and activity of BAT depots have been linked to an improvement in
metabolic health, particularly in insulin sensitivity and the prevention of obesity by affecting the
glucose and lipid metabolism (Stanford et al. 2013; Nishio et al. 2012). This suggests that brown
adipose tissue may represent a novel therapeutic target to combat metabolic dysfunctions. As
evidenced by numerous studies on mice (e.g. cold exposure), one potential therapeutic approach is
the use of B-adrenergic agonists. This hypothesis can be extrapolated to humans. For instance, patients
with phaeochromocytoma (a tumor of the adrenal medulla) display increased UCP1 expression due to
an overactivity of the sympathetic nervous system and high levels of circulating catecholamines (Lean
et al. 1986; Ricquier et al. 1982; English et al. 1973; MELICOW 1957; Bouillaud et al. 1984).
Unfortunately, the direct use of 3-adrenergic agonists in humans has not yielded convincing results to
this date. Clinical trials utilizing the [3-adrenergic agonist CL-316,243 demonstrated inauspicious
pharmacokinetics and poor oral bioavailability (Arch 2008), while another 33-adrenergic agonist (L-
796568) was unable to sustain an increase in energy expenditure in 12 obese subjects beyond 28 days
(Larsen et al. 2002; van Baak et al. 2002). Aldosterone antagonists have been proposed as a potential
therapeutic target for obesity and hypertension. Mineralocorticoids have been shown to inhibit UCP1
expression, which in turn inhibits the conversion of white to beige adipose tissue and thermogenesis
within BAT (van Baak et al. 2002). Nadal-Casellas et al. revealed that progesterone treatment is
positively correlated with BAT differentiation and mitochondriogenesis, as evidenced by increased
gene expression of PPARy (Rodriguez-Cuenca et al. 2007). In contrast, testosterone decreased
norepinephrine-induced expression of UCP1 in rodents, which was rescued by the androgen receptor
antagonist flutamide (Rodriguez et al. 2002). This indicates that sex hormones represent promising
therapeutic targets, in line with Aaron Cypess’ findings that females exhibit increased ®F-FDG uptake
activity using PET-CT scans, and a higher mass of brown adipose tissue compared to males (Cypess et
al. 2009). BAT is one of the most efficient tissues with respect to insulin-mediated glucose uptake and
utilization, as evidenced by the elevation of GLUT4 expression (Reddy et al. 2014). This finding has been
corroborated by numerous authors who have demonstrated that metformin, a biguanide derivative
used to treat type 2 diabetes mellitus (T2DM), increases BAT activity, thereby preventing weight gain

(Liang et al. 2016; Breining et al. 2018; Karise et al. 2019; Tokubuchi et al. 2017). It is noteworthy that
Li et al. identified a correlation between BAT and diet, with the gut hormone secretin mediating a gut-
BAT-Brain axis which promotes meal-induced thermogenesis and thereby, satiation (Li et al. 2018).
Despite of these findings, numerous studies have yielded conflicting results, suggesting a broad
spectrum of possibilities for improving BAT activity. Consequently, there is a pressing need for further
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research to elucidate the fundamental mechanism underlying the improvement of BAT thermogenesis
and browning.

1.3 OXIDATIVE PHOSPHORYLATION IN THE LIGHT OF UCP1 UNCOUPLING AND NON-SHIVERING

THERMOGENESIS

A major function of mitochondria is the oxidative phosphorylation (OXPHOS). This process involves the
transfer of electrons from electron donors to electron acceptors, such as oxygen, in a series of redox
reactions. These reactions result in the liberation of energy, which is subsequently used to facilitate
the transfer of protons across the mitochondrial inner membrane. OXPHOS consists of five distinct
complexes: NADH-ubiquinone oxidoreductase (Complex I), succinate-ubiquinone oxidoreductase
(Complex Il), ubiquinol-cytochrome c oxidoreductase (Complex Ill), cytochrome c oxidase (Complex IV)
and ATP-synthase (Complex V). The electron transport chain (ETC; Complex I-IV) facilitates the transfer
of electrons from donors (NADH, FADH,/succinate) derived from fatty acid (FA) oxidation and the
tricarboxylic acid cycle (TCA) to oxygen, thereby generating a proton gradient in the intermembrane
space. Eventually, Complex V dissipates the proton gradient by transporting protons back into the
mitochondrial matrix, thereby phosphorylating adenosine diphosphate (ADP) to adenosine
triphosphate (ATP) (Xu et al. 2020).

In recent years, an increasing number of studies have indicated that BAT thermogenesis may be
mediated by UCP1-independent pathways. A futile ATP-consuming fatty acid/triglyceride cycle that is
independent of UCP1 has recently been discovered in knockout mice (Oeckl et al. 2022). Furthermore,
Ca?*- and creatine-substrate-cycling have been proposed as alternative UCP1-independent pathways
for thermogenesis in brown and beige fat. Creatine-substrate cycling has been described as an adaptive
thermogenesis pathway, as evidenced by the observation that a reduction in creatin levels, for
instance, through the selective deletion of creatine-synthase rate-limiting enzyme glycine amidino
transferase (GATM), induced mild cold intolerance in murine beige AT (Kazak et al. 2017). Ca**-cycling
was discovered as UCP1 independent thermogenic mechanism in BAT through the activity of sarcolipin
(SLN), which is a peptide-binding sarco-endoplasmic reticulum ATPase (SERCA). The surgical removal
of iBAT in SLN knockout mice resulted in a reduction in their ability to tolerate cold temperatures. The
maintenance of shivering thermogenesis in skeletal muscle indicates the existence of a non-shivering
thermogenesis (NST) inducing ATP-turnover independent of ATPase activity via calcium cycling (Bal et
al. 2012). In beige adipocytes, the knockout of SERCA2 demonstrates the generation of heat via ATP-
dependent Ca%- cycling in the absence of UCP1 (lkeda und Yamada 2020). Even though these
considerations of UCP1-independent NST are valid, it is more commonly accepted that the primary
function of brown and beige adipocytes is to protect mammals from hypothermia in a UCP1-
dependent manner. This hypothesis is advocated by the observation that UCP1 knockout mice exposed
to cold, develop hypothermia and are incapable in defending their body temperature (Enerbdick et al.
1997).

The question remains as to how UCP1 mediates non-shivering thermogenesis in brown and beige
adipocytes. UCP1 acts to uncouple ATP synthase from the electron transport chain, thereby generating
energy in the form of heat instead of ATP (Klaus et al. 1991). UCP1 is a 32 kDa sized protein that is
localized to the inner mitochondrial membrane. It is widely accepted that UCP1 is competitively
inhibited by purine nucleotides such as guanosine diphosphate (GDP) and fueled by free fatty acids
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(FFA) released from adrenergic-induced lipid droplet lipolysis (lkeda und Yamada 2020; Hagen und
Lowell 2000). B-adrenergic agonists, such as norepinephrine, induce lipid droplet lipolysis, making
them highly relevant for UCP1 regulatory mechanisms. In humans, the predominant form of B-
adrenoreceptors is B1 and 2 (Riis-Vestergaard et al. 2020; Blondin et al. 2020), whereas in rodents it
is B3 (Zhao et al. 1994). The most prominent strategy to induce UCP1 activity is lipolysis, which is
stimulated by the sympathetic nervous system (SNS) via cold exposure. Prior to adrenergic stimulation,
the lipid droplet-associated protein 1 (PLIN1) serves to sequester the coactivator of adipose
triglyceride lipase (ATGL), named the comparative gene identification-58 (CGI-58) (Clark et al. 2020).
Following the binding of adrenergic agonists to their respective G-protein coupled receptors, adenylate
cyclase (AC) is activated. This results in an elevation of the concentration of cyclic adenosine
monophosphate (cAMP), which in turn stimulates the protein kinase A (PKA). This kinase eventually
phosphorylates PLIN1, resulting in the release of CGI-58, and subsequent binding to ATGL.
Subsequently, ATGL catalyzes the hydrolysis of TAG to diacylglycerol (DAG). PKA further
phosphorylates hormone sensitive lipase (HSL), resulting in its relocation to the lipid droplet surface.
There, it interacts with PLIN1, inducing the degradation of DAG to monoacylglycerol (MAG) via the
action of monoacylglycerol lipase (MGL). The in this pathway released FFA can fuel both, R-oxidation
(and thereby OXPHQS) as well as UCP1 (Girousse und Langin 2012; Langin 2006; Lass et al. 2006; Arner
und Langin 2014; Strélfors et al. 1984). Although the PKA cascade represents the primary mechanism
of lipid droplet lipolysis, PLIN1 and HSL can also be phosphorylated by alternative protein kinases.
Protein kinase G (PKG), which is activated by guanyl cyclase (GC), mediates the release of cyclic
guanosine monophosphate (cGMP) upon the binding of atrial natriuretic peptides (Carper et al. 2020),
and ERK 1/2, which is functioning via the mitogen-activated protein kinase (MAPK) pathway in
response to growth factors, mitogens and cytokine signaling (Greenberg et al. 2001).
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Figure 1: Schematic overview of UCP1 regulatory cascades upon 8-adrenergic stimulation in brown and beige
adipocytes. After binding of 8-adrenergic agonists released from the sympathetic nervous system (SNS), adenyly!
cyclase (AC) is activated, which catalyses the generation of cAMP from ATP. cAMB, in turn, promotes the PKA-
mediated transcriptional regulation of UCP1 expression as well as the phosphorylation of PLIN1 and hormone-
sensitive lipase, eventually enabling ATGL and HSL-driven hydrolysis of TAG to DAG and MAG, respectively.
Consequently, released FFAs are transported into mitochondria, where they either fuel B-oxidation, which
ultimately promotes OXPHOS, or activate UCP1, which uncouples the electron transport chain from ATP synthesis,
thereby generating heat. Modified from (Klingenspor et al. 2017; Kornmann et al. 2009; Bal et al. 2012; Adam
2016; Kornmann et al. 2009).

Theories regarding the activation of UCP1 by lipolysis-released fatty acids include the following: (1)
UCP1 operates as an OH uniporter, binding fatty acids allosterically (Nicholls 2006). (2) Upon allosteric
binding of FA, UCP1 functions as H* uniporter, transporting protons into the mitochondrial matrix (Rial
und Gonzdlez-Barroso 2001; Cannon und Nedergaard 2004; Shabalina et al. 2004). (3) UCP1 functions
as a long chain fatty acid (LCFA; < 16 carbons)/H* symporter. LCFA establish hydrophobic interactions
that prevent their dissociation from UCP1, thereby inducing a conformational change which turns
UCP1 into a proton carrier into the mitochondrial matrix (Fedorenko et al. 2012). (4) UCP1 protonates
carboxylate groups delivered by direct fatty acid binding and carries them into the mitochondrial
matrix (H*-buffering model) (Klingenberg und Huang 1999). (5) UCP1 facilitates the transport of
deprotonated fatty acids from the matrix to the intermembrane space, thereby providing anions that
can be protonated and flip-flop through lipid bilayers back into the matrix (fatty acid cycling model)
(Garlid et al. 1998).

Despite a considerable body of research investigating the induction of UCP1 via FFA released from lipid
droplet lipolysis in BAT, the precise mechanism by which UCP1 is initiated remains unclear (Cannon
und Nedergaard 2017). For instance, Schreiber et al. and Shin et al. demonstrated that UCP1-mediated
NST does not necessarily require intracellular lipid droplet lipolysis in BAT. This was evidenced by the
observation that a conditional knockout of ATGL and/or CGI-58 in BAT did not impair cold-induced NST
or the B3 -adrenergic thermogenic response in general (Schreiber et al. 2017). The researchers
revealed that circulating fatty acids originating from WAT lipid droplet lipolysis or diet can compensate
for the loss of lipolysis in brown adipose tissue. In mice lacking CGI-58 it was found that the utilization
of circulating substrates was increased, for example, through elevated expression of the glucose
transporter GLUTL1. Furthermore, these mice displayed a higher capacity for browning of white adipose
tissue. Schreiber and colleagues propose that adequate cardiac function and the supply of circulating
substrates are the primary causes of cold intolerance in mice with a whole-body ATGL knockout
(Schreiber et al. 2017; Shin et al. 2017; Schreiber et al. 2017). Moreover, it has been proposed that
intracellular FA in brown adipose tissue may derive from alternative pathways to lipid droplet lipolysis,
including the action of Ca?*-independent phospholipase A2, as suggested by patch-clamp analysis on
BAT mitoplasts (Fedorenko et al. 2012). It is noteworthy that Nedergaard and Cannon speculate that
not even circulating FA are required for NST, but that there is a hitherto unidentified direct activator
of UCP1, which is released upon [-receptor activation (Cannon und Nedergaard 2017).

This dissertation examines the mitochondrial membrane lipid composition as a potential and critical
modulator of UCP1-mediated NST. This encompasses the ratio of glycerophospholipids (GPL) and free
cholesterol (FC), as well as the role of phosphatidylserine decarboxylase (PISD) on modulating the GPL,
specifically the levels of phosphatidylethanolamine (PE), within the mitochondria.
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1.4 THE UNIQUE STRUCTURE OF MITOCHONDRIA AND THEIR MEMBRANES — NOT JUST THE

POWERHOUSE OF THE CELL

In-depth investigation into mitochondria is of paramount importance, as mitochondrial dysfunction
plays a significant role in the aetiology of several disorders, including metabolic and neurodegenerative
diseases. Comparable to all biological membranes, mitochondrial membranes are built of a bilayer
consisting of common membrane lipids with both a hydrophilic and a hydrophobic component, pierced
with membrane proteins. Lipid bilayers are organized in a way that the polar component faces the
aqueous phase, whereas the non-polar components interact with each other to form a hydrophobic
interior, which serves as a barrier preventing the exchange of polar solutes and ions (Kobayashi und
Menon 2018; Singer und Nicolson 1972). Although membranes are spontaneously formed due to the
self-association of hydrophobic moieties, which is entropically driven by water, the lipid composition
of membranes is non-random and asymmetric. This is a prerequisite for cell physiology and
autonomous function (van Meer et al. 2008). For example, phosphatidylserine (PS) is situated within
the inner leaflet of the plasma membrane to serve as a co-factor for membrane-bound enzymes, such
as the Na*/K*-ATPase and protein kinase C (PKC). However, during apoptosis, PS is redistributed to the
cell surface, functioning as a recognition signal for phagocytes (Fadeel und Xue 2009; Fadok et al. 1998).
Consequently, cells must invest a considerable amount of energy to maintain transbilayer lipid
asymmetry (Zwaal und Schroit 1997).

In addition to transmembrane lipid asymmetry, mitochondria present an inimitable structure,
prompting the question of the underlying reason (van Meer et al. 2008). Mitochondria are responsible
for the generation of over 80% of cellular energy (Nicolson et al. 2021). Nonetheless, the prevailing
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paradigm of mitochondria as solely a “powerhouse of the cell” is obsolete, as these organelles are
involved in coordinating a multitude of cellular functions beyond ATP synthesis: Stem cell maintenance
and differentiation (Khacho et al. 2016), migration, metabolism (Giacomello et al. 2020), innate
immune responses, inflammation (Yasukawa et al. 2009), senescence (Herranz und Gil 2016; Chapman
et al. 2019), as well as autophagy (Gomes et al. 2011) and eventually cell death (Scorrano et al. 2002;
Frank et al. 2001). Therefore, mitochondria orchestrate intricate cell signaling events, necessitating a
perpetual reorganization of cellular mitochondrial networks through organelle fission/division, fusion,
and ultrastructural membrane remodeling. These processes are collectively referred to as
mitochondrial membrane dynamics (Giacomello et al. 2020). The multiplicity of mitochondrial

functions is enabled by its unique structure.

In contrast to other cellular organelles, mitochondria consist of two membranes surrounding the
intermembrane space (IMS), the IMM and the outer mitochondrial membrane (OMM). These
membranes display completely different tasks and compositions. The OMM provides membrane
contact sites with other organelles, including lipid droplets, ER, peroxisomes, lysosomes, nuclei, the
Golgi apparatus, melanosomes, endosomes, and plasma membranes (Lackner 2019). As it is permeable
for all molecules smaller than approximately 6,000 Dalton, the OMM functions as a diffusion barrier
and is the part of the organelle that functions as platform for cell signaling processes (Gellerich et al.
2000; Tait und Green 2012). In contrast, The IMM is further subdivided into two distinct compartments:
Cristae and the inner boundary membrane (IBM). The cristae present invaginations of the IMM, which
serves to magnify its surface area and host the bulk of ATP-synthase and respiratory chain complexes
for oxidative phosphorylation. The surface area is directly proportional to the abundances of complex
I-V and their proportion relative to the IMS, matrix and the overall size of mitochondria, thereby
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determining OXPHOS efficiency (Afzal et al. 2021). Cristae junctions are narrow clefts connecting
cristae to the IBM to avoid the release of cristae contents into the IMS. The IBM mainly harbors channel
transporters to shuttle ADP and ATP, small metabolites, and ions, between the mitochondrial matrix
and the cytoplasm. The matrix is the innermost mitochondrial compartment, where processes such as
DNA replication, protein biosynthesis and the TCA are located (Giacomello et al. 2020).

The lipid composition of a biological membrane is organ-specific, conserved on the cellular and even
on the subcellular/organelle level. Mitochondrial membranes are primarily composed of lipids
belonging to the glycerophospholipid (GPL) category, although glycerolipids (GL), sphingolipids (SL),
and sterols are also present. GPL is a collective term for phosphatidylcholine (PC), and its lyso- and
ether-glycerophospholipid derivates, lysophosphatidylcholine (LPC) and PC plasmalogen (PC P),
respectively. In addition to the aforementioned glycerophospholipids, phosphatidylethanolamine (PE)
and its lyso- and ether-glycerophospholipids lysophosphatidylethanolamine (LPE) and PE plasmalogen
(PE P), phosphatidylserine (PS), phosphatidylinositol (Pl), phosphatidic acid (PA) and cardiolipin (CL)
are also present. Glycerolipids include triacylglycerol (TAG) and diacylglycerol (DAG). Sphingolipids
encompass sphingomyelin (SM), ceramide (Cer), and hexosylceramide (HexCer). The major sterols
include free cholesterol (FC) and cholesteryl ester (CE) (Casares et al. 2019). The principal lipid classes
present in mitochondrial membranes are the GPLs PC and PE, whereas the portion of free cholesterol
is relatively low. FC has a planar structure that intercalates between phospholipid chains, thereby
promoting the transition from a fluid to a more solid gel phase, which is reflected in an increase in
viscosity. Thus, the GPL/FC ratio represents a pivotal parameter for lipid packing density and fluidity of
membranes. In organelles, this ratio typically ranges from 1.0 (~50% FC) in plasma membranes to 9.0
(~10% FC) in mitochondria (van Meer et al. 2008; Ernst et al. 2016). The saturation of fatty acids
esterified to the sn-1 and sn-2 position of GPLs affects the lipid packing density and fluidity of the
membranes in which they are located. The greater the proportion of mono- and polyunsaturated fatty
acids present in glycerophospholipids, the greater the membrane fluidity is (Ernst et al. 2016). The
composition of cellular and mitochondrial lipids is not only essential for its functions, but also for
maintaining health. For example, the inhibition of PC de novo synthesis (and with that its contents) in
the liver has been linked to an impairment of very-low density lipoprotein (VLDL) secretion and fatty
liver disease. Further, the mitochondrial PC/PE ratio affects mammalian energy production (van der
Veen et al. 2017).

The lipidome of murine brown, beige and white adipocytes exhibits substantial differences. Using
direct infusion electrospray ionization coupled to tandem mass spectrometry (ESI-MS/MS), Schweizer
et al. demonstrated striking differences between ex vivo differentiated primary brown and beige
adipocytes to white adipocytes. White adipocytes composed the highest portion of PS, PE P, Cer and
SM. Brown and beige adipocytes displayed more PE and PC with shorter fatty acyl chains, while white
adipocytes comprised longer and more polyunsaturated fatty acids within the respective
phospholipids. In accordance with the observed differences in mitochondrial mass, brown adipocytes
exhibited the highest level in cardiolipin, followed by beige and subsequently white adipocytes. Of
particular interest for our study, the analyzed lipidome resulted in higher GPL/FC ratios in brown and
beige adipocytes compared to white adipocytes. Additionally, B-adrenergic stimulation of brown
adipocytes resulted in elevated de novo synthesis of PC species (stable isotope labelling), while housing
at different temperatures (4°C, 23°C, 30°C) demonstrated a correlation between the ceramide
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composition and the degree of browning, indicating a potential link between the adipocyte lipidome
and BAT activity (Schweizer et al. 2019).

1.5 THE METABOLISM OF GLYCEROPHOSPHOLIPIDS AND FREE CHOLESTEROL

More than eight decades ago, the German scientists Konrad Emil Bloch and Feodor Lynen elucidated
the intricate network of over 30 reactions involved in cholesterol biosynthesis, starting with acetyl
coenzyme A (acetyl-CoA) (Kennedy und Westheimer 1964). Most importantly, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) is reduced to mevalonate via HMG-CoA reductase (HMGCR) as
a rate-limiting step (Duan et al. 2022). The synthesis of cholesterol is one of the most tightly regulated
pathways in mammalian metabolism, with a feedback inhibitory loop initiated by FC itself. In brief,
when cellular cholesterol levels are insufficient, sterol regulatory element binding protein (SREBP) is
released from SREBP cleavage-activating protein (SCAP), an intracellular cholesterol sensor. In turn,
SREBP binds to the sterol regulatory element (SRE) located in the promoter of HMGCR, thereby
inducing the HMGCR transcription. Consequently, as this pathway is accelerating cholesterol
biosynthesis, a reduction in SREBP is decelerating it (Brown und Goldstein 2009).

The major glycerophospholipids PC and PE are de novo synthesized in the Kennedy pathway, which is
localized in the endoplasmic reticulum. As depicted in Figure 2, choline kinase (CK) and ethanolamine
kinase (EK) phosphorylate choline and ethanolamine, respectively, upon the utilization of ATP.
Subsequently, pyrophosphate is released from phosphocholine and phosphoethanolamine through an
exchange with the energy-rich molecule cytidine triphosphate (CTP), generating cytidine di-
phosphocholine (CDP-choline) via CTP: phosphocholine cytidyltransferase (CCT) and cytidine di-
phosphoethanolamine (CDP-ethanolamine) via CTP: phosphoethanolamine cytidyltransferase (ECT).
Eventually, PC and PE are generated through the transfer of phosphocholine and
phosphoethanolamine onto DAG (which is generated from PA dephosphorylation), releasing cytidine
monophosphate (CMP). This is catalyzed by choline and ethanolamine transferases, DAG:CDP-choline
choline phosphotransferase (CPT) and DAG:CDP-ethanolamine ethanolamine phosphotransferase
(EPT), respectively (Gibellini und Smith 2010). Additionally, PE can be converted into PC via
methylation, which is enabled by phosphatidylethanolamine N-methyltransferase (PEMT). This
reaction is predominantly known to occur in hepatocytes, accounting for approximately 30% of hepatic
PC synthesis (Vance 2014). PEMT was also identified to be expressed in adipocytes, initially described
by Laura Cole and Dennis Vance for 3T3-L1 adipocytes (Cole und Vance 2010), where it supports the
biosynthesis and stabilization of lipid droplets (Hérl et al. 2011). Notably, a global knockout of PEMT in
mice caused a complete loss of UCP1 protein in brown adipose tissue, leading to cold intolerance in
animals fed either chow or a high fat diet (HFD). As this was not observed in a conditional knockout of
PEMT in UCP1-expressing cells, it is likely that UCP1 suppression in BAT is induced upon inter-organ
communication with tissues not expressing UCP1 (Johnson et al. 2020). Phosphatidylserine can be
synthesized through a head group exchange with either PC or PE. This is catalyzed by
phosphatidylserine synthase 1 (PSS1; PC) and phosphatidylserine synthase 2 (PSS2; PE), which are
mainly located in the ER and mitochondria-associated membranes (MAM) (Arikketh et al. 2008).
Within mitochondria, PS is decarboxylated to PE via phosphatidylserine decarboxylase activity (PISD)
(Zborowski et al. 1983; Percy et al. 1983; Vance und Tasseva 2013). In the CDP-DAG pathway, CDP-DAG
is generated from PA via CDP-DAG synthase (CDS) activity and serves as a substrate for the synthesis
of Pl and PG. PG, in turn, serves as a substrate for cardiolipin synthesis, utilizing cardiolipin synthase
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(CLS) (Jennings und Epand 2020). Furthermore, the so-called Land’s cycle mediates
glycerophospholipid turnover. Phospholipase activity (PLA;, PLA;) catalyzes the enzymatic deacylation
of PE and PC at the sn-2 position, resulting in the formation of lysophospholipids (LPE and LPC).
Conversely, they can be reacylated by lysophospholipid acyltransferases (LPLAT), including LPCAT and
LPEAT (Stdhl et al. 2008; D'Arrigo und Servi 2010).
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Figure 2: Schematic overview of phospholipid synthesis pathways in mammalian cells.

1.6 THE CURRENT UNDERSTANDING OF THE COMPLEXITY IN MITOCHONDRIAL LIPID

TRAFFICKING

To facilitate mitochondrial functions such as an efficient distribution of mitochondria-deriving
metabolites, the mitochondrial structure is constantly reshaped during fission and fusion events (Chan
2012). This highly dynamic behavior necessitates continuous membrane remodeling to maintain a
distinct distribution of proteins and lipids in the mitochondrial outer and inner membranes. Although
mitochondrial proteostasis is well understood (Baker et al. 2011), there are significant knowledge gaps
regarding the maintenance of the lipid complement, given the vast and diverse repertoire of
mitochondrial lipids. The major portion of lipids is synthesized within the endoplasmic reticulum,
necessitating extensive lipid exchange between the ER and OMM as well as between OMM and the
IMM (Tatsuta et al. 2014; Yang et al. 2021). Due to the hydrophobic characteristics of the majority of
phospholipids, spontaneous diffusion across aqueous phases is not sufficient to meet the demands of
mitochondrial dynamics. Hence, more sophisticated transportation mechanisms, such as vesicle
transport cascades, close membrane contacts, lipid transfer proteins, tethering complexes, or the
direct reduction in hydrophobicity (i.e. the addition of hydrophilic moieties, removal/exchange of acyl
chains), are required (Tatsuta et al. 2014).
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Membrane contact sides are of particular interest as they are assumed to substantially facilitate the
lipid exchange between mitochondria and other organelles. The most prominent junction between
mitochondria and endoplasmic reticula is the mitochondria-associated membrane (MAM), which has
a thickness of approximately 10-50 nm. MAM is part of the ER network and in direct proximity to the
OMM, mainly to maintain lipid and Ca?* homeostasis (Vance 1990; Flis und Daum 2013; Giacomello
und Pellegrini 2016; Kornmann 2013; Szymarniski et al. 2017).

Cardiolipin represents an exception in mitochondrial lipid trafficking, as it is known as mitochondria-
specific phospholipid that is exclusively synthesized on the matrix side of mitochondrial inner
membranes, with phosphatidylglycerol (PG) serving as a substrate. Consequently, no extra-
mitochondrial lipid exchange mechanism is known to be required. Nevertheless, cardiolipin is
externalized from the IMM to the mitochondrial surface (via elusive mechanisms) due to its protein
sorting function and its role as an “eat-me” signal for mitophagy (Chu et al. 2013; Gebert et al. 2009;
Zinser et al. 1991).

Mitochondrial PE synthesis via PISD represents the main source for mitochondrial PE. Nonetheless,
mitochondrial PE can also originate from other (unknown) pathways and organelles, as evidenced by
studies on Hela-, CHO-K1- and MCA-RH 7777 (“McArdle”) cells using heavy isotope-labelled
ethanolamine (Bleijerveld et al. 2007; Kainu et al. 2013). It appears that PE generated in the CDP-
ethanolamine pathway is limited in its access into mitochondria and is therefore unable to fully
compensate for the lack of IMM-originating PE. However, exogenous LPE and LPE that has been
acylated to PE in mitochondria-associated membranes (MAM) can be efficiently imported into
mitochondria by so far unknown mechanisms and can therefore restore mitochondrial PE deficiencies
(Vance 2015; Riekhof und Voelker 2006; Joshi et al. 2012; Birner et al. 2001; Biirgermeister et al. 2004).
PE synthesized by PISD activity can be exported from mitochondria, as it displays the major supplier of
phosphatidylethanolamine to other organelles (Voelker 1984). The underlying mechanism remains
poorly understood. However, a study in yeast suggested that PE export is regulated by Upslp and
Ups2p, which are located in the intermembrane space rather than simple diffusion, and further, that
Upslpisrequired for the activity of the phosphatidylserine decarboxylase (Psd1p) (Tamura et al. 2012).
Interestingly, mitochondrial PE export heavily relies on environmental changes as it is regulated by ER
stress (Kannan et al. 2016).

The majority of PS synthase (PSS1 and PSS2) is localized to mitochondria-associated membranes. In
the event that the donor membrane comprises a significant portion of PS, the import of PS into
mitochondria is elevated. Mammalian cells labelled with [3H]-serine display a greater abundance of
hydrophilic PE species containing [3H]-labels than their hydrophobic counterparts. This indicates that
phosphatidylserine diffuses spontaneously into mitochondria (Heikinheimo und Somerharju 1998;
Vance 2015). This is further supported by a study which reported that the inhibition of
phosphatidylserine decarboxylase with hydroxylamine causes the accumulation of PS in MAM
compartments. However, it is not clear whether this accumulation is solely due to a reduced import of
PS into mitochondria or whether the diffusion is bidirectional, with PS also transported back into MAM
(Shiao et al. 1995).

Given that PC and PI cannot be synthesized within mitochondria, it follows that they must be imported
entirely from other organelles. During the import process, both phospholipids can be observed within

mitochondrial contact sites. However, the detailed mechanisms involved remain poorly understood
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(Lampl et al. 1994). The steroidogenic acute regulatory protein (StAR)- related lipid transfer domain
proteins STARD2 and STARD7 were identified as intracellular phospholipid binding proteins that can
particularly mediate the transport of PC between the cytosol and mitochondrial outer membranes (in
both directions) (Dolis et al. 1996, Horibata et al. 2016; Yang et al. 2017).

Similarly to PC, mitochondrial cholesterol import is mainly regulated by protein members of the StAR-
family. In particular, in the IMM of steroidogenic cells, cholesterol levels are very low, which enables
the regulation of steroidogenesis depending on the rate of cholesterol import as a rate-limiting step.
The StAR- family comprises 15 proteins with diverse functions and lipid binding characteristics. Of
these, STARD1, STARD3, STARD4, and to some extent also STARD5 and STARD6 are known to bind
sterols. STARD1 is primarily responsible for importing cholesterol into mitochondria from the
endoplasmic reticulum/MAM contact sites. In contrast, STARD3 is mainly involved in the transfer from
late endosomes, while STARD4 (as well as STARD1) mediates the import from cytosol. It is postulated
that StAR proteins function as multiprotein complexes in cooperation with the ATPase family AAA
domain-containing protein 3 (ATAD3), the translocator protein (TSPO) and the voltage-dependent
anion channel (VDAC) (Elustondo et al. 2017).

1.7 PHOSPHATIDYLSERINE DECARBOXYLASE — A KEY ENZYME IN MITOCHONDRIAL

PHOSPHOLIPID METABOLISM

Phosphatidylserine decarboxylase (PISD) is an integral membrane protein in the mammalian IMM, with
a size of 46,672 Da/409 amino acids (according to typical databases such as UniProt and Gene Cards).
It catalyzes the decarboxylation of phosphatidylserine to phosphatidylethanolamine (Voelker 1997)
(Figure 2). To date, PISD is believed to be the primary source of mitochondrial PE, as other underlying
mechanisms of mitochondrial PE synthesis or transport mechanisms from other organelles to
mitochondria (after de novo synthesis by PTDSS1/2 in ER/MAM) remain poorly understood. The
enzyme is a heterodimer consisting of a membrane-spanning element, an autocatalytic proteolysis site
generating pyruvoyl-containing a- subunits and a large membrane-associated - subunit, in addition
to a mitochondrion-targeting signal that is canonical and amino-terminal cleaved. The pyruvoyl group
functions as a proton acceptor, eventually facilitating the removal of the carboxyl group of PS (Sam et
al. 2021; Li und Dowhan 1988; Kuge et al. 1991; Chacinska et al. 2009; Clancey et al. 1993; Trotter et
al. 1993).

The whole-body knockout of PISD in mice results in embryonic lethality between days 8 and 10 of the
development, alongside with extensive mitochondrial misshape and fragmentation. This shows that
the PISD pathway in mitochondria is essential for normal development (Steenbergen et al. 2005;
Fujimoto et al. 1988). In humans, PISD is considered a novel mitochondrial disease gene, as fibroblasts
of patients with variants in the PISD gene display enlarged lysosomes, fragmented mitochondrial
networks, and a decrease in maximal oxygen consumption. This can cause the development of diseases
such as skeletal dysplasia, white matter changes and the vision disorder cataracts (Zhao et al. 2019).

Despite the fact that PISD is commonly known as an enzyme that is uniquely expressed in
mitochondria, it was recently discovered that PISD is also present in other organelles. For instance,
PISD can localize to lipid droplets through alternative splicing of its pre-mRNA (PISD-LD). It is
noteworthy that the targeting of PISD is subject to regulation by nutritional state. RNAi-mediated
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inhibition of PISD and PISD-LD results in a suppression of TAG storage in cells when grown in high lipid
conditions (Kumar et al. 2021). In yeast, mitochondrial targeting was observed to be preferred when
grown on glucose, whereas elevated ER targeting was observed when grown on fermentable carbon
sources. This suggests that there is a reduced mitochondrial targeting of PISD when cell growth
requires cellular respiration (Friedman et al. 2018).

PISD might not only be involved in lipid metabolism but also in the (negative) regulation of energy
consumption in brown adipose tissue. As demonstrated in a brown adipocyte knockout mouse line,
PGAMS5, which is a mitochondria-resident phosphatase, suppresses the expression of UCP1 and CL-
316,243 (B3-adrenergic agonist)-mediated respiration. This results in a reduced accumulation of lipids
in iBAT and even in high fat diet resistance. Most importantly, these effects not only necessitate the
phosphatase activity of PGAMS5, but also its intramembrane cleavage, which is regulated by PISD
(Sugawara et al. 2020).

1.8 BAT AND ITS ROLE IN WHOLE-BODY METABOLISM — BAT-LIVER CROSSTALK

In the last years, several scientists have proposed a negative correlation between brown adipose tissue
activity and non-alcoholic fatty liver disease (NAFLD), which is mediated through liver-(brown) adipose
tissue crosstalk (Wang et al. 2014; Ahmed et al. 2021; Liu et al. 2013; Giles et al. 2017; Shen et al. 2019).
As illustrated in Figure 3, NAFLD is defined as a cluster of conditions in which lipids accumulate in
hepatocytes, frequently occurring in conjunction with other metabolic conditions such as obesity,
dyslipidemia, insulin resistance or hypertension. A new terminology has recently been proposed to
more accurately reflect the underlying origins of the disease. This new terminology better reflects the
bidirectional interplay between (extrahepatic) metabolic alterations and fatty liver, independently
from the consumption of alcohol and other reasons of liver disease. From this point forward, non-
alcoholic fatty liver disease (NAFLD) will be referred to as metabolic-associated fatty liver disease
(MAFLD) (Pipitone et al. 2023). It encompasses a spectrum of pathologies, including simple steatosis
(non-alcoholic fatty liver; NAFL), non-alcoholic steatohepatitis (NASH), which includes inflammation,
and can progress to fibrosis, cirrhosis and even cancer, particularly hepatocellular carcinoma (HCC)
(Pouwels et al. 2022). UCP1 KO mice exhibit elevated plasma levels of ALT and AST, markers of liver
damage, as well as a higher liver weight, which can be attributed to hepatocyte hypertrophy, fibrosis,
and an elevated immune cell load (Mills et al. 2021).

NAFLD Spectrum

A 4

Healthy liver NAFL NASH Cirrhosis HCC
Steatosis; > 5% fat Steatosis + inflammation Severe fibrosis Hepatocellular
Fibrosis Dead cells carcinoma

Figure 3: The progression of lipid accumulation, inflammation, and fibrosis within the non-alcoholic fatty liver
disease (NAFLD) spectrum.
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The potential for BAT activity to improve liver dysfunction is currently under investigation.
Nevertheless, a plethora of hypotheses have already been proposed in the literature: Following the
activation of BAT (e.g. via cold exposure), UCP1 is not only fueled by FFA derived from local lipid droplet
lipolysis and circulating FFA originating from white adipose tissue lipolysis, but also by glucose-
mediated de novo lipogenesis and triglyceride-rich lipoproteins (TRL) generated in the liver. As the
thermogenic activity of brown adipose tissue is not restricted to local fuel sources but elevates the
consumption of fatty acids and glucose from plasma/other tissues, BAT is meanwhile attributed a role
in whole-body metabolism. For example, the clearance of plasma TAG by brown adipose tissue,
particularly of very-low density lipoprotein (VLDL) remnants generated in the liver, is enabled by fatty
acid translocase (CD36) and lipoprotein lipase (LPL) (Bartelt et al. 2011; Berbée et al. 2015; Yang und
Stanford 2022). LPL is regulated/inhibited via angiopoietin-like 4 (ANGPTL4), which is secreted, among
other tissues, from the liver and adipose tissue. The abundance of ANGPTL4 is dependent on the
nutritional state, with an increase observed following fasting and a decrease following feeding. This is
mediated by the action of nuclear receptor PPARy (adipose tissue) and the glucocorticoid receptor
(liver). The deletion of ANGPTL4 in BAT has been demonstrated to elevate the catabolism of VLDL and
subsequently increase fatty acid uptake, thereby improving thermogenesis (Kersten et al. 2000; Singh
et al. 2018). A study in which BAT from male donor mice was transplanted into the visceral cavity of
sex- and age-matched recipient mice demonstrated increased insulin sensitivity and glucose tolerance.
The findings are consistent with the observation of a reduction in body and fat mass, as well as a full
recovery of high fat diet induced insulin resistance. The transplantation of BAT additionally
demonstrated a reduction in insulin, leptin, and cholesterol levels in the plasma, indicating an
improved metabolic profile. Using labelled [3H]2-deoxyglucose in combination with either 20% glucose
or saline, confirmed a connection of improved glucose homeostasis with a high glucose uptake in
endogenous BAT and visceral WAT and heart, but not skeletal muscle, exerted by endocrine and/or
paracrine effects such as increases in circulating norepinephrine and BAT-derived FGF21 and
interleukin 6 (IL-6) levels (“batokines”) (Stanford et al. 2013). The neurotransmitter norepinephrine,
BAT-derived fibroblast growth factor FGF21 and interleukin 6 (IL-6) can increase GLUT1 (insulin-
independent) and GLUT4 (insulin-dependent) expression and/or activity in brown and white adipose
tissue. This explains the elevated glucose clearance observed in these tissues, as GLUT proteins act as
glucose uniporters on plasma membranes (Ge et al. 2011; Rotter et al. 2003; Ebeling et al. 1998;
Shimizu et al. 1996; Bartelt et al. 2011). A substantial body of research indicates that the effects of
batokines are mediated by a bi-directional communication with other tissues, particularly the liver. For
example, FGF21 secretion from the liver increases glucose uptake in brown adipose tissue and
browning of WAT, while IL-6 secretion from BAT enhances hepatic gluconeogenesis (Emanuelli et al.
2014; Qing et al. 2020). Another intriguing endocrine pathway that connects UCP1 function in BAT and
liver inflammation is the UCP1-succinate-SUCNR1 axis. Mice lacking UCP1 exhibit elevated levels of
extracellular succinate in the liver, which binds to the succinate receptor 1 (SUCNR1) localized in
stellate cells and macrophages, thereby inducing inflammation. In contrast, increasing the mass of
brown and beige adipocytes (and thus UCP1) antagonizes this receptor ligation by highly sequestering
succinate from the circulation, thereby fueling thermogenesis as succinate is a TCA cycle intermediate
(Mills et al. 2018; Mills et al. 2021).
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1.9 OBIJECTIVES OF THIS THESIS

The lipid species composition is conserved on the cellular and sub-cellular level, but to this date it is
unclear whether organelle lipidomes differ between various tissues. Previous investigations on the
cellular lipidome of brown, beige and white adipocytes revealed substantial differences in common
membrane lipids (Schweizer et al. 2019).

We asked whether this has a functional relevance for brown and beige adipose tissue. The main
objective of this work was to study the mitochondrial lipid composition, particularly
glycerophospholipids and free cholesterol, of brown adipose tissue, and elucidate its impact on UCP1
activity, both in vitro and in vivo. This included:

1. Investigations on the impact of experimentally altered GPL/FC ratios in brown adipocytes,
brown adipose tissue, and thereof isolated mitochondria on UCP1 activity.

2. Generation of a tamoxifen-inducible conditional knockout mouse model of phosphatidylserine
decarboxylase (PISD) in UCP1 expressing cells to modulate the mitochondrial lipid composition
in an jn vivo approach and characterization of PISD’s physiological and pathophysiological
relevance as well as its impact on UCP1 activity.
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2 MATERIALS AND METHODS

2.1 ANIMALS

2.1.1 MOUSE HOUSING AND ETHICAL STATEMENT

All mouse experiments were performed according to the relevant ethical guidelines (German Animal
Welfare Act). Breeding and experimental use of mice used for this study were approved by the local
institution in charge (General Administration of the Free State of Bavaria, approval numbers: 55.2-1-
54-2531-99-13-2015, 55.2-1-54-2532-17-2015, 55.2-1-54-2532-34-2016 and ROB-55.2-2532.Vet_02-
19-193; Cantonal Ethics Committee of the Veterinary Office of the Canton of Zurich, approval number:
ZH047/18).

All mice were bred either at the specific pathogen-free facility of the Technical University of Munich
(ZIEL - Institute for Food & Health), or in the specific pathogen-free facility of the Federal Institute of
Technology Zurich (EPIC/ETH Phenomics Centre). If not stated otherwise, mice were housed under
controlled housing conditions in ventilated cages. In Freising (TUM), controlled conditions were
defined as: Group-housing, 55% relative humidity, 23°C ambient temperature, 12h/12h light/dark
cycle (light phase: 6 a.m. - 6 p.m.). In Zurich (ETH) controlled conditions were defined as: Group-
housing, 40% relative humidity, 22°C ambient temperature, 12h/12h reversed light/dark cycle (light
phase: 6 p.m.-6a.m.or 7 p.m.—7 a.m.; winter/summertime, respectively). Mice had ad libitum access
to water and food (either to chow, control, or high fat diet; see Supplementary Table 2 for specific
dietary composition). The health status of mice was controlled according to the FELASA guidelines, and
they were regularly checked for pathogens.

For experiments analyzing PISD activity, the iBcKO-PISD mouse line was bred on a C57BL/6N genetic
background. For in vivo experiments the conditional knockout in UCP1-expressing cells was induced
using oral gavages of 2 mg/mouse 4-hydroxy-tamoxifen in sunflower oil on three consecutive days at
the age of ten weeks. For long term housing (three months HFD), tamoxifen was refreshed using
another oral gavage per month. For ex vivo experiments, the conditional knockout was induced at day
four of adipocyte differentiation by treating cells with 2 uM 4-hydroxy-tamoxifen for 48 hours. In both
cases, wildtype controls received the same tamoxifen treatment. For all other experiments wildtype
mice of the 1295V/S6 background and homozygous UCP1 KO mice of the 12951/SvimJ background
were used.

2.1.2 GENERATION OF A CONDITIONAL KNOCKOUT MOUSE LINE

The iBcKO-PISD mouse line was generated at the Translational Nutrition Laboratory (ETH Zurich) in
cooperation with Dr. Lucia Balazova. Briefly, the commercially available vector PISDtM12(EVCOMMWEsi \, 3¢
injected into blastocytes collected from pregnant wildtype mice. Subsequently, embryos were
implanted into female surrogates of the C57BL/6N strain to yield chimeric offspring. LoxP positive mice
were crossed with a Flp -/- mouse line to eliminate the Flippase, LacZ and Neo cassette of the vector.
Thereof resulting mice heterozygous for PISD were bred to generate mice homozygous for the
conditional knockout of PISD (PISD fl/fl). Eventually, their offspring was bred with heterozygous
UCP1%etR (Cre +/-) mice (obtained from Prof. Dr. Christian Wolfrum), expressing the tamoxifen-
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inducible recombinase in UCP1-expressing cells to generate a BAT specific knockout (Rosenwald et al.
2013).

2.1.3 GENOTYPING OF IBCKO-PISD MICE

To stabilize DNA integrity, murine ear punches were stored in nucleic acid preservation buffer until
genomic DNA isolation. The tissue was digested by incubation at 1,000 rpm and 55°C for two hours
within lysis buffer enriched in protein kinase K (Table 1).

Table 1: Ear lysis buffer for digestion and DNA precipitation of ear punches of iBcKO-PISD and WT mice.

Compound Company Cat. No. Concentration
Protein kinase K Thermo Fisher Scientific ~ E00491 0.1 mg/mL
EDTA Sigma-Aldrich/Merck E9884 5mM

Tris Sigma-Aldrich/Merck 648310 100 mM

NaCL Sigma-Aldrich/Merck S7653 200 mM

SDS Sigma-Aldrich/Merck L3771 0.2%

Cell debris and hair were removed after centrifugation at maximum speed for 15 minutes (RT) and DNA
was precipitated using isoproterenol (1:1) and the same centrifugation settings. The resulting pellet
was resuspended in 750 puL 70% ethanol and the centrifugation was repeated. The supernatant was
discarded, and remnants were allowed to evaporate for approximately 30 minutes at room
temperature, followed by 10 minutes at 37°C. The DNA was resuspended in RNAse free H,0, the
concentration was measured using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific)
and stored at -20°C, if not directly processed. Mice homozygous for PISD were PCR genotyped using
respective primer pairs (Eurofins Genomics Germany) and protocols shown in Table 2 and Table 3
(LacZ, LoxP, Neo, Flippase, PISD WT/het/hom).

Table 2: Primers and probes for genotyping of iBcKO-PISD and wildtype mice.

Forward sequence Reverse sequence
Lacz GTTGCAGTGCACGGCAGATACACTTGCTGA GCCACTGGTGTGGGCCATAATTCAATTCGC
Neo GGGATCTCATGCTGGAGTTCTTCG GAAGATGAGGACCTGGTGCAA
LoxP GAGATGGCGCAACGCAATTA CGTAGGTGGCTGGAGCTAAG
Flippase CACCACCTAAGGTGCTTGTTC CTGCTTCTTCCGATGATTCG
PISD GCAGGGTGATGTAGATCTGGG GAAGATGAGGACCTGGTGCAA
ApoE TCACCAGTCATTTCTGCCTTTG CACGTGGGCTCCAGCATT
ApoE probe AT550-CCAATGGTCGGGCACTGCTCAA-BHQ2
Cre GTGAAACAGCATTGCTGTCACTT GCGGTCTGGCAGTAAAAACTATC
Cre probe FAM-AAACATGCTTCATCGTCGGTCCGG-BHQ1

The final genotype of iBcKO-PISD (Cre +) and wildtype (Cre -) mice was assessed using a TagMan
(ThermoFisher, 4440040) based multiplex real-time quantitative PCR (qPCR) assay. Samples were
labeled with fluorescent probes (ApoE as internal standard and Cre) and detected at 465-510 nm and
533-580 nm, respectively. Probes, Primers (Eurofins Genomics Germany) and protocols are shown in
Table 2 and Table 3.
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Table 3: PCR protocols for genotyping of LacZ, LoxP, Flippase, Neo, PISD and qPCR protocol for genotyping of

ApoE and Cre.

LacZ (PCR) Duration Temperature Cycles
Initial denaturation 1 minute 94°C 1
Denaturation 20 seconds 94°C 35
Elongation 3 minutes 68°C
Hold o0 16°C 1
LoxP/Flippase (PCR) Duration Temperature Cycles
Initial denaturation 10 minutes 95°C 1
Denaturation 10 seconds 95°C
Annealing 30 seconds 53°C 35
Elongation 20 seconds 72°C
Final Extension 3 minutes 72°C 1
Hold o0 16°C
Neo (PCR) Duration Temperature Cycles
Initial denaturation 10 minutes 95°C 1
Denaturation 10 seconds 97°C
Annealing 15 seconds 58°C 35
Elongation 20 seconds 72°C
Final Extension 3 minutes 72°C 1
Hold ) 16°C
PISD (PCR) Duration Temperature Cycles
Initial denaturation 10 minutes 95°C 1
Denaturation 10 seconds 97°C
Annealing 25 seconds 61°C 35
Elongation 30 seconds 72°C
Final Extension 3 minutes 72°C 1
Hold o0 16°C
ApoE/Cre (qPCR) Duration Temperature Cycles
Initial denaturation 2 mirTutes 50°C 1

10 minutes 95°C
Denaturation 15 seconds 95°C 40
Annealing 1 minute 60°C

2.2 TISSUE DISSECTION, PLASMA COLLECTION AND STORAGE

All animals were euthanized using CO; asphyxiation (iBAT) or cervical dislocation (eWAT, iWAT, liver,
muscle). For ex vivo experiments, mice of both sexes were euthanized at the age of four to six weeks
(pre-adipocyte isolation) or eight to ten weeks (tissue and mitochondria isolation). For in vivo
experiments, male mice were euthanized at the age of 12-13 weeks (chow diet) or 24-26 weeks (HFD).
In the case of CO, asphyxiation, the death of animals was confirmed via a firm paw pinch reflex test as
well as an incision of the diaphragm. Before dissection of liver, it was perfused using 0.9% saline and a
26 G Sterican’ cannula (B. Braun SE). To avoid contamination with hair, mice were wetted with ethanol
and the required organs were dissected. To avoid contamination with remnants other than the desired
tissue (e.g. blood), tissue was thoroughly washed in cold or pre-warmed PBS +++ (Table 6). Tissue
which was not directly used after dissection was snap frozen and stored at -80°C until further
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processing. Tissue for isolation of mitochondria which were not used for respiratory analysis was snap
frozen in liquid nitrogen and stored temporarily at -80°C completely covered with storage buffer (20%
DMSO, 0.21 M mannitol, 0.07 M sucrose; pH 7.5). Directly before isolation of mitochondria, tissue was
defrosted as quickly as possible in pre-warmed (45°C) thawing buffer (0.25 M sucrose, 0.01 M Tris-HCL,
0.4% essential fatty acid-free BSA; pH 7.5) in a 1:4 ratio. Tissue which was used for pre-adipocyte
isolation or the isolation of mitochondria for respiratory analysis was minced in very small pieces, to
allow for an efficient release of pre-adipocytes/adipocytes, and stored in pre-warmed PBS +++ (Table
6) or ice-cold STE + 2% essential fatty acid-free BSA (Table 17), respectively, until further processing.
Blood was drawn by cardiac puncture using a 24 G Sterican® cannula (B. Braun SE, 4657675). For Plasma
collection, blood was transferred into EDTA tubes (Sarstedt, 20.1341) and centrifuged for ten minutes
at 1,500xg and 4°C. The supernatant was transferred into microtubes, snap frozen in liquid nitrogen
and stored at -80°C until further processing.

2.3 ALT ASSAY

The ALT assay was conducted according to the manufacturer’s instructions (Sigma-Aldrich/Merck;
MAKOG52). After preparation of the plate, the ALT activity was captured using a coupled enzyme assay
resulting in a calorimetric (570 nm)/fluorometric product (Aex= 535 nm/ hem= 587 nm), which is
proportional to the generated pyruvate concentration. An initial measurement was conducted using
an Infinite® M200 multi-detection microplate reader (Tecan) at room temperature, followed by
measurements at 37°C every five minutes over a time course of 60 minutes.

2.4 LEPTIN ELISA

The Leptin ELISA was conducted according to the manufacturer’s instructions (R&D Systems; DuoSet™
Ancillary Reagent Kit 3; DYO09B). Plasma was diluted in a 1:4 ratio per well of a flat transparent plate
(Costar). After plate preparation and assay procedure, the optical density was determined using an
Infinite® M200 multi-detection microplate reader (Tecan), set to 450 nm, with a wavelength
correction set to 570 nm to adjust for optical imperfections in the plate.

2.5 HisToLoGY

Dissected tissue (liver, eWAT, iWAT, iBAT) in embedding cassettes was fixated in 4% formaldehyde
(VWR, 97131000) at room temperature for 48-72 hours. Next, cassettes were submerged with 70%
ethanol for dehydration. After more than 24 hours, dehydration was continued using different xylene
and ethanol concentrations in an automatic tissue processor (Leica TP1020, Leica Biosystems),
eventually completed with submerging the tissue in paraffin (Table 4). The tissue was fully embedded
in paraffin blocks using an embedding machine (Leica EC1150C, Leica Biosystems). A rotary microtome
(Leica RM2255, Leica Biosystems) was used to cut the samples in 0.5 um sections, which were
subsequently transferred into a pre-warmed water bath (42°C) to straighten the slices and facilitate
the following transfer onto Superfrost® microscope glass slides (VWR, 631-0708). On the next day, the
slides were placed in an incubator for 30 minutes at 60°C to melt off the paraffin. The tissue sections
were stained using an automatic Multi-Stainer (Leica ST5020, Leica Biosystems) according to a typical
Hematoxylin & Eosin staining protocol (Table 4). Eventually, the samples were mounted with mounting
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medium and coverslips (VWR, 631.0973), dried overnight, and stored at room temperature until
imaging. For imaging, the digital M8 microscope and scanner (PreciPoint) and the ViewPoint Software
(PreciPoint) were used at a 20x magnification. Adapted from Galarraga et al., the lipid droplet area and
number was quantified using the Fiji/ImageJ plugin Adiposoft (Galarraga et al. 2012).

Table 4: Dehydration and H&E staining protocols for adipose tissue and liver sections.

Device Purpose Reagent Time (minutes)
70% EtOH 60
70% EtOH 60
80% EtOH 60
96% EtOH 60
Dehydration 96% EtOH 00
Automatic tissue processor 100% EtOH 60
(Leica TP1020) 100% EtOH 60
100% EtOH 60
100% Xylene 60
100% Xylene 60
Paraffin submerging 100% Paraffin 60
100% Paraffin 60
Xylene 3
Xylene 3
Deparaffinization + rehydration 100% EtOH 2
96% EtOH 2
70% EtOH 1
dH20 1
Haematoxylin 4
Automatic  multi-stainer dH20 2
(Leica ST5020) Eosin 2
70% EtOH 1
Haematoxylin & Eosin staining 96% EtOH 1
100% EtOH 1
100% EtOH 1.5
Xylene/EtOH 1.5
Xylene 1
Xylene 2

2.6 ISOLATION OF MATURE ADIPOCYTES FROM BROWN ADIPOSE TISSUE

Mature brown adipocytes were isolated of tissue homogenates pooled from two to three female mice.
Therefore, tissue was minced in small pieces and incubated in 5 mL pre-warmed collagenase buffer (1
mg/mL collagenase; see Table 5) at 37°C on a rocker (120 rpm) for 60 minutes. The tissue was
vigorously shaken every 15 minutes. Homogenates were diluted with DMEM (1:1; 10% FBS, 1% P/S)
and centrifuged at 1,000 rpm for ten minutes. Adipocytes floating at the top were carefully collected
using a G 18 cannula (B. Braun SE) and resuspended in 8 mL ice-cold PBS. Subsequently, homogenates
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were filtered and washed twice through a 100 um nylon mesh with fresh PBS. Cells were again
centrifuged at 1,000 rpm for 10 minutes, collected in microfuge tubes and incubated in Trizol (1:4) for
five minutes at room temperature (storage at -80°C until RNA isolation).

Table 5: Composition of collagenase buffer for isolation of mature brown adipocytes.

Compound Company Cat. No. Concentration
Collagenase Sigma-Aldrich/Merck C1-22 1 mg/mL
NaHCOs Carl Roth 6885.1 25 mM
KH2PO4 Carl Roth 3904.1 12 mM
MgS0s4 Sigma-Aldrich/Merck M3409 1.2 mM
KCL Sigma-Aldrich/Merck P3911 4.8 mM
NaCL Sigma-Aldrich/Merck 6404 120 mM
CaClL2* 2 H20 Carl Roth 5239.1 1.4 mM
Glucose Carl Roth 6780.1 5mM
BSA Fraction V Carl Roth 8076.3 2.5%
Penicillin/Streptomycin Biochrome A2212 1:100
ddH20 - - -

2.7 CELL CULTURE

2.7.1 ISOLATION OF MURINE PRIMARY BROWN AND BEIGE PRE-ADIPOCYTES

To isolate adipocyte precursor cells for ex vivo cultivation, minced iBAT and iWAT was placed in pre-
warmed isolation medium containing 0.1% collagenase to ensure proper digestion (Table 6). By using
1 mL cut-end tips, the tissue was transferred into 15 mL canonical tubes, filled up to a final volume of
8 mL. The following tissue digestion was conducted in a WiseCube® shaker (WITEG Labortechnik GmbH;
37°C, 120 rpm, one hour). Canonical tubes were placed horizontally and rigorously shaken every 15
minutes. Next, a 250 uM pore-sized nylon mesh was used to filter cell suspensions to fresh tubes,
residues of the cell suspension remaining in the tube were rinsed with 6-7 mL wash buffer (Table 6)
and combined with previous cell suspension through another nylon-mash. Cell suspensions were
centrifuged (250xg, five minutes) at room temperature (RT). To release remaining pre-adipocytes from
the fat layer on top of the tube, it was shaken and centrifuged again under the same conditions. Mature
adipocytes and buffer (supernatant + upper fat layer) were discarded, whereas the stroma vascular
fraction (SVF) containing pre-adipocytes (pellet) was transferred under a sterile laminar flow hood to
continue under aseptic conditions. Cells were re-suspended and incubated in 1 mL pre-warmed blood-
cell lysis buffer for five minutes (Table 6). After re-suspending the cell lysates to a final volume of 10
mL wash buffer, they were centrifuged (500xg, five min, RT) and supernatants were aspirated. The
pellet was re-suspended with 3-4 mL of culture medium (Table 6) and filtered through a 40 uM cell
strainer (BD Biosciences, 352340). Cell suspensions were combined with the appropriate volume of
culture medium and plated onto respective cell culture dishes (10 cm dishes, 6-, 12-, 24- well plates or
SeahorseXF96 microplates). In the case of 129Sv mice, pre-adipocytes of 2-3 (iBAT) or 1-2 (iWAT) mice
were equally seeded onto cell culture plates, whereas pre-adipocytes originating of BL6/N mice were
pooled of 4-5 mice (iBAT) and 2-3 mice (iWAT). Adipocytes were kept in an incubator at 37°C and 5%
CO..
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Table 6: Composition of buffers, media and solutions used for primary adipocyte isolation and differentiation.

Compound Company Cat. No. Concentration
PBS +++

PBS Sigma-Aldrich/Merck D8662 -
Amphotericin B Biochrome A2612 500 ng/mL
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merk P0781 40 pg/mL
Isolation medium

HBSS Gibco 14025 -

BSA fraction V Carl Roth 8076.3 3.5%
Glucose Carl Roth 6780.1 0.55 mM
Ampbhotericin B Biochrome A2612 500 ng/mL
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merck P0781 40 pg/mL
Collagenase Type | Sigma-Aldrich/Merck C1-22 0.1% (w/v)
Wash medium

HBSS Gibco 14025 -

BSA fraction V Carl Roth 8076.3 3.5%
Ampbhotericin B Biochrome A2612 500 ng/mL
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merck P0781 40 pg/mL
Red blood cell lysis buffer

ddH20 - - -

EDTA Carl Roth 8043 0.1 mM
NHaCL Carl Roth P726 154 mM
K2PO4 Carl Roth T875 10 mM
Cultivation medium

DMEM high glucose Sigma-Aldrich/Merck D5796 -

FBS Sigma-Aldrich/Merck S0615 20% (v/v)
Amphotericin B Biochrome A2612 500 ng/mL
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merck P0781 40 pg/mL
Induction medium

DMEM high glucose Sigma-Aldrich/Merck D5796 -

FBS Sigma-Aldrich/Merck S0615 10% (v/v)
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merck P0781 40 pg/mL
Rosiglitazone Biomol Cay71740 1uM
Insulin Sigma-Aldrich/Merck 19278 850 nM

T3 Sigma-Aldrich/Merck T2752 1nM
Indomethacin Sigma-Aldrich/Merck 17378 125 uM
Dexamethasone Sigma-Aldrich/Merck D4902 1uM
IBMX Sigma-Aldrich/Merck 15879 500 uM
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Differentiation medium

DMEM high glucose Sigma-Aldrich/Merck D5796 -

FBS Sigma-Aldrich/Merck S0615 10% (v/v)
Gentamycin Sigma-Aldrich/Merck G1272 40 pg/mL
Penicillin/Streptomycin Sigma-Aldrich/Merck P0781 40 pg/mL
Rosiglitazone Biomol Cay71740 1uM
Insulin Sigma-Aldrich/Merck 19278 850 nM
T3 Sigma-Aldrich/Merck T2752 1nM

2.7.2 CULTIVATION, INDUCTION, AND DIFFERENTIATION OF PRIMARY MURINE BROWN AND BEIGE

PRE-ADIPOCYTES

24 hours after isolation of adipocyte precursor cells, cells were washed twice with pre-warmed PBS
and the medium was changed to fresh cultivation medium (Table 6) which was replaced every other
day. When cells reached ~90% confluency (approximately after 4 days) they were induced for 48 hours
with induction medium (Table 6). Afterwards, cells were washed once with pre-warmed PBS and
medium was changed to differentiation medium (Table 6) for another 7-8 days. After full
differentiation, mature adipocytes were harvested according to their further use or analyzed using
micro-plate based respirometry. As depicted in Figure 4 primary brown and beige adipocytes were
modulated in mitochondrial GPL/FC ratios by various approaches: A) Lentivirus-mediated
overexpression of STARD3; B) Tamoxifen-induced conditional knockout of PISD in UCP1-expressing
cells; C) siRNA-mediated gene silencing of STARD3 and PISD.

Day 4: Tamoxifen
treatment for
iBcKO-PISD
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overexpression NV AN
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Figure 4: Timeline of cultivation, induction, and differentiation of pre-adipocytes, as well as approaches to
modulate mitochondrial GPL/FC ratio.

2.7.3 LENTIVIRUS-BASED OVEREXPRESSION OF STARD3

2.7.3.1 STARD3 AMPLIFICATION AND PURIFICATION

cDNA was synthesized according to the manufacturer’s instructions (Tetro™ cDNA synthesis kit:
Meridian Bioscience, BIO-65042). The prepared master mix (Table 7) was incubated with high-quality
BAT mRNA originating from 1295V/S6 mice for 40 minutes at 45°C and the reverse transcriptase was
inactivated via incubation at 85°C for five minutes.
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Table 7: Master mix composition for cDNA synthesis with the Tetro™ cDNA synthesis kit.

Compound Company Cat. Nr. Concentration
DEPC H20 - - -

5x RT Buffer Meridian Bioscience BIO-65042 1x

Tetro reverse transcriptase Meridian Bioscience BIO-65042 20 U/uL
RiboSafe RNase inhibitor Meridian Bioscience BIO-65042 0.5 U/uL

10 mM dNTP mix Meridian Bioscience BIO-65042 0.5mM
Primer oligo (dT)1s Meridian Bioscience BIO-65042 0.4 uM

mRNA - - 4 ug

From the generated cDNA library, genes were PCR-amplified using the Phusion High Fidelity PCR Kit
(NEB, E0553S) and primers comprising restriction sides on the 5’-end (BamHI) and 3’-end (Notl). To
enable a more efficient digestion, six spacers (nonsense nucleotides) were additionally attached to the
5’-end (spacer yellow, restriction sides orange; Table 8).

Table 8: Primer composition for STARD3 digestion and primer amplification.

Primer Company Forward sequence (BamHI) Reverse sequence (Notl)
5’-TAAGCAGGATCC- 5’-TGCTTAGCGGCCGC-
-ATGAGCAAGCGACCTGGTGATCT-3’ -TCAAGCTCGGGCCCCCAGCT-3’

STARD3 Eurofins

Table 9: Master mix composition for PCR amplification using the Phusion High Fidelity PCR Kit.

Primer Company Concentration
DMSO Sigma-Aldrich/Merck 3%

5x Phusion HF buffer NEB 1x

Phusion HF DNA-Polymerase NEB 1U

10 mM dNTPs NEB 200 uM
Forward primer (10 pM) NEB 0.5 uM
Reverse primer (10 uM) NEB 0.5 uM
RNAse-free H,0 Sigma-Aldrich/Merck -

cDNA - <250 ng

The amplification was conducted using the in Table 9 and Table 10 shown master mix and PCR
protocol. To exclude off-target amplicons, not fully synthesized amplicons, and residues of reactants,
targeted DNA fragments were isolated. Therefore, the PCR products were separated conducting
agarose gel electrophoresis (1.5% agarose in TAE buffer) at 90 V and STARD3 bands were excised from
the gel under minimal UV light exposure. The gel slices were purified using the Wizard SV Gel and PCR
cleanup system (Promega, A9282), according to the manufacturer’s instructions.

Table 10: PCR protocol for STARD3 amplification.

STARD3 Duration Temperature Cycles
Initial Denaturation 30 seconds 98°C 1x
Denaturation 10 seconds 98°C

Annealing 25 seconds 59.4°C 35x
Elongation 35 seconds 72°C

Final extension 10 minutes 72°C 1x
Hold oo 4°C 1x
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2.7.3.2 DIGESTION AND LIGATION

To synthesize the respective overexpression vectors, the STARD3 inserts as well as the pCDH-PGK
backbone (Addgene, plasmid #72268) were digested. Therefore, they were incubated at 37°C for 30-
60 minutes with BamHI-HF (NEB, R3136S) and Notl-HF (NEB, R3189S) restriction enzymes
simultaneously, producing sticky ends. The enzymes were separated from digested fragments using
agarose gel electrophoresis (1.5% gel for STARD3, 0.8% gel for pCDH-PGK) at 90 V and bands were
excised from the gel and purified as described above (see Figure 5).
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Figure 5: Agarose gel electrophoresis of STARD3 (1.37 kbp) and pCDH-PGK (6.39 kbp) amplicons based on
Tetro™ cDNA as matrix after digestion with restriction enzymes. The second band of pCDH-PGK (approximately
half of the length) visualizes undigested backbone.

Eventually, the backbone vector was ligated with STARD3 fragments in a 1:3 ratio through incubation
(16-22 hours, 16°C) and heat inactivation (10 minutes, 65°C), using a T4 ligase (NEB). Digestion and
ligation were conducted according to the instructions of NEB.

2.7.3.3 TRANSFORMATION, BACTERIAL CULTURE, MINI/MIDI PREP

The composition of media and solutions used for transformation, plasmid amplification, and
purification is listed in Table 11. For high efficiency, 1-5 ng plasmid or 1-5 pL ligation product were
mixed and incubated for 30 minutes with on ice thawed stable competent E. coli (NEB, C3040H) for
transformation. This was followed by heat shock (30 seconds at 42°C) and incubation on ice (five
minutes). After dilution in SOC-medium, the mix was incubated for 60 minutes at 30°C and 300 rpm.

Table 11: Composition of media used for transformation, bacterial culture, and plasmid amplification.

Compound Company Cat. No. Concentration
LB-Medium

ddH.0 - - -

Yeast extract Carl Roth 2363.2 0.5%
Tryptone Carl Roth 8952.2 1%

NaCL Sigma-Aldrich/Merck 6404 0.5 mM
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LB-Medium + Ampicillin

LB-medium See above See above 1x
Ampicillin Sigma-Aldrich/Merck A1593 100 um
SOC-Medium

Yeast extract Carl Roth 2363.2 0.5%
KCL Sigma-Aldrich/Merck P3911 2.5mM
NaCL Sigma-Aldrich/Merck 6404 10 mM
Tryptone Carl Roth 8952.2 2%
MgS0s4 Sigma-Aldrich/Merck M3409 10 mM
MgCL. Sigma-Aldrich/Merck M3409 10 mM
Glucose Carl Roth 6780.1 20mM

Pre-heated LB/ampicillin-agar plates were used as breeding ground for the next 24 hours at 30°C (until
colonies were visible). Not only pCDH-PGK-STARD3 plasmids, but also pCDH-PGK-tGFP plasmids as well
as non- digested and digested empty pCDH-PGK vectors were transformed as controls. To isolate the
plasmids from bacterial colonies, up to six colonies were picked under flame, mixed with ampicillin
enriched LB-medium, and incubated in a WiseCube® shaker (WITEG Labortechnik) overnight at 30°C
and 220 rpm with loosely attached lids. After 14-20 hours, the PureYield™ Plasmid Miniprep System
was used for plasmid purification, according to the manufacturer’s instructions. Plasmids were
amplified in bacterial culture and purified with the Nucleobond® Xtra Midi Plus Kit (Macherey Nagel,
740412), according to the manufacturer’s instructions. Plasmid concentrations were measured using
the NanoDrop®and stored at -20 °C until further use.

Table 12: Primer pairs for sequencing of STARD3 and pCDH-PGK vectors.
Primer Company Forward sequence Reverse sequence
STARD3
(middle of ORF)  Eurofins 5’-ATGAGCAAGCGACCTGGTGATCT-3* 5’-TCAAGCTCGGGCCCCCAGCT-3’
STARD3
(end of ORF) Eurofins 5’-CACTGGTGTCCAGTGCATTC-3’ 5’-CTGGGCAGCAAGATACCATC-3’
pCDH-PGK Eurofins 5-TACAGTGCAGGGGAAAGAATAG-3’ 5-CCACGTTGCCTGACAAC-3’

The successful incorporation of STARD3 inserts into the pCDH-PGK backbone was verified by sending
them for sequencing (Eurofins) using the primers shown in Table 12. Once the plasmids were
synthesized, they were used to produce lentivirus particles for the transduction of murine primary
brown adipocytes.

2.7.3.4 LENTIVIRUS PRODUCTION AND INFECTION OF PRIMARY BROWN ADIPOCYTES

All required media is listed in Table 13. HEK293T cells were thawed and cultivated seven days before
transfection (maximal until passage 20) in HEK cultivation medium which was changed every 24 hours.
To ensure a rapid cell replication, cells were divided at least twice before downstream procedure, each
division after reaching 80% but before reaching full confluency. 24 hours prior to transfection, 4.23 x
10° cells were seeded per poly-D-lysin (Sigma-Aldrich/Merck, P7280) coated well of a 6-well plate. 22
hours later, the medium was changed once more. HEK293T-cells were CaCL,- based co-transfected at
50% confluency with a second-generation packaging psPAX.2 plasmid (addgene, plasmid #12260, see
Supplementary Figure 13), an envelope pMD2.G plasmid (addgene, plasmid #12259, see
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Supplementary Figure 12), and either pCDH-PGK-STARD3, pCDH-PGK (negative control; empty vector),
or pCDH-PGK-tGFP (positive control) in a 3:1:4 ratio. Therefore, CaCl, medium, as well as HEPES
buffered saline (Table 13) were used. To enable continuous production of lentivirus, the medium was
collected and replaced with fresh cultivation medium after 24 hours. Cultivation of primary brown
adipocytes was conducted on a schedule to overlap day 0 of differentiation with this time point of
lentivirus production in HEK293T- cell medium. The lentivirus containing medium was enriched with
T3, insulin and rosiglitazone, and filtered through a 0.45 uM polyether-sulfone membrane before
transducing adipocytes using 8 g/L polybrene to increase transduction efficiency. 24 hours later, the
medium was replaced with the second batch of lentivirus containing medium. After a total of 48 hours,
lentivirus-medium was replaced with normal differentiation medium every other day until day eight of
differentiation. Eventually, mature adipocytes were harvested according to their further use or
analyzed using microplate-based respirometry.

Table 13: Composition of buffers and media required for transduction.

Compound Company Cat. No. Concentration
CaCL2 medium

Sterile ddH20 - - -

CaClL> Carl Roth 5239.1 2.5mM
HEPES buffered H20

Sterile ddH.0 - - -

HEPES Sigma-Aldrich/Merck H4034 50 mM
HEPES buffered saline

Sterile ddH.0 - - -

HEPES Sigma-Aldrich/Merck H4034 50 mM
NazHPO4 Sigma-Aldrich/Merck S9390 1.5 mM
NaCL Sigma-Aldrich/Merck 6404 280 mM
HEK cultivation medium

DMEM high glucose Sigma-Aldrich/Merck D5796 -
Penicillin/Streptomycin Biochrome A2212 1:500
FBS Sigma-Aldrich/Merck S0615 10%
Transduction medium

HEK cultivation medium + virus  See above See above See above
Polybrene Sigma-Aldrich/Merck TR-1003 8 ug/mL
T3 Sigma-Aldrich/Merck T2752 1nM
Insulin Sigma-Aldrich/Merck 19278 850 nM
Rosiglitazone Biomol Cay71740 1uM
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Figure 6: Microscopic pictures (five days post transduction) of successfully pCDH-PGK-tGFP transduced primary
brown adipocytes. The left picture captures fluorescence through the DIC channel and the right picture through
the GFP channel using a LAS X microscope (Leica) at 527 nm emission.

2.7.4 SIRNA-MEDIATED GENE SILENCING OF STARD3 AND PISD

To silence the gene expression of STARD3 and PISD, the method of transient gene knockdown via dicer-
substrate small interfering RNA (DsiRNA) was chosen (see Figure 7). This method is based on RNA
interference (RNAI), which downregulates the expression of specific genes post transcriptionally by
using double-stranded RNA (dsRNA). These strands must be homologues to the target genes (Lagana
et al. 2015). Previously, it was reported that long dsRNA (> 30 bp) can silence genes in organisms such
as D. melanogaster or C. elegans. However, the use of longer exogenous dsRNA should be avoided
because it triggers a nonspecific interferon response in mammalian systems, leading to a global
repression of mRNA translation by degrading mRNA in an unspecific manner (Hannon und Rossi 2004;
Pham et al. 2004; Dykxhoorn et al. 2003). Additionally, it was published that artificial DsiRNA with the
length of 25-30 nucleotides might be up to 100-fold more efficient in RNAi compared to conventional
21- mer small interference RNA (siRNA) (Kim et al. 2005). Thus, synthetic DsiRNA with a length of 27
bp was used in this work. These dsRNA molecules are processed into shorter siRNA fragments (~21
nucleotides) with 5’-phosphate- and 2-nucleotide-3’- overhangs by a RNase-lll-type endonuclease
(Dicer). Both overhangs are important for the following complex assembly: The in this process
generated siRNA is incorporated into the RNA induced silencing complex (RISC). By unwinding siRNA
duplexes, one strand (passenger strand) is discarded, whereas the other strand (guide strand)
associates with the argonaut protein (Ago2) of the RISC complex. Finally, the target mRNA, which is
complementary to the guide siRNA strand, will be identified and silenced. This is achieved by Ago2
acting as ribonuclease, which cleaves the target mRNA under direction of the guide strand. This leads
to inhibited mRNA translation and subsequently, transient silencing of the selected gene (Meister und
Tuschl 2004; Sontheimer 2005).
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Figure 7: Initiation and effector phase of RNAi in mammalian cells. In the first phase, a dicer cleaves DsiRNA (27
bp) in an ATP-depended manner into smaller siRNA duplexes (21 bp). In the second phase, the assembly of the
RISC complex takes place and siRNA duplexes get unwound. The siRNA guide strand remains bound to the Ago2
protein and subsequently the RISC complex recognizes the target mRNA by base pairing between siRNA guide

strand and complementary target mRNA sequence. Finally, the RISC complex cleaves the target mRNA by its
endoribonuclease activity, thereby inhibiting mRNA translation and silencing respective protein expression. Figure
modified from (Sontheimer, 2005).

Adipocytes were reverse transfected on day five of the differentiation with the transfection mix shown
in Table 14.

Table 14: Composition of transfection mix used for siRNA-mediated gene silencing.

Compound Company Cat. No. Concentration
Lipofectamine RNAIMAX Thermo Fisher Scientific 19278 2.5 puL/mL
siRNA IDT - 50 nM
OptiMEM Gibco 31985047 16.61%

Cell suspension/well - - 83.04%

The mix was incubated (20 min, RT) and distributed on respective cell culture plates (6-, 12-, 24-well
plates or SeahorseXF96- microplates). During the incubation time, primary brown/beige adipocytes
were washed twice with pre-warmed PBS. Cells were detached using pre-warmed trypsin (Sigma-
Aldrich/Merck, T3924) enriched with collagenase (0.5 mg/mL) and incubated for five to ten minutes
(37°C, 5% CO>). The trypsinization was stopped with antibiotic free differentiation medium and cell
clumps were carefully separated. Cell suspensions were transferred into 15 mL canonical tubes and
centrifuged (five min, 250xg, RT). Next, cell pellets were re-suspended in antibiotic free medium,
equally distributed on the respective cell culture plate containing transfection mix, kept under the
hood for 60 minutes to enable an even distribution of the cells, and subsequently, cells were
differentiated (37°C, 5% CO,) for three more days. After the first 24 hours, the medium was changed
to a differentiation medium containing antibiotics. After the differentiation was completed, cells were
harvested for further processing or analyzed using microplate-based respirometry. This practical
procedure was modified from Isidor et al. (Isidor et al. 2016). The used DsiRNAs are shown in Table 15.
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Table 15: Sequences of DsiRNA obtained from IDT DNA used for transfections.

siRNA Forward sequence 5’-3’ Reverse sequence 3’-5’

NTC CGUUAAUCGCGUAUACGCGUAT AUACGCGUAUUAUACGCGAUUAACGAC
STARD3 GGAUCAUCGAGCUAAAUACCAACAC GACCUAGUAGCUCGAUUUAUGGUUGUG
PISD AAAUCUGUGCCAACGCGUUUGCUGT ACAGCAAACGCGUUGGCACAGAUUUU

2.7.5 HARVESTING OF PRIMARY BROWN AND BEIGE ADIPOCYTES

For RNA isolation, RLT lysis buffer (RNeasy® Mini Kit, Qiagen) enriched with 1% B-mercaptoethanol was
added to PBS- washed cells. For lipid profile analysis, 0.2% SDS (five min incubation before 1:1 dilution
to 0.1% SDS) was pipetted on PBS- washed cells. For proteomics, ice-cold PBS was added on PBS-
washed cells. In all cases, cells were harvested by carefully scraping cell lysates from the plate using a
cell scrapper. For RNA isolation and lipidomics, cell lysates were homogenized and stored at -80°C for
at least 24 hours prior further processing. For proteomics, cell lysates were centrifuged (4°C, 14,000
rom, 2.5 min) and the pellet was stored at -80°C. For protein isolation (immunoblotting), cells were
thoroughly washed with ice-cold PBS. Fluid was fully aspirated and dry cell plates were stored at -80°C
until further processing (> 24 hours). For isolation of mitochondria from brown adipocytes, cells were
washed twice with pre-warmed PBS and detached using trypsin + collagenase as described in section
2.7.4. All harvesting steps were performed on ice. Relevant media and buffers can be found in Table
16.

Table 16: Composition of solutions used for adipocyte harvesting.

Compound Company Cat. Nr. Concentration
RNA

B-mercaptoethanol Sigma-Aldrich/Merck M3148 1%

RLT Buffer Qiagen 74106 -

Lipidomics

ddH20 - - -

10% SDS solution Sigma-Aldrich/Merck L3771 0.2%

2.8 PROCESSING OF TISSUE AND CELLS

2.8.1 ISOLATION OF MITOCHONDRIA

All mitochondrial isolations were conducted on ice and/or in a 4°C cold-room to avoid the activation
of phospholipases and proteases. For lipidomic analyses, the mitochondrial pellet was resuspended in
100 plL 0.1% SDS and stored at -80°C. For proteomic analyses, the pellet was stored without any liquid
at -80°C. For respiratory analyses, which was directly conducted after mitochondrial isolation and
protein concentration measurement (Biuret assay), the pellet was resuspended in 100-150 pL STE +
0.4% BSA. For Western Blot analyses, the pellet was resuspended in 50 pL of RIPA buffer (+1% triton).
All buffers are listed in Table 17 and Table 21.
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Table 17: Composition of buffers and media used for mitochondria isolation. All buffers adjusted to pH 7.4.

Materials and Methods

Compound Company Cat. No. Concentration

Percoll medium

Mannitol Sigma-Aldrich/Merck M4125 225 mM

HEPES Sigma-Aldrich/Merck H4034 25 mM

EGTA Carl Roth 3054.2 1mM

Percoll Sigma-Aldrich/Merck P4937 30%

MRB solution

Mannitol Sigma-Aldrich/Merck M4125 250 mM

HEPES Sigma-Aldrich/Merck H4034 5mM

iBigaT-1

Mannitol Sigma-Aldrich/Merck M4125 225 mM

Sucrose Sigma-Aldrich/Merck 84097 75 mM

Tris-HCL Sigma-Aldrich/Merck T3253 30 mM

iBigaT-2

iBigat-1 See above See above See above

BSA, essentially FA-free Sigma-Aldrich/Merck A3803 0.5%

EGTA Carl Roth 3054.2 0.5mM

iBiat-3

iBipat-1 See above See above See above

BSA, essentially FA-free Sigma-Aldrich/Merck A3803 0.5%

STE buffer

Sucrose Sigma-Aldrich/Merck 84097 250 mM

Tris Sigma-Aldrich/Merck T3253 5mM

EGTA Carl Roth 3054.2 2mM

BSA, essentially FA-free Sigma-Aldrich/Merck A3803 0.1%, 0.4%, 2%, 4%

Preparation buffer

KCL Sigma-Aldrich/Merck P3911 0.1M

Tris-HCL Sigma-Aldrich/Merck T3253 0.05M

EGTA Carl Roth 3054.2 2mM

Digestion bufferwar

HBSS Gibco 14025 -

Collagenase Type | Sigma-Aldrich/Merck C1-22 lg/L

BSA, Fraction V Carl Roth 8076.3 40 g/L

Digestion buffermuscie

KCL Sigma-Aldrich/Merck P3911 0.1M

Tris-HCL Sigma-Aldrich/Merck T3253 0.05M

ATP Sigma-Aldrich/Merck A6419 1mM

BSA, essentially FA-free Sigma-Aldrich/Merck A3803 0.5%

Protease Type VIl Sigma-Aldrich/Merck P5380 245.7 U/100 mL

EGTA Carl Roth 3054.2 2mM

MgCL. Sigma-Aldrich/Merck M8266 5mM
2.8.1.1 ISOLATION AND PURIFICATION OF MITOCHONDRIA, ER AND MAM FROM IBAT AND LIVER

To isolate and purify mitochondrial, ER and MAM fractions, a protocol describing density gradient
centrifugation was adapted from Wieckowski et al. (Wieckowski et al. 2009). For BAT mitochondria,
the tissue of 13-15 mice was used, whereas for liver five mice were required. After thawing iBAT and
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liver as described in section 2.2, it was directly transferred into ice-cold IBigar-2. Afterwards, it was
washed four times in ice-cold IBigar-1 to remove blood and other residues. The tissue was minced with
scissors and washed once again with ice-cold IBgar-2. Tissue pieces and fresh ice-cold IBigar-2 (1:4) were
transferred to a precooled 5 mL loose fitting glass/Teflon Potter Elvehjem homogenizer. Per
homogenization process, less than 1 g of tissue was homogenized with a pre-cooled pestle (15-25
strokes). To protect the mitochondrial integrity, the homogenization was conducted at low force and
speed as well as with fluid movements. Homogenates were combined in a 30 mL polypropylene
centrifugation tube and centrifuged (five minutes, 740xg, 4°C). The pellet with unbroken cells and
nuclei was discarded, whereas the supernatant was centrifuged twice more with the same settings.
The supernatant was centrifuged again (9,000xg, 4°C, ten minutes), resulting in a cytosolic fraction
(supernatant) which was stored on ice for later sub-fractionation. The pellet was transferred to a 15
mL loose fitting glass/Teflon Potter Elvehjem homogenizer by using 1 mL cut-end tips, a soft paintbrush,
and a small volume of ice-cold IBigar.3. Then, it was resuspended in two runs with 10 mL of IBigar-3 €ach
(2-3 strokes). The suspension was centrifuged (4°C, 10,000xg, 20 minutes) and the resulting pellet was
gently resuspended with 20 mL of ice-cold IBigar-1 as described above. The centrifugation was repeated
with the same settings for ten minutes. The obtained mitochondrial pellet was resuspended in 3 mL of
ice-cold MRB with a 5 mL loose fitting glass/Teflon Potter Elvehjem homogenizer (as described above).

The resulting homogenate was pipetted into a 17 mL open-top thin wall ultra-clear ultracentrifuge tube
(Beckman Coulter). Afterwards, suspension was under-layered with 8 mL of Percoll medium and over-
layered with 4-5 mL of MRB solution using long needles and syringes. The tube had to be filled up to
4-5 mm below the top to avoid damage during centrifugation. The tube was weighted and balanced
with MRB solution before they were centrifuged in a Sorvall Discovery 90 Ultracentrifuge/Sorvall
SureSpin 630 swinging bucket rotor (4°C, 28,500 rpm, 37 minutes). The MAM- fraction (diffuse white
band on top of the tube) was collected with a 1 mL cut-end tip, whereas the pure mitochondrial
fraction (dense band at the bottom of the tube) was collected with a 100 uL cut-end tip. Both were
diluted in MRB buffer (1:10) and centrifuged (6,300xg, 4°C) for either ten min (MAM) or 20 min (pure
mitochondria). The mitochondrial pellet was resuspended in 20 mL of MRB buffer as previously
described using a 15 mlL loose fitting glass/Teflon Potter Elvehjem homogenizer. Another
centrifugation step (6,300xg, 4°C, ten minutes) followed and the pellet was resuspended with an
Elvehjem homogenizer in a small volume of MRB (1.5 mL). The final (pure) mitochondrial pellet was
obtained after centrifugation using the same settings. The supernatant of the MAM fraction was
transferred into a new ultracentrifugation tube. The temporarily for ER isolation stored cytosolic
fraction was centrifuged (4°C, 20,000xg, 30 minutes) and the supernatant was pipetted into another
ultracentrifuge tube. Both ultracentrifuge tubes were centrifuged (30,000 rpm, 4°C, three hours) and
supernatants were gently aspirated using a long cannula. A schematic description of the organelle
fractionation is depicted in Figure 8.
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Figure 8: Protocol used for purification of mitochondria, ER and MAM from iBAT and liver. Schematic depiction
of the fractionation of crude mitochondrial and cytosolic fraction into ER, MAM and pure mitochondria.

2.8.1.2 ISOLATION OF CRUDE MITOCHONDRIA FROM IBAT

Dissected brown adipose tissue of three to five mice was pooled and directly rinsed with ice-cold STE
+ 2% fatty acid-free BSA. Within the same (but fresh) buffer, tissue was minced in small pieces and
transferred to a pre-cooled 5 mL loose fitting glass/Teflon Potter Elvehjem homogenizer. To protect
the mitochondrial integrity, the homogenization was conducted at low force and speed as well as with
fluid movements in two to four strokes. Homogenate was filtered through a 250 um nylon gaze into a
pre-cooled 30 mL polypropylene centrifugation tube and the process was repeated with remaining
tissue pieces on the potter wall. The suspensions were combined and centrifuged for ten minutes at
8,500xg and 4°C. The supernatant was discarded, and the pellet was carefully resuspended in small
volume of ice-cold STE + 2% BSA, using a fine brush, cut-end tips, and 1.5 mL tubes. The homogenate
was transferred into a new round bottom tube filled up to 30 mL without carrying over erythrocytes
and fat. After centrifugation (800xg, ten minutes, 4°C), the supernatant was transferred in fresh tubes
and centrifuged at 10,000xg and 4°C. The pellet was resuspended in STE + 0.4% essential fatty acid-
free BSA as described above, and the last centrifugation step was repeated.

2.8.1.3 ISOLATION OF CRUDE MITOCHONDRIA FROM LIVER

Mitochondria isolation from liver of one to two mice was conducted using the same protocol as
described above with following variations: The tissue was homogenized with five to seven strokes and
not filtered through nylon gaze, STE buffer did contain 0.1% fatty acid-free BSA. The centrifugation
steps (each at 4°C) were set at three minutes and 1,000xg, followed by two times ten minutes at
11,600xg.
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2.8.14 ISOLATION OF CRUDE MITOCHONDRIA FROM WAT

White adipose tissue (eWAT and iWAT) of ten mice was minced and digested in HBSS containing 1 g/L
collagenase and BSA Fraction V (Digestion bufferwar) at 120 rpm and 37°C for 45-60 minutes. The tissue
of two to three mice was digested in portions in 15 mL canonical tubes filled with 8 mL digestion buffer
and combined in 50 mL tubes at the end of digestion. Next, it was filtered through a 250 um nylon
mesh and centrifuged in STE + 4% essential fatty acid-free BSA (500xg, two minutes, RT). The upper fat
layer was transferred into 15 mL loose fitting glass/Teflon Potter Elvehjem homogenizer and combined
with mature adipocytes resulting from three repetitions of the upper centrifugation step. The
homogenate resulting from three strokes was transferred to pre-cooled 30 mL round bottom tubes
and centrifuged at 800xg (mitochondria in supernatant) and subsequently at 10,000xg (mitochondria
in pellet), both with two repetitions at 4°C for ten minutes.

2.8.1.5 ISOLATION OF CRUDE MITOCHONDRIA FROM MUSCLE

The skeletal muscle (musculus biceps femoris) of five mice was weighted. It was washed 3x and minced
in ice-cold preparation buffer. Afterwards it was transferred to Digestion buffermysce (40 mL/4-5 g
tissue) and stirred on ice for three minutes. The tissue was homogenized using a Polytron homogenizer
for 3x3 seconds at 18,000 turns (fat and connective tissue was removed in between). The homogenate
was stirred on ice for six more minutes and eventually centrifuged at 4°C and 490xg for ten minutes.
The supernatant was filtered through nylon gaze and centrifuged at 10,400xg and 4°C for ten minutes.
The pellet was resuspended in preparation buffer and centrifugation was repeated. Subsequently,
mitochondria were pelleted at 4°C and 3,800xg for ten minutes.

2.8.1.6 ISOLATION OF MITOCHONDRIA FROM PRIMARY BROWN ADIPOCYTES

Mitochondria were isolated from primary brown adipocytes using a commercially available
mitochondria isolation kit (Miltenyi Biotech, 130-096-946) according to manufacturer’s instructions.
Briefly, cells were harvested using trypsin enriched with collagenase as described in section 2.2 and
washed three times with ice-cold PBS (300xg, ten minutes, 4°C). Next, cell pellets were carefully and
slowly lysed using a G18 cannula (max. 14 strokes). After magnetic labeling with mouse Anti-TOM22
Microbeads for 60 minutes and enrichment using a LS Column in the magnetic field of a QuadroMACS
separator, mitochondria were pelleted and washed with both, STE + 2% and 0.4% essentially FA-free
BSA (13,000xg, two minutes, 4°C). Per mitochondrial sample, cells from BAT of three mice were pooled.

2.8.1.7 PREPARATION OF SMALL UNILAMELLAR VESICLES AND FUSION WITH IBAT

MITOCHONDRIA
Small unilamellar donor vesicles were generated according to the principles described by Kainu and
colleges (Kainu et al. 2010) and Suresh and London (Suresh und London 2022). Briefly, palmitoyl-oleoyl-
phosphatidylcholine (POPC, Avanti Polar Lipids, 850457P), palmitoyl-oleoyl-phosphatidic acid (POPA,
Avanti Polar Lipids, 840857P) and free cholesterol (FC, Sigma-Aldrich, C3045) were mixed in varying
ratios (0% FC, 95% POPC, 5% POPA; 20% FC, 75% POPC, 5% POPA; 40% FC, 55% POPC, 5% POPA and
60% FC, 35% POPC, 5% POPA) in chloroform/methanol (9:1) with a total lipid concentration of 0.5 mM.
The solvent was evaporated using a nitrogen stream leaving a thin lipid film on Pyrex® tube walls.
After PBS was added, donor vesicles were generated using sonication and vortex intervals of 6x5 min
and 7x1 min, respectively. Undispersed lipids and probe particles were removed (3,000xg, five
minutes). For fusion with mitochondria, donor vesicle solutions were incubated with 10 mM methyl-
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a-cyclodextrin (AraChem Cyclodextrin-shop) for 60 minutes at 63°C and 300 rpm, and subsequently,
with 0.5-0.8 mg of isolated BAT mitochondria for 60 minutes at 4°C. Next, mitochondria-vesicle
solutions were centrifuged and washed at 10,000xg and 4°C for ten minutes. Control mitochondria
were treated as those incubated with donor vesicles. Mitochondrial pellets were either resuspended
in 0.1% SDS for lipidomic analyses or in mitochondrial respiration buffer for respiratory analyses. For
mitoplast preparation, mitochondrial pellets were incubated with digitonin (100 pug mitochondrial
protein with 100 pl of 1.2 mg/mL digitonin) for 25 minutes on ice. Digitonin was removed after a final
ten minute centrifugation step of 10,000xg at 4°C.

2.8.2 RNA ISOLATION OF ADIPOSE TISSUE AND ADIPOCYTES

2.8.2.1 ADIPOSE TISSUE

RNA from tissue was isolated using phenol/chloroform (Trizol, Thermo Fisher Scientific, 15596018;
chloroform, Sigma-Aldrich/Merck, 34854) extraction and the SV total RNA Isolation system (Promega,
Z3101). Briefly, frozen tissue covered with Trizol was homogenized using an Ultra-Turrax® (IKA),
incubated for five minutes at room temperature, and centrifuged at 2,500xg and 4°C for five minutes.
The supernatant was collected and shaken after adding 200 pL chloroform. After three minutes
incubation at room temperature, phases were separated at 12,000xg (15 minutes, 4°C). The clear
upper phase was collected and further processed as recommended by Promega’s instructions.

2.8.2.2 ADIPOCYTES

RNA from cells was isolated using the RNeasy” Mini Kit (Qiagen, 74106). This technology combines the
speed of micro spin technology with selective binding properties of a silica-based membrane.
Therefore, cells were harvested as described in section 2.2. Lysates were defrosted on ice, pipetted
onto a QlAshredder’ spin column and centrifuged (two min, 14,000 rpm, RT). The flow-through was
transferred into a new 1.5 mL tube and mixed with 70% Ethanol (1:1). Up to 700 pL of this mixture was
pipetted onto a RNeasy” spin column in a 2 mL collection tube. The flow-through, which was generated
during centrifugation (15 seconds, 8,000xg, RT), was discarded. This was repeated with the same
column if the lysate exceeded 700 uL. The centrifugation was rerun twice with 700 pL RW1 buffer and
500 pL of RPE buffer, respectively, and the flow-through was discarded. The centrifugation was
repeated after adding 500 pL of RPE buffer. Eventually, the RNeasy” spin column within the emptied
collection tube was filled again with 500 uL of RPE buffer, centrifuged (two min, 8,000xg, RT) and placed
in a new 2 mL collection tube. Next, the dry column was centrifuged (one min, 10,000xg, RT) to
eliminate buffer residues. Afterwards, the spin column was transferred into a new 1.5 mL tube and a
final centrifugation step (8,000xg, RT, one min) followed, after pipetting 30 uL of ultra- pure RNase-
free water onto the spin column. The RNA eluate was stored at -80°C.

2.8.3 CDNA SYNTHESIS, PRIMER DESIGN AND REAL-TIME QUANTITATIVE PCR

RNA concentration was measured using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher
Scientific). To ensure sufficient purity of the isolated RNA, the 260/280 ratio (protein/phenol
contamination) as well as the 260/230 ratio (ethanol contamination) was controlled. To confirm a high
quality of RNA, RNA integrity was assessed using a Bioanalyzer RNA 6000 Nanochip® according to the
manufacturer’s instructions (Agilent Technologies). RNA was only used if RNA integrity numbers (RIN)
exceeded seven.
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As template for real-time quantitative polymerase chain reaction (qPCR), complementary
deoxyribonucleic acid (cDNA) was reverse transcribed from RNA using the reverse transcriptase Avian
Myeloblastosis Virus (AMV). Therefore, 0.1-1.0 ug of RNA (defrosted on ice) was mixed with RNAse-
free water to a final volume of 10.4 mL. The master mix with reagents from a reverse transcription
system (Promega, A3500) was prepared according to Table 18, of which 9.6 uL were added to each
RNA dilution. RNA was reverse transcribed (one hour, 45°C) and subsequently, AMV-reverse
transcriptase was inhibited (five min, 95°C). The synthesized cDNA was diluted using RNase-free water
(5 ng/uL) and stored at -20°C.

Table 18: Master mix composition for cDNA synthesis (Promega; A3500).

Compound Company Cat. No. Concentration
RNA - - 100 ng -1 pug
AMV reverse transcriptase Promega M5108 15u

10x reaction buffer Promega A356A 1x

RNAsin® Promega N251A 40 u

MgCL: Promega A351H 5mM

dNTP mix Promega C114B 1mM
Random primers Promega C118B 0.5 pg

Gene expression levels were assessed applying real-time quantitative PCR (qPCR). cDNA and master
mix, consisting of SyGreen Mix Lo-Rox (Nippon Genetics, PB20.11) and 0.25 uM forward/reverse
primer, were combined in 384-well FrameStar® PCR plates (2 pL cDNA + 8 pL master mix/well). Finally,
the plate was centrifuged (1,500 rpm, 30 seconds) and measured using a LightCycler 480° (Roche
LifeScience, protocol see Table 19). The mRNA expression levels were normalized to 18S, B-actin or
TBP and quantified using the 222" method (Livak und Schmittgen 2001; Langmann et al. 2006).

Table 19: Protocol for real-time qPCR.

Duration Temperature Cycles
Initial denaturation 7 minutes 95°C 1
Denaturation 10 seconds 95°C
Annealing 15 seconds 60°C 45
Extension 15 seconds 72°C
Melting Curve 3 minutes 60-95°C 1

For primer sequence design, respective mus musculus transcripts were obtained from ENSEMBL
(http://www.ensembl.org). The primer flanked between two exons located in the upper part of the
respective gene and base pairs (bp) were controlled for possible mutations. The sequences were
designed with primer lengths between 18-25 bp, GC contents between 40-70% and melting
temperatures (Tm) between 58-65°C. Primer quality was reviewed via OligoCalc
(http://biotools.nubic.northwestern.edu) and the amplicon length (70-150 bp) as well as primer
specificity was checked via in-silico PCR using the USCS genome browser (http://genome.ucsc.edu). All
primers are listed in Table 20.
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Table 20: Primer sequences used for real time qPCR.
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Primers for qPCR

Forward sequence 5’-3’

Reverse sequence 5’-3’

Housekeeper genes

TBD GAAGCTGCGGTACAATTCCAG CCCCTTGTACCCTTCACCAAT

18S GGCCCTGTAATTGGAATGAGTC CCAAGATCCAACTACGAGCTT
R-Actin CTCTGGCTCCTAGCACCATGAAGA GTAAAACGCAGCTCAGTAACAGTCCG
UCP1 GGCCTCTACGACTCAGTCCA TAAGCCGGCTGAGATCTTGT
STARD3 CACCTTCTGCCTCTTCGTCACC AACACTGGCATCCGGAAGAA
STARD7 AGAATCCAGGAGGAGGAGTT CTTTGGTTCGGGAGGGTAAT

PISD CCTCTTCAGGCAGGTGTCAGA CCAGTGACTAGCAAGTTTGGG
FABP4 GATGGTGACAAGCTGGTGGT TTTATTTAATCAACATAACCATATCCA
DIO2 GATGCTCCCAATTCCAGTGT TGAACCAAAGTTGACCACCA

ATGL GGAAATTGGGTGACCATCTG AAGGCCACATTGGTGCAG

HSL CTTCTCCCTCTCGTCTGCTG GCCTAGTGCCTTCTGGTCTG
DGAT1 GGAATATCCCCGTGCACAA CATTTGCTGCTGCCATGTC

DGAT2 CCGCAAAGGCTTTGTGAA GGAATAAGTGGGAACCAGATCAG
HMGCR1 ATGCCTTGTGATTGGAGTTGG TGGACGACCCTCACGGCTTTC
PPARY GAAGGATGCAAGGGTTTTTTCC GGCACTTCTGAAACCGACAGT
CIDEA TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
CPT1B GGCACCTCTGGGAGTTTGTCCT TGCTCGGGAATGTCCCAC

ELOVL3 AGGAGTACTGGGTAAGCTCAT GCAAGCTGAAGCTCTTCC

ELOVL6 CAGGAAAACTGGAAGAAGTCTTTCC CTGAAGACGGCAAGAGTCAGC
ADIPOQ GAAAGGAGATGCAGGTCTTCTTGG ACATAAGCGGCTTCTCCAGGC

FAS ATGAAGCTGGGCATGCTCAG CCGGCATTCAGAATCGTGGC
SREBP2 GACGTTCAGCACCGCTCC AGGCTTTGCACTTGAGGCTG
ACAT2 GCAGAGGGCCAAGGTGGCT TGCACCCACACTGGCTTGTCG
HMGCS GTCTCCTTGCTTTGCTCGTT TCCAGCATCTACACCATCGT

MVK ATATCCCTGGAGTGTGAGCG CCACTGTGGCTTGCTCTAGA

PMVK TGGATGCGAGCACCTACAAGG TCACAGCCCCATAGGCCTCC

MVD CTCAGCCGCAGGCTATGC AGACTGCGGCACGCACTG

GGPS1 CACAGGCATTTAATCACTGGCTG CTGGGAAACCACGTCGGAGC

IDI1 GGAGAGGATTGAAGTACAGCTCT CAATAAGAATACACATCTCCGCTAG
FDFT1 CCGACAAGTGCTGGAGGACTT TGGCAGATGTCATCGATCACTG
SQLE CCGGAAGTGATCATCGTGGGAT GACTCATGATGAATCGGCCATGG
LSS GGCAGAGATGGACTTATTATCAAGC TCAGCCTGCAGCTTGGCAT

SC5DL GGCCTGCACCACAGACTGGT CTCTGAAGGAAGCCGTCCACA
DHCR7 GGCCATGCTAGTCTGGCAGA ACCTGGCAGAAATCTGTGGCAG
LDLR CTAGCGATGCATTTTCCGTC GTCATCGCCCTGCTCCTT

CYP51A1 CCAATTCCATTCCTTGGCCATGC CTTCTTCTGCATTCAGGTCTTCG
STARD1 TTGGGCATACTCAACAACCA GAAACACCTTGCCCACATCT
STARD4 AAGCTCAAGGAGTTATGGATGACG TCTTCATAGCCCACAGTATAGGAGA
STARDS GTACCGAGGAGAAGGGATTCT GAACCTCCACGCCCTCAGCTG
TSPO GGAACAACCAGCGACTGC GTACAAAGTAGGCTCCCATGAA
VDAC1 CTTGCTCGTGGACTGAAGCT CACAGCCGAGGTTGATGTGCT
ATAD3a ACCGCCAGACCATCTTGGAGT TTTGTCCCAGTCTGTCACAAATGCA
Cox7al GCCGACAATGACCTCCCAGTA TGTTTGTCCAAGTCCTCCAA

PEMT GGTTACATGGACCCCACAGA AGTTCTCTGCTCCCATCTCG

Adcy5 CAACGCCAAGCAGGAGGATA GCGAAGAGCTCATTGAGGGT

PSS1 CTTCATGCATCTCCTGCCCAATTTT TTGAAGCTTGCCCAGTGGTAAG
PSS2 GAGATCTACGACTTCATGGATG CCTGCTGGCCCAGCTTCCT
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SCD1 TGCCTCTTCGGGATTTTCTACTAC TGGAACGCCATGGTGTTGGC
SREBP-1c ATGGATTGCACATTTGAAGACATG AGAGGAGGCCAGAGAAGCAG
SREBP-2c GACGTTCAGCACCGCTCC AGGCTTTGCACTTGAGGCTG
PGAMS5 GAACTACATCCACCGAGCTGA GGGAAACTGCAACGCTCTAC

2.8.4 PROTEIN ISOLATION AND BCA ANALYSIS

Frozen cell plates were kept on ice and adipocytes were slowly defrosted in RIPA buffer (+ 0.1%
phosphatase and 0.1% protease inhibitor). Cells were detached with cell scrappers and transferred in
1.5 mL tubes. The cell suspensions were shaken at maximum speed and 4°C for 15 minutes on a VXR
basic Vibrax® (IKA) and subsequently centrifuged at 16,000xg and 4°C for another 15 minutes. The
middle phase (protein) was collected in fresh tubes and stored at -80°C. The protein concentration was
assessed conducting a bicinchoninic acid assay (BCA) according to the manufacturer’s instructions
(Pierce BCA protein assay; Thermo Fisher Scientific; 23225). Protein lysate dilutions (1:10) and a BSA
standard curve (0 pg/mL, 125 pg/mL, 250 pg/mL, 500 pg/mL, 1000 ug/mL, 1500 pg/mL, and 2000
ug/mL) were mixed with assay reagents and incubated at 37°C for 30 minutes. The absorbance was
determined using an Infinite® M200 multi-detection plate reader (Tecan) at 562 nm. All used
compounds and buffers are listed in Table 21.

Table 21: Composition of buffers and solutions used for protein isolation and immunoblotting.

Compound Company Cat. No. Concentration
RIPA buffer

ddH20 - - -

NaCL Sigma-Aldrich/Merck 6404 150 mM
Tris-HCL Sigma-Aldrich/Merck T3253 50 mM
Na-deoxycholate Sigma-Aldrich/Merck D6750 0.25%
Nonidet-P40 Fluka 74385 1%
EDTA Sigma-Aldrich/Merck P7626 1mM
Protease Inhibitor Sigma-Aldrich/Merck P8340 0.1%
Phosphatase Inhibitor Sigma-Aldrich/Merck P5726 0.1%

1x running buffer

ddH.0 - - -
NUuPAGE™ MES SDS-Running Buffer (20x) Thermo Fisher Scientific  NP0002 1x

1x transfer buffer

ddH.0 - - -
Methanol Sigma-Aldrich/Merck 322415 10%
NUPAGE™ Transfer Buffer (20x) Thermo Fisher Scientific ~ NP0006 1x

10x TBS

ddH.0 - - -

NaCL Sigma-Aldrich/Merck 6404 1500 mM
Tris Base Sigma-Aldrich/Merck T1503 200 mM
1x TBS-T

ddH.0 - - -
Tween-20 Sigma-Aldrich/Merck P1379 0.1%
10x TBS See above See above 1x
Blocking buffer
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TBS-T See above See above 1x
Milk powder Carl Roth T-145.2 5%
Sample buffer

ddH20 - - -
NUuPAGE™ Reducing Agent (10x) Thermo Fisher Scientific ~ NP0009 10%
NuPAGE™ LDS Sample Buffer (4x) Thermo Fisher Scientific  NP0007 25%
Protein isolate - - 40 pg

2.8.5 IMMUNOBLOTTING
2.8.5.1 SDS-PAGE GEL ELECTROPHORESIS AND SEMI-DRY BLOTTING

For immunoblotting, a Minigel-Tank and Blot-Modul system was used (Thermo Fisher Scientific,
NW2000). Proteins were separated in pre-cast gradient Bis-Tris gels (NUPAGE™ 4-12%; Thermo Fisher
Scientific, NP0321) according to the manufacturer’s recommendations. For 40 ug of protein per lane
and 3 ug leader (PageRuler Plus prestainend; Thermo Fisher Scientific, 26619), the gel electrophoresis
run at 150 V for 60 minutes. The gel containing separated proteins was assembled between pre-soaked
filter papers (Thermo Fisher Scientific, 84784) and sponges according to the manufacturer’s
instructions and, eventually, transferred onto a nitrocellulose membrane 0.45 (Thermo Fisher
Scientific, 88018) at 10 V for 60 minutes. All used compounds and buffers are listed in Table 21.

2.8.5.2 BLOCKING, INCUBATION WITH PRIMARY/SECONDARY ANTIBODIES, AND DETECTION

Nitrocellulose membranes were blocked with 5% milk powder diluted in TBS-T for two hours (or
overnight) on a shaker at 4°C. Between blocking and the first antibody incubation, as well as between
incubations with different antibodies, the membrane was washed for 30-40 minutes conducting TBS-
T changes every five minutes. Primary antibodies were incubated for two hours or overnight at 4°C,
whereas secondary antibodies were incubated for 1.5 hours at room temperature. All employed
antibodies and dilutions are listed in Table 22. Sapphire Biomolecular Imager (Azure Biosystems) and
Image Studio™ Lite v.5.2. were utilized for antibody detection, analysis, and quantification.

Table 22: Primary and secondary antibodies used for immunoblotting.

Antibodies for Western Blot Concentration Company Cat. No.
Loading control

HSP90 1:1.000 Cell Signalling 4877S
Primary Antibodies

Cytochrome C 1:500 Santa Cruz Sc-13156
FACL4 1:200 Abcam Ab155282
VDAC1 1:500 Abcam Ab15895
PISD 1:250 Sigma-Aldrich/Merck HPA031091
Na*/K*-ATPase 1:500 Santa Cruz sc-21712
Tubulin 1:500 Santa Cruz sc-58884
Perilipin 1:250 Millipore AB 10200
IP3R 1:100 Santa Cruz sc-377518
UCP1 1:1.000 Abcam Ab23841
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Secondary Antibodies

Donkey anti-Mouse IgG 680RD 1:20.000 Licor 926-68072
Goat anti-Rabbit 1gG 680RD 1:20.000 Licor 926-68071
Goat anti-Mouse IgG 800CW 1:15.000 Licor 926-32210
Goat anti-Rabbit 1IgG 800CW 1:20.000 Licor 926-32211

2.8.6 LiriDOMICS

Lipid profile analysis was conducted at the University Hospital Regensburg in collaboration with
Gerhard Liebisch and Marcus Horing (Institute of Clinical Chemistry and Laboratory Medicine). Lipid
species were annotated according to the proposal for shorthand notation of lipid structures that are
derived from mass spectrometry (Liebisch et al. 2020). Measurements were taken from distinct
samples.

2.8.6.1 INTERNAL STANDARDS

The following non-naturally occurring lipid species were applied as internal standards: CE 17:0, CE 22:0,
CL 14:0/14:0/14:0/14:0, Cer 18:1;02/14:0, Cer 18:1;02/17:0, DG 14:0/14:0/0:0, DG 20:0/20:0/0:0,
[D7]FC, HexCer 18:1;02/12:0, HexCer 18:1;02/17:0, LPC 13:0/0:0, LPC 19:0/0:0, LPE 13:0/0:0, PC
14:0/14:0, PC 22:0/22:0, PE 14:0/14:0, PE 20:0/20:0, PI 17:0/17:0, PS 14:0/14:0, PS 20:0/20:0, SM
18:1;02/12:0, TG 17:0/17:0/17:0, and TG 19:0/19:0/19:0.

2.8.6.2 TISSUE HOMOGENIZATION

Tissue was homogenized using a Precellys® 24 tissue homogenizer from Bertin Instruments (Berlin,
Germany). Therefore, an amount of approximately 25-75 mg was added to a Precellys cup (Sarstedt,
72.694) containing ceramic beads (VWR, 432-0356) (V= 2 mL). H,O/MeOH = 1/1 (v/v) was added to
suspend the samples at a concentration of 0.05 mg/uL. The homogenizer (FastPrep®, Fisher Scientific)
was operated at 5,000 rpm, two cycles of 15 seconds run time, and a 60 second break interval between
both cycles.

2.8.6.3 LIPID EXTRACTION

Samples were spiked with internal standards prior to lipid extraction (solvent of standards was
removed by vacuum centrifugation). Mitochondria containing approximately 100 ug of protein were
extracted according to the protocol described by Bligh and Dyer (BLIGH und DYER 1959) with a total
chloroform volume of 2 mL. A volume of 0.8 mL (for FIA-MS/MS), 0.5 mL (for FIA-FTMS) and 0.3 mL
(for FIA-FTMS, CL determination) of the separated chloroform phase was transferred by a pipetting
robot (Tecan Genesis RSP 150, Mannedorf, Switzerland) and vacuum dried. The residues were
dissolved in 0.8 mL methanol/chloroform (3:1, v/v) with 7.5 mM ammonium acetate, 1.2 mL
chloroform/methanol/2-propanol (1:2:4 v/v/v) with 7.5 mM ammonium formate, or 0.5 mL
methanol/chloroform (5:1, v/v) with 0.005% methylamine, respectively. For analysis of adipose tissue
and adipocytes, tissue homogenates containing a wet weight of 2 mg and cell homogenates containing
100 pg protein were extracted instead. A total chloroform volume of 1.6 mL was vacuum dried,
dissolved in 1.6 mL methanol/chloroform (3:1, v/v) with 7.5 mM ammonium acetate and analyzed by
FIA-MS/MS.
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2.8.6.4 LIPID ANALYSIS BY MASS SPECTROMETRY

The analysis of lipids was performed by direct flow injection analysis (FIA), using either a triple
quadrupole mass spectrometer (QQQ; FIA-MS/MS) or a hybrid quadrupole-Orbitrap high-resolution
mass spectrometer (FIA-FTMS). Both instruments were equipped with a heated electrospray ionization
source. FIA-MS/MS (QQQ) was performed in positive ion mode using the analytical setup and strategy
described previously (Liebisch et al. 2004). For the FIA-MS/MS analyses a fragment ion of m/z 184 was
used for PC and m/z 193 for choline labeled PC[Do]. The following neutral losses were applied: PE, 141;
PE[D.], 145; PG, 189; PI, 277 and PS, 185. PE-based plasmalogens (PE P) were analyzed according to
the principles described by Berry and colleagues (Zemski Berry und Murphy 2004). Sphingosine-based
Cer were analyzed using a fragment ion of m/z 264. Correction for isotopic overlap of lipid species was
performed for all lipid classes. A detailed description of the FIA-FTMS method was published recently
(Héring et al. 2021). TG, DG, and CE were recorded in positive ion mode as [M+NH4]* in m/z range 500—
1,000 and a target resolution of 140,000 (at m/z 200). CE species were corrected for their species-
specific response (Héring et al. 2019). PC, ether PC (PC O), and SM were analyzed as [M+HCOO] in
negative ion mode in m/z range 520-960 at the same resolution setting. Multiplexed acquisition (MSX)
was applied for the [M+NH,]* of FC and the corresponding internal standard [D;]FC (Héring et al. 2019).
CL were determined as deprotonated adducts in negative ion mode in m/z range 1,200-1,600 from
the extract dissolved in methanol/chloroform (5:1, v/v) with 0.005% methylamine. Quantification was
achieved by multiplication of the spiked-in IS amount with the analyte-to-IS intensity ratio.

2.8.6.5 STATISTICAL ANALYSIS OF LIPIDOMIC DATA

Lipidomic data were analyzed as described previously (Kindt et al. 2018). Generated data were
exported to Excel 2016 and further analyzed by self-programmed Macros. If measured in different
batches, lipid species concentrations were quotient normalized (Dieterle et al. 2006). For generation
of volcano plots, all data were log2 transformed to ensure that they were normally distributed. Lipid
species were excluded if they were undetectable in more than 50% of the samples per group. A
standard two-sided, unpaired t-test assuming unequal variances was used to test for significantly
different abundances in the conditions. The Benjamini—-Hochberg method to calculate the false
discovery rate (FDR) was used to account for multiple testing (p.qj < 0.01). Fold changes were calculated
as the difference between mean of the log-transferred values in iBAT and liver or eWAT or iWAT or
muscle.

2.8.7 PROTEOMICS
Proteomics was conducted in cooperation with Bernhard Kiister (TUM, Chair of Proteomics and
Bioanalytica) and Piero Giansanti (MRI, Bavarian Center for Biomolecular Mass Spectrometry).

2.8.7.1 LysIS, PROTEIN DIGESTION AND PEPTIDE FRACTIONATION

Isolated organelles were resuspended in lysis buffer consisting of 8 M urea in 50 mM Tris-HCl pH 8 and
containing EDTA-free protease inhibitors cocktail (Roche). Lysis was performed by sonication in a
Bioruptor Pico (Diagenode) using a ten cycles program (30 s ON, 30 s OFF), and lysate were
subsequently cleared by centrifugation for ten minutes at 20,000xg and 4°C. Protein was reduced with
10 mM DTT at 37°C for 40 minutes on a thermoshaker at 700 rpm and alkylated with 55 mM
chloroacetamide at RT for 30 minutes in the dark. Tryptic digestion was performed overnight at 37°C
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with sequencing grade modified trypsin (Promega, 1:50 enzyme-to-substrate ratio) after 4-fold dilution
with 50 mM Tris-HCI, pH 8. Digests were acidified by addition of formic acid (FA) to 1% (v/v) and
desalted using Sep-Pak C18 cartridges (Waters). Desalted peptides were resuspended in 10 mM
ammonium acetate, pH 4.7, and subjected to peptide fractionation via trimodal mixed mode
chromatography on a Dionex Ultra 3000 HPLC system operating an Acclaim Trinity P1 3 uM 2.1x150
mm column (Thermo Fisher), as previously described (Yu et al. 2017). A total of 32 fractions were
collected, vacuum-dried in a SpeedVac (UniEquip) and stored at -20°C until LC-MS/MS analysis.

2.8.7.2 PROTEOMIC MEASUREMENT OF MITOCHONDRIA AND CELLULAR HOMOGENATES
Mitochondrial samples were analyzed on a micro-flow LC-MS/MS system using a modified Vanquish
pump coupled to an Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher).
Chromatographic separation was performed via direct sample injection onto the head of a 15 cm
Acclaim PepMap 100 C18 column (2 um particle size, 1 mm ID, Thermo Fisher) at a flow rate of 50
uL/min (Bian et al. 2020). Solvent A was 0.1% FA + 3% DMSO in water, and solvent B was 0.1% FA + 3%
DMSO in ACN. Samples were separated with a linear gradient of 3% to 28% B in 15 min. Total analysis
time was 17 minutes. The Fusion Lumos was operated in positive ion mode, using an electrospray
voltage of 3.5 kV, capillary temperature of 325°C and vaporizer temperature of 125°C. The flow rates
of sheath gas, aux gas and sweep gas were set to 32, 5, and 0, respectively. The Fusion Lumos was
operated in a data-dependent acquisition (DDA) to automatically switch between MS and MS/MS.
Survey full-scan MS spectra were recorded in the orbitrap at a resolution of 60,000 at m/z 200 and an
AGC target value of 4E5 with a maximum injection time (IT) of 50 ms. The MS1 mass range was set to
360-1300. The isolation width was set to 0.4 m/z, and the first mass was fixed at 100 m/z. The
normalized collision energy was set to 32%. Peptide match was set to ‘preferred’, and isotope exclusion
was enabled. MS2 spectra for peptide identification were recorded in the ion trap in rapid scan mode
with a top speed approach using a 0.6-s duration (isolation window 0.4 m/z, AGC target value of le4,
maxIT of 10 ms). MS1 and MS2 spectra were acquired in profile and centroid mode, respectively. The
dynamic exclusion value was set to 12 s. Measurements were taken from distinct samples.

For cell homogenates, first TMT 10-plex labelling according to Zecha et al. (Zecha et al. 2019) was
applied. Therefore, samples were resuspended in 20 uL HEPES (50 mM, pH 8.5) and mixed for one hour
at 25°C with 5 uL TMT reagent stock solution (11.6 mM) in 100% anhydrous ACN. Samples were
quenched by using 2 UL 5% hydroxylamine, pooled, and acidified by using 20 uL of 10% FA. Before
further processing, the pooled samples were vacuum dried, desalted and stored at -80°C. The dried
peptides were resuspended in ammonium acetate (10 mM, pH 4.7) and fractionated by trimodal mixed
mode chromatography on an Acclaim Trinity P1 2.1 x 150 mm, 3 um column (Thermo Fisher) (Yu et al.
2017). The measurements were conducted using Nano flow LC-ESI-MS, carried out in a Dionex Ultimate
3000 UHPLC+ system coupled to a Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific).
The peptides were transferred to a trap column (75 um x 2 cm, packed in-house with 5 um Reprosil
C18 resin, Dr. Maisch). After a washing step with 0.1% FA (ten minutes, flow rate 5 uL/min), the
peptides were put in an analytical column (75 pum x 45 cm, packed in-house with 3 um Reprosil C18
resin, Dr. Maisch) for 50 minutes (flow rate 300 nL/min) and chromatographically separated in a linear
gradient (ranging from 8%-34% solvent B: 0.1% FA, 5% DMSO in ACN in solvent A: 0.1% FA in 5%
DMSO). The MS3-based TMT method employed an initial MS2 spectrum for peptide identification
recorded in the ion trap in rapid scan mode with a top speed approach utilizing a 2-second duration
(isolation window 0.7 m/z, AGC target value 1E4, maxIT of 35 mn). The fragmentation setting was CID,
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with a NCE of 35% and an activation Q of 0.25. Subsequently, an additional MS3 spectrum for TMT
guantification was obtained for each peptide precursor in the Orbitrap at 50,000 resolutions (AGC of
5E4 charges, maxIT of 86 ms). The precursor was fragmented in a manner analogous to that employed
for the MS2 analysis. Thereafter, the ten most intense peptide fragments were selected in a
synchronous manner, and further fragmentation was achieved via HCD, utilizing a NCE of 55%. The
dynamic exclusion period was set to 90 seconds.

2.8.7.3 DATA PROCESSING AND BIOINFORMATIC ANALYSIS

Raw data files were processed with MaxQuant (version 1.6.10.43) using default parameters (Cox und
Mann 2008). Spectra were searched against the UniProtKB database (Mus musculus, UPO00000589,
55,431 entries downloaded on 12.2019). Enzyme specificity was set to trypsin and up to two missed
cleavages were allowed. Cysteine carbamidomethylation was set as a fixed modification while Ntem-
acetylation of protein and oxidation of methionine were selected as variable modifications. Precursor
tolerance was set to 5 ppm, and fragment ion tolerance to 20 ppm. Results were adjusted to 1% false
discovery rate at protein, peptide levels. Identifications were filtered to remove contaminants and
decoy hits using in Perseus (v. 1.6.1.1) (Tyanova et al. 2016), before any subsequent analysis. The mass
spectrometry proteomics data have been deposited in the ProteomeXchange Consortium (Vizcaino et
al. 2013) via the PRIDE partner repository with the dataset identifier PXD028128
(https://www.ebi.ac.uk/pride/archive/login - username: reviewer_pxd028128@ebi.ac.uk, password:
bxO95EA4L).

2.8.7.4 HIERARCHICAL CLUSTERING OF PROTEOMIC DATA

Proteomics data (Logio(signal intensities)) were hierarchically clustered using a distance matrix based
on Euclidean distance and complete linkage in KNIME 4.3.2. Analytics Platform
(https://www.knime.com).

2.9 RESPIRATORY ANALYSIS OF PRIMARY BROWN/BEIGE ADIPOCYTES AND MITOCHONDRIA

All utilized buffers for microplate-based respirometry are listed in Table 23 and for high-resolution
respirometry in Table 24.
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Table 23: Composition of buffers used for microplate-based respirometry.
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Compound Company Cat. No. Concentration
Respiration buffer adipocytes, pH 7.4
DMEM Base Sigma-Aldrich/Merck D5030 -
Glutamax Life Technologies 35050-061 2mM
Glucose Carl Roth X997.1 25 mM
NaCl Carl Roth 3957.1 31 mM
Fatty acid-free BSA Sigma-Aldrich/Merck A3803 2%
ddH20 - - -
Respiration buffer mitochondria, pH 7.2
Sucrose Sigma-Aldrich/Merck 84097 125 mM
K*-TES Carl Roth 9137.1 20mM
MgCLz Sigma-Aldrich/Merck M3409 2mM
EDTA Sigma-Aldrich/Merck E9884 1mM
KH2PO4 Carl Roth 3904.1 4 mM
Pyruvate Sigma-Aldrich/Merck COM448637111 10 mM
Malate Sigma-Aldrich/Merck M9138 2mM
Fatty acid-free BSA Sigma-Aldrich/Merck A3803 0.4%
ddH20 - - -

Table 24: Composition of buffer used for high-resolution respirometry.
Compound Company Cat. No. Concentration
Respiration buffer BAT cMito (KHE), pH 7.2
KCL Sigma-Aldrich/Merck P3911 50 mM
TES Carl Roth 9137.1 5mM
MgCL> Sigma-Aldrich/Merck M3409 2 mM
KH2PO4 Carl Roth 3904.1 4 mM
EGTA Carl Roth 3054.2 1mMm
Fatty acid-free BSA Sigma-Aldrich/Merck A3803 0.4%
ddH.0 - - -

2.9.1 RESPIRATORY FUNCTION AND UCP1 ACTIVITY ANALYSES IN INTACT ADIPOCYTES USING

MICROPLATE-BASED RESPIROMETRY
Mitochondrial bioenergetics in primary cells were assayed using microplate-based respirometry as
previously published (Schweizer et al. 2019; Oeckl et al. 2020). After seeding pre-adipocytes equally
onto 96-well seahorse plates, cells were differentiated as described before and exposed to respective
treatments (e.g. lentiviral overexpression). On the experimental day, the cells were washed twice with
respiration medium. The adipocytes were kept in respiration medium supplemented with 2%
essentially fatty-acid free BSA for 60 minutes in a 37°C incubator w/o CO,. One to two days before
conducting the experiment, injection cartridges were hydrated with calibrant at 37°C in a non-CO;
incubator. One hour before the measurement, the calibrant was replaced with fresh calibrant. After
loading the cartridge with substrates and inhibitors required for the respiratory analysis, it was
calibrated/equilibrated at 37°C using an XF96 or XF96 Pro Extracellular Flux Analyzer (Agilent
Technology). Subsequently, the cells were loaded into the same analyzer and the basal oxygen
consumption rate (OCR) was assessed. Afterwards, ATP-linked respiration (5 uM oligomycin; Sigma-
Aldrich/Merck), UCP1-mediated uncoupled respiration (0.5 uM isoproterenol; Sigma-Aldrich/Merck)
and maximal oxidative capacity (7 uM FCCP; Sigma-Aldrich/Merck) were assessed. To distinguish
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mitochondrial oxygen consumption from non-mitochondrial oxygen consumption, 5 uM antimycin A

(Sigma-Aldrich/Merck) was injected at the end of the measurement. A scheme and description of the
protocol is illustrated in Table 25 and Figure 9. To compare UCP1 activity between different groups,
data obtained from the XF96 Analyzer were normalized to the end point of ATP-linked respiration
(oligomycin), whereas data obtained from the XF96 Pro analyzer were normalized to the cell number

determined using a BioTek Cytation 1 cell reader (Agilent Technologies). For cell counting, cells were

subjected to a brightfield scan directly before recording the OCR, and to a fluorescent scan after the

measurement by enriching antimycin injections with Hoechst dye (nuclei staining). Data analysis was

conducted using Wave or Wave Pro Software (Agilent Technologies).

Table 25: Protocol for microplate-based respirometry assay for brown and beige adipocytes.

Protocol Time (min) Loop/ Compound Company Cat. No. Concentration
Calibration
Equilibration 15
Mixture 4

4x
Measure 2
Injection Port A Oligomycin Merck 04876 5uM
Mixture 4

4x
Measure 2
Injection Port B Isoproterenol Merck 16505 0.5 uM
Mixture 4

4x
Measure 2
Injection Port C FCCP Merck C2920 7.5 uM
Mixture 4

3x
Measure 2
Injection Port D Anti A + Hoechst Merck A8674,H3570 5+8uM
Mixture 4

4x
Measure 2

| FCCP Antimycin A
s !
Isoproterenol

OCR [pmol 0z/minute]

Basal OCR

Oligomycin

Maximal
respiratory
capacity

UCP-mediated OCR

ATP-linked
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Non-mitochondrial OCR
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Figure 9: Schematic illustration of microplate-based respirometry assay on primary brown adipocytes.
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2.9.2 RESPIRATORY FUNCTION AND UCP; ACTIVITY ANALYSIS IN BAT MITOCHONDRIA

Mitochondrial bioenergetics was assayed using microplate-based respirometry as previously published
(Sustarsic et al. 2018). The OCR of mitochondria was measured at 37°C using an XFe96 Extracellular
Flux Analyzer (Agilent Technologies). Mitochondrial pellets were resuspended in respiration buffer
containing 0.4% essentially fatty acid-free BSA and equally seeded into a pre-cooled 96-well Seahorse
plate (4 ug mitochondrial protein/well, protein concentration was determined using the Biuret assay).
Mitochondria were pelleted at 2,000xg for 20 minutes at 4°C using a swing bucket centrifuge with fast
acceleration and slow break settings. The OCR was measured using two assays. Assay |: After two basal
measurements, ATP-linked respiration (injection of 5 uM oligomycin) was assessed and general
respiration was fueled using glycerol-3-phosphate (G3P) (injection of 5 mM G3P). Assay Il: After three
basal measurements, general respiration was fueled using glycerol-3-phosphate (G3P) (injection of 5
mM G3P). In both assays, UCP1 activity was calculated by subtraction of O, consumed after 3 mM
injection (Assay |: OCRs at 42.7 and 48.6 min; Assay Il: OCRs at 36.7, 42.6 and 48.5 min) from O,
consumed directly before injection (Assay |: OCR at 42.6 min; Assay |l: OCR at 36.6 min). For analysis
of non-mitochondrial O;-consumption, in both assays, the electron flow was blocked using a complex-
[l inhibitor (injection of 5 uM anti A) at the end of each measurement. To analyze maximal respiratory
capacity, mitochondrial pellets were resuspended in the identical respiration buffer, seeded into a 96-
well Seahorse plate, and pelleted as for the UCP1 activity measurements described above. General
respiration was fueled by injection of 5 mM G3P, UCP1 inhibited with 3 mM and maximal respiration
was induced with 7.5 pM FCCP (Assay lll). Schemes and descriptions of the assays are illustrated in
Table 26, 27, 28 and Figure 10, 11, 12. Data were normalized to the OCR determined before G3P
injections, which may lead to negative OCRs after injection with Anti A for certain conditions.

Table 26: Protocol for assay | of microplate-based respirometry for BAT mitochondria.

Protocol Time (min)  Loop/ Compound Company Cat. No. Concentration
Calibration
Equilibration 15
Mixture
2x
Measure 2
Injection Port A Oligomycin Merck 04876 5uM
Mixture
2x
Measure 2
Injection Port B G3P Merck G7886 5mM
Mixture
3x
Measure 2
Injection Port C GDP Merck G7127 3mM
Mixture
2x
Measure 2
Injection Port D Antimycin A Merck A8674 5uM
Mixture
3x
Measure 2

45



OCR [pmol O,/minute]

Materials and Methods

'y

G3P GDP

Antimycin A

G3P-mediated OCR

Oligomycin

UCP;-
mediated
OCR

ATP-linked
OCR

Basal OCR
Proton-leak

Non-mitochondrial OCR

Time [minutes]

Figure 10: Schematic illustration of microplate-based respirometry assay of BAT mitochondria (assay I).

Table 27: Protocol for assay Il of microplate-based respirometry for BAT mitochondria.

Protocol Time (min)  Loop/ Compound Company Cat. No. Concentration
Calibration
Equilibration 15
Mixture 4
3x
Measure 2
G3P Merck G7886
.. 5mM
Injection Port A
Mixture 4
3x
Measure 2
Injection Port B GDP Merck G7127 3mM
Mixture 4
2X
Measure 2
Injection Port C Anti A Merck A8674 5uM
Mixture 4
3x
Measure 2
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Figure 11: Schematic illustration of microplate-based respirometry assay of BAT mitochondria (assay Il).

Table 28: Protocol for assay Ill of microplate-based respirometry for BAT mitochondria.

Protocol Time (min)  Loop/ Compound Company Cat. No. Concentration
Calibration
Equilibration 15
Mixture 4
2X
Measure 2
Injection Port A G3P Merck G7886 5mM
Mixture 4
3x
Measure 2
Injection Port B GDP Merck G7127 3mM
Mixture 4
2X
Measure 2
Injection Port C FCCP Merck C2920 7.5 uM
Mixture 4
2X
Measure 2
Injection Port D Antimycin A Merck A8674 5uM
Mixture 4
3x
Measure 2
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Figure 12: Schematic illustration of microplate-based respirometry assay of BAT mitochondria (assay Il).

2.9.3 RESPIRATORY FUNCTION AND UCP1 ACTIVITY ANALYSIS IN BAT MITOCHONDRIA, AS WELL AS
MITOCHONDRIA ISOLATED OF PRIMARY BROWN ADIPOCYTES USING HIGH-RESOLUTION

RESPIROMETRY

Respiratory measurements of isolated mitochondria were conducted with the Oroboros 02K
respirometer (Oroboros Instruments). Chambers were air saturated with 2 mL of 37°C pre-heated
respiration buffer. To avoid O, dependent artifacts, the respiration buffer was continuously stirred, and
oxygen concentration was kept above 50 pM. After mitochondrial isolation, 0.1 mg/mL mitochondria
were transferred into 02K chambers. Protein concentration was determined using the Biuret assay.
When basal oxygen consumption was stable, the following compounds were applied sequentially: iBAT
mitochondria: 5 mM pyruvate (Pyr), 2 mM malate (Mal, C | substrates); 5 mM glycerol-3-phosphate
(G3P); 2.5 mM guanosine diphosphate (GDP) as UCP1 inhibitor; 1 uM FCCP to induce maximal
respiratory capacity. mPBAC mitochondria: 5 mM pyruvate (Pyr), 2 mM malate (Mal, C | substrates); 5
mM glycerol-3-phosphate (G3P); BSA coupled to palmitate (to induce UCP1 activity; palmitate and BSA
were complexed in 14:62 ratio of 10% BSA and 200 mM palmitate stocks at 37°C and 400 rpm); 2.5
mM guanosine diphosphate (GDP) as UCP1 inhibitor. In both cases, non-mitochondrial oxygen
consumption was subtracted from mitochondrial oxygen consumption by blocking the electron flow
with 2.5 uM C lll inhibitor antimycin A (Anti A) at the end of each measurement. The measured OCRs
are given related to mitochondrial protein.

2.10 CLASSIFICATION AND PREDICTION MODEL

The prediction model was built with KNIME 4.3.2. Analytics Platform (https://www.knime.com). We
applied random forest (RF, a supervised decision tree learning procedure, to identify the most
predictive lipid species indicating the sample origin. Only lipid species from GPL and FC detected in all
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applied tissues were considered, including 94 species. We used data obtained from the experiments
shown in Figure 18-21 for model training (BAT, n= 6; liver, n= 3; eWAT, n= 3; muscle, n= 3; > n= 15)
and verification (liver, n= 11; BAT, n=7; eWAT n=6; 2. n= 24). For feature selection and model learning,
training data were 90% portioned and drawn randomly, the information gain ratio was used as tree
split criterion and the number of decision trees to be learned was set to 100 using a static random
seed. Application data were obtained from a new experiment comprising mitochondrial samples from
mice housed at 4°C, 23°C and 30°C (BAT, iWAT and eWAT; 4°C, 23°C, 30°C; n= 3/condition; 2. n= 27).
Classification probabilities indicate the individual prediction confidences for each tissue class (BAT,
eWAT, liver, muscle).

2.11 ANALYSIS OF BODY COMPOSITION, CALORIMETRY AND GLUCOSE TOLERANCE

The body composition of iBcKO-PISD and wildtype mice (body weight, lean mass, fat mass) was
assessed after six hours of fasting, either two weeks after first tamoxifen induction at the age of 12
weeks or at the age of 24 weeks when mice received 12 weeks HFD and cold exposure. This was
conducted using the magnetic resonance imaging system EchoMRI 130 and the respective EchoMRI 14
software (Echo Medical Systems). Indirect calorimetry, locomotor activity, food and water intake of
mice were determined at the age of 12 weeks before and during cold exposure, using the PhenoMaster
system (TSE systems). To assess the glucose tolerance of mice, they were fasted for six hours at the
age of 13 or 25 weeks, weighed, and blood was drawn by tail vein puncture. To determine fasting and
non-fasted glucose concentrations, a glucometer (ACCU-CHEK Aviva, Roche) was used. The glucose
levels were analyzed before, as well as 15, 30, 60 and 120 minutes after receiving i.p. injections of D-
Glucose (1 mg/g body weight).

2.12 STATISTICAL ANALYSIS, DATA PRESENTATION AND GRAPHICAL ILLUSTRATIONS

Illustrations were created with Microsoft PowerPoint 16.84 or Biorender.com, figures and statistical
analysis were generated and conducted using GraphPad Prism 10.1.2, OriginPro 2021 and Microsoft
Excel 16.84. The data is presented as mean +SD/SEM or £SD/SEM if not stated otherwise.
Equal/unequal variance was tested using the Levene’s test. All statistical tests were two-tailed. To test
for significance between multiple groups, one-way Anova with post-hoc Tukey-HDS-test was
performed, if not stated otherwise. To test for significance between two groups, the unpaired t-test
was applied for normal distributed samples with equal variances. If variances were unequal, Welch’s
t-test was performed. For volcano plots, log, transformed fold changes were tested using Welch’s t-
test and FDR corrected using the Benjamini-Hochberg technique (FDR 1% or FDR 5%). For all tests, the
respective p-values are stated in the figure legends (usually below 0.05).
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3 RESULTS

3.1 MITOCHONDRIAL LIPID COMPOSITION AND ITS ROLE FOR BROWN ADIPOSE TISSUE

FUNCTION
A previous lipid profile analysis of primary ex-vivo differentiated white, beige, and brown adipocytes
revealed significant differences in the distribution of cardiolipins, sterols, glycerolipids, as well as
common membrane lipids such as PC, PE, PE P, PS, PI, LPC, SM, Cer, and HexCer between white and
brown adipocytes (Schweizer et al. 2019). To date, the lipidome of white, beige, and brown adipose
tissue has not been investigated at the subcellular/organelle level. However, it is well established that
white and brown adipocytes possess an unequal magnitude of mitochondria with markedly dissimilar
functions (Rosenwald und Wolfrum 2014). This study aims to determine whether mitochondrial
lipidomes differ between different tissues and whether this has an impact on mitochondrial function.

3.1.1 MITOCHONDRIA OF MURINE BAT AND LIVER ISOLATED BY DIFFERENTIAL CENTRIFUGATION ARE

HIGHLY ENRICHED AND CONTAIN NEGLIGIBLE FRACTIONS OF ER AND MAM

ER and mitochondria are connected via junctions termed mitochondria-associated membranes
(MAM), rendering them potential co-isolates of mitochondria (Kornmann et al. 2009; Kornmann 2013).
Previous isolation protocols based on density gradient centrifugation occurred to yield purer
mitochondrial fractions compared to differential centrifugation-based protocols. Yet, to use
mitochondria for both descriptive and functional analyses, including respiratory analyses, it is
inevitable to employ a less time-consuming and practical protocol for the isolation of intact and
respiring mitochondria using differential centrifugation. It should also not be neglected that this
technique is preferable from an ethical standpoint, as it requires fewer animals to obtain enriched
mitochondrial fractions from iBAT compared to density gradient centrifugation (5 mice per sample vs.
15 mice per sample). We have refined existing differential centrifugation protocols specifically for BAT
mitochondria and compared their (referred to as cMito) full proteomes and lipidomes to those of more
pure mitochondrial fractions (pMito) as well as ER- and MAM-fractions, all separated by density
gradient centrifugation. A total of 7,149 proteins were identified, with the highest number observed
in the ER fraction of liver. This was followed by the MAM and cMito portion of liver, the MAM, ER, and
cMito fraction of iBAT, and finally, the lowest numbers in pMito of liver and iBAT (Figure 13 A, B; Figure
14 A-D; Figure 15 A-D). 77% (iBAT) and 91% (liver) of the proteins detected in MAM were identical to
those found in cMito; while 81% (iBAT) and 89% (liver) of the ER proteins were identical to those found
in cMito (Figure 13 A, B).
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Figure 13: Distribution of protein numbers detected in cMito, pMito, ER and MAM of iBAT and liver
mitochondria. (A) Venn diagram of iBAT proteins detected in cMito and pMito or ER or MAM. (B) Venn diagram
of liver proteins detected in cMito and pMito or ER or MAM. Proteomic data was obtained from ER, MAM, cMito
and pMito samples prepared from pooled iBAT of 5-15 mice or liver of 5 mice.

As illustrated in the rank order profiles, exemplary proteins relevant for BAT function and for this study
are expressed at comparable levels between the cMito and pMito fractions (Figure 14 A-B). Of the
1,000 most abundant ER proteins (Figure 14 |-J; Figure 15 I-J), 247 (BAT) and 114 (liver) were not
detected or detected at low levels in the cMito fraction. Similarly, of the 1,000 most abundant MAM
proteins (Figure 14 G-H; Figure 15 G-H), 246 (BAT) and 21 (liver) were not detected or detected at low
levels in the cMito fraction. This suggests that the cMito fraction is only marginally contaminated with
these organelles. These included several proteins specifically localized in the ER or MAM (Figure 14 G,
I; Figure 15 G, |; ER: purple dots, MAM: orange dots) like stearoyl-CoA Desaturase (SCD1) and mitogen
activated protein kinase kinase kinase (MAP3K5) (Man et al. 2006; Nishitoh et al. 2002; Xiang et al.
2017). The cMito fraction constituted a greater proportion of proteins than the pMito fraction,
indicating that the pMito fraction was purified to a greater extent than the cMito fraction (Figure 14
B; Figure 15 B). The distribution of expression levels of the 1,000 most abundant proteins (after
classification into not expressed [NE], low, medium, and high) exhibited greater similarity between
cMito and pMito than with ER or MAM (Figure 14 E, F; Figure 15 E, F). With a correlation coefficient of
RZ> 0.76, the signal intensities of uniquely occurring proteins exhibited a high degree of correlation
between the cMito and pMito isolates (Figure 14 K; Figure 15 K). Finally, hierarchical cluster analysis
of the proteome obtained from the different organelle fractions revealed a high degree of
comparability between the cMito and pMito proteins, followed by MAM, while the distribution of ER
proteins was found to be most different to that of mitochondrial fractions (Figure 14 L; Figure 15 L).
This was further illustrated in a heat map diagram showing the abundancies of the top 100 pMito
proteins, in pMito, cMito, MAM, and ER preparations (Figure 14 M; Figure 15 M).
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Figure 14: BAT mitochondria isolated by differential centrifugation are highly enriched and contain negligible
fractions of ER and MAM. (A) Rank order of proteins after a full proteome analysis for cMito-, (B) pMito-, (C)
MAM-, and (D) ER-fractions. Proteins relevant for this work are highlighted as examples. (E) Comparison of signal
intensities in the top 1,000 ranked pMito, (G) MAM and (l) ER proteins with cMito; Grey dots indicate cMito
proteins, yellow dots pMito-localized, orange dots MAM-localized and purple dots ER-localized proteins; identified
with PubMed, UniProt or the Gene Ontology Resource. (F) Distribution of the top 1,000 ranked proteins according
to their signal intensities in pMito, (H) MAM and (J) ER in comparison to cMito after classification into not
expressed (NE; log10(int) <4), low (log10(int) 4-6), medium (log10(int) 7-9) and high (log10(int) >9) expressed
proteins. (K) Correlation of signal intensities from all proteins detected in pMito and cMito. (L) Hierarchical cluster
analysis of the 1,000 most abundant pMito proteins compared to cMito, ER and MAM. (M) Heatmap of top 100
ranked pMito proteins after hierarchical cluster analysis. All proteomic data were obtained from ER, MAM, cMito
and pMito samples prepared from pooled BAT of 15 mice. R indicates Pearson’s correlation coefficient
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Figure 15: Liver mitochondria isolated by differential centrifugation are highly enriched and contain negligible
fractions of ER and MAM. (A) Rank order of proteins after a full proteome analysis for cMito-, (B) pMito-, (C)
MAM-, and (D) ER-fractions. Proteins relevant for this work are highlighted as examples. (E) Comparison of signal
intensities in the top 1,000 ranked pMito, (G) MAM and (I) ER proteins with cMito; Grey dots indicate cMito
proteins, yellow dots pMito-localized, orange dots MAM-localized and purple dots ER-localized proteins; identified
with PubMed, UniProt or the Gene Ontology Resource. (F) Distribution of the top 1,000 ranked proteins according
to their signal intensities in pMito, (H) MAM and (J) ER in comparison to cMito after classification into not
expressed (NE; log10(int) <4), low (log10(int) 4-6), medium (log10(int) 7-9) and high (log10(int) >9) expressed
proteins. (K) Correlation of signal intensities from all proteins detected in pMito and cMito. (L) Hierarchical cluster
analysis of the 1,000 most abundant pMito proteins compared to cMito, ER and MAM. (M) Heatmap of top 100
ranked pMito proteins after hierarchical cluster analysis. All proteomic data were obtained from ER, MAM, cMito
and pMito samples prepared from pooled liver of 5 mice. R indicates Pearson’s correlation coefficient.

This work specifically focuses on the comparison of mitochondrial fractions of different adipose tissue
depots. Therefore, it was investigated whether potential contaminations of the cMito occur in
comparable levels between various adipose tissue depots. Western Blot analysis was conducted on
several marker proteins, including cytochrome C (mitochondria), IP3R and calreticulin (ER), FACL4
(MAM), Na*-K*-ATPase (plasma membrane), as well as tubulin (cytosol), in adipose tissue depots and
thereof isolated cMito fractions. This revealed that mitochondria isolated from either iBAT, iWAT, or
eWAT were all strongly enriched in the mitochondrial marker protein cytochrome C (Figure 16 A) and
further, were contaminated with respective organelles to a similar extent. The levels of ER marker
proteins in all tissue samples decreased by >80% (IP3R) and >90% (calreticulin) following cMito
isolation (Figure 16 B, C). The MAM marker protein (FACL4) was reduced by over 98% in cMito isolates,
while the cytosol marker tubulin was reduced by about 80% (Figure 16 D, F). These results indicate
that the cMito isolates of iBAT, iWAT, and eWAT exhibited very low and comparable contaminations
with ER, MAM, and cytosol. The Na*-K*-ATPase was reduced by approximately 50% in brown adipose
tissue mitochondria, while white adipose tissue mitochondria showed an approximately 65% lower
abundance of the plasma membrane marker (Figure 16 E). This may indicate a slight increase in the
contamination of iBAT cMito samples with lipids that are specifically enriched in the plasma
membrane, such as sterols.
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Figure 16: Western Blot analysis revealing that potential organelle contaminations in cMito fractions are
comparable between different adipose tissue depots. (A) Quantified signal intensities of mitochondrial marker
protein cytochrome C, (B-C) ER marker proteins IP3R and calreticulin, (D) MAM marker FACL4, (E) plasma
membrane marker Na*-K*-ATPase and (F) cytosol marker tubulin in iBAT, iWAT and e WAT as well as thereof isolated
mitochondria. Each mitochondrial sample was isolated from tissue of n= 5 (BAT) or n= 10 (WAT) mice. Signal

intensities of protein were determined using the Image Studio™ Light quantification software after background
correction.

To ascertain whether the lipid composition of pMito is comparable to that of cMito isolates, a
comprehensive and quantitative lipidomic analysis was performed using high-resolution mass
spectrometry (HR-MS) and tandem mass spectrometry (QQQ). This analysis encompassed
glycerophospholipids (GPL) (which included: PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PE P, PE-based plasmalogens; Pl, phosphatidylinositol; PS, phosphatidylserine; CL, cardiolipin),
sphingolipids (SL) (which included: SM, sphingomyelin; Cer, ceramide; Hex-Cer, hexosylceramide),
glycerolipids (GL) (which included: DG, diglycerides; TG, triglycerides), and sterols (ST) (which included:
FC, free cholesterol; CE, cholesteryl ester). A correlation of all quantified lipid species, in total 275,
revealed a highly comparable lipidomic composition between the pMito and cMito fractions (Figure
17 A, B). This was demonstrated by a Pearson R? value of >0.97 and a Spearman rho value of >0.83).
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Figure 17: Lipidomic analysis of iBAT and liver mitochondria showing a high correlation between lipid species
in cMito and pMito fractions. (A) iBAT lipidome correlation between lipid species quantified in pMito (isolated
from pooled iBAT of n= 15 mice) and cMito (isolated from pooled iBAT of n= 5 mice), (B) Liver lipidome correlation
between lipid species quantified in pMito (isolated from pooled liver of n="5 mice) and cMito (isolated from pooled
liver of n= 2 mice). Shown are means of n= 7 preparations after a lipidomic analysis. R indicates Pearson’s, rho
indicates Spearman’s correlation coefficients.

3.1.2 MITOCHONDRIAL LIPIDOMES, PARTICULARLY THEIR PHOSPHATIDYLCHOLINE,

PHOSPHATIDYLETHANOLAMINE AND FREE CHOLESTEROL CONTENTS ARE TISSUE SPECIFIC
Next, it was investigated whether the mitochondrial lipid profile of brown adipose tissue has a unique
composition or is comparable to mitochondria isolated from other tissues, including iWAT, eWAT, liver
and muscle. To reinforce the following findings of this study, a comparison was conducted between
iBAT and liver mitochondria using the same sample set utilized for the pMito-cMito correlation shown
in Figure 17. Additionally, a second iBAT mitochondria sample set was employed to assess its
characteristics in comparison to those of the other tissue preparations.

Total lipid contents (related to protein) were increased 2-fold in iBAT mitochondria compared to iWAT
(Figure 18 C), 1.5-fold (Figure 19 C) compared to eWAT, 1.7-fold (Figure 21 C) compared to muscle,
and decreased by 58% compared to liver mitochondria (Figure 20 C). In all tissues, the largest part of
total lipids were GPLs. Most strikingly, iBAT mitochondria consisted of 90%-96% of GPL (Figure 18-
Figure 21 C). It is noteworthy that mitochondria from all tissues possessed significantly higher contents
of sterols, especially free cholesterol, in comparison to iBAT cMito (Figure 18-Figure 21 A, E). In iWAT,
FC levels were 4.3-fold elevated compared to iBAT mitochondria, eWAT revealed a 6.7-fold increase,
and in liver and muscle mitochondria, FC was 10-fold and almost 2-fold higher, respectively. Given that
mitochondria isolated from BAT expressed higher levels of Na*-K*-ATPase compared to the other
adipose tissue depots (Figure 16 E), it can be concluded that this finding is not a consequence of
potential contamination with cholesterol-rich plasma membranes. For a more comprehensive
comparison of the typical GPL/FC and FC composition in various organelles, please refer to
Supplementary Table 1.

In iWAT mitochondria, 17 GPL species exhibited significant differences when compared to iBAT cMito
(Figure 18 B). Among the identified GPL species, PC, PE, and Pl levels were found to be higher in iBAT,
with increases of 70%, 84%, and 53%, respectively. In contrast, PS levels were found to be
approximately three times higher in iWAT cMito. The sphingolipids SM (7.8-fold) and Cer (4.7-fold)
were found to be increased in iWAT compared to iBAT mitochondria (Figure 18 A, E). This led to a
portion of 5.6% SL, 32.4% sterols, and 62% GPL of total iWAT lipids, as well as 0.5% SL, 3.7% sterols and
95.8% GPL in total lipids of iBAT mitochondria (Figure 18 C). In comparison to iWAT mitochondria, the
GPL portion of total iBAT cMito lipids exhibited a greater proportion of lipids with tri-, tetra-, and penta-
unsaturated acyl chains (including PC 36:3, PC 36:4, PC 38:4, PC 38:5, PC O 36:5, PE 36:3, PE 36:4, PE
38:5, P1 36:3, PI 38:4), and less with highly unsaturated (>5 DB) acyl chains (including PS 40:6, PS 40:7)
(Figure 18 D, F; Supplementary Figure 1).
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Figure 18: The mitochondrial lipidome including GPL and FC of iBAT mitochondria significantly differs to iWAT.
(A) Lipid class composition of mitochondria isolated from iBAT (n= 3) vs. iWAT (n= 3), shown as volcano plots
presenting significant differences (-Logio(q-value)) of Logz(FoldChange) in lipid classes. Turquoise dots indicate
lipid species significantly decreased in iBAT (left) or significantly increased in iBAT (right) after FDR correction
(Welch’s test + Benjamini-Hochberg) at p< 0.01. (B) GPL species and FC composition of mitochondria from iBAT
(n=3) vs. iWAT (n= 3); Volcano plots show significant differences (-Logio(g-value)) of Logz(FoldChange) in GPL
species and FC. Each coloured dot represents a specific lipid species significantly decreased in iBAT (left) or
significantly increased in iBAT (right) after FDR correction at p< 0.01, with the colour indicating to which lipid class
it belongs. (C) Stacked bar plots show total lipid levels and distribution into SL, Sterols, and GPL (means), and (D)
distribution of saturation in GPL as number of double bonds (means). (E) Lipid class composition and (F) PC species
composition of mitochondria from iBAT (n= 3) vs. iWAT (n= 3); Bar plots show means +SD; *p< 0.05, **p< 0.01 and
***p< 0.001 indicate significant differences relative to iBAT, determined using a two-sided student’s t-test with
Welch’s correction. Each mitochondrial sample was isolated from tissue pooled of n=5-10 mice.

A comparison of eWAT mitochondria with iBAT cMito revealed that 22 GPL species significantly
exhibited differences (Figure 19 B). Among the identified differences, PC, PE, and PG were found to be
present in higher levels in iBAT, with increases of 3-fold, 5.7-fold and 4.5-fold, respectively. In contrast,
PS exhibited a 4.6-fold increase in eWAT cMito. The sphingolipids SM (87%) and Cer (84%) were found
to be elevated in eWAT compared to iBAT mitochondria (Figure 19 A, E). This translated to a portion
of 7.6% SL, 37.9% sterols and 54.5% GPL of total eWAT lipids, as well as 0.5% SL, 3.7% sterols, and
95.8% GPL in total lipids of iBAT mitochondria (Figure 19 C). Similarly to iWAT, the GPL portion in total
lipids of eWAT mitochondria consists of less lipids with tri-, tetra-, and penta-unsaturated acyl chains
compared to iBAT (including PC 36:3, PC 36:4, PC 38:4, PC 38:5, PC O 36:5, PE 36:3, PE 36:4, PE 38:4,
PE 38:5, Pl 36:3, Pl 38:4), and more with highly unsaturated (>5 DB) acyl chains (including PS 40:5, PS
40:6, PS 40:7) (Figure 19 D, F; Supplementary Figure 2).
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Figure 19: The mitochondrial lipidome including GPL and FC of iBAT mitochondria significantly differs to e WAT.
(A) Lipid class composition of mitochondria isolated from iBAT (n= 3) vs. e WAT (n= 3), shown as volcano plots
presenting significant differences (-Logio(q-value)) of Log:(FoldChange) in lipid classes. Blue dots indicate lipid
species significantly decreased in iBAT (left) or significantly increased in iBAT (right) after FDR correction (Welch’s
test + Benjamini-Hochberg) at p< 0.01. (B) GPL species and FC composition of mitochondria from iBAT (n= 3) vs.
eWAT (n= 3); Volcano plots show significant differences (-Logio(g-value)) of Logz(FoldChange) in GPL species and
FC. Each colored dot represents a specific lipid species significantly decreased in iBAT (left) or significantly
increased in iBAT (right) after FDR correction at p< 0.01, with the color indicating to which lipid class it belongs.
(C) Stacked bar plots show total lipid levels and distribution into SL, Sterols, and GPL (means), and (D) distribution
of saturation in GPL as number of double bonds (means). (E) Lipid class composition and (F) PC species
composition of mitochondria from iBAT (n= 3) vs. e WAT (n= 3); Bar plots show means +SD, *p< 0.05, **p< 0.01
and ***p< 0.001 indicate significant differences relative to iBAT, determined using a two-sided student’s t-test
with Welch’s correction. Each mitochondrial sample was isolated from tissue pooled of n=5-10 mice.

In liver mitochondria, PC was found to be more than 2-fold more abundant compared to iBAT. This
contrasts with mitochondria isolated from WAT depots, in which GPL levels, i.e. PC and PE, were
significantly lower concentrated in iBAT. Moreover, Pl and PS levels increased by approximately 90%
in liver samples (Figure 20 A, E). In total, 39 GPL species were significantly different between the two
groups (Figure 20 B). The sphingolipids SM, Cer, and Hex-Cer exhibited higher levels in liver cMito, with
fold changes of 5.3-14.3 (Figure 20 A, E). This resulted in a portion of 2.6% SL, 2.5% GL, 9.9% sterols,
and 85% GPL of liver total lipids, as well as 0.8% SL, 2.3% sterols, 7.1% GL, and 89.8% GPL in total lipids
of iBAT mitochondria (Figure 20 C). The GPL fraction of iBAT mitochondria comprised more lipids with
mono-, di-, and tri-saturated acyl chains (including PC 32:2, PC O 34:3, PE 32:1, PE 34:3, PG 34:2, PS
36:2) and less with highly unsaturated (>3 DB) acyl chains (including PC 36:4, PC 38:4, PC 38:5, PC 38:6,
PE 38:6, PE 40:6, Pl 38:4, P 38:5, PS 38:4, PS 40:5, PS 40:6) compared to liver mitochondria (Figure 20
D, F; Supplementary Figure 4; Supplementary Figure 5).
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Figure 20: The mitochondrial lipidome including GPL and FC of iBAT mitochondria significantly differs to liver.
(A) Lipid class composition of mitochondria isolated from iBAT (n= 7) vs. liver (n= 4), shown as volcano plots
presenting significant differences (-Logio(q-value)) of Logz(FoldChange) in lipid classes. Light blue dots indicate
lipid species significantly decreased in iBAT (left) or significantly increased in iBAT (right) after FDR correction
(Welch’s test + Benjamini-Hochberg) at p< 0.01. (B) GPL species and FC composition of mitochondria from iBAT
(n=7) vs. liver (n= 4); Volcano plots show significant differences (-Logio(q-value)) of Logz(FoldChange) in GPL
species and FC. Each colored dot represents a specific lipid species significantly decreased in iBAT (left) or
significantly increased in iBAT (right) after FDR correction at p< 0.01, with the color indicating to which lipid class
it belongs. (C) Stacked bar plots show total lipid levels and distribution into SL, Sterols, GL, and GPL (means), and
(D) distribution of saturation in GPL as number of double bonds (means). (E) Lipid class composition and (F) PC
species composition of mitochondria from iBAT (n= 7) vs. liver (n= 4); Bar plots show means +SD, *p< 0.05 and
**p< 0.01 indicate significant differences relative to iBAT, determined using a two-sided student’s t-test with
Welch’s correction. Each mitochondrial sample was isolated from tissue pooled of n= 2-5 mice.

In muscle mitochondria, 41 GPL species were significantly different to iBAT cMito (Figure 21 B). Among
those, PC (40%), PE (70%) and PG (50%) were found in elevated portions in iBAT, while a 2.7-fold
increase in PS and 2-fold increase in PC O was found in cMito isolated from muscle. The sphingolipids
SM (3.5-fold), Cer (12.3-fold) and Hex-Cer (2.8-fold) were accelerated in muscle compared to iBAT
mitochondria (Figure 21 A, E). This translated to a portion of 2.3% SL, 10.9% sterols and 86.8% GPL of
total muscle lipids, as well as 0.5% SL, 3.7% sterols, and 95.8% GPL in total lipids of iBAT mitochondria
(Figure 21 C). Mitochondria isolated from muscle harbor more GPL with highly unsaturated acyl chains
(> 5) (including PC 38:6, PC 40:6, PE 40:6, PE P 16:0/22:6, PE P 18:0/22:6, PE P 18:1/22:6, PI 40:6, PS
40:6) and less with di-, and tri-unsaturated acyl chains (including PC 34:2, PC 36:2, PC 36:3, PE 34:2, PE
36:2, PE 36:3, PEP 16:0/18:2, PG 34:2, P136:2, PI 36:3, PS 36:2) compared to iBAT mitochondria (Figure
21 D, F; Supplementary Figure 3).
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Figure 21: The mitochondrial lipidome including GPL and FC of iBAT mitochondria significantly differs to muscle.
(A) Lipid class composition of mitochondria isolated from iBAT (n= 3) vs. muscle (n= 3), shown as volcano plots
presenting significant differences (-Logio(q-value)) of Logz(FoldChange) in lipid classes. Green dots indicate lipid
species significantly decreased in iBAT (left) or significantly increased in iBAT (right) after FDR correction (Welch’s
test + Benjamini-Hochberg) at p< 0.01. (B) GPL species and FC composition of mitochondria from iBAT (n= 3) vs.
muscle (n=3); Volcano plots show significant differences (-Logio(q-value)) of Logz(FoldChange) in GPL species and
FC. Each colored dot represents a specific lipid species significantly decreased in iBAT (left) or significantly
increased in iBAT (right) after FDR correction at p< 0.01, with the color indicating to which lipid class it belongs.
(C) Stacked bar plots show total lipid levels and distribution into SL, Sterols and GPL (means), and (D) Distribution
of saturation in GPL as number of double bonds (means). (E) Lipid class composition and (F) PC species
composition of mitochondria from iBAT (n= 3) vs. muscle (n= 3); Bar plots show means +SD, *p< 0.05, **p< 0.01
and ***p< 0.001 indicate significant differences relative to iBAT, determined using a two-sided student’s t-test
with Welch’s correction. Each mitochondrial sample was isolated from tissue pooled of n=5 mice.

Taken together, the lipidomic composition of mitochondria isolated from various tissues demonstrated
notable differences. Those purified from liver and white adipose tissue displayed significantly higher
amounts of FC, whereas the total amount of major GPL species such as PC and PE was reduced in white
adipose tissue and muscle samples compared to iBAT mitochondrial isolates. This resulted in the
following ratios of GPL/FC, PC/FC, and PE/FC: a 35-fold lower GPL/FC ratio in e WAT mitochondria, 27-
fold lower in iWAT, 6-fold lower in muscle, and 5.6-fold lower in liver mitochondria compared to iBAT
cMito. The PC/FC ratios were reduced by 52-fold, 35-fold, 7-fold, and 6.4-fold in eWAT, iWAT, muscle,
and liver, respectively. Mitochondria isolated from brown adipose tissue showed 58-fold, 40.4-fold,
8.5-fold, and 9.8-fold increases in PE/FC ratios compared to e WAT, iWAT, muscle and liver, respectively
(Figure 22).
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Figure 22: Mitochondrial lipid ratios in iBAT are significantly different to WAT, liver, and muscle. GPL/FC, PC/FC
and PE/FC ratios calculated from all analysed mitochondrial samples of iBAT (n= 10), liver (n=4), muscle (n= 3),
iWAT (n= 3) and eWAT (n= 3); GPL included PC, PC O, PE, PE P, PS, PI, PG; Shown are means +SD, *p<0.05 and
**p<0.01 indicate significant differences to iBAT, determined using a two-sided student’s t-test with Welch’s
correction. Each mitochondrial sample was isolated from tissue pooled of n=2-10 mice.

3.1.3 DIFFERENCES IN THE GPL COMPOSITION BETWEEN FAT DEPOTS ARE RELATED TO ADIPOSE TISSUE

BROWNING

To test whether differences in the mitochondrial lipidome, as indicated by GPL/FC, of iBAT, iWAT, and
eWAT can be related to the browning capacity of the respective adipose tissue depot, mice were
housed at 4°C, 23°C or 30°C for seven days to either promote or antagonize adipose tissue browning.
This resulted in decreasing concentrations of the glycerophospholipids PC, PE, PG and Pl with
increasing housing temperatures in brown adipose tissue mitochondria (Figure 23 A). In inguinal white
adipose tissue, which is, after cold exposure, composed of beige adipocytes exhibiting a phenotype
and function intermediate between white and brown adipocytes (Rosenwald et al. 2013; Wu et al.
2012), PE also decreased with rising temperatures, although to a lesser extent than observed in iBAT
mitochondria (Figure 23 B). In mitochondria isolated from eWAT, consisting only of white adipocytes,
no differences were observed between the different temperatures (Figure 23 C). As iWAT contains
beige adipocytes, its capacity for browning, i.e. UCP1 activity, is lower as it is in iBAT but higher than
that of eWAT. This suggests a relation between mitochondrial GPL composition and the browning
capacity of adipose tissue.
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Figure 23: GPL lipid classes in iBAT, but not in WAT mitochondria, are dependent on the housing temperature
of mice. GPL composition of (A) iBAT, (B) iWAT and (C) eWAT mitochondria isolated from mice housed at 4°C, 23°C
or 30°C. Shown are means +SD of n= 3 per group, *p<0.01 indicates significant differences to 4°C determined
using a two-sided student’s t-test with Welch’s correction. Each mitochondrial sample was isolated from tissue
pooled of n=5-10 mice.
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3.1.4 INCREASED GPL/FC RATIO IN BAT MITOCHONDRIA DERIVES FROM INCREASED GPL DE NOVO
SYNTHESIS

We proceeded to inquire as to whether the observed elevation in GPL/FC ratios in iBAT mitochondria
was a consequence of GPL de novo synthesis or from cholesterol biosynthesis. Cholesterol biosynthesis
was investigated by measuring the mRNA expression levels of genes involved in the HMGCR pathway.
There was no systemic difference in enzyme expression levels between different adipose tissue depots.
A few genes demonstrated increased expression levels in iBAT compared to WAT (e.g. SREBP2).
However, the upregulation of genes involved in an increase in FC biosynthesis does certainly not
explain the increased GPL/FC ratios (Figure 24 A).

The total GPL portion of iBAT mitochondria was primarily composed of PC and PE. Thus, it was tested
whether brown adipose tissue has a distinctive de novo synthesis rate in these major GPL classes. As
illustrated in Figure 24 D, a stable isotope labelling strategy (Kennedy pathway; see introduction Figure
2) was employed to compare PC and PE de novo synthesis capabilities in the three adipose tissue
depots. Mice were intraperitoneally injected with stable isotope-labeled choline[Ds] and
ethanolamine[D4]. After two hours, it was quantified how much of these lipids were incorporated into
the respective GPL in the adipose tissue depots. This revealed elevated synthesis capacities for both
phospholipid classes in brown adipose tissue compared to iWAT (decrease: PC[Ds], 5-fold; PE[D,], 3-
fold) and eWAT (decrease: PC[Dq], 5.5-fold; PE[D4], 7.7-fold) depots (Figure 24 B, C). PC[D4], which
originates from PEMT activity, could not be detected.
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Figure 24: Increased GPL/FC ratios in iBAT mitochondria derive from increased GPL de novo synthesis. (A) mRNA
expression of genes involved in cholesterol biosynthesis in iBAT (n= 8), iWAT (n= 7) and eWAT (n= 8) from mice
housed at room temperature. (B) PC[Ds], and (C) PE[D4] levels detected 2 hours after intraperitoneal injection of
choline[Ds] and ethanolamine[Da4] in iBAT, iWAT and eWAT of n= 3 mice housed at 23°C. Associated samples
originating from the identical mouse are linked by dashed lines. (D) Scheme of applied labelling strategy to
quantify de novo PC and PE synthesis in mouse tissue. Shown are means +SD; *p<0.05 and **p<0.01 indicate
significant differences relative to iBAT determined with two-sided student’s t-test with Welch’s correction.
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3.1.5 A BAT SPECIFIC LIPID SPECIES SIGNATURE COMPRISING PC 38:2 AND FC AS WELL AS THE GPL/FC

RATIO CAN BE RELATED TO ADIPOSE TISSUE BROWNING
To validate these results, we applied machine learning to develop a BAT-specific lipid signature that
could be used to predict the tissue origin of unknown mitochondrial samples. Random Forest (RF)-
based models were employed to accurately classify observations (i.e. lipid species) into categories (i.e.
tissue origin of mitochondrial samples). RF is a supervised decision tree learning algorithm that can
handle large numbers of variables with small sample sizes without overfitting (Biau 2010)

The RF model was able to classify samples based on 94 lipid species, including GPL species (PC, PC O,
PE, PE P, PG, PI, PS) and FC, obtained from subsets of liver, muscle, iBAT, and eWAT samples, as input
for variable reduction and selection. The lipid species that most effectively classified our samples were:
(1) PC38:2, (2) FC, and (3) PE P-16:0/22:6. The top 10 lipid species are depicted in (Table 29).

Table 29: Top 10 ranked lipid species most effectively classifying samples after RF analysis of the training dataset.

Rank 1 2 3 4 5 6 7 8 9 10
PC  FC PEP PEP PS PE PC PE PEP PG
Lipid species 38:2 16:0/22:6  18:0/22:6 38:3 40:7 34:2 34:2 16:0/20:4 32:1

Next, two models were trained that differed in using either the top three (A) or top two (B) lipid species
for sample classification. Both models effectively classified our samples from the training set with high
sensitivity and specificities (Receiver operator characteristic (ROC) — area under the curve (AUC): (A)
0.932, (B) 0.927). The models also performed well on an independent sample set consisting of iBAT,
WAT, and liver samples for verification (Figure 25 A, B, E, F). Both models performed similarly, with the
model containing two variables achieving a slightly higher verification ROC-AUC (0.856 vs. 0.809). All
three sample types (BAT, eWAT, liver; muscle data were not available for verification) were clearly
classified, although classification probabilities were higher for iBAT and eWAT mitochondrial
preparations than for liver (Figure 25 C, G).

As illustrated in Figure 23, the GPL profile was found to be related to the browning capacity of iBAT
mitochondria. Therefore, both random forest models were tested on mitochondria originating from
iBAT, iWAT, and eWAT of mice housed at 4°C, 23°C, or 30°C for seven days to either promote or
antagonize adipose tissue browning. iWAT’s browning capacity is lower than it is in iBAT, but higher
than it is in eWAT. According to both models, the prediction probabilities of analyzed iBAT samples
decreased at 30°C, while the prediction probabilities for WAT decreased at 4°C (Figure 25 D, H). As
mitochondria purified from iWAT were not included in the training sample set, it was not possible to
accurately predict their origin. They were classified as originating from liver (Model B, 2 lipid species),
or either liver or eWAT (Model A, 3 lipid species) depending on the housing temperature. As the
temperatures rose from 4°C to 30°C, the probability of iWAT being classified as eWAT increased,
whereas the probability of iBAT being classified as such decreased, respectively.

These analyses further validate the notion that distinct types of mitochondria exhibit notable
disparities in their PC and FC contents. Additionally, the findings indicate a relation to browning
capacity and that GPL and FC are sufficient to predict the tissue origin of mitochondrial preparations
from eWAT and iBAT (Figure 25 D, H).
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Figure 25: PC 38:2, PEP 16:0/22:6 and FC can predict mitochondrial tissue origin and can be related to adipose
tissue browning. (A-D) Model A based on Random Forest (RF) containing 3 lipid species (PC 38:2, FC, PE P
16:0/22:6) and (E-H) Model B with 2 lipid species (PC 38:2, FC). ROC curves with (A, E) training (iBAT, n= 6; liver,
n= 3; eWAT, n= 3; muscle, n=3) and (B, F) verification (liver, n= 11; iBAT, n= 7; e WAT n= 6; muscle was not tested)
sample sets; (C, G) Classification probabilities, which indicate the individual prediction confidences for iBAT, e WAT,
liver and muscle, tested on the verification sample set. A score of 1 equals to 100% confidence; (D, H)
Classification probabilities of both models tested on a new set of mitochondria isolated from eWAT, iWAT and
iBAT of mice housed at 4°C, 23°C and 30°C of n= 3 per condition. Shown are means. iWAT was not part of the
training sample set and hence, cannot be predicted as such. Each mitochondrial preparation was isolated from
tissue pooled of n=5-10 mice.

Independent of the housing temperature, the same mitochondrial sample set showed dramatically
different FC levels between all three adipose tissue depots (Figure 26 A, B). The abundance of PC 38:2
as well as the total GPL content was approximately 3-fold (4°C), 2-fold (23°C), and 1.2-fold (GPL, 30°C;
unchanged for PC 38:2) elevated in BAT mitochondria compared to WAT mitochondria (Figure 26 C,
G), demonstrating a clear correlation with decreasing housing temperatures in iBAT but not in WAT
mitochondria (Figure 26 D, H). The concentrations of PE P 16:0/22:6 (included only in model A)
negatively correlated with adipose tissue browning capacity, independent of the housing temperature
(Figure 26 E, F). The GPL/FC ratio was significantly elevated in iBAT mitochondria compared to WAT
mitochondria at all housing temperatures (4°C 25-fold, 23°C 20-fold, 30°C 15-fold) (Figure 26 I).
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Figure 26: GPL, FC and the GPL/FC ratio can be related to adipose tissue browning. (A) FC, (C) PC 38:2, (E) PE P
16:0/22:6, (G) GPL and (I) GPL/FC ratio in cMito isolated of iBAT, iWAT and eWAT of mice housed at room
temperature. Correlation of (B) FC, (D) PC 38:2, (F) PE P 16:0/22:6, (H) GPL and (J) GPL/FC ratio of cMito originating
from iBAT with housing temperatures (4°C-23°C-30°C). Samples were identical to those used in Figure 25 D and
H. R?indicates Pearson’s correlation coefficient. Shown are means of n= 3 +SD; *p<0.05, **p<0.01 and ***p<0.001
indicate significant differences relative to iBAT of respective temperatures, determined using a two-sided student’s
t-test with Welch’s correction.

3.1.6 UcCP1 ACTIVITY IN BAT MITOCHONDRIA DEPENDS ON THE GPL/FC RATIO

The extremely low levels of FC and high levels of GPL observed in brown adipose tissue mitochondria
and their association with browning suggest a causal role in thermogenic function, including UCP1-
mediated respiration. To investigate this hypothesis, a series of experiments was performed using
brown adipose tissue, primary brown adipocytes, and thereof isolated mitochondria originating from
UCP1 WT and UCP1 KO mice.

3.1.6.1 LOADING BAT MITOCHONDRIA WITH BSA-FC-COMPLEX DECREASES UCP1 ACTIVITY
Mitochondria isolated from iBAT were incubated with cholesterol coupled to BSA (0.2 mg cholesterol
coupled to BSA/mg mitochondrial protein). Oxygen consumption was measured using high resolution
respirometry. Following the measurement of basal respiration, G3P was injected to fuel general
respiration and UCP1, and subsequently GDP was injected to estimate UCP1 activity. GDP
competitively binds UCP1, thereby interrupting the interaction with respective activators, such as free
fatty acids. This resulted in a markedly reduced GPL/FC ratio, approaching 1.0, comparable to that
previously observed in white adipose tissue mitochondria (Figure 27 C; Figure 22). Further, UCP1
activity was strongly diminished (by ~80%; as calculated from the difference between G3P- and GDP-
mediated respiration) (Figure 27 A-B), hinting towards a potential correlation between BAT function
and the GPL/FC ratio. It should be noted that this experimental approach does not clearly proof the
possibility that the cholesterol-mediated inhibition of respiratory capacity on iBAT mitochondria is
solely mediated through UCP1 activity, given that basal respiration is already inhibited to a high extent
(before GDP-mediated UCP1 inhibition). It may be possible that insufficient saturation of BSA with
cholesterol was achieved, allowing free BSA to adhere to mitochondria and thereby interact with
hydrophobic species presented by those.
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Figure 27: Decreasing mitochondrial GPL/FC via BSA-coupled-cholesterol decreases UCP1 activity in iBAT
mitochondria. (A) High resolution respirometry of iBAT mitochondria treated with 0.2 mg cholesterol coupled to
BSA/mg mitochondrial protein. G3P was injected as OXPHOS and UCP1 substrate, GDP to inhibit UCP1; (B) UCP1
activity was calculated by subtracting the GDP-mediated oxygen flux from G3P-mediated respiration; (C) PC/FC
and GPL/FC ratios. Shown are means +SD of n=4 (A, B) and n= 2 (C), *p<0.05, **p<0.01 and ***p<0.001 indicate
significant differences to control mitochondria (treated with BSA), determined using a two-sided student’s t-test
with Welch’s correction. Each mitochondrial sample was isolated from tissue pooled of n=5 mice.

3.1.6.2 ME-B-CD INCREASES UCP1 ACTIVITY IN MITOCHONDRIA AND PRIMARY BROWN
ADIPOCYTES OF WT, BUT NOT UCP1 KO MICE

Methyl-B-cyclodextrins (me-B-CD) are molecules that can be used to either load or remove cholesterol
from natural and artificial membranes. This is achieved by exploiting their structure, which comprises
a hydrophobic cavity surrounded by a polar surface (Sanchez et al. 2011). Therefore, the identical high-
resolution respirometry-based assay, as performed in Figure 27, was employed, resulting in a slight
increase in UCP1-mediated respiration in isolated iBAT mitochondria treated with 1 pM me-[-CD
(Figure 28 A-B).

Additionally, murine primary brown adipocytes (mPBAC) were treated with me-B-CD before
respiratory analyses, which was conducted using microplate-based respirometry. The following assay
was employed: After the measurement of basal respiration, oligomycin was administered in order to
inhibit CV of the electron transport chain, thereby allowing for the estimation of proton leak-linked
respiration. Subsequently, cells were treated with isoproterenol, which induces Ps-adrenergic-
mediated lipolysis, thereby releasing FFA that fuel UCP1. FCCP was injected to measure maximal
respiratory capacity, and antimycin A was administered to inhibit Clll, thereby inhibiting OXPHOS. To
ensure that alterations in cholesterol levels reached the mitochondrial level, not only primary brown
adipocytes were used for respiratory analysis, but also thereof isolated mitochondria, which were
obtained using a commercially available antibody-based isolation technique. For the isolated mPBAC
mitochondria, high-resolution based respirometry was applied. In contrast to mitochondria isolated
from tissue, mitochondria isolated from primary brown adipocytes exhibited minimal responsiveness
to any substrates (neither pyruvate, malate, succinate, nor G3P). Consequently, UCP1 was additionally
fueled by the injection of a previously prepared BSA-palmitate-complex (10:1). This resulted in a
significant increase in UCP1 activity in both cells (1.5-fold) and thereof isolated mitochondria (3.5-fold)
following incubation with 10 uM me-B-CD. This effect was not observed in primary brown adipocytes
isolated from UCP1 knockout mice, indicating that mitochondrial cholesterol concentrations have a
specific effect on UCP1 activity (Figure 28 C-F).
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Figure 28: Me-f3-CD treatment of mPBAC and thereof isolated mitochondria as well as of iBAT increases UCP1
activity in WT, but not in UCP1 KO mice. (A) High resolution respirometry of iBAT mitochondria treated with 1 uM
me-f3-CD. G3P was injected as OXPHOS and UCP1 substrate, GDP to inhibit UCP1; (B) UCP1 activity was calculated
by subtracting the GDP-mediated oxygen flux from G3P-mediated respiration. (C) High resolution respirometry of
mPBAC mitochondria treated with 10 uM me-f3-CD. G3P was injected as OXPHOS and UCP1 substrate, UCP1 was
additionally induced by injection of palmitate coupled to BSA (1:10), GDP was injected to inhibit UCP1; (D) UCP1
activity was calculated by subtracting the GDP-mediated oxygen flux from palmitate-mediated respiration. (E)
Microplate-based respirometry was applied on primary brown adipocytes of WT and UCP1 KO mice which were
previously treated with 10 uM me-f3-CD. Measurement of basal respiration, proton leak-linked respiration
(oligomycin; CV inhibitor), UCP1-mediated respiration (isoproterenol; f-adrenergic agonist), maximal respiratory
capacity (FCCP; uncoupling reagent) and non-mitochondrial respiration (antimycin A; Clll inhibitor). (F) UCP1
activity was calculated as isoproterenol-induced increase of oxygen consumption over proton leak-linked
respiration. Shown are means +SD of n= 2 (A, B), n= 3 (C, D) and means #SEM of n=5 (E, F), *p<0.05 indicates
significant differences to control mitochondria, determined using a two-sided student’s t-test.

To enrich mitochondria with FC, primary brown adipocytes and thereof isolated mitochondria were
incubated with me-3-CD coupled to cholesterol (5 pM). The used me-f-CD-cholesterol complex was
commercially obtained as “water-soluble-cholesterol” (Sigma-Aldrich/Merck) in a fully saturated state,
ensuring that me-f-CD cannot bind any other lipids and solely loads mitochondria with cholesterol.
This resulted in a mildly reduced GPL/FC ratio (Figure 29 E). As anticipated, UCP1 activity levels declined
by approximately 2-fold in both mPBAC and thereof isolated mitochondria, assayed using the same
setups as shown in Figure 28 (Figure 29 A-D). To validate that this effect is observed specifically due to
UCP1 activity and not due to the inhibition of general respiration, the respiratory capacity of mPBAC
isolated from UCP1 KO mice was measured. This analysis did not reveal a difference in UCP1 activity
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between control and me-B-CD-cholesterol-treated cells, further strengthening the previous results
(Figure 29 A-B).
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Figure 29: Increasing FC in mPBAC and thereof isolated mitochondria by incubation with a saturated me-f8-CD-
cholesterol-complex decreases UCP1 activity in WT mice, but not in UCP1 KO mice. (A) Microplate-based
respirometry was applied on primary brown adipocytes differentiated from pre-adipocytes originating of iBAT of
WT and UCP1 KO mice. The cells were previously treated with 5 uM me-f3-CD coupled to cholesterol. Measurement
of basal respiration, proton leak-linked respiration (oligomycin; CV inhibitor), UCP1-mediated respiration
(isoproterenol; f-adrenergic agonist), maximal respiratory capacity (FCCP; uncoupling reagent) and non-
mitochondrial respiration (antimycin A; Clll inhibitor). (B) UCP1 activity was calculated as isoproterenol-induced
increase of oxygen consumption over proton leak-linked respiration. (C) High resolution respirometry of mPBAC
mitochondria treated with 5 uM me-f3-CD coupled to cholesterol. G3P was injected as OXPHOS and UCP1
substrate, palmitate-BSA complex (1:10) to additionally induce UCP1 activity, and GDP to inhibit UCP1; (D) UCP1
activity was calculated by subtracting the GDP-mediated oxygen flux from palmitate-mediated respiration. (E)
GPL/FC ratio of mitochondria isolated from mPBAC treated with 5 uM me-f3-CD coupled to cholesterol. Shown are
means #SEM of n=7 WT and n= 5 UCP1 KO (A, B) and means +SD of n= 4 (C-E); *p<0.05 and **p<0.01 indicate
significant differences to control mitochondria, determined using a two-sided student’s t-test with Welch’s
correction.

Taken together, modulating GPL/FC ratios using me-B-CD impacts UCP1 activity. Nevertheless, it
should be noted, that the use of me-f3-CD to extract FC from membranes is controversially discussed
in the literature, as it also removes phospholipids at high concentrations. It is not clear at which
concentration me-B-CD can specifically remove FC from lipid domains with different packing densities
(Sanchez et al. 2011). In this work, a range of concentrations between 1 and 50 uM me-B-CD were
tested. The concentrations depicted in Figure 28 and Figure 29 appear to be within an optimal range,
as higher concentrations resulted in a reversal of the effects on UCP1 activity (not shown), potentially
suggesting an impact on other phospholipids.

3.1.6.3 UCP1 FUNCTION DEPENDS ON STARD3-MEDIATED CHOLESTEROL IMPORT INTO

MITOCHONDRIA OF PRIMARY BROWN ADIPOCYTES
To exclude the possibility that the impact on UCP1 activity through me-B-CD is not specifically due to
alterations in FC levels, an alternative experimental approach was selected to alter GPL/FC ratios in

primary brown adipocyte mitochondria. The GPL/FC ratio in mitochondria was modified by altering the
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level of mitochondrial lipid transporters. To identify suitable candidates, potential cholesterol
transport proteins were evaluated in terms of their mRNA expression levels in adipose tissue depots
as well as in their protein abundance in primary brown adipocytes. All tested transporters were
detected in adipose tissue on the mRNA level, with the highest expression in STARD1, which is known
to be the main mitochondrial cholesterol transporter (Voilquin et al. 2019). However, STARD1 was not
identified in a full proteome analysis of primary brown adipocytes (Figure 30 A, B). Consequently, it
was excluded as a potential candidate. For the same reason, the mitochondrial cholesterol transporter
TSPO was excluded as a candidate. Additionally, TSPO displayed minimal mRNA expression in brown
adipose tissue, which was not consistent across the various adipose tissue types (Figure 30 A, B).
VDAC1 was excluded as it acts in cooperation with TSPO to transport cholesterol (Shoshan-Barmatz et
al. 2019). STARD4 and STARDS were excluded as they are primarily known for cholesterol transport
into ER compartments (Voilquin et al. 2019). Ultimately, STARD3 was selected as mitochondrial
cholesterol transporter (Balboa et al. 2017; Elustondo et al. 2017; Horibata und Sugimoto 2010) due
to its abundance in the brown adipocyte proteome and comparable gene expression levels between
adipose tissue depots (Figure 30 A, B). To ensure that isoproterenol utilized for the induction of UCP1
activity does not influence STARD3 expression levels, the proteome of brown adipocytes incubated
with and without isoproterenol (0.5 uM, 30 min) was analyzed. STARD3 protein was neither
upregulated nor downregulated following incubation with the 3-adrenergic agonist (Figure 30 C).
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Figure 30: Mitochondrial lipid transporter STARD3 is expressed in white and brown adipose tissue and primary
brown adipocytes on mRNA and protein level. (A) mRNA expression of lipid transporter in iBAT, iWAT and e WAT.
Shown are means +SD of n= 8 (iBAT, eWAT) and n= 7 (iWAT); no significant differences relative to iBAT were
determined using a two-sided student’s t-test with Welch’s correction. (B) Lipid transporter identified in full
proteomic dataset generated using LC-HR-MS/MS of primary brown adipocytes. (C) Volcano plot presenting
significant differences (-Logio(q-value)) of Logz(FoldChange) of proteins identified in primary brown adipocytes,
previously treated with 0.5 uM isoproterenol for 30 minutes. Blue dots indicate proteins significantly decreased
(left) or increased (right) in mPBAC after Benjamini-Hochberg FDR correction at p<0.05. Turquois dot represents
STARD3 (no significant change). Proteomic data from n=5 samples per group, each pooled from primary brown
adipocytes originating of n= 3 mice.
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To address the question of whether modulating the STARD3 expression in primary brown adipocytes
alters mitochondrial GPL/FC ratios and, most importantly, whether it affects UCP1 function, lentivirus-
based overexpression as well as siRNA-mediated gene silencing were employed. For microplate-based
respirometry, a similar assay compared to the one depicted in Figure 29 was used:

Measurement of [1] basal respiration; [2] basal uncoupled respiration after blocking ATP synthase with
oligomycin; [3] induction of UCP1 by addition of isoproterenol (ISO) as PB-adrenergic agonist; [4]
assessment of the maximal respiratory capacity by using carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP) as uncoupling agent; and [5] non-mitochondrial 02 consumption applying
antimycin A (Anti A). UCP1 activity was calculated by subtraction of the OCR determined at [2] (basal
uncoupled respiration, Oligo) from the OCR at [3] (UCP1 induction, ISO).

As already demonstrated in Figure 30, STARD3 is expressed at significant but not differential levels in
white and brown adipose tissue of mice (Figure 31 A). Lentivirus-based overexpression of STARD3
resulted in an approximately 350-fold increase in mRNA expression levels, whereas the knockdown led
to a 2.5-fold decrease (Figure 31 E, H). This resulted in a significant increase in mitochondrial FC and a
30% reduction in the GPL/FC ratio in the overexpression cells (Figure 31 N, O). In contrast, cells with
STARD3 knockdown exhibited decreased FC levels and a 1.2-fold elevated GPL/FC ratio (Figure 31 K,
L). Most importantly, UCP1 activity levels were also affected. With higher FC levels, UCP1 activity
decreased by more than 2-fold (Figure 31 1), while with lower FC levels, UCP1 activity increased by 55%
(Figure 31 F). To confirm that STARD3-mediated FC transport is specifically linked to UCP1-mediated
uncoupled respiration, siRNA-mediated knockdown was also conducted in primary brown adipocytes
derived from UCP1 KO animals. This resulted in a reduction of approximately 50% in STARD3 mRNA
levels, while UCP1 activity remained unaltered (Figure 31 B-C).
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Figure 31: UCP1 function depends on STARD3-mediated mitochondrial cholesterol import in mPBAC of WT mice,
but not of UCP1 KO mice. (A) Relative mRNA expression of STARD3 in iBAT (n= 8), iWAT (n= 7) and eWAT (n= 8).
(B, D, G) Microplate-based respirometry in primary brown adipocytes originating from (B) UCP1 KO mice (n= 5-6)
and (D) wildtype mice (n= 10-12) which were previously treated with either non-targeting control or siRNA against
STARD3 or (G) wildtype mice (n= 19) which were previously treated with lentivirus-based overexpression vectors
of STARD3; The oxygen consumption rate (OCR) was measured at basal conditions, at proton leak-linked
respiration (oligomycin; CV inhibition), UCP1-mediated respiration (isoproterenol; f-adrenergic agonist), maximal
respiratory capacity (FCCP; uncoupling reagent) and after inhibition of the electron transport chain (antimycin A;
Clll inhibitor). (C, E, H) STARD3 mRNA expression after siRNA mediated knockdown in UCP1 KO cells (n= 3) (C),
wildtype cells (n= 3) (E) or wildtype cells after lentivirus-based overexpression (n= 3) (H). (F, 1) UCP1 activity was
calculated via subtraction of the OCR after oligomycin injection from OCR measured after isoproterenol treatment.
(J-L) Lipid class composition (n= 3) (J), FC and GPL composition (n= 3) (K), as well as PC/FC and GPL/FC composition
(n= 3) (L) in mitochondria of cells having the siRNA-mediated knockdown. (M-0) Lipid class composition (n= 3)
(M), FC and GPL composition (n= 3) (N), as well as PC/FC and GPL/FC composition (n= 3) (O) in mitochondria of
cells having the lentivirus-based overexpression. Shown are means +*SEM (B, D, G) and means +SD (bar plots);
*p<0.05, **p<0.01 and ***p<0.001 indicate significate differences relative to controls, determined using two-
sided t-tests with Welch’s correction.
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3.1.6.4 UCP1 FUNCTION IN BAT MITOCHONDRIA IS ALTERED AFTER FUSION WITH SMALL

UNILAMELLAR VESICLES CONTAINING GPL AND FC

To study whether the GPL/FC ratio of intact mitochondria purified from iBAT of WT mice controls UCP1
activity in a concentration-dependent manner, mitochondria were incubated with small unilamellar
vesicles (SUV) containing varying compositions of FC and GPL. The following compositions were used
in the presence of methyl-a-cyclodextrin (me-a-CD): 95% PC, 5% phosphatidic acid (PA); 75% PC, 5%
PA, 20% FC; 55% PC, 5% PA, 40% FC; and 35% PC, 5% PA, 60% FC). The addition of PA was not solely
intended to alter the GPL/FC ratio; it was also designed to reduce the size of donor vesicles through its
conical shape and small headgroups, thereby accelerating their fusion with mitochondria (Clark et al.
2020; Hauser und Gains 1982). As illustrated in Figure 32, SUVs exhibit hydrophilic properties on their
outer shell, which is exposed to the mitochondria. In contrast, their inner core is hydrophobic. Me-a-
CD is used as a lipid carrier, facilitating the fusion of GPL- and FC-containing vesicles with lipid bilayers.
Me-a-CD was used instead of me-B-CD (Figure 28 and Figure 29), as it cannot bind free cholesterol
and is therefore solely transporting FC incorporated in the vesicle without changing cholesterol that
was already integrated in mitochondrial membranes beforehand (Li et al. 2016).

- Me -a- CD __ Hydrophilic |
\ PRl Hydrophobic
GPL .
Suv
Hydrophobic
OMM
\ L
IMM Mitochondrion

Figure 32: Scheme illustrating the fusion of SUV containing varying compositions of GPL and FC with the
mitochondrial outer membrane, facilitated by methyl-alpha-cyclodextrin.

The mitochondrial bioenergetics profile was measured using microplate-based respirometry. Since
mitochondrial membranes do not express adrenergic receptors, the use of isoproterenol would not be
effective and the assay was modified as follows: [1] Measurement of basal respiration; [2] inhibition of
ATP synthase by oligomycin (oligo) to distinguish oxygen consumption used for ATP synthesis (coupled
respiration) from the basal proton leak (basal uncoupled respiration); [3] fueling general respiration
and UCP1 with glycerol-3-phosphate (G3P); [4] inhibition of UCP1-mediated respiration with guanosine
diphosphate (GDP); and eventually [5] blocking complex Il of the electron transport chain with
antimycin A (anti A) to inhibit mitochondrial respiration and leave only non-mitochondrial oxygen
consumption. UCP1 activity was calculated by subtraction of the O, consumption rates (OCR) at [4]
(UCP1 inhibition, GDP) from the OCR at [3] (UCP1 fueling, G3P).

Donor vesicles comprising only GPL increased the PC/FC ratio 8.1-fold and the GPL/FC ratio 3.5-fold
(Figure 33 F). The ratios were gradually decreased following the addition 20-60% FC to the SUVs,
leading to an increase in mitochondrial FC levels and a reduction in PE and, especially, PC portions
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(Figure 33 E-F). To ascertain whether the SUVs'’ lipids had reached the inner mitochondrial membranes
where UCP1 is located, the lipidome of mitoplasts, which had been treated with vesicles prior to the
detachment of the outer mitochondrial membrane, was investigated. This revealed similar results
(Supplementary Figure 6). Most strikingly, the UCP1 activity of mitochondria loaded with GPL-only
vesicles was 1.7-fold higher compared to untreated mitochondria, which was stepwise reduced with
an increase in FC loading, matching to the lipidomic data (Figure 33 A, D). The FC and GPL contents
added to the donor vesicles (Figure 33 G-H) as well as the ones measured in mitochondria using mass
spectrometry after treatment with SUVs (Figure 33 I-J) highly correlated with UCP1 activity, with an R?
value of approximately 0.95. To ensure that the alterations in oxygen consumption were specifically
induced through UCP1 activity, mitochondria originating from UCP1 KO mice were studied.
Mitochondria were either directly analyzed (referred to as “UCP1 KO”) or mixed with wildtype
mitochondria in a ratio of 1:1 (referred to as “WT/UCP1 KO 1:1”). While in mixed WT-UCP1 KO
mitochondria, UCP1 activity was approximately half as high as in WT mitochondria, in UCP1 KO
mitochondria, UCP1 function was almost absent (Figure 33 B-D). As visible in the respiratory blots
(Figure 33 A-C), oxygen consumption dropped after G3P injection at each timepoint, suggesting that
mitochondria rapidly consume all available oxygen in the plates. To ensure that the observed reduction
in UCP1 activity was not the biased result of mitochondrial oxygen consumption (independent of lipid
alterations), the oxygen consumption of WT and UCP1 KO mitochondria (both untreated) was analyzed
for the three timepoints after G3P injection (25-31-37 minutes) as well as after GDP injection at 43
minutes. This revealed that the timepoints preceding the GDP injection could be related by linear
regression, while the OCR following the GDP injection exhibited a pronounced decline (due to the
inhibition of UCP1 activity) (Supplementary Figure 6). In contrast, linear regression analysis revealed
that all timepoints in UCP1 KO mitochondria could be related, indicating that GDP had no effect on
G3P-induced oxygen consumption (Supplementary Figure 6).

The choice of substrates and the sequence of their application can impact respiratory analyses in BAT
mitochondria, including UCP1 activity, as demonstrated by the Nedergaard & Cannon group (Shabalina
et al. 2010). To ascertain whether the inhibition of ATPase prior to the injection of G3P might have
biased the findings, the UCP1 activity of WT mitochondria incubated with selected vesicles was
analyzed in the absence of oligomycin (Supplementary Figure 6). In accordance with our previous
results, donor vesicles containing solely GPL elevated UCP1 activity, while addition of 20% FC lowered
it (Supplementary Figure 6). To test whether GPL/FC also affects maximal respiratory capacity of
mitochondria, the respiration was measured after injecting GDP (to inhibit UCP1) and carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) as an uncoupling reagent using both, high-resolution
and microplate-based respirometry. The application of both methodologies did not reveal any
discernible discrepancies in the maximal respiratory capacity of mitochondria that had been incubated
with or without donor vesicles containing varying GPL and FC contents (Supplementary Figure 6).
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Figure 33: UCP1 function in iBAT mitochondria depends on their GPL/FC ratio when modulated with SUVs
consisting of varying lipid compositions. (A-C) Microplate-based respirometry applied to profile UCP1 activity in
mitochondria isolated from iBAT of mice housed at 23°C. The oxygen consumption rate (OCR) was measured at
basal conditions, after injections of oligomycin (to inhibit CV, equals basal leak respiration), G3P (to fuel ETC and
UCP1 activity), GDP (to inhibit UCP1 activity) and antimycin A (to block electron transport chain, equals non-
mitochondrial respiration). Mitochondrial bioenergetics of (A) iBAT WT (n= 8-16), (B) mixed WT-UCP1 KO (1:1) (n=
8-14), and (C) UCP1 KO mitochondria (n= 6-14) loaded with small unilamellar vesicles (SUV) containing varying
ratios in GPL (PC, PA) and FC. Shown are data normalized to the OCR determined before G3P injection (19.0 min).
(D) UCP1 activity calculated by subtraction of the OCR after GDP-mediated respiration from G3P-induced
respiration determined in A-C. (E) Lipid class composition, (F) PC/FC and GPL/FC of iBAT mitochondria that were
untreated or loaded with SUVs containing varying ratios in GPL (POPC, POPA) and FC (n= 3). Measured with mass
spectrometry. Shown are means +SEM (A-C) and +SD (bar blots); *p<0.05, **p<0.01, and ***p<0.001 indicate a
significant difference for the comparisons control vs. 100% GPL, 100% GPL vs. 80% GPL + 20% FC, 80% GPL + 20%
FCvs. 60% GPL + 40% FC and 60% GPL + 40% FC vs. 40% GPL + 60% FC; determined using a two-sided Student’s t-
test with Welch’s correction. (G-H) Correlation of UCP1 activity with contents of FC (G) or GPL (H) added to SUV.
(I-J) Correlation of UCP1 activity with contents of FC (I) or GPL (J) measured with mass spectrometry in iBAT
mitochondria incubated with donor vesicles. R indicates Pearson’s correlation coefficient. Each mitochondrial
sample was isolated from tissue pooled of n= 5 mice.
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3.1.6.5 THE DIETARY FAT CONTENT IMPACTS MITOCHONDRIAL GPL/FC AND UCP1 FUNCTION IN

BAT MITOCHONDRIA OF MICE

It was previously published that feeding a high fat diet to mice can cause an adaptive induction of
norepinephrine-induced UCP1-dependent thermogenesis while attenuating their body weight and
thereby the risk for obesity. This is particularly evident in 129Sv/Ev Tac mice, which exhibit a markedly
higher capacity for UCP1-mediated uncoupled respiration than other mouse strains (Feldmann et al.
2009; Luijten et al. 2019). To investigate whether this observation might be attributed to alterations in
the GPL/FC ratio, mice were fed a HFD for two weeks (Supplementary Table 2). The oxygen
consumption of iBAT mitochondria originating from these mice was analyzed using the same high-
resolution respirometry assay previously described in Figure 27. Consistent with the literature, this
revealed that feeding 129Sv/Ev Tac mice a diet enriched in fat (without additional cholesterol) does
not impact body weight (Figure 34 A). However, it does increase UCP1-mediated activity almost 2-fold
(Figure 34 B-C). Notably, the levels of GPL, specifically PE and with that the GPL/FC ratio, was increased
in the HFD fed mice compared to those receiving control diet (Figure 34 D-E). This implies that a diet-
induced increase in mitochondrial GPL/FC ratios may result in enhanced UCP1 activity and energy
expenditure, thereby contributing to resistance to weight gain.
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Figure 34: High fat diet increases GPL/FC ratios and UCP1 activity while attenuating body weight. Mice received
either control diet or HFD for 14 days at the age of 10 weeks. (A) Bodyweight of mice (n= 10), (B) High resolution
respirometry to profile UCP1 activity in mitochondria isolated from iBAT. OCR flux was measured after injections
of substrates for electron transport chain and UCP1 (pyruvate, malate, G3P) and GDP to inhibit UCP1 activity (n=
8). (C) UCP1 activity calculated by subtraction of the O2-flux after GDP treatment from respiration after injection
of G3P determined in B (n=8). (D) Lipid class composition (n= 5-6), as well as (E) PC/FC and GPL/FC of mitochondria
isolated from iBAT. Shown are means +SD; *p<0.05, **p<0.01, and ***p<0.001 indicate a significant difference to
control diet determined using a two-sided Student’s t-test with Welch’s correction. Each mitochondrial sample
was isolated from tissue pooled of n= 5 mice.

Taken together, the results of section 3.1.6 clearly demonstrate a link between GPL/FC ratios in brown
adipose tissue mitochondria and UCP1 activity.

3.2 THE ROLE OF PISD FOR BROWN ADIPOSE TISSUE FUNCTION AND UCP1 ACTIVITY

3.2.1 PISD CAN BE RELATED WITH UCP1 ACTIVITY IN BROWN ADIPOSE TISSUE
To provide further and in vivo evidence for the findings presented in 3.1, we asked whether PISD
activity, which regulates the mitochondrial PE contents, is critical for UCP1 activity. PE is a major GPL
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in BAT mitochondria (Figure 18-Figure 21), where it can be generated from PS after decarboxylation
by PISD activity. Further, PE/FC ratios were almost 60-fold higher in BAT mitochondria compared to
WAT mitochondria and could be related to adipose tissue browning (Figure 22, Figure 23). To date,
PISD is believed to be the primary source of mitochondrial PE, as other underlying mechanisms of
mitochondrial PE synthesis or transport mechanisms from other organelles to mitochondria (after de
novo synthesis by PTDSS1/2 in ER/MAM) remain poorly understood. PE levels are significantly elevated
in BAT cMito compared to eWAT (Figure 19), and in iBAT and iWAT cMito isolated from mice housed
at 4°C compared to those from mice housed at 23°C and 30°C (Figure 23).

The lipidomic data presented in Figure 18-Figure 21 (mitochondria isolated from iBAT, iWAT, eWAT,
liver, and muscle) and Figure 23 (mitochondria isolated from iBAT, iWAT, and eWAT of mice housed at
4°C, 23°C, and 30°C) were utilized to calculate PE/PS ratios, which can be considered as a measure for
PISD activity (Figure 35). Of note, this revealed a 33-fold and almost 50-fold lower ratio in iWAT and
eWAT compared to mitochondria isolated from iBAT of mice housed at room temperature,
respectively. The PE/PS ratios in liver and muscle mitochondria were strongly reduced, although not
to the same extent as observed in white adipose tissue mitochondria (Figure 35 B). Furthermore, the
PS fraction declined with the housing temperature (30°C-23°C-4°C) in iWAT and, especially, iBAT
mitochondria, thereby increasing PE/PS. This was not observed in mitochondria isolated from white
adipose tissue (Figure 35 A). These results indicate a correlation between mitochondrial PE/PS ratios,
i.e. PISD activity, with adipose tissue browning.

A PE/PS B  Mitochondria 23°C
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Figure 35: PE/PS of mitochondria isolated from iWAT, eWAT, muscle, and liver significantly differ compared to
iBAT mitochondria and depend on the housing temperature of mice (4°C, 23°C, and 30°C). (A) PE/PS ratio
calculated from lipidomic data shown in Figure 23 of mitochondria isolated from iBAT, iWAT, and eWAT
originating from mice housed at 4°C, 23°C, or 30°C. (B) PE/PS ratios calculated from lipidomic data shown in
Figure 18-Figure 21 of mitochondria isolated from iBAT, iWAT, eWAT, muscle, and liver originating from mice
housed at 23°C. Shown are means +SD of (A) n=3 and (B) and n= 7 (iBAT), n= 3 (iWAT, eWAT, muscle) as well as
n=4 (liver); *p<0.05 and ***p<0.001 indicate significant differences to either (A) 4°C or (B) iBAT, determined with
a two-tailed student’s t-test with Welch’s correction. Each mitochondrial sample was isolated from tissue pooled
of n=5-10 mice.

A comprehensive proteomic analysis of primary brown adipocytes differentiated from pre-adipocytes
isolated of brown adipose tissue revealed notable PISD expression levels, comparable to those of
DGAT1 and ATGL. Following incubation with the B-adrenergic agonist isoproterenol (0.5 uM) for 30
minutes (in vitro), no significant change in PISD protein expression was observed (Figure 36 A-B). The
analysis of PISD mRNA expression in BAT revealed comparable levels to those of UCP1. In BAT of mice
that received oral gavages of the B-adrenergic agonist CL-316,243 within 2 consecutive days (0.1
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mg/kg/day), the mRNA expression of PISD was found to be more than 2-fold upregulated (UCP1: ~ 4-
fold) (Figure 36 C).
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Figure 36: PISD is expressed in brown adipose tissue and thereof isolated adipocytes which is further induced
after treatment with CL-316,243. (A) Estimation of protein expression after a full proteome analysis of murine
primary brown adipocytes via LC-HR-MS/MS. Shown is the Logz normalized signal intensity of several proteins
relevant for adipose tissue. (B) Volcano plot of primary brown adipocytes previously incubated with 0.5 uM
isoproterenol for 30 minutes over untreated cells. Shown are significant differences (-Logio(q-value)) of Log: Fold
changes of protein expression. Blue dots indicate significant differences after isoproterenol treatment (left:
downregulation, right: upregulation), grey and turquoise dots (PISD) indicate non-significant differences.
Significant differences were determined using a student’s t-test with Welch’s and FDR correction using the
Benjamini-Hochberg method (p<0.05); n= 5 of cells each pooled from 3 mice. (C) mRNA expression of UCP1 and
PISD in brown adipose tissue of mice with and without oral gavages of CL-316,243. Shown are means +SD of n=
7; *¥**p<0.001 indicates a significant difference determined using a two-sided Student’s t-test with Welch’s
correction.

Next, the stable isotope labelling strategy described below (Figure 37) was applied to further study
cellular PISD activity as well as PC and PE metabolism.
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Figure 37: Schematic description of isotope labelling strategy applied to analyze the de novo synthesis rate of
PC, PE and PS (Kennedy pathway) as well as PE from PS decarboxylation (PISD).

Therefore, primary brown, beige, and white adipocytes were supplied with stable-isotope labeled Do-
choline, Ds-ethanolamine, as well as *Cs-serine for two and six hours to analyze the PE and PC de novo
synthesis (Kennedy pathway), as well as the activity of PISD via ESI-MS/MS. After two hours, all types
of adipocytes exhibited comparable levels of de novo PC and PE synthesis (Figure 38 A-B; top panel).
In contrast, the PS de novo synthesis and PE generation via PISD were elevated in brown and beige

adipocytes relative to white adipocytes (Figure 38 C-D; top panel). When adipocytes were treated with
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the [B-adrenergic agonist isoproterenol, the activity of PISD was reduced in beige and brown
adipocytes, but not in white adipocytes, especially after six hours of stable isotope incubation (Figure
38 B, D, F; bottom panel). The de novo synthesis of PC and PE was not affected (Figure 40 A, C, E;

bottom panel).
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Figure 38: PISD activity in brown and beige adipose tissue differs from white adipose tissue and is reduced upon
isoproterenol treatment. Top panel: Cells were incubated with Ds-choline, Ds-ethanolamine, and 13Cs-serine (50
ug/mL) for either two or six hours. Labelled and non-labelled lipids were quantified using ESI-MS/MS. (A) PC, (B)
PE and (C) PS de novo synthesis via Kennedy pathway; (D) PE synthesis via PISD activity of primary white, beige,
and brown adipocytes differentiated from pre-adipocytes of eWAT, iWAT and iBAT of 129 Sv/Ev Tac mice. Bottom
panel: Cells were incubated with Do-choline, Ds-ethanolamine, and *3Cs-serine (50 ug/mL) for either two or six
hours. Additionally, cells were treated with [-adrenergic agonist isoproterenol (0.5 uM) or ethanol as control for
30 minutes. Labeled and non-labeled lipids were quantified using ESI-MS/MS. PE synthesis via Kennedy pathway
or PISD activity in (A-B) white, (C-D) beige and (E-F) brown adipocytes differentiated from primary pre-adipocytes
of eWAT, iWAT and iBAT originating of 129 Sv/Ev Tac mice. Shown are means +SD of n= 3 per group. *p<0.01
indicates a significant difference to white adipocytes (top) or to ethanol control (bottom) determined using an
independent Student’s t-test.

In conclusion, these data suggest a critical link between adipose tissue browning, UCP1 activity, and
PISD. Consequently, we proceeded to delve deeper into the relevance of PISD for brown adipose tissue
function by generating a conditional knockout mouse model, in which PISD was absent in UCP1-
expressing cells.

3.2.2 GENERATION OF A TRANSGENIC MOUSE STRAIN FOR A TAMOXIFEN-INDUCIBLE CONDITIONAL

KNOCKOUT OF PISD IN UCP1-EXPRESSING CELLS (IBCKO-PISD)

A transgenic PISD knockout model in BL/6N mice was generated in collaboration with Christian
Wolfrum and Lucia Balazova from the ETH Zirich. A global knockout of PISD in mice lead to embryonic
lethality (Steenbergen et al. 2005). Therefore, we chose to conditionally induce PISD KO in UCP1-
expressing cells, i.e. brown and beige adipocytes, through the administration of tamoxifen. The mouse
strain will be referred to as iBcKO-PISD in this work. To generate the mouse line, the commercially
available vector PISD!™a(EUCOMMWEI \yaq injected into blastocytes collected from pregnant mice.
Subsequently, embryos were implanted into female surrogates of the C57BL/6N strain to yield
chimeric offspring (Figure 39).

PIS Dt™1a(EUCOMM)Wisi
4 8
. FRT LoxP ~> FRT = [----- ,
5" homology arm 1 ( LacZ W {heo L ] I 3'homology arm
sA P PA- Loxp He=-e- LoxP
x Flp -/- |
FRT 4 8 — UCP1CreER
— g~ H X UCP1 promoter "~ o ERT2 L bpA < - pGK neo-kana { pGK pA - UCPIUTR
LoxP =----- LoxP FRT FRT

Figure 39: Scheme of targeting vector and generation strategy of iBcKO-PISD mouse line. Targeted locus on PISD
gene. Exons are depicted as grey boxes, vertical triangles as FRT sites and horizontal triangles as LoxP sites.
Targeting vector was crossed with Flippase deleter mouse line to eliminate LacZ/Neo cassette. Subsequently, mice
were bred with the UCP1®ER strain to enable the expression of a tamoxifen-inducible Cre recombinase in UCP1-
expressing cells.
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To ascertain whether the injected vector had been incorporated into the genome of mice, a
polymerase chain reaction (PCR) test was conducted to detect LacZ expression. When mice expressed
LacZ, they were bred with a Flippase-deleter mouse line (Flp -/-) to eliminate the Flippase, LacZ, and
Neo-cassette from the genome. Only mice that exhibited the LoxP sequence were further mated and
eventually screened for the PISD genotype. This involved the use of a primer specific for PISD (within
the respective exon) and another primer for the LoxP sequence. This procedure yielded three
genotypes: Wildtype mice (PISD +/+), heterozygous mice (PISD fl/+), and homozygous mice (PISD fl/fl).
Male and female PISD fl/fl mice were crossed to ensure that only animals homozygous for the inducible
PISD cKO sequence were retained. Subsequently, their offspring was bred with heterozygous UCP1¢¢ER
(Cre +/-) mice, which express the tamoxifen-inducible recombinase in UCP1-expressing cells, to
generate a BAT-specific knockout (Rosenwald et al. 2013). As parental animals of experimental cohorts,
PISD fl/fl UCP1“eER +/- as well as PISD fl/fl UCP1“tR +/+ mice were bred to yield both, wildtype controls
and iBcKO-PISD mice (Figure 40).

Pl SDtm1 a(EUCOMM)Wisi

iBcKO-PISD o

T PISD fI/fl Cre +/- X PISD fI/fl Cre +/+

PISD (378 bp) PISD (200 bp/378 bp)

Neo (627 bp) LacZ (389 bp) Flp (372 bp)

Figure 40: PCR genotyping process during the generation of a transgenic mouse strain from commercially
acquired PISD!™alEUCOMMWsI yoctor to iBcKO-PISD mice. LacZ PCR confirming successful incorporation of
PISD!mIa(EUCOMMWES yoctor in offspring of foster C57BL/6N mice after implantation of injected blastocysts. After
crossing with Flp -/- mice, elimination of LacZ/Neo cassette displayed via respective PCRs. Mice which were PCR
positive for LoxP and negative for Flippase at the same time were PCR-tested for PISD. Homozygous mice (fl/fl at
378 bp) were crossed, and subsequently bred with UCP1**f mice. Respective primer pairs are shown in the
methods section.

Mice of experimental cohorts were genotyped for CRE presence/absence using a multiplex TagMan
gPCR. Therefore, isolated genomic DNA was labeled with fluorescent probes targeting CRE and ApoE,
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serving as internal standard. Fluorescence was measured at 465-510 nm (CRE) and 533-580 nm (ApokE).
As illustrated in Figure 41, ApoE was detected in all samples, except for negative controls (H.0).
Conversely, CRE was detected exclusively in iBcKO-PISD samples, in addition to the positive controls.
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Figure 41: Fluorescence detection of ApoE (533-580 nm) and Cre (465-510 nm) in murine genomic DNA samples
using multiplex TagMan qPCR. (A) Detection of ApoE as internal standard in CRE positive sample (iBcKO-PISD)
and CRE negative sample (Wildtype), as well as negative control (H20); (B) Detection of CRE in CRE positive sample
(iBcKO-PISD) and CRE negative sample (Wildtype), as well as negative control (H20). Amplification curves in green
display samples not expressing ApoE (A) or Cre recombinase (B), amplification curves in red demonstrate samples
expressing ApoE (A) or Cre recombinase (B). All samples were analysed in duplicates.

3.2.3 KNOCKOUT EFFICIENCY OF PISD IN BROWN AND BEIGE ADIPOSE TISSUE

To induce the conditional knockout for in vivo analysis, mice (iBcKO-PISD and WT) were administered
2 mg/mouse tamoxifen for three consecutive days at ten weeks of age. When mice were fed a high fat
diet (HFD) and were therefore not euthanized before they reached six months of age, an additional
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oral gavage of tamoxifen (2 mg/mouse) was administered once per month. To induce a knockout in
mature adipocytes differentiated from primary pre-adipocytes isolated from BAT (iBcKO-PISD and WT),
2 UM tamoxifen was added to the culture medium for 48 hours four days after they were fully
differentiated.

In iBcKO-PISD mice treated with tamoxifen for three consecutive days, the mRNA expression of PISD
in brown adipose tissue was significantly reduced by approximately 70% (Figure 42 A). The mRNA
expression of PISD in mature brown adipocytes isolated from iBcKO-PISD iBAT of mice previously
receiving oral gavages of tamoxifen was comparable, although there were relatively strong variations
between the mice (Figure 42 B). Primary brown and beige adipocytes of iBcKO-PISD mice, which were
induced with tamoxifen in cell culture, displayed a 2.5-fold and 1.5-fold lower expression, respectively
(Figure 42 C, E). The protein abundance of PISD in primary brown and beige adipocytes was analyzed
using Western Blot, which revealed a significant reduction of PISD by about 50% in mPBAC, but no
difference in protein expression within beige adipocytes (Figure 42 D, F).
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Figure 42: PISD knockout efficiency in iBAT, thereof isolated mature brown adipocytes, mPBAC and mPWAC on
MRNA and protein level. (A) Relative mRNA expression of PISD in iBAT, (B) mature brown adipocytes isolated of
iBAT, (C) primary brown adipocytes differentiated from pre-adipocytes (mPBAC) and (E) primary beige adipocytes
differentiated from pre-adipocytes (mMPWAC) analysed using qPCR. (D) Relative protein expression of mPBAC and
(F) mPWAC analysed using Western Blot. RNA and protein originated from iBcKO-PISD and WT mice which were
either orally treated with 2 mg/mouse tamoxifen for three consecutive days (A-B) or ex vivo induced with 2 uM
tamoxifen for 48 hours to induce conditional PISD knockout. Shown are means +SD of n= 8 (A), n= 3 (B, C, E), n=
10 (D) and n= 6 (F); ¥p<0.1, *p<0.05, **p<0.01 and ***p<0.001 indicate significant difference to control group
determined using a two-sided student’s t-test with Welch’s correction. Respective primers and antibodies are
shown in the methods section.

3.2.4 BODY COMPOSITION, ORAL GLUCOSE TOLERANCE TEST AND CALORIMETRY OF PISD CKO MICE

In the following chapters, in vivo investigations on wildtype and iBcKO-PISD mice were conducted with
animals (I-11) fed a chow diet that were housed at (I) room temperature or (ll) 8°C for four hours (short-
term cold exposure), and animals (llI-1V) fed a high fat diet for 12 weeks and housed at (lll) room
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temperature or (IV) 12°C for 8 days (long-term cold exposure). Wildtype (n= 5-6) and iBcKO-PISD (n=
5-6) mice of all groups (I-IV) received 3 consecutive doses of tamoxifen in 24 hour intervals at the age
of 10 weeks, mice fed a HFD (llI-1V) received an additional dose of tamoxifen once per month (Figure
43 A-D):

I) Chow diet; housed at RT; sacrificed at 3 months of age.

II) Chow diet; housed at RT + last 4 hours at 8°C; sacrificed at 3 months of age.

IlI) Chow diet for 12 weeks + HFD for 12 weeks; housed at RT; sacrificed with 6 months of age.

IV) Chow diet for 12 weeks + HFD for 12 weeks; housed at RT + last 8 days at 12°C; sacrificed with
6 months of age.

()] Chow Diet
I 1
Birth 3x TAM
Sacrifice
12 weeks
(") Chow Diet
I IR
Birth 3x TAM
Sacrifice
12 weeks
4 hours 8°C
(1) Chow Diet High Fat Diet
[ Il [ I [ g
Birth 3x TAM TAM TAM TAM
Sacrifice
6 months
(V) Chow Diet High Fat Diet
[ Ill I I [ g
Birth 3x TAM TAM TAM TAM
Sacrifice
6 months
8 days 12°C

Figure 43: Schematic description of tamoxifen induction and housing conditions of iBcKO-PISD cohorts. After
birth, all mice were fed a chow diet and housed at 23°C for three months (I-1V). Ten weeks after birth, all mice
received three oral gavages of 2 mg/mouse tamoxifen in sunflower oil. Two weeks later, cohort | and Il were
sacrificed. Group Il was housed at 8°C for four hours prior sacrifice. The diet of cohort Ill and IV was changed to
HFD for 12 weeks. During this period, tamoxifen was administered once per month via oral gavage (2 mg/mouse).
Cohort Ill and IV were sacrificed at the age of six months. Cohort IV was housed at 12°C for the final eight days.

BAT of iBcKO-PISD mice in groups I-IV exhibited a lower weight and a brighter color (Figure 44 A, B).
This phenomenon was particularly evident in mice that had been fed a high fat diet for three months
(11-1V). In WT mice, the BAT weight was approximately 3-fold higher when fed a HFD, while in KO mice,
BAT weights were similar at HFD and chow (Figure 44 A). The weight and color of the tissue
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homogenates of female iBAT (used for mature adipocyte isolation; Figure 44 A, C) exhibited only minor
differences. This finding was consistent with the very low cKO efficiencies measured via qPCR analysis
(Figure 42 B). Consequently, only male mice were used for further experiments.

250
B Wildtype —_—
2004 [ iBcKO-PISD T -

1504

100

iBAT weight (mg)

50

CD + 23°C (females)
CD + 23°C (males)
CD +4h 8°C

HFD + 23°C

HFD + 8d 12°C

Figure 44: Brown adipose tissue of iBcKO-PISD mice has a lower weight and lighter colour compared to control
group. (A) Brown adipose tissue weight of female mice receiving 3 consecutive oral gavages, male mice of cohort
A, B, C and D receiving 3 consecutive oral gavages (+ monthly refreshments). (B) Picture of iBAT dissected of
wildtype (left) and iBcKO-PISD (right) mice of cohort A. (C) Homogenized iBAT for isolation of mature adipocytes
of female wildtype (left) and iBcKO-PISD (right) mice receiving three consecutive oral gavages at the age of ten
weeks. Shown are means +SD; *p<0.1, **p<0.01 and ***p<0.001 indicate significant differences to wildtype mice
determined using two-tailed student’s t-test with Welch’s correction.

The bodyweight, lean mass, and fat mass were comparable between WT and cKO mice at all conditions
(I-1V; before cold exposure). However, cKO mice fed a high fat diet showed a slight reduction in
bodyweight (~ 25%) following cold exposure (IV). Additionally, there was a decline in fat mass and an
increase in lean mass (Figure 45 A-D). The rectal body temperature was measured immediately after
cold exposure of mice. In mice of all groups (I-IV) similar temperatures between the genotypes were
detected (Figure 45 E).
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Figure 45: Bodyweight and body composition but not body temperature of iBcKO-PISD and WT mice differ after
long-term cold exposure and HFD. (A) Bodyweight of mice housed at room temperature and fed either chow or
high fat diet, (B) Bodyweight before and after cold exposure of mice fed either chow or high fat diet. (C) Body
composition (lean and fat mass) of mice housed at 23°C and fed a chow diet, as well as (D) of mice housed at 12°C
for eight days while fed HFD. (E) Rectal temperature of mice fed a chow diet after short-term cold exposure and
of mice fed a HFD after long-term cold exposure. Shown are means +SD of n= 6-8; *p<0.1, *p<0.05 and **p<0.01
indicate significant differences to control group determined using student’s t-test with Welch’s correction.

To assess glucose tolerance in mice, intraperitoneal injections (i.p.) of glucose (1 mg glucose/g body
weight) were administered. The blood glucose concentration was initially measured after 15 minutes,
followed by measurements at 30-minute intervals for up to two hours. In mice lacking PISD in UCP1-
expressing cells, glucose concentrations were increased by approximately 10% after 15 minutes when
fed a chow diet (I). In mice fed a HFD and housed at cold (IV), the blood glucose levels of the cKO mice
were similar to WT animals after 15 minutes, but significantly reduced at 30 and 60 minutes (Figure 46
A-B). After 30 minutes, the cKO animals of cohort (IV) had already reached a glucose concentration of
approximately 12.5 mg/dL, while the peak concentration (19.5 mg/dL) barely dropped at this time
point in wildtype controls (> 18 mg/dL) (Figure 46 B). It is noteworthy that, after two hours, glucose
concentrations were again comparable between the genotypes (nearly at basal levels), indicating that
mice lacking PISD do not display a pathological hypoglycemia but rather a reduced insulin resistance
following the HFD feeding (Figure 46 A-B).
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Figure 46: iBcKO-PISD mice show lower insulin resistance after receiving HFD when housed at cold compared
to WT mice. (A) GTT of mice fed a chow diet and housed at room temperature and (B) of mice fed a HFD for three
months and housed at 12°C for the last eight days. Glucose was injected (1 mg glucose/qg body weight) and blood
was drawn and analysed after 15 minutes and subsequently in 30-minute intervals up to two hours. Shown are
means +SD of n= 6 for iBcKO-PISD and wildtype mice; *p<0.05 and **p<0.01 after two-tailed student’s t-test with
Welch’s correction. Mice were administered 2 mg/mouse tamoxifen in sunflower oil via oral gavage for three

consecutive days at ten weeks of age, followed by an oral gavage once per month (at the same concentration) to
induce conditional PISD knockout.

3.2.5 IBCKO-PISD MICE HOUSED AT ROOM TEMPERATURE OR COLD HAVE AN ALTERED RESPIRATORY

CAPACITY AND LOCOMOTOR ACTIVITY COMPARED TO WILDTYPES
Mice of the iBcKO-PISD and wildtype genotypes, aged 12 weeks and fed a chow diet, were single-
housed in calorimetric cages for three days at room temperature (23°C). Thereafter, they were
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subjected to four hours of cold exposure at 8°C (ll) to determine their respiratory capacities. At room
temperature, the expected light-dark cycle behavior in mice of wildtype and cKO mice (nocturnal) was
observed. During both phases, the respiratory exchange ratio (RER; VCO,/VO,) was comparable.
Oxygen consumption and CO; production were moderately reduced in iBcKO-PISD mice (Figure 47 A-
B, E-H) as well as energy expenditure and heat production (Figure 47 C-D, ).
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Figure 47: iBcKO-PISD mice reveal moderately reduced energy expenditure, oxygen consumption, CO: and heat
production during light-cycle compared to control mice. (A-B) RER, (C-D) energy expenditure, (E-F) oxygen
consumption, (G-H) CO: production and (l) heat production of iBcKO-PISD and WT mice housed at room
temperature for 72 hours. Data was gathered during single housing of mice (n= 6) using the TSE PhenoMaster
system. Shown are means +SD (B, D, F, H-I) and #SEM (A, C, E, G); #p<0.1, *p <0.05 and **p<0.01 indicate
significant differences determined using two-tailed student’s t-test with Welch’s correction. Mice were given three

consecutive oral gavages (2 mg/mouse) of tamoxifen in sunflower oil at ten weeks of age to induce conditional
PISD knockout.

All animals demonstrated comparable food and water consumption during the three-days monitoring
period (Figure 48 D-E). Locomotor activity, particularly fine movements, and rearing, as well as speed
and the total distance covered, was moderately reduced in iBcKO-PISD mice by approximately 40%
during their active phase (Figure 48 A-C).
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Figure 48: iBcKO-PISD mice have moderately decreased activity during dark cycle compared to wildtype mice.
(A) Locomotor activity, (B) covered distance, (C) speed, (D) cumulative food intake and (E) cumulative water
consumption of iBcKO-PISD and WT mice housed at room temperature for 72 hours. Data was gathered during
single housing of the mice (n= 6) using the TSE PhenoMaster system. Shown are means +SD (A-C) and #SEM (D-
E); *p<0.1 and *p <0.05 indicate significant differences to control mice determined using two-sided student’s t-
test with Welch’s correction. Mice were given three consecutive oral gavages (2 mg/mouse) of tamoxifen in
sunflower oil at ten weeks of age to induce conditional PISD knockout.

When mice were exposed to cold (8°C, during the active/dark phase), iBcKO-PISD mice demonstrated
a significantly higher (5%) respiratory exchange ratio (Figure 49 B). At the beginning of the
intervention, when the temperature had not yet reached 8°C, the iBcKO-PISD mice exhibited a
markedly elevated RER, which declined more rapidly with decreasing temperature than in the wildtype
mice. This resulted in comparable levels after four hours at 8°C. Three hours after the start of the
intervention (when the temperature reached 8°C), the RER in iBcKO-PISD animals averaged at 0.93,
while that of wildtype mice averaged at 0.82. At the end of the cold exposure period, mice of both
genotypes exhibited a quotient of approximately 0.75 (Figure 49 A).

It is well established that brown adipocytes increase the hydrolysis of lipid droplet associated TAG to
FFA when exposed to cold. Concurrently, they take up a significant amount of circulating glucose,
which induces the de novo FFA-synthesis. The results of the GTT, shown in Figure 46 B, support the
notion of a high uptake of circulating glucose. As concentrations of FFA in brown adipocytes increase,
both through lipolysis and de novo FFA synthesis, mitochondrial B-oxidation is fueled, which in turn
supports thermogenesis (Chang 2023). Of note, reduced respiratory quotients indicate a preference
for the oxidation of FFA over carbohydrates. Consequently, we conclude that the rapid reduction of
the RER in iBcKO-PISD mice at cold exposure indicates a switch from glycolysis towards B-oxidation,
which could potentially lead to an increased thermogenic capacity. The energy expenditure as well as
heat production were comparable between the animals (Figure 49 C-E).

The negative spike in Figure 49 at 140 minutes was caused by a technical issue.
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Figure 49: iBcKO-PISD mice have a significantly increased RER at the beginning of the cold intervention which
rapidly converges to the RER of control animals during decreasing temperatures. (A-B) RER, (C) heat production,
and (D-E) energy expenditure of iBcKO-PISD and WT mice housed at 8°C for 4 hours. Data was gathered during
single housing of the mice (n= 6) using the TSE PhenoMaster system. Shown are means +SD (B, C, E) and #SEM (A,
D), *p <0.05, **p<0.01 and ***p<0.001 indicate significant differences to control group determined using two-
sided student’s t-test with Welch’s correction. Mice were given three consecutive oral gavages (2 mg/mouse) of
tamoxifen in sunflower oil at ten weeks of age to induce conditional PISD knockout.

The food intake was 1.5-fold increased in cKO mice when exposed to cold, whereas water consumption
remained similar (Figure 50 D-E). All parameters related to locomotor activity, including movements
in all directions, fine, ambulatory, peripheral, and central movements, as well as speed and the total
covered distance, were reduced by about 1.1 to 1.5-fold in cKO mice (Figure 50 A-C).
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Figure 50: iBcKO-PISD mice show decreased activity and increased food consumption after short-term cold
exposure compared to wildtype mice. (A) Locomotor activity, (B) covered distance, (C) speed, (D) food intake and
(E) water consumption of iBcKO-PISD and WT mice housed at 8°C for four hours. Data was gathered during single
housing of the mice (n=6) using the TSE PhenoMaster system. Shown are means +SD; ¥p<0.1 and *p<0.05 indicate
significant differences to control group determined using two-sided student’s t-test with Welch’s correction. Mice

were given three consecutive oral gavages (2 mg/mouse) of tamoxifen in sunflower oil at ten weeks of age to
induce conditional PISD knockout.
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3.2.6 LIPID DROPLET CHARACTERISTICS OF ADIPOSE TISSUE AND LIVER

3.2.6.1 HISTOLOGY AND LIPID DROPLET QUANTIFICATION OF ADIPOSE TISSUE

To ascertain the impact of a conditional PISD knockout on adipose tissue and liver histology,
hematoxylin and eosin (H&E) staining was performed. The lipid droplets in adipose tissue were
guantified using the Fiji plugin Adiposoft, as previously published (Galarraga et al. 2012). For each
tissue, four distinct sections were quantified, with the average serving as the basis for comparison
between mice. Given the considerable heterogeneity in the morphology of iWAT, with regard to lipid
droplet size, the lymph nodes were used as a reference point for the selection of comparable regions
for quantification.

Significant discrepancies were observed between the two genotypes with respect to housing
temperatures and diet. The brown adipose tissue of iBcKO-PISD mice housed at room temperature and
fed a normal chow diet (1) exhibited a 25% reduction in the number of lipid droplets, while the mean
area/size of lipid droplets was 1.5-fold increased. The brown adipose tissue sections of cKO mice
displayed an infiltration of immune cells, which potentially led to fibrosis, suggesting inflammation
(Figure 51 left panel: A-B; Figure 53 A-B). The accumulation of lipids in brown adipose tissue may be
indicative of whitening, and a reduction in thermogenic capacity. However, when mice were housed
at 8°C for the final four hours prior to sacrifice (ll), the observed morphological phenotype underwent
a complete transformation. Brown adipose tissue of these mice did not show any signs of fibrosis, and
the level of immune cell infiltration was comparable to that observed in wildtype tissue. Cold exposure
strongly induced multilocular appearance in both wildtype and cKO mice, which made it difficult to
guantify the number and area of lipid droplets. As illustrated in the magnified section of Figure 51 (left
panel: C-D), lipid droplets appeared to be even smaller/more multilocular in cKO mice compared to
wildtype mice, proposing a more pronounced reduction in lipid accumulation and thus, a higher
thermogenic capacity. This contradicts our observation in iBAT of mice housed at room temperature
(1), where lipid droplets were larger, rather suggesting a reduced thermogenic capacity.

This contrast was even stronger when mice were fed a high fat diet. Wildtype mice at room
temperature (Ill) displayed a 2-fold higher number of lipid droplets and a more than 50% reduction in
lipid droplet area (Figure 51 left panel: E, F; Figure 53 A, B). Following a period of cold exposure (IV),
mice with a conditional knockout of PISD recovered the in WT mice observed changes caused by HFD.
Their tissue morphology was comparable to that of wildtype controls receiving chow diet and housed
at room temperature (). It is noteworthy that the observations in histological sections of group IV were
not confirmed by the applied quantification method, which revealed a mere 20% difference between
wildtype and iBcKO-PISD mice (Figure 53 A, B). This, as well as comparable results observed in mice
fed a chow diet and housed at cold temperatures (ll), can be attributed to the limitations of the
software in accurately quantifying the extremely multilocular lipid droplet structure. A large portion of
lipid droplets in cKO tissue were not identified as small, single lipid droplets. Instead, they were
erroneously captured as a combined single, large lipid droplet, which explains the seemingly low
differences in lipid droplet number and area (Figure 51 left panel: C, D, G, H; Figure 53 A, B).

The findings collectively indicate a discernible morphological response of brown adipose tissue
following B-adrenergic stimulation induced by cold in mice lacking PISD.
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In inguinal white adipose tissue (iWAT) of mice fed a chow or high fat diet and housed at 23°C (1, lll),
comparable lipid droplet numbers and areas were observed, as well as no obvious signs of
inflammation. In accordance with the findings in brown adipose tissue, cold exposure provoked a more
multilocular lipid droplet distribution in all mice, with the most pronounced effect observed in iBcKO-
PISD mice (). Again, this effect was further elevated when mice were fed HFD (IV). After eight days of
cold exposure, the tissue of mice lacking PISD resembled the basal phenotype (room temperature,
chow diet), implying a reversal of HFD-induced conditions (Figure 51 right panel: A-H; Figure 53 C-D).

White adipose tissue (eWAT) of iBcKO-PISD and WT mice (I-IV) did not show any differences in the
analyzed histological and morphological parameters (Figure 52 left panel: A-F; Figure 53 E, F).

iBAT Wildtype iWAT Wildtype iWAT iBcKO-PISD
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Figure 51: iBAT of iBcKO-PISD mice housed at 23°C and fed either chow or HFD shows fewer and larger lipid
droplets compared to wildtypes, while the opposite is observed after cold exposure. Images of haematoxylin
and eosin stained iBAT (left) and iWAT (right) sections originating from iBcKO-PISD and wildtype mice. Histological
images were comparable for n= 6 mice per group. All images are displayed at a 100 uM scale bar. Mice were given
three consecutive oral gavages (2 mg/mouse) of tamoxifen in sunflower oil at ten weeks of age (+ monthly
refreshments) to induce conditional PISD knockout.

3.2.6.2 HISTOLOGY AND LIPID DROPLET QUANTIFICATION OF LIVER

UCP1is not expressed in the liver. Nevertheless, the existing literature proposes intriguing connections
between liver and BAT function. For instance, a recent study by Xiao et al. (Xiao et al. 2023) proposed
a relationship between cold-induced BAT thermogenesis and WAT browning in male mice, with
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changes in the hepatic bradykinin metabolism. To ascertain whether the knockout of PISD in iBAT
affects liver morphology and function, we analyzed H&E-stained liver sections of mice.

The livers of wildtype mice fed a chow diet (I) had a typical polygonal structure, wherein hepatic cords
encircled central veins and were distinctly separated by sinusoids. This structure was not observed in
liver sections of the cKO mice, which demonstrate a very diffuse cell organization. Hepatocytes from
cKO mice showed ballooning degeneration and microvesicular steatosis, which is characterized by the
presence of small lipid droplets within the hepatic cytosol. Furthermore, evidence of necrotic cell
death, the beginning of sinusoidal blood cell congestion, and immune cell infiltration were observed,
which collectively suggests liver injury (Figure 52 A-B).

When fed a high fat diet and housed at 12°C for eight days (IV), wildtype mice exhibited an extensive
amount of lipid droplets and immune cell infiltration (NAFLD), while iBcKO-PISD mice exhibited a
normal phenotype under those conditions, comparable to mice housed at room temperature and fed
a chow diet (Figure 52 C-D).

We conclude that a deficiency of PISD activity improves liver-related pathologies caused by calorie/fat-
enriched diet after a cold stimulus.

eWAT Wildtype eWAT iBcKO-PISD Liver Wildtype Liver iBcKO-PISD
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Figure 52: Liver sections of iBcKO-PISD mice housed at 23°C and fed chow diet show mild liver injury, while
NAFLD of mice fed a HFD is rescued after long-term cold exposure. Images of H&E stained eWAT (left) and liver
(right) originating from iBcKO-PISD and wildtype mice. Histological images were comparable for n= 6 mice per
group. All images are displayed at a 100 uM scale bar. Mice were given three consecutive oral gavages (2
mg/mouse) of tamoxifen in sunflower oil at ten weeks of age (+ monthly refreshments) to induce conditional PISD
knockout.
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Figure 53: Lipid droplet number and area of iBAT and iWAT differ between WT and iBcKO-PISD mice, depending
on diet and housing temperature. (A, C, E) Mean lipid droplet number and (B, D, F) mean area of lipid droplets in
iBAT (A-B), iWAT (C-D) and eWAT (E-F) of iBcKO-PISD and wildtype mice; For each tissue (n= 6 per cohort and
genotype) four images of different tissue sections were captured, quantified, and averaged using the Fiji plugin
Adiposoft. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001 indicate significant differences to control
group determined using a two-sided student’s t-test with Welch’s correction. Mice received oral gavages with 2
mg/mouse tamoxifen in sunflower oil for three consecutive days at ten weeks of age (+ monthly refreshments) to
induce PISD knockout.

3.2.7 PLASMA ALT AND LEPTIN OF CKO MICE ARE REDUCED WHEN HOUSED AT COLD

Next, we asked whether we could find evidence of potential liver pathology by applying an alanine
aminotransferase (ALT) assay on plasma samples from mice. The pyridoxal-phosphate-dependent
enzyme alanine aminotransferase (ALT) facilitates the reversible amino group transfer from alanine to
alpha-ketoglutarate. Thereby, glutamate and pyruvate are generated. Elevated plasma concentrations
of ALT are used as a marker for hepatocellular and liver damage (McGill 2016). In this work, a coupled
enzyme assay was employed to measure the colorimetric (570 nm)/fluorometric (Aex= 535/Aem= 587
nm) product, which is generated in proportion to pyruvate. One unit of ALT corresponds to the amount
of enzyme capable of generating 1 UM of pyruvate per minute at a temperature of 37°C.

WT and cKO mice fed a chow diet (1, Il) did not reveal any differences in plasma ALT concentrations.
However, when WT animals were fed a HFD, ALT levels rose by approximately 3-fold at 23°C and 12°C
(I-1V). In contrast, knockout animals exhibited elevated ALT levels only when housed at room
temperature (lll). After cold exposure (IV), ALT activity was approximately twofold lower (comparable
to the ALT activity observed in mice fed a chow diet) (Figure 54 A). These findings are consistent with
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the histological findings presented in Figure 52. Mice lacking PISD appear to exhibit enhanced capacity
to reverse HFD-induced NAFLD, when housed at cold temperatures.

Leptin, a plasma protein secreted by adipocytes, is known to be involved in the regulation of energy
metabolism by reducing the food intake and increasing the energy expenditure. However, several
rodent models of obesity, such as db/db and yellow Ay/a strains, have proven an elevation in plasma
leptin concentrations due to the development of leptin resistance (Frederich et al. 1995).

As demonstrated in the previous sections, the conditional knockout of PISD in UCP1-expressing cells
appears to develop a resistance to HFD-promoted pathologies when housed at cold temperatures (e.g.
Figure 45). To investigate whether this could be related to leptin, an ELISA assay was employed to
qguantify plasma leptin levels. In accordance with the existing literature, the administration of a high
fat diet (HFD) to mice housed at room temperature resulted in a significant elevation in plasma leptin
concentrations, exceeding a 2-fold increase (independent of the genotype), which implies the
development of leptin resistance (lll). It has been previously reported that leptin levels can be reduced
as an adaptive mechanism upon cold exposure (Peind et al. 2000). In agreement, we found a reduction
in leptin levels in WT and, even more pronounced, in cKO mice fed a chow diet and housed at acute
cold exposure (Il) compared to mice housed at room temperature (I). In WT mice fed a HFD at 12°C
(IV), leptin levels did not change compared to RT housed mice (lll). In contrast, PISD cKO mice fed a
HFD at 12°C (IV), leptin levels were 2-fold lower, compared to control mice (Figure 54 B). Leptin
resistance is not only associated with obesity but also with insulin resistance, as leptin can act as a
potent insulin sensitizer, thereby improving glucose tolerance (Koch et al. 2014). In this context, the
reduced leptin levels observed in cold-exposed cKO mice (ll, IV) fit well to the results of the glucose
tolerance test presented in Figure 46 B, which demonstrate a faster reduction in blood glucose
concentrations.
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Figure 54: Plasma leptin levels and ALT activity are reduced in iBcKO-PISD mice when fed a HFD and housed at
cold. (A) ALT activity and (B) leptin concentration in plasma of iBcKO-PISD and wildtype mice of cohort I-1V; shown
are means +SD of n= 4-10, *p<0.05 indicates significant differences to wildtype mice determined using student’s
t-test with Welch’s correction. Mice were orally given 2 mg/mouse tamoxifen in sunflower oil for three consecutive
days at ten weeks of age (+ monthly refreshments) to induce PISD knockout.
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3.2.8 ADIPOCYTE DIFFERENTIATION- AND LIPID METABOLISM- RELATED GENE EXPRESSION PROFILES

IN BROWN AND BEIGE ADIPOSE TISSUE OF IBCKO-PISD MICE

Next, the mRNA expression levels for white (ADIPOQ, FABP4, ADCY5) and brown (UCP1, COX7A1, DIO2,
CTP1B, CIDEA, PPARY, ELOVL3) adipocyte markers, relevant genes involved in phospholipid metabolism
(PSS1, PSS2, PEMT), glycerolipid synthesis (DGAT1, DGAT2), lipolysis (ATGL, HSL), FA synthesis (FAS,
SCD1, ELOVL6, SREBP1-c) as well as cholesterol biosynthesis (ACAT2, HMGCR, SREBP-2c) were analyzed
in brown and beige adipose tissue of iBcKO-PISD mice. Further, the gene expression of PGAM5 was
studied, a known regulator of the continuous processes of mitochondrial fusion and fission
(mitochondrial dynamics), which was previously identified as a suppressor of UCP1 expression
regulated by PISD (Sugawara et al. 2020).

When mice were housed at room temperature and fed a chow diet (l), the majority of the studied
genes exhibited a significant downregulation in iBcKO-PISD mice. Consistent to the histological sections
shown in Figure 51, all brown adipocyte markers, particularly UCP1 (~80%) and CTP1B (~90%), were
substantially reduced in mice expressing the conditional PISD knockout. The mRNA expression of ATGL,
HSL, DGAT1 and DGAT2 was higher in wildtype mice, indicating a suppression of both lipolysis and
glycerolipid synthesis in mice lacking PISD. Enzymes involved in the synthesis of phosphatidylserine
(PSS1, PSS2) were ~3-fold reduced at a lower level of PISD activity. This is coherent considering the
role of PS as a substrate for PISD action. The enzymes involved in FA synthesis were downregulated by
approximately 80-90% (FAS, SCD1, ELOVL6, SREBP1-c), while the enzymes involved in cholesterol
biosynthesis were upregulated 1.2-fold (SREBP2-c) and 3-fold (HMGCOAR). ACAT2, which is
responsible for the esterification of FC to yield CE, was about 5-fold higher in wildtype mice (Figure 55
A-B).

Following four hours of acute cold exposure (Il), the mRNA expression of most investigated adipocyte
differentiation marker genes was unchanged between WT and cKO. The histological stainings (Figure
51 C, D) were corroborated by the observation that brown adipocyte marker gene expression was not
reduced but instead elevated in the cKO compared to wildtype tissue (ELOVL3, DIO2). UCP1 was
expressed at comparable levels between the genotypes. All genes involved in lipid metabolism (except
for DGAT2) displayed similar levels in cKO and wildtype mice, which is, again, in contrast to the results
observed in mice housed at room temperature (Figure 55 C-D).

WT and cKO mice that were fed a HFD and exposed to 12°C (IV) did not display differential mRNA
expression for lipid metabolism-related genes in BAT, except for DGAT2 and ACAT2. These enzymes
were downregulated in cKO mice. Genes related to adipose tissue browning (DIO2, ELOVL3) were
significantly reduced (3-fold and 6-fold, respectively) in control mice compared to iBcKO-PISD animals,
whereas the white adipocyte marker ADIPOQ revealed the opposite. Interestingly, mice lacking PISD
displayed a 20% increase in UCP1 abundance, while PGAMS5, which suppresses UCP1, was
downregulated (Figure 55 E-F).

At room temperature, HFD feeding (lll) induced mRNA expression of most browning markers as well
as genes involved in lipolysis and TG synthesis (ATGL, HSL, DGAT1, DGAT2) in wildtype mice.
Transcription of genes involved in FFA synthesis, cholesterol synthesis, and phospholipid metabolism
was largely unaffected, except for ACAT2 (50% reduction in cKO). UCP1 expression was approximately
2-fold lower in iBcKO-PISD tissue compared to WT BAT (Figure 55 G-H).
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Inguinal white adipose tissue exhibited comparable mRNA levels of all tested genes in WT and cKO
mice maintained at room temperature and fed a chow diet (). However, when mice were housed at
8°C for 4h (ll), UCP1 (along with all analyzed browning markers) displayed a 5-fold increase in the cKO
mice. This may suggest that iWAT at a basal state (without -adrenergic stimulation) does not express
sufficient UCP1-expressing cells (beige adipocytes) to induce the conditional knockout. The mRNA
levels of DGAT2, FAS, SCD1, ELOVL6, and ACAT2 were higher in cKO compared to wildtype mice (Figure
56 A-D).

The mRNA expression levels of primary brown and beige adipocytes, which were differentiated from
pre-adipocytes originating from iBcKO-PISD and wildtype mice (both treated with 2 uM Tamoxifen for
48 hours), demonstrated a 2.5-fold downregulation of UCP1 when PISD was absent, while the
browning marker COX7A1 was approximately 50% reduced. These findings are consistent with those
of cohort I (shown in Figure 55 A). In mPWAC, no significant differences between the genotypes were
observed (Figure 56 E-F).
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Figure 55: Brown and white adipocyte marker genes as well as genes involved in lipid metabolism differ
between iBAT of iBcKO-PISD and WT mice depending on the housing condition. (A-B) mRNA expression of
relevant genes in iBAT of iBcKO-PISD and wildtype mice of cohort I, (C-D) cohort I, (E-F) cohort IV and (G-H) cohort
Ill; shown are means +SD of n= 5-6 per group; "p<0.1, *p<0.05, **p<0.01 and ***p<0.001 indicate significant
differences to wildtype mice determined using student’s t-test with Welch’s correction. Mice were treated with
three consecutive oral gavages (2 mg/mouse) of tamoxifen in sunflower oil at ten weeks of age (+ monthly
refreshments) to induce PISD knockout. Data was quantified relative to wildtype mice using TBD as housekeeper.
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Figure 56: Brown and white adipocyte marker genes as well as genes involved in lipid metabolism differ
between iWAT of iBcKO-PISD and WT mice after cold exposure. (A-B) mRNA expression of relevant genes in iWAT
of iBcKO-PISD and wildtype mice of cohort | and (C-D) cohort Il. Mice were treated with three consecutive oral
gavages (2 mg/mouse) of tamoxifen in sunflower oil at ten weeks of age to induce PISD knockout. (E) mRNA
expression of relevant genes in mPBAC and (F) mPWAC isolated of iBcKO-PISD and wildtype mice and induced with
2 uM tamoxifen for 48 hours to induce PISD knockout (in vitro); shown are means +SD of n= 4-6 per group; #p<0.1,
*p<0.05, **p<0.01 and ***p<0.001 indicate significant differences to wildtype mice determined using student’s
t-test with Welch’s correction. Data was quantified relative to wildtype mice using TBD as housekeeper.

3.2.9 PISD, PERILIPIN, VDAC1 AND CYTOCHROME C PROTEIN EXPRESSION IN PRIMARY BROWN AND

BEIGE ADIPOCYTES OF PISD CKO AND WILDTYPE MICE
To strengthen the transcriptomic results, protein abundance of selected candidates was determined
using Western Blot analyses on primary brown and beige adipocytes previously treated with tamoxifen
(in vitro). Consistent with Figure 42 D, PISD was approximately 2-fold decreased in adipocytes lacking
PISD in UCP1 expressing cells. Nonetheless, neither brown nor beige adipocytes revealed differences
in UCP1 protein (Figure 57 A, C). The lipid droplet-associated protein perilipin was increased in
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adipocytes lacking PISD (~30%), further substantiating the increased lipid storage observed in the
histological stainings of mice housed at 23°C and fed a chow or high fat diet (Figure 57 A, C; Figure 51).
The mitochondrial marker proteins VDAC1 and cytochrome C were initially investigated with the
intention of evaluating mitochondrial mass. As iBcKO-PISD mice had a “whiter” phenotype under basal
conditions, we expected a reduction in mitochondrial density. Also, a recent study by Johnson et al.
(Johnson et al. 2023) demonstrated that a conditional knockout of PISD in brown adipose tissue
substantially reduces the mitochondrial mass and causes a reduced density of cristae and therefore a
disorganization of the inner mitochondrial membrane. Surprisingly, in our study, cytochrome C and
VDAC1 protein levels were 2.0-2.5-fold elevated in brown and beige adipocytes of iBcKO-PISD mice
(Figure 57 A-D). This finding may not necessarily reflect an increase in mitochondrial density, but rather
an induction of mitochondrial damage. The voltage-dependent anion channel VDAC1 is known to be
overexpressed during pathological conditions, such as mitochondrial dysfunction, leading to elevated
permeability of the outer mitochondrial membrane for the release of pro-apoptotic proteins and
ultimately induces cell death (Shoshan-Barmatz et al. 2020; Shoshan-Barmatz et al. 2018). Cytochrome
Cis a soluble electron carrier between complexes Ill and IV of the oxidative phosphorylation chain. Its
release into the cytosol increases with the permeability of outer mitochondrial membranes, resulting
in the execution of pro-apoptotic functions (Eleftheriadis et al. 2016).

In summary, these results provide further evidence that brown and beige adipocytes lacking PISD
exhibit elevated lipid storage and potentially mitochondrial dysfunction under basal conditions.
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Figure 57: UCP1 protein abundance in mPBAC and mPWAC is similar in iBcKO-PISD and WT mice, whereas
VDACI1 and cytochrome C as well as lipid droplet marker perilipin are higher expressed in iBcKO-PISD mice. (A,
C) Quantified and exemplary blotted protein abundance relative to HSP90 expression in primary brown and (B, D)
beige adipocytes induced with 2 uM tamoxifen for 48h (in vitro). Analysed using Western Blot; shown are means
+SD of n= 10 (PISD), n= 6-7 (UCP1, VDAC1, Cytochrome C) and n= 4 (Perilipin); *p<0.05 and **p<0.01 indicate
significant differences to control group determined using student’s t-test with Welch’s correction.
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3.2.10 LIPID COMPOSITION OF MITOCHONDRIA ISOLATED FROM BROWN AND BEIGE ADIPOCYTES

DERIVED FROM IBCKO-PISD AND WILDTYPE MICE
To analyze whether the conditional knockout of PISD alters the mitochondrial lipid composition,
mitochondria where isolated from adipocytes differentiated from pre-adipocytes of BAT after
cultivation and treatment with tamoxifen using an antibody-based isolation kit. The lipidome was
guantified using a comprehensive MS-based lipidomic analysis.

Surprisingly, mPBAC cKO cells had unaltered total concentrations of PE and PS (Figure 58 B). Moreover,
the PE/PS ratio was found to be approximately 2-fold reduced in wildtype brown adipocytes compared
to cKO adipocytes (expected would have been the opposite), which was provoked through a significant
elevation of the phospholipid species PE 32:1, PE 34:1, together with a decrease in PS 36:1, PS 36:2, PS
38:1,PS38:2, PS40:3,PS42:6 and PS 42:7 (Figure 58 A, C, D). This may be attributed to a compensatory
effect of the Kennedy pathway, which is located outside of mitochondria. Potential explanations could
be an increase in PE de novo synthesis, a reduction in PS synthesis from PE, or a diminished PEMT-
mediated conversion of PE to PC. An alternative hypothesis could be a change in the transport of lipids
into mitochondria upon PISD knockout. Nevertheless, mechanisms governing the transport of PE into
mitochondria remain elusive. The levels of PA, specifically PA 32:0, PA 32:1, and PA 34:1, were found
to be more than 2-fold higher in the cKO mice (Figure 58 G). Other phospholipid classes, sterols,
ceramides, as well as glycerolipids revealed no substantial differences between the genotypes (Figure
58 B, E, F; Supplementary Figure 7; Supplementary Figure 8). It is particularly noteworthy that in cKO
mitochondria, PE/FC, PC/FC, and GPL/FC species were found to be almost 2-fold increased (Figure 58
A).
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Figure 58: Common membrane lipids are differentially distributed between mPBAC mitochondria of iBcKO-PISD
and WT mice. (A) Lipid ratios, (B) common membrane lipids, (C) PE species, (D) PS species, (E) PC species, (F) DG
species and (G) PA species in mitochondria isolated of mPBAC which were previously treated with 2 uM tamoxifen
for 48 hours to induce PISD cKO; lipids were analysed using mass spectrometry. Shown are means +SD of n= 2 per
group; *p<0.05, **p<0.01 and ***p<0.001 indicate significant differences to control, determined with a student’s
two-tailed t-test with Welch’s correction. Each mitochondrial sample was pooled from adipocytes originating from
n=4 mice.

In mitochondria isolated from primary beige adipocytes (mPWAC), the PE/PS ratio was also lower in
wildtype mice, although not as pronounced as it was observed in brown adipocytes (2-fold vs. 1.1-fold)
(Figure 59 A). Here, this finding can be attributed to the unequal increases observed in mice lacking
PISD in both PE species (e.g. PE 34:1, PE 38:4) and PS species (e.g. PS 40:5, PS 40:6) (Figure 59 B-D). As
observed in brown adipocytes, the GPL/FC ratio was elevated by approximately 20% in beige
adipocytes from iBcKO-PISD mice, which was (besides PE and PS) due to increased levels in PE P, PC,
and PA species (e.g. PC 30:1, PC 34:1, PC 34:4, PA 32:0, PA 34:1, PA 34:2) (Figure 59 A, B, E, G). SM was
found to be almost 2-fold reduced in wildtype adipocytes, while other lipid classes and species were
comparable between the genotypes (Figure 59 B; Supplementary Figure 9; Supplementary Figure 10).
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Figure 59: Common membrane lipids are differentially distributed between mPWAC mitochondria of iBcKO-
PISD and WT mice. (A) Lipid ratios, (B) common membrane lipids, (C) PE species, (D) PS species, (E) PC species, (F)
DG species and (G) PA species in mitochondria isolated of mPWAC which were previously treated with 2 uM
tamoxifen for 48 hours to induce PISD cKO; lipids were analysed using mass spectrometry. Shown are means +SD
of n=2 per group,; *p<0.05 and **p<0.01 indicate significant differences to control, determined using a student’s
two-tailed t-test with Welch’s correction. Each mitochondrial sample was pooled from adipocytes originating from
n=2 mice.

3.2.11 ISOPROTERENOL-INDUCED UCP1 ACTIVITY OF PRIMARY BROWN ADIPOCYTES IS INCREASED

WHEN PISD IS KNOCKED DOWN OR KNOCKED OUT
To study whether the modulation of PISD activity in primary brown and beige adipocytes affects UCP1
and thereby thermogenic function, the mitochondrial respiratory capacity was assessed using
microplate-based respirometry in (1) siRNA-treated PISD knockdown and (2) PISD cKO cells. Therefore,
a similar assay was employed as previously utilized in section 3.1.

The following measurements were taken: Measurement of [1] basal respiration; [2] basal uncoupled
respiration after blocking ATP synthase using oligomycin; [3] induction of UCP1 by addition of
isoproterenol (ISO) as B-adrenergic agonist; [4] assessment of the maximal respiratory capacity by
using carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) as uncoupling agent; and [5] non-
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mitochondrial O, consumption applying antimycin A (Anti A). The activity of UCP1 was estimated by
calculating the isoproterenol-induced increase over proton leak-linked oxygen consumption.

PISD expression was silenced using RNAI, resulting in a 5-fold reduction of its transcription levels
(Figure 60 C). The tamoxifen-induced knockout of PISD in brown adipocytes differentiated from pre-
adipocytes isolated from BAT of iBcKO-PISD mice, resulted in a 50% reduction of PISD on mRNA and
protein levels as shown in Figure 42 C and D. In both cases, when PISD was knocked down or knocked
out, increased PC/FC, PE/FC and most importantly GPL/FC ratios (Figure 58 A, Figure 60 D), together
with isoproterenol-induced UCP1-dependent OCR were found (cKO: 1.5-fold, KD: 1.3-fold) (Figure 60
A-B, Figure 61 A-B). Interestingly, both in PISD KD and PISD KO brown adipocytes, also PE/PS was
elevated (Figure 58 A, Figure 60 D).

This essentially supports our previous findings that brown adipose tissue of iBcKO-PISD mice housed
at cold temperatures, as a condition comparable to isoproterenol treated cells, have a higher browning
capacity compared to wildtypes. Moreover, these results further strengthen a potential correlation
between the mitochondrial GPL/FC and UCP1 activity.

Primary beige adipocytes did not reveal an impact on UCP1 activity after modulation of PISD activity
(Figure 61 C, D).
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Figure 60: Primary brown adipocytes with siRNA-mediated PISD inhibition show increased isoproterenol
induced UCP1-mediated respiration compared to non-targeting control. (A) Microplate-based respirometry was
applied on primary brown adipocytes (n= 12-16) treated with siRNA against PISD or non-targeting control; The
oxygen consumption rate (OCR) was measured at basal conditions, at proton leak-linked respiration (oligomycin;
CV inhibition), UCP1-mediated respiration (isoproterenol; [-adrenergic agonist), maximal respiratory capacity
(FCCP; uncoupling reagent) and after inhibition of the electron transport chain (antimycin A; Clll inhibitor). (B)
UCP1 activity was calculated as isoproterenol induced increase over proton leak-linked respiration. (C) Relative
MRNA expression of PISD after siRNA mediated knockdown in primary brown adipocytes (n=3). (D) Lipid ratios of
mitochondria isolated of respective cells (n= 3). Shown are means +SEM (A) and means +SD (bar plots); *p<0.05,
**p<0.01 and ***p<0.001 indicate significate differences relative to controls, determined using two-sided
student’s t-test with Welch’s correction.
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Figure 61: Primary brown adipocytes of iBcKO-PISD mice display increased isoproterenol-induced UCP1-
mediated respiration compared to wildtypes, whereas in beige adipocytes UCP1 function is unchanged. (A, C)

Microplate-based respirometry was applied on (A) primary brown adipocytes and (C) primary beige adipocytes
originating from iBcKO-PISD or wildtype mice. Cells were previously treated with 2 uM tamoxifen for 48 hours to
induce PISD cKO; The oxygen consumption rate (OCR) was measured at basal conditions, at proton leak-linked
respiration (oligomycin; CV inhibition), UCP1-mediated respiration (isoproterenol; adrenergic agonist), maximal
respiratory capacity (FCCP; uncoupling reagent) and after inhibition of the electron transport chain (antimycin A;

Clll inhibitor). (B, D) UCP1 activity was calculated as isoproterenol-induced increase over proton leak-linked
respiration. Shown are means +SEM (A, C) and means +SD (B, D) of n= 15 WT, n= 40 cKO (mPBAC) and n= 10
(MmPWAC); **p<0.01 and ***p<0.001 indicate significate differences relative to controls, determined using a two-

sided t-test with Welch’s correction.
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4 DISCUSSION

The metabolic syndrome, particularly characterized by central obesity, represents a substantial public
health burden, with an increased risk of all-cause mortality observed in both adults and children
worldwide. This condition is associated with a number of complications, including cardiovascular
disease, inflammation, insulin resistance, hyperglycemia, hypertension, and dyslipidemia. Overweight
and obesity are defined as having a persistent positive energy balance, which is caused by genetic
factors, reduced energy expenditure, and excessive energy intake from food. This subsequently leads
to lipid accumulation in adipose tissue (Eckel et al. 2005; Després und Lemieux 2006). Typical measures
to combat obesity include increasing physical activity levels and implementing caloric restriction. In
order to improve quality of life and reduce obesity-related complications, it is necessary to achieve
sustained weight loss of more than 10%. This can be very challenging for the majority of individuals
over extended periods. Moreover, the human body is capable in opposing such efforts through
physiological adaptations, emphasizing the necessity of medical assistance in addition to lifestyle
interventions (Perdomo et al. 2023). In recent years, drugs such as glucagon-like peptide-1 (GLP-1)
receptor analogues (e.g. Semaglutides/ Ozempic) have emerged as potential treatment options for
obesity. By mimicking the natural hormone GLP-1, these drugs promote weight loss through a
combination of appetite reduction, slowing gastric emptying, and improving insulin sensitivity.
Nevertheless, due to the potential for adverse (side) effects, high costs, the low accessibility to patients
because of high demand and limited knowledge on long-term consequences, current drugs are
inadequate to address the surging prevalence of metabolic disorders, indicating the necessity for the
implementation of novel and innovative treatment approaches (Ryan 2022).

Over the past two decades, there has been a major debate surrounding the relevance of brown adipose
tissue in humans, which is involved in regulating body temperature. The mitochondrial protein
uncoupling protein 1 (UCP1) is highly expressed and has the capacity to uncouple oxidative
phosphorylation, thereby dissipating chemical energy in the form of heat (Cohen und Kajimura 2021;
Wu et al. 2013). As a consequence of the increased energy expenditure resulting from this process,
brown adipose tissue has been identified as a potential novel therapeutic target for the treatment of
metabolic dysfunction, including obesity (Liu et al. 2022). The debate also extends to the activation of
BAT function and the ‘browning’ of white adipose tissue under certain conditions, such as 3-adrenergic
stimulation. The direct clinical use of sympathomimetic agents is precluded due to serious side effects
associated with the required doses (Wu et al. 2013). To develop novel drugs that promote adipose
tissue thermogenesis, it is key to gain a deeper understanding of the function of brown and beige
adipocyte UCP1.

This work aims to investigate the role of mitochondrial glycerophospholipids, including PC, PE and PS,
and cholesterol in the metabolism and activity of brown adipose tissue.

4.1 BAT MITOCHONDRIA HAVE A UNIQUE LIPID COMPOSITION

The composition of lipids in different tissue and cell types varies to comply with their respective
functionality. This is even conserved on the subcellular level (Schweizer et al. 2019; van Meer et al.
2008). To date, it remains unclear whether the lipid distribution of organelles in different tissue and
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cell types is similar. This study demonstrates that the lipid composition of mitochondrial membranes
differs significantly between different organs.

To ascertain that the observed differences in the membrane lipid composition are primarily derived
from mitochondrial membranes and not from contaminations with other organelles, crude
mitochondrial fractions were isolated using differential centrifugation and further purified into ER,
MAM and purer mitochondrial fractions using density gradient centrifugation. The separation of
mitochondria and ER can be achieved using density gradients, as these organelles exist as separate
structures without direct fusion between their membranes. However, separating mitochondria from
mitochondria-associated membranes (MAM) is more challenging due to the direct association of this
membrane with the mitochondrial outer membrane, as first described by Jean Vance (Vance 1990).
Previous reports on mitochondrial purification unveil that the biochemical separation of MAM from ER
is even more complicated than from mitochondria (Giacomello und Pellegrini 2016; Wieckowski et al.
2009; Ma et al. 2017). Here, a protocol originally developed to separate liver MAM fractions from the
mitochondrial outer membrane, was employed and adjusted to purify mitochondria from brown
adipose tissue (referred to as pMito) (Wieckowski et al. 2009). Regardless, due to its considerable time-
consuming nature and the preclusion of isolating respiring mitochondria, this procedure is not a
practicable approach for functional analyses, such as mitochondrial respirometry. Additionally, it
requires an excessive number of animals, with 15 mice needed per isolate of iBAT mitochondria.
Consequently, we developed a protocol for enrichment of mitochondria based on differential
centrifugation (referred to as cMito), which is less time-consuming and requires fewer animals.
Proteomic, western blot and lipidomic analyses confirmed that the proteomes and lipidomes were
largely comparable between cMito and pMito fractions. The presence of MAM and ER in cMito was
found to be negligible. Hence, cMito isolates were used for the subsequent experiments.

Our findings unveil that the lipidomic organization of mitochondria is critical for brown adipocyte
function. The application of an established data analysis strategy (Kindt et al. 2018; Ecker et al. 2021)
in combination with an independent approach based on machine learning has revealed that brown
adipose tissue mitochondria comprise more GPL (especially PC and PE) and almost no free cholesterol
compared to WAT mitochondria, resulting in a significantly higher GPL/FC ratio. It is well established
that mitochondria contain relatively low levels of cholesterol, with a concentration of approximately
10% compared to 50% in plasma membranes. However, the detection of a cholesterol concentration
of only 2% in brown adipose tissue (BAT) mitochondria represents a previously unreported finding. Our
findings indicate that there is no systemic difference in the expression levels of genes involved in
cholesterol biosynthesis across different adipose tissue depots. However, we did observe a notable
elevation in the de novo synthesis of glycerophospholipids PC and PE in BAT. This observation leads us
to conclude that the high mitochondrial GPL/FC ratios observed in BAT may originate from distinct
phospholipid metabolic capacities across different adipose tissue depots. Importantly, iBAT
mitochondria of mice housed at 4°C displayed significantly higher portions of GPL, particularly PC, PE,
PG and Pl compared to mice housed at room temperature and thermoneutrality. In beige adipose
tissue, this observation was similar, although less pronounced (only observed for PE and PG). In
mitochondria from white adipose tissue, temperature differences did not affect the distribution of
lipids. This evidence provides clear indication of a correlation between the mitochondrial GPL
composition and BAT activity/WAT browning. In agreement with previous findings, it was
demonstrated that cold exposure induces alterations in the expression of genes involved in

glycerophospholipid (GPL) metabolism, as well as in the levels of phosphatidylcholine (PC),
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phosphatidylethanolamine (PE) and cardiolipin (CL) in murine brown adipose tissue. In human serum,
levels of polyunsaturated PE and PG species are elevated upon cold exposure (Lynes et al. 2018;
Marcher et al. 2015).

Murine UCP1 knockout models, initially described in the Kozak laboratory, have been observed to be
unable to maintain body temperature upon acute cold exposure unless the temperature is gradually
decreased, allowing sufficient time for the mice to adapt. Consequently, UCP1 has been identified as
principal mediator of non-shivering thermogenesis (Enerbdick et al. 1997; Nedergaard et al. 2001).
Several theories on how UCP1 is activated have been proposed in the literature, but the precise
mechanisms remain elusive. Proposed models for the generation of heat by the dissipation of the
proton current through the inner mitochondrial membranes include the following: (1) UCP1 operates
as an OH" uniporter, binding fatty acids allosterically (Nicholls 2006). (2) Upon allosteric binding of FFA,
UCP1 functions as a H* uniporter, transporting protons into the mitochondrial matrix (Rial und
Gonzdlez-Barroso 2001; Cannon und Nedergaard 2004; Shabalina et al. 2004). (3) UCP1 interacts with
long-chain fatty acids, which cannot dissociate from it due to their hydrophobic characteristics. This
interaction induces a conformational change, thereby releasing H* into the mitochondrial matrix
(Fedorenko et al. 2012). (4) UCP1 protonates carboxylate groups delivered by direct fatty acid binding
and carries them into the mitochondrial matrix (H*-buffering model) (Klingenberg und Huang 1999).
(5) UCP1 facilitates the transport of deprotonated fatty acids from the matrix to the intermembrane
space, thereby providing anions that can be protonated and flip-flop through lipid bilayers back into
the mitochondrial matrix (fatty acid cycling model) (Garlid et al. 1998).

The flip-flop of protonated fatty acids across lipid bilayers essentially depends on its lipid composition,
with the ratio between glycerophospholipids and free cholesterol (GPL/FC) being of particular
significance. In 1972, Singer and Nicolson described how cholesterol regulates membrane fluidity. At
elevated temperatures, cholesterol serves to stabilize cell membranes. Conversely, at lower
temperatures, cholesterol intercalates between phospholipids, preventing them from interfering with
each other. Consequently, cholesterol either decreases or increases membrane fluidity, respectively
(Singer und Nicolson 1972). In more precise terms, cholesterol can facilitate the ordered arrangement
of acyl chains in GPL, thereby restricting their mobility within the membrane. This leads to an elevation
of lipid packing density and an increase in the energy required to create a void in the leaflet, through
which FFA can flip-flop (Brunaldi et al. 2005; Kleinfeld et al. 1997). Therefore, a low cholesterol content
in mitochondrial membranes (i.e. high GPL/FC ratio) is likely to increase FFA flip-flop, potentially
leading to UCP1 activation via the fatty acid cycling model.

Moreover, an increase in cholesterol within mitochondrial membranes could not only influence the
flip-flop capacity of fatty acids, but also other processes. An increase in membrane rigidity may result
in restricted mobility of UCP1 and reduced accessibility of protons to the uncoupling site.

4.2 GPL/FC AFFECTS UCP1 ACTIVITY IN BROWN ADIPOSE TISSUE MITOCHONDRIA

4.2.1 MODULATION OF MITOCHONDRIAL GPL/FC VIA GPL AND FC ENRICHMENT
The main objective was to investigate the potential relationship between the elevated GPL/FC ratio in
brown adipose tissue mitochondria and UCP1 function. To this end, mitochondrial respiration was

analyzed using high-resolution and microplate-based respirometry. The lipid composition of
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mitochondrial membranes was modulated through various strategies. Attempts to decrease the
GPL/FC ratio were as follows: Incubation with a cholesterol-BSA complex, a me--CD-Cholesterol
complex (“water-soluble cholesterol”) and by overexpressing STARD3 (mitochondrial cholesterol
transporter). The GPL/FC ratio was increased by using me-3-CD and by inhibiting STARD3 using siRNA-
mediated RNA interference.

The incubation of iBAT mitochondria with a BSA-cholesterol complex resulted in a reduction in UCP1
activity, basal respiration, and G3P-induced respiration. BSA is frequently employed as a carrier
protein, as it facilitates the solubilization and delivery of molecules such as cholesterol to cells and
cellular compartments. However, BSA is not a specific carrier for cholesterol. It binds various types of
lipids, including phospholipids and fatty acids. It cannot be excluded, that BSA wasn’t fully saturated
with the applied concentration of free cholesterol. Hence, unsaturated BSA might have extracted a
bulk of other molecules from the mitochondrial membranes, potentially perforating lipid bilayers and
thereby causing a general inhibition of mitochondrial respiration. Consequently, alternative
approaches were employed to modify mitochondrial lipid compositions. Methyl-f-cyclodextrin is a
commonly utilized compound for the depletion of cholesterol in cellular and organelle membranes. Its
structure is composed of a hydrophilic oligosaccharide, consisting of a-(1-4)-linked D-glucopyranose
units, which form heptamers. These heptamers create a hydrophobic central cavity that can forma 2:1
complex with cholesterol at membrane surfaces (Mahammad und Parmryd 2015). Methyl-3-
cyclodextrin can not only be used to deplete cholesterol from membranes but also to enrich them with
exogenous cholesterol. Typically, cholesterol is conjugated with me-B-CD in a 1:25 ratio (960 mg me-
[-CD + 40 mg cholesterol), which provides saturated cyclodextrin. Saturated cyclodextrin is uncapable
to bind membrane lipids and therefore only delivers “water-soluble” cholesterol to membranes
(Barman und Nayak 2007; Chiu et al. 2021). Both approaches demonstrated a significant impact on
UCP1 activity. The enrichment of mitochondria with cholesterol resulted in a reduction in UCP1
activity, whereas the depletion of cholesterol led to an increase in UCP1 activity at concentrations
between 1 uM and 10 uM me-3-CD. It is worth noting that the results were highly dependent on the
dose used (0.5 uM — 50 uM). Outside of the previously shown range (1 uM-10 puM), the effect on UCP1
was rather opponent to what was expected. One significant drawback of methyl-B-cyclodextrin is that,
under certain conditions, it may not be entirely specific to cholesterol. For instance, at high
concentrations, it may remove phospholipids from membranes and redistribute phospholipids in
membranes that typically do not undergo rapid lipid exchange (Leventis und Silvius 2001; Sanchez et
al. 2011). A previous study reported that, for reasons that remain unknown, also very low
concentrations of cyclodextrin (0.5 uM, 30 minutes) reduce cellular cholesterol extraction in T
lymphocytes (Fiildp et al. 2001).

To address these challenges and potential drawbacks, we conducted an incubation experiment with
isolated mitochondria and donor vesicles containing varying ratios of glycerophospholipids and free
cholesterol. To facilitate the lipid exchange between mitochondrial membranes and vesicles, methyl-
a- cyclodextrin was here employed. This form of cyclodextrin is, as methyl-B-cyclodextrin, hydrophilic
on its outer shell, which is exposed to the mitochondria, whereas its inner core is hydrophobic (Figure
34). However, the major distinction between this oligosaccharide and me-3-CD is that the former forms
a hexamer rather than a heptamer, which results in a cavity incapable in binding sterols. It primarily
forms soluble complexes with phospholipid-containing vesicles to facilitate their incorporation into
membranes, without extracting cholesterol from membranes (Kainu et al. 2010; Li et al. 2016; Lin und
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London 2014). To accelerate the fusion of vesicles with mitochondria, donor vesicles were extensively
sonicated to yield small unilamellar vesicles (SUVs). To further decrease their size, 5% phosphatidic
acid, which has a conical shape and a very small headgroup, was added to each vesicle (Clark et al.
2020; Hauser und Gains 1982). This approach enabled the modulation of the mitochondria’s GPL and
FC contents and could demonstrate that increasing GPL/FC ratios in brown adipose tissue mitochondria
drive the activity of UCP1. It was not clear whether the lipid exchange mediated by cyclodextrins solely
affects the OMM or also the IMM, where OXPHOS and UCP1 are located. To consider this uncertainty,
mitoplasts were prepared after incubating mitochondria with SUVs by detaching the OMM using
digitonin. The mitoplast lipidome revealed comparable GPL/FC ratios to those observed in
mitochondria prior to digitonin treatment, contingent on the lipid composition of the vesicles. This
suggests that the lipid exchange was not limited to the outer mitochondrial membranes but also
occurred in inner mitochondrial membranes. Digitonin is a detergent that is prominently used to
permeabilize membranes, especially plasma membranes, by extracting membrane components (Adam
2016; Niklas et al. 2011). It has been reported that digitonin is also effective in permeabilizing
mitochondrial outer membranes (Vander Heiden et al. 2000; Schnaitman und Greenawalt 1968). A
recent publication has indicated that digitonin treatment primarily relies on its interaction with sterols,
and therefore, it may eventually be unable to flip across cholesterol-poor membranes (Fan und
Heerklotz 2017). Our western blotting data (e.g. VDAC1-OMM marker; data not shown) demonstrated
that, despite the presence of only marginal cholesterol, digitonin was able to extract the outer
mitochondrial membrane (OMM) from brown adipose tissue mitochondria.

4.2.2 MODULATION OF MITOCHONDRIAL GPL/FC BY AFFECTING LIPID TRAFFICKING

Given that mitochondria are dynamic organelles that rely substantially on intracellular lipid trafficking,
we also conducted research on intact adipocytes. The cholesterol contents of mitochondria depend on
the proteins of the StAR family, primarily STARD1 and STARD3. Previous studies have indicated that
imbalances in cholesterol trafficking can lead to the accumulation of cholesterol in mitochondria (van
Meer et al. 2008; Elustondo et al. 2017; Miller 2007). Thereby, membrane fluidity and membrane
physical properties can be affected, ultimately resulting in mitochondrial dysfunction and associated
diseases such as Alzheimer’s and cardiovascular disease (Elustondo et al. 2017; van Meer et al. 2008;
Ballinger 2005). A recent study demonstrated that feeding mice a diet enriched in cholesterol resulted
in the upregulation of STARD1 and STARD3 expression, which in turn led to an accumulation of
cholesterol in liver mitochondria. This impairs oxidative phosphorylation by disrupting the assembly of
mitochondrial respiratory supercomplexes (Solsona-Vilarrasa et al. 2019), thereby corroborating our
findings on liver mitochondrial respiration (data not shown). To ascertain whether STARD3 impacts
oxidative phosphorylation and/or UCP1 activity in brown adipose tissue, we manipulated STARD3
expression in primary brown adipocytes. The overexpression of STARD3 resulted in a decrease in the
GPL/FC ratios, which was accompanied by an increase in FC in the mitochondria. This ultimately led to
a reduction in UCP1 activity. The knockdown of STARD3 demonstrated an opposing scenario. The
proton leak-linked respiration, as measured via oligomycin-mediated inhibition of complex V of the
ETC, was not affected by STARD3. This suggests that the change in brown adipocyte mitochondrial
respiration was specifically due to UCP1 and not due to any OXPHOS complexes. This was subsequently
validated through the conduct of analog respiratory experiments on UCP1 knockout mice.

These results imply that STARD3 may be a promising therapeutic target for modifying mitochondrial
GPL/FC ratios and, consequently, BAT function. It is of note that this process does not interfere with
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major cellular functions such as cholesterol biosynthesis. In contrast, the inhibition of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR) via statins has been demonstrated to inhibit BAT
activity in humans by inhibiting the mevalonate pathway intermediate geranylgeranyl pyrophosphate,
which is driving adipocyte browning (Balaz et al. 2019). This is consistent with our observation that
simvastatin treatment of murine primary brown adipocytes results in a reduction in isoproterenol-
induced UCP1-mediated respiration (data not shown). STARD3 has already been proposed as a
molecular target against colorectal, prostate, and gastric tumors. A recent pharmacophore-based
virtual screening identified “VD1” as a potent inhibitor of STARD3 (Asif et al. 2021, Lapillo et al. 2019).

To investigate whether mitochondrial phospholipid transport affects the GPL/FC ratio and UCP1
activity in primary brown adipocytes, we conducted a series of experiments targeting STARD7, which
has been suggested to facilitate the transport of phosphatidylcholine into mitochondria (Horibata und
Sugimoto 2010). Following overexpression and inhibition of STARD7, no change in UCP1 activity was
observed (data not shown). PC is the most abundant phospholipid in mitochondrial membranes,
making it vital for cell survival. It is synthesized in the endoplasmic reticulum and therefore transport
mechanisms into mitochondria are essential (Sperka-Gottlieb et al. 1988; Zinser et al. 1991; Schuler et
al. 2016). The mechanisms of mitochondrial PC trafficking remain poorly understood, and other
proteins that potentially transport PC into mitochondria have been described (e.g. STARD2 and
STARD10) (Kanno et al. 2007; Olayioye et al. 2005). The high abundance of PC and its importance for
mitochondrial function imply the existence of compensatory mechanisms for STARD7 overexpression
and inhibition. These mechanisms might maintain the equilibrium of the mitochondrial phospholipid
distribution, which in turn, could explain an unaltered UCP1 activity.

4.3 THE ROLE OF PISD FOR MITOCHONDRIAL LIPID METABOLISM AND LIPID COMPOSITION OF
BROWN AND BEIGE ADIPOSE TISSUE

Phosphatidylserine decarboxylase (PISD) plays a pivotal role in mammalian phospholipid metabolism.
It is an integral membrane protein of the inner mitochondrial membrane and catalyzes the
decarboxylation of phosphatidylserine to phosphatidylethanolamine. PE is a vital component of
cellular function. It plays a role in the folding of membrane proteins and supports the activity of
respiratory complexes (Patel und Witt 2017). In rat liver mitochondria, PE represents a major GPL as it
makes up 38% of phospholipids in the IMM and 34% of the OMM (Vance 2015). To date, the only
known source of mitochondrial phosphatidylethanolamine synthesis is PISD activity. PE can be de novo
synthesized in the endoplasmic reticulum (Kennedy pathway) from ethanolamine, catalyzed via
ethanolamine phosphotransferase (EPT) (Voelker 1997). So far, no transport mechanism of PE into
mitochondria has been identified. Voelker and colleagues demonstrated that the growth and division
of cells in the baby hamster kidney (BHK-21) cell line does not necessarily require exogenous
ethanolamine. This suggests that EPT activity (de novo synthesis) is not essential and that PISD activity
can even supply PE required for all cellular membranes in mammals, not only for mitochondria, but
also for other organelles (Voelker 1984). Since PISD is highly expressed and active in brown and beige
adipose tissue, the question emerged whether it is critical for its function, specifically for UCP1 activity.
In previous studies, it was found that disrupting PISD in mice results in embryonic lethality between
day 8 and 10 of embryonic development. This is likely due to the presence of misshapen and
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fragmented mitochondria (Steenbergen et al. 2005). Therefore, here, a mouse line was generated that
expressed an inducible knockout of PISD specifically in UCP1-expressing cells.

This mouse strain revealed a knockout efficiency of approximately 70% (mRNA) and 50% (protein) in
brown adipose tissue. A complete tamoxifen-induced knockout in iBAT could not be expected, given it
contains only 25-30% brown adipocytes expressing UCP1, as shown in the UCP1-CreER mouse strain.
This remains unchanged even upon cold exposure. Further, room temperature can be considered as
mild cold exposure for mice, causing hyperplasia of brown adipose tissue cells. Because this cell
biogenesis (partly) occurs after tamoxifen treatment, no KO can be induced in those newly generated
cells. In inguinal white adipose tissue, the population of adipocytes exhibits considerable
heterogeneity, with some cells exhibiting low and others exhibiting high levels of UCP1 expression.
Overall, the fraction of UCP1-expressing cells in iWAT is very low (<1%), but increases approximately
5-fold during cold exposure (Rosenwald et al. 2013; Song et al. 2020). This explains why the knockout
efficiency of our mouse strain was very low in beige adipose tissue at basal conditions but increased
after cold exposure. Other cell types present in adipose tissue are collectively referred to as stromal
vascular fraction (SVF), which encompasses a diverse array of immune cells, fibroblasts, pre-
adipocytes, macrophages, neutrophils, lymphocytes, stem cells and pericytes (Esteve Rafols 2014;
Saetang und Sangkhathat 2018).

Given the absence of UCP1-expressing cells, the histological characteristics of white adipose tissue
(eWAT) were found to be similar between wildtype and iBcKO-PISD mice. In contrast, staining of brown
and beige adipose tissue and liver revealed substantial morphological differences between the two
genotypes. These differences were found to be dependent on the diet fed and the temperature the
mice were housed at. In the absence of PISD in brown adipose tissue, mice exhibited a significant
increase in lipid droplet size and a reduction in their numbers, which resembled a phenotype towards
white adipose tissue. This was observed under normal conditions (room temperature and chow diet;
condition I). It was accompanied by a significant infiltration of immune cells and fibrosis. In a recent
publication, Johnson et al. published a similar finding. Further, the group suggests impaired BAT
thermogenesis in mice lacking PISD in brown adipose tissue (Johnson et al. 2023). However, we cannot
support their assertion that mice lacking PISD are generally restricted in their BAT activity (independent
of housing conditions such as diet and temperature). Firstly, because we observed a strong
upregulation of PISD expression following intraperitoneal injections of CL-316,243 in wildtype mice of
the 129Sv/ev tac strain. Therefore, the observed discrepancy in thermogenic capacity between
wildtype and cKO mice may not be attributed due their genotype per se, but rather to a direct impact
of the B-adrenergic agonist on PISD expression. Secondly, because of our cold housing experiments (I,
IV). Cold exposure activates the sympathetic nervous system which releases norepinephrine from
sympathetic nerves, inducing the cyclic adenosine monophosphate (cAMP)-dependent signaling
pathway (Chartoumpekis et al. 2011). Norepinephrine is an agonist to all B-adrenergic receptors, while
CL-316,243 specifically binds Bs-adrenergic receptors (Himms-Hagen et al. 1994). When mice were
exposed to cold (short-term; 1), PISD cKO led to a more multilocular phenotype, indicating a higher
thermogenic capacity compared to wildtype mice. Upon feeding mice a HFD for 12 weeks and long-
term cold exposure (IV), brown adipose tissue from cKO mice even exhibited characteristics similar to
that of mice fed a normal chow diet (l). This implies that mice lacking PISD may be better able to cope
with the dietary overload of a HFD, i.e. obesity, after cold exposure than WT mice. This is corroborated
by a reduction in total body weight and an increase in lean mass, accompanied by a decrease in fat
mass. The weight of brown adipose tissue in mice fed a HFD (lll, IV) was approximately three times
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greater in wildtype mice compared to those fed a standard diet (I, Il). In contrast, iBcKO-PISD mice
displayed comparable tissue weights between chow (I, Il) and high fat diet (lll, IV).

But how could diet induced differences in lipid accumulation between wildtype mice and mice lacking
PISD be explained? Although PISD is most prominently known as a mitochondrial enzyme, a second
alternative splicing variant of PISD was recently identified using proteomics and PCR-based tests in
various vertebrates such as humans and mice. This variant is not localized to inner mitochondrial
membranes but to lipid droplet surfaces. As observed in Hela cells, deriving from a human cervical
carcinoma, the expression of both PISD variants depends on the nutritional state. An increase in
cellular lipid droplet area induced by supplementation of growth medium with free fatty acids (‘lipid
storage state’), favors the localization of PISD to lipid droplets, while a reduction of LD area after using
lipid-free medium (‘lipid droplet shrinkage state’) harbors PISD mainly at mitochondria. Additionally, it
was demonstrated that PISD promotes the storage of triacylglycerols in lipid droplets, which could be
explained by the increased fusion of small lipid droplets to larger ones when lipid droplets harbor more
PE on their surfaces (i.e. higher PISD activity). After depletion of both forms of PISD, TAG synthesis was
impaired after a FFA challenge, indicating an essential role of PISD in the storage of neutral lipids and
thus, lipid droplet biogenesis (Kumar et al. 2021)van der Veen et al. 2017). These findings can be
related to the histological differences of brown adipose tissue from iBcKO-PISD and wildtype mice
when fed either a chow or high fat diet. When mice were fed a chow diet (l), PISD KO led to significantly
larger lipid droplets, immune cell infiltration and fibrosis compared to control mice. In contrast, when
mice were fed a HFD (lll), the differences in lipid droplet size (and immune cell infiltration and/or
fibrosis) were not detected anymore. When mice were fed HFD and were additionally housed at cold
temperatures (IV), this observation was even more pronounced. Lipid droplet size and number of the
cKO animals was comparable to wildtype mice at room temperature and chow diet (l). The negative
effects of HFD on brown adipose tissue were completely recovered. This might imply that PISD in
murine brown adipose tissue, especially after cold stimulation, primarily localizes to lipid droplets and
thereby promotes lipid storage upon high lipid dietary conditions.

The phenotype of iWAT in iBcKO-PISD mice exhibited a greater shift towards a brown adipose tissue
phenotype following cold exposure (ll, IV). At room temperature (I, lll), the phenotype was comparable
between the genotypes, which is consistent with the low expression of UCP1 in inguinal white adipose
tissue under basal conditions. The Nedergaard and Cannon laboratory reported that no UCP1 protein
absorbance units (a.u.) per mg of iWAT protein could be detected at room temperature, whereas they
observed an elevation to ~50 UCP1 protein a.u. per mg of iWAT protein after exposure to 4°C
(Kalinovich et al. 2017). We observed a comparable body temperature (rectal) and heat production in
WT and cKO mice following cold exposure (ll), in contrast to the impaired resistance against cold as
described by Johnson et al. They determined a significant decline in core temperature in cold-exposed
mice with PISD deletion. After four hours of cold exposure, a core temperature of ~21°C was detected,
which remained stable for an additional four hours (Johnson et al. 2023, 2023). However, it is unclear
how mice can survive a core temperature of 21°C for several hours. Most likely, these reported findings
are due to the location of the temperature-sensitive transponders implanted in dorsal subcutaneous
adipose tissue, which may not be a reliable indicator of core temperature.

In our work, the morphology of brown adipose tissue determined by H&E staining aligns closely with
the results of gene expression analyses. Mice with the iBcKO-PISD genotype displayed a pronounced
downregulation of brown adipocyte marker genes, including UCP1, COX7A1, CTP1b, ELOVL3 and DIO2.
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In contrast, white adipocyte markers, such as Adcy5, ADIPOQ and FABP4, were upregulated when mice
were housed at room temperature (I, lll), implying a shift towards a morphology resembling white
adipocytes. This observation was reversed after cold exposure (ll, IV) for both brown and beige adipose
tissue of mice lacking PISD. These results are evidenced by a significant upregulation of brown
adipocyte marker genes, which implies an increase in adipose tissue browning capacity.

4.4 THE RELEVANCE OF BROWN ADIPOSE TISSUE LOCATED PISD FOR WHOLE-BODY METABOLISM
4.4.1 BROWN ADIPOSE TISSUE PISD IN THE LIGHT OF INTER-ORGAN COMMUNICATION WITH LIVER

Surprisingly, histological liver sections from conditional PISD knockout mice exhibited a markedly
altered phenotype. A knockout in the liver is not a viable option, as numerous publications (Mills et al.
2021) and gene/protein databases (e.g. Bgee, UniProt, The Human Protein Atlas) indicate that it is not
an UCP1l-expressing tissue. But, in recent years, several publications have indicated interorgan-
communication between brown adipose tissue and liver. For example, it has been demonstrated that
cold-induced WAT browning and BAT thermogenesis in male mice are linked to the bradykinin
metabolism. In response to cold, hepatic cells reduce bradykinin degradation, thereby increasing its
serum levels. This ultimately increases the expression of UCP1 in adipose tissue (Xiao et al. 2023).
Bradykinin is a peptide hormone involved in regulating inflammatory processes, vasodilation, and pain
(Dutra 2017). The generation of ectopic UCP1 in the liver via adenovirus-mediated overexpression
resulted in an increase in energy expenditure, thereby improving obesity, insulin resistance, and
dyslipidemia. Furthermore, it reversed leptin resistance and hyperphagia induced by a high fat diet in
mice (Ishigaki et al. 2005). Beyond thermogenesis, cross-organ communication between liver and BAT
was also suggested to control inflammatory processes to improve non-alcoholic fatty liver disease
(NAFLD). It was discovered that UCP1 is essential for the clearance of succinate from the circulation.
UCP1 KO mice exhibited elevated extracellular succinate concentrations in the liver, resulting in
extensive ligation to the succinate receptor 1 (SUCNR1). This, in turn, led to an increase in immune cell
infiltration and glucose intolerance (Mills et al. 2021). Mice with a conditional adipose tissue knockout
of SUCNR1 (AdipoQ-Cre driven) exhibited enhanced brown adipocyte differentiation compared to
wildtypes, leading to browning of white adipose tissue and succinate accumulation. Additionally, they
observed improved glucose homeostasis, less adiposity, and lower leptin levels, which are usually
proportional to body fat mass. SUCNR1 is proposed to function as an anti-lipolytic effector in
adipocytes, whereas the pharmacological elevation of plasma succinate can be linked with an
enhanced UCP1-driven thermogenesis in brown adipose tissue (BAT). In response to HFD on the other
hand, mice lacking SUCNR1 show a disturbed glucose homeostasis and elevated liver steatosis
(Villanueva-Carmona et al. 2023; Mills et al. 2018). These data collectively strengthen the idea of
communication between the liver, circulation, and brown/beige adipose tissue. A human study in 60
adults (NAFLD patients: 29; healthy controls: 31) described an inverse correlation between BAT activity
and hepatic lipid accumulation (Ahmed et al. 2021). In this work, a recovery of the NAFLD-like
phenotype in HFD fed mice lacking PISD in UCP1-expressing cells after long-term cold exposure was
observed. Furthermore, we demonstrate a reduction in alanine aminotransferase (ALT) activity, a
marker for liver injury, in plasma, suggesting that PISD may be critical for inflammatory processes in
the liver. It is currently unclear whether this observation depends on the lack of PISD protein, altered
GPL/FC or an increased UCP1 function and thermogenesis in BAT.
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4.4.2 BROWN ADIPOSE TISSUE PISD IN THE LIGHT OF ENERGY METABOLISM

Leptin is a plasma protein derived from adipocytes that is known to be involved in energy metabolism.
It reduces food intake, but increases energy expenditure (Obradovic et al. 2021). We found higher
plasma leptin levels after feeding HFD (lll, IV), in both tested genotypes. This is consistent with results
from other groups, as several obesity models in rodents (e.g. db/db or yellow Ay/a) have proven an
increase in plasma leptin concentrations due to the development of leptin resistance (Frederich et al.
1995). We observed a reduction in plasma leptin levels in iBcKO-PISD mice receiving either a chow diet
in conjunction with acute cold exposure (ll) or an HFD with long-term cold exposure (IV), compared to
the wildtype controls. As cKO mice (chow + cold) additionally exhibited a reduced locomotor activity
and an increased food intake, an impact of PISD on whole-body energy metabolism can be concluded.
Body weight and composition (lean/fat mass) were unaffected by PISD cKO. Several studies have
reported that cold exposure can result in a reduction in leptin secretion from adipose tissue in both
rodents and humans as adaptive mechanism (Hardie et al. 1996; Trayhurn et al. 1995; Peiné et al. 2000;
Ricci et al. 2000; Blondin et al. 2017; Mengel et al. 2020; Sun et al. 2020; Castellani und Tipton 2015).
Leptin secretion is inhibited by sympathomimetic agents, and cold exposure is known to increase the
sympathetic activity to adipose tissue, potentially explaining this observation (Bing et al. 1998).
Another potential explanation is the regulation of leptin receptors (OB-Rb). During high-fat diet
feeding, leptin receptor (OB-Rb) expression is downregulated, whereas during cold exposure, it is
upregulated (Dutra et al. 2007; Priego et al. 2009).

Brown adipose tissue activity has been demonstrated to correlate with improved insulin resistance
(Cheng et al. 2021), to which leptin has been linked. It acts as a potent insulin sensitizer, thereby
improving glucose tolerance (Koch et al. 2014). PISD cKO mice fed HFD and housed at cold
temperatures (IV) revealed a markedly accelerated glucose clearance in a glucose tolerance test
compared to wildtype controls. This observation may, at least partly, be attributed to a reduced leptin
resistance in these mice. Insulin resistance elevates the release of free fatty acids from adipose tissue,
thereby inducing a higher lipid storage in the liver (Cetin et al. 2020). Consequently, the improvement
of insulin resistance may be a further contributing factor to the observed phenotypic changes in liver
sections, including the recovery of NAFLD in iBcKO-PISD mice.

VDAC1, cytochrome c and perilipin were found to be elevated in primary brown and beige adipocytes
isolated from iBcKO-PISD mice at room temperature and on chow diet, compared to the wildtype
controls (l). Voltage-dependent anion channel 1 (VDAC1) is the most common protein in the outer
mitochondrial membrane. It is linked with mitochondrial dysfunction due to its involvement in the
regulation of oxidative stress and apoptosis. A number of pathological conditions and diseases have
been associated with increased levels of VDAC1. For instance, post-mortem examination of the brains
of Alzheimer’s disease patients has revealed elevated levels of VDAC1, which lends support to the
hypothesis that it plays a role in inducing cell death (Shoshan-Barmatz et al. 2018). Another study has
indicated, that VDAC1 is involved in insulin secretion, as an upregulation of VDAC1 in islets of diabetic
patients (type 2) can be determined (Zhang et al. 2019). Cytochrome C is a molecule that is involved in
the electron transport chain located in the inner mitochondrial membrane. In pathological conditions
associated with apoptosis and inflammation, there is an elevated release of cytochrome c into the
cytoplasm and extracellular spaces (Eleftheriadis et al. 2016). Consequently, the observed upregulation
of both proteins in adipocytes of iBcKO-PISD mice is consistent with the histological images of cohort
I, suggesting the presence of cellular and mitochondrial damage. Perilipin is a lipid droplet-bound
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protein that promotes the interaction between lipid droplets and mitochondria. Multiple studies have
revealed that perilipin overexpression results in increased lipid droplet storage, as observed here in
brown adipose tissue of iBcKO-PISD mice (Londos et al. 2005; Sztalryd und Kimmel 2014; Kimmel und
Sztalryd 2014; Bickel et al. 2009).

4.5 THE IMPACT OF BAT LOCATED PISD FOR THE RESPIRATORY EXCHANGE RATIO

The RER is defined as the ratio between the volume of produced CO, and consumed O,. This ratio
provides indirect information on the relative contribution of macronutrients to energy expenditure
(Ramos-Jiménez et al. 2008). A lower ratio indicates a greater reliance on lipid oxidation, while a ratio
approaching 1 suggests a predominant use of carbohydrates (Pendergast et al. 2000; Simonson und
DeFronzo 1990). As demonstrated by Symonds et al., 20% of the daily diet and/or cold exposure-
induced glucose oxidation can take place in brown adipose tissue of adult humans (Symonds et al.
2019). Cold-induced BAT activity has been demonstrated to improve glucose metabolism in both
diabetic and lean/healthy subjects by regulating glucose homeostasis (Hanssen et al. 2015; Hankir und
Klingenspor 2018; Iwen et al. 2017). In addition to thermogenesis, glucose utilization pathways in
brown and beige adipocytes include glycolysis, the tricarboxylic acid cycle (TCA), lipogenesis, as well as
lipolysis (Symonds et al. 2019). We identified that iBcKO-PISD mice fed on a chow diet exhibited a
significantly higher mean respiratory exchange ratio (RER) when housed at acute cold exposure (ll).
This suggests that mice lacking PISD may metabolize more carbohydrates in UCP1-expressing cells at
cold exposure in order to supply the body with energy in comparison to wildtype mice. However, a
comparison of the RER curve with the development of the cage temperature raises the question of
whether this observation is solely induced by cold exposure. Prior to the temperature decline in the
cages (before ~15 minutes), cKO mice displayed a higher RER compared to wildtypes. As soon as the
cage temperature started to descend (after ~15 minutes), the RER increased in wildtype mice. Upon
reaching a temperature of 8°C (after ~2 hours), the RER began to decline. This found metabolic
response is consistent with previous publications in the field. A study on human males reported, that
cold exposure in the first two hours increases the reliance on carbohydrate metabolism due to the
immediate energy demand for generating heat throughout shivering thermogenesis, which
temporarily increases the RER (Vallerand und Jacobs 1989). During periods of cold exposure, the body
undergoes physiological adaptations to accommodate the external environment. Thus, a shift towards
the more efficient, non-shivering thermogenesis in BAT can be observed, which is primarily fueled by
the lipolysis of intracellular TAG and fatty acids derived from WAT lipolysis. This results in a decreasing
respiratory exchange ratio (Peres Valgas da Silva et al. 2019). In iBcKO-PISD mice, the initial rise in RER
occurred at a markedly slower rate, resulting in a respiratory exchange ratio that was nearly identical
between both genotypes at the end of the intervention. In cKO mice, this might lead to a higher
oxidation of carbohydrates at room temperature, accompanied by a rapid switch from carbohydrate
utilization towards lipid utilization during cold exposure. Since the primary fuel for non-shivering
thermogenesis in BAT are free fatty acids liberated from brown or white adipocyte TAG, the fast
reduction in RER of cKO mice indicates a higher level of brown adipose tissue activity upon cold
exposure compared to wildtype mice.
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4.6 THE RELEVANCE OF BROWN ADIPOSE TISSUE LOCATED PISD FOR LIPID METABOLISM

A downregulation of several genes involved in lipid metabolism was observed in iBcKO-PISD mice
housed at room temperature (l), but not after cold exposure (ll). For example, the mRNA expression
of the C16 and C18 FA desaturase SCD1 and elongase ELOVL6 is downregulated. It has been previously
proposed that UCP1 has a strong affinity for long chain and unsaturated C18-fatty acids (Huang 2003),
supporting the idea that mice lacking PISD may primarily oxidize glucose at room temperature and
rather metabolize lipids at cold exposure due to an activation of BAT. Long-term cold exposure + HFD
(IV) resulted in a notable increase in UCP1 expression.

As PISD decarboxylates PS to synthesize mitochondrial PE, it was hypothesized that an inhibition of
PISD activity would resultin a reduction in the generation of mitochondrial phosphatidylethanolamine.
It was unexpected that mitochondria isolated from primary brown and beige adipocytes lacking PISD
revealed elevated PE/PS ratios due to an increase in PE, especially PE 32:1 and PE 34:1, while PS levels
decreased, especially PS 36:1 and 36:2. To date, the PISD pathway is the only known pathway for
mitochondrial PE synthesis and is critical for mitochondrial function and morphology (Steenbergen et
al. 2005; Tasseva et al. 2013). Other pathways of PE and PS synthesis (outside of mitochondria), as well
as import and export processes from ER or MAM to mitochondria, may serve to compensate for the
deficient intra-mitochondrial PE synthesis observed in PISD cKO cells. Although cellular PE is primarily
synthesized via the CDP-ethanolamine (Kennedy) pathway, PISD-derived PE can also be exported to
the ER via endoplasmic reticulum-mitochondria contact sites (ERMCS), thereby supplying the cells with
PE (Kainu et al. 2013). Both PE synthesis pathways are highly efficient. In Drosophila mutants lacking
the CDP-ethanolamine pathway, it was demonstrated, that inducing PISD can fully compensate for this
mutation (Zhao und Wang 2020). In yeast, it was reported, that Ups1 and Ups2 (PRELID3b in mammals)
regulate the transfer of PE from mitochondria to the ER by either accelerating or decelerating PE to PC
conversion outside of mitochondria (via PEMT), thereby maintaining normal levels of PE (Tamura et al.
2014). It was further proposed that Upsl and Ups2 are involved in the synthesis of PS and PA, which
are functioning as PE precursors (Tamura et al. 2020). Given that PS is not synthesized within
mitochondria, but serves as a major substrate for mitochondrial PE, the import mechanisms of PS into
mitochondria are essential for PISD activity. PS translocation is promoted by an increase in its synthesis
outside of mitochondria. Consequently, the PS synthesis enzymes (PSS1 and PSS2) may also serve to
compensate for mitochondrial PE deficiencies by elevating the substrate availability for PISD. This
hypothesis is supported by the finding that a knockdown of PSS1 inhibits PS decarboxylation in
mitochondria of mammalian Hela cells (Kainu et al. 2013). Our mRNA expression analysis of brown
and beige adipose tissue showed a pronounced downregulation of PSS1 and PSS2, suggesting that the
mitochondrial PE synthesis in iBcKO-PISD mice might not be as dependent on PS import and PISD
activity as previously thought. Instead, it may be covered by alternative mechanisms. Even though the
results of studies investigating the import of PE to mitochondria are contradictory, some metabolic
analyses in mammalian cells indicate that PE generated in the CDP-ethanolamine pathway is
transferred into mitochondria (Bleijerveld et al. 2007; Yaffe und Kennedy 1983; Kainu et al. 2013;
Camici und Corazzi 1995; Blok et al. 1971). It is noteworthy that the import of PE into mitochondria is
facilitated by PE plasmalogens (Kainu et al. 2013). Upon oxidative stress and/or when phospholipases
are highly active, PE P can be converted into lyso-phosphatidylethanolamine (LPE) by cleavage of the
vinyl-ether bond (Morel et al. 2021). This is a process that is catalyzed by plasmalogenases. Recently,
for cytochrome C a plasmalogenase activity was discovered (Dorninger et al. 2022). In this work, we
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determined an increased cytochrome C expression in brown adipocytes of PISD cKO mice. LPE can be
re-acylated back to PE using acyltransferases (Lands cycle) (O'Donnell 2022; LANDS 1958). To date, it
remains unclear whether the degradation of PE P to LPE can take place in brown adipose tissue
mitochondria. Our lipidomic results of primary brown and beige adipocyte mitochondria originating
from iBcKO-PISD mice exhibited elevated levels of PE P (e.g. PE P 16:0/16:1, PE P 16:0/20:4, PE P
16:0/22:6 and PE P 18:1/16:1), as well as increased levels of LPE (e.g. LPE 16:1, LPE 18:1, LPE 22:6).
Consequently, too low mitochondrial PE levels may be (over) compensated by PE P degradation to LPE
and subsequent re-acylation to PE. The hypothesis of increased PE and PE P syntheses in ER
membranes could further reduce the PE efflux of mitochondria, due to a steeper concentration
gradient, making the PE export less energetically favorable.

Also, we identified a higher abundance of PA species in brown and beige adipocytes of cKO mice, which
serves as a substrate for PE synthesis in the Kennedy pathway (Gibellini und Smith 2010). PA derives
from glycerol-3-phosphate, which is an intermediate of glycolysis (Possik et al. 2017). This is in line with
the elevated respiratory exchange ratio observed in PISD cKO mice at room temperature, which
indicates an elevation in glucose utilization.

4.7 THE IMPORTANCE OF PISD IN BROWN ADIPOCYTES FOR UCP1 ACTIVITY

The finding that GPL/FC ratios and UCP1-dependent respiration are significantly elevated in
mitochondria of mice lacking PISD in UCP1-expressing cells provides further evidence that FC and
phospholipids regulate UCP1 function. When the PISD cKO was induced in primary brown adipocytes,
isoproterenol-induced UCP1 activity in brown adipocytes was significantly higher. This likely explains
the increased thermogenic capacity observed in cold exposed iBcKO-PISD mice. Recently, Johnson and
colleagues proposed that mitochondrial PE content, which is mediated by PISD activity, affects UCP1
directly by altering the proton flux through the inner mitochondrial membrane via UCP1. This was
investigated by patch clamp analysis on isolated mitoplasts of brown adipose tissue originating from
mice lacking PISD, which revealed a substantial reduction of the proton current compared to wildtype
mice (Johnson et al. 2023). This is consistent with our hypothesis of reduced thermogenic capacity in
iBcKO-PISD mice at basal conditions (without isoproterenol induction). So far, it is unclear whether
patch clamp analysis of mitochondria isolated from iBcKO-PISD mice housed at cold (resembling
isoproterenol induction) and feeding these mice HFD would reveal contradictory results. A mechanistic
explanation could be PISD regulated alterations in brown adipose tissue lipid droplet size and number
(i.e. TAG storage), thereby affecting the release of free fatty acids which, in turn, might alter the UCP1-
mediated proton flux.

In addition to alterations in the brown adipocyte lipid composition, UCP1 may also be regulated at the
transcriptional or translational level by a PISD-dependent mechanism. In a recent study, Sugawara et
al. demonstrated that the mitochondrial serine/threonine phosphatase PGAMS inhibits the expression
of UCP1 by its phosphatase and intramembrane cleavage activity, thereby suppressing energy
consumption in brown adipocytes. In brown adipocytes with a knockout of PGAMS5, there is an increase
in oxygen consumption due to the accumulation of UCP1 protein. PISD controls PGAMS5 cleavage,
which was identified by executing a genome-wide siRNA screening in Hela cells (Sugawara et al. 2020).
Thus, the conditional knockout of PISD may inhibit PGAMS5, which could subsequently result in
increased UCP1-mediated respiration.

116



Conclusion

5 CONCLUSION AND OUTLOOK

We identified a unique lipid species signature of brown adipose tissue mitochondria. The high
glycerophospholipid (i.e. PC, PE) and low free cholesterol levels observed in brown compared to white
adipose tissue, liver and muscle mitochondria can be related to brown adipose tissue function and
adipose tissue browning as well as UCP1 activity. A mouse model having a tamoxifen-inducible
knockout of PISD in UCP1 expressing cells did not only reveal elevated UCP1 activity in mice lacking
PISD in brown adipose tissue upon isoproterenol induction, but also an improved whole-body
metabolism in obese animals after cold stimulation.

We conclude that the mitochondrial lipid composition regulated by phosphatidylserine decarboxylase
in brown adipose tissue affects the activity of UCP1 and non-shivering thermogenesis. The activity of
brown adipose tissue in humans can be related to the improvement of metabolic health, including
obesity and coronary artery disease (Becher et al. 2021). Recent studies even provide evidence on its
positive impact on other pathological conditions such as liver disease and intestinal cancer (Seki et al.
2022; Chen and Kang 2023). The present thesis provides novel insights that contribute to the
deciphering of the complicated and still largely elusive picture of brown adipose tissue in the light of
health and disease.

In future studies, one major aim will be to decrypt mechanisms underlying the link between the
mitochondrial lipidome and UCP1 function. A first step could be patch-clamp analyses to investigate
the proton flux through UCP1 of BAT mitoplasts isolated from our PISD cKO mouse model after cold
exposure and high lipid dietary conditions, or after incubation with SUVs containing different amounts
of PC, PE and FC.
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Supplementary Figure 1: Mitochondrial lipid species profile of iBAT mitochondria significantly differ to those of
iIWAT. (A-J) Lipid species composition of mitochondria from iBAT (n= 3) vs. iWAT (n= 3). (A) PE, (B) PS, (C) Pl, (D)
PG, (E) PE B, (F) PC O, (G) Cer 18:1; 02, (H) HexCer 18:1; 02, (1) SM and (J) CE species; lipids were analysed using
mass spectrometry. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001 indicate significant differences to
control determined with student’s two-tailed t-test with Welch’s correction. Each mitochondrial sample was
pooled from tissue pooled of n=5-10 mice.

135



Appendix

A PE species . B PS species *k
504 — 10
40 8- O iBAT H eWAT
o o
£ 30 £ 6
= =
o o
£ 20+ £ 44 *
c * c —_
%k % * * —_
1079 4 & — %% — — |l| * % 24 * ’_’I
0= I‘Ili = II.Il- Iill- =T 0O——T—r—= =
— — o~ ™ N o < [Te} N — o~ — N ™ < o™ < mn © < mn © ~
N ¥ ¥ © &6 &6 © © ¥ ¥ © 6 © & ©¥ ® ¥ ©® S S S O
™ ™ ™ o (32 (32 o™ o™ (3] o o (32 o™ (32 (32 o™ o™ (3] (3] < < < <
C Pl species D PG species
124 *% 1.5+
—_ * %k
o> 8- o
S S
= =
g £
c 41 c
*ok KK ek ok *x *k
00— T T Ijl B ljli Ij| T T T T T
o N o4 N o g 0o ¥ 1w O T . © e b o N b N 0 A
< < © © © © © oo} o] © o o (=) N N < < © © © ©
o™ o o™ o™ (2] o™ o o™ o™ o < < < o™ o™ o™ o o™ o™ o™ (2]
E PE P species F  PC O species
3.5 0.254 .
0.20
2.5
o * =)
£ z £ 0.15-
= =
<] [s]
g 157 x X * £ 0.10
c - ®kk =
0.05
0.00-
Q o d N o F 1u g ;v O 4N g 10w g 0w o 9o o N g © b n
© ©O© 0 0 O O O N N N 00 0 O O N N N O 0 o O « © ©
s oddsssdyduydgesyydddgosd ® o
e 2 2 9 9 9 9 9 9 9 2 2 2 2 2 9 9 o od o3 o 4
© O W O OV O VO W O W o0 0 W 0 W 0 0 0 0 0 o «©
— — — — - - - - - — - — - — — - - - - - - -
G . Cer 18:1;02 H HexCer 18:1;02 | SM species J CE species
0154 = 0.04+ *
0.03
© 0.10- o "
£ % £ l
% — % 0.02
1S 1S
0.054 * ¥
c c *
— 0.014 —
0.00- 0.00-
e 2 2 2 9 <9 o e o o o o N b N = b N A
© [ee] o N (3 < < © < < © o o N N © [ee] @ o
— — N N N N N — N [se] o™ < < < < — — — N

Supplementary Figure 2: Mitochondrial lipid species profiles of iBAT mitochondria significantly differ to those
of eWAT. (A-J) Lipid species composition of mitochondria from iBAT (n= 3) vs. eWAT (n= 3). (A) PE, (B) PS, (C) PI,
(D) PG, (E) PE P, (F) PC O, (G) Cer 18:1; O2, (H) HexCer 18:1; 02, (I) SM and (J) CE species; lipids were analyzed
using mass spectrometry. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001 indicate significant

differences to control determined with student’s two-tailed t-test with Welch’s correction. Each mitochondrial

sample was pooled from tissue pooled of n= 5-10 mice.
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Supplementary Figure 3: Mitochondrial lipid species profiles of iBAT mitochondria significantly differ to those
of muscle. (A-J) Lipid species composition of mitochondria from iBAT (n= 3) vs. muscle (n=3). (A) PE, (B) PS, (C) PI,
(D) PG, (E) PE B, (F) PC O, (G) Cer 18:1; 02, (H) HexCer 18:1; 02, (1) SM and (J) CE species; lipids were analyzed
using mass spectrometry. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001 indicate significant
differences to control determined with student’s two-tailed t-test with Welch’s correction. Each mitochondrial
sample was pooled from tissue pooled of n=5 mice.
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(B) PG, (C) PS, (D)

PE,

7). (A)
lipids were analyzed using

vs. liver (n

) Cer 18:1; 02 and (J) HexCer 18:1; O2 species;

4)
mass spectrometry. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001 indicate significant differences

n

(

-tailed t-test with Welch’s correction. Each mitochondrial sample was

2-5 mice.

Supplementary Figure 4: Mitochondrial lipid species profiles of iBAT mitochondria significantly differ to those

of liver. (A-J) Lipid species composition of mitochondria from iBAT

Pl, (E) PE P, (F) PC O, (G) CE, (H) SM, (
to control determined with student’s two

pooled from tissue pooled of n
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Supplementary Figure 5: Mitochondrial lipid species profiles of iBAT mitochondria significantly differ to those
of liver. (K-M) Lipid species composition of mitochondria from iBAT (n=4) vs. liver (n=7). (K) CL, (L) TG and (M) DG
species; lipids were analysed using mass spectrometry. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001
indicate significant differences to control determined with student’s two-tailed t-test with Welch’s correction. Each
mitochondrial sample was pooled from tissue pooled of n= 2-5 mice.
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Supplementary Figure 6: GPL/FC influences UCP1 activity in mitochondria isolated from BAT of WT mice,
independently of oligomycin application prior to G3P injection. Basal respiration and maximal respiratory
capacity unrelated to UCP1 are not affected. GDP reduces UCP1 dependent O2 consumption in mitochondria
isolated of WT iBAT, but not UCP1 KO iBAT. (A) Microplate-based respirometry applied to profile UCP1 activity
in mitochondria isolated from iBAT of mice housed at 23°C. The oxygen consumption rate (OCR) was measured
at basal conditions, after injections of G3P (to fuel electron transport chain and UCP1 activity), GDP (to inhibit
UCP1 activity) and antimycin A (to block electron transport chain, equals non-mitochondrial respiration).
Mitochondria were loaded without or with SUVs containing 100% GPL or 80% GPL+ 20% FC. Shown are data
normalized to the OCR determined before G3P injection (19.0 min). (B) UCP1 activity calculated by subtraction of
the OCR after GDP injection from G3P-mediated respiration determined in A. (C) FCCP-induced maximal
respiratory capacity determined with microplate-based respirometry of BAT WT mitochondria loaded without or
with SUVs containing 100% GPL, 80% GPL+20% FC, 60% GPL+40% FC or 40% GPL+60% FC. (D) FCCP-induced
maximal respiratory capacity determined with high resolution respirometry of BAT WT mitochondria loaded
without or with SUVs containing 100% GPL or 80% GPL+20% FC. (E) PA, PC and FC concentrations, (F) GPL/FC and
PC/FC ratios of mitoplasts prepared of mitochondria previously treated with SUVs containing 100% GPL, 80%
GPL+20% FC, 60% GPL+40% FC or 40% GPL+60% FC. Shown are means +SD; *p<0.05, **p<0.01 and ***p<0.001
indicate a significant difference for the comparisons control vs. 100% GPL and 100% GPL vs. 80% GPL-20% FC;
determined using a two-sided Student’s t test. (G) Oxygen consumption rate (OCR) after G3P (25-31-37 min) and
GDP injection (43 min) in control mitochondria (not incubated with donor vesicles) isolated from BAT of WT mice.
Shown are means of n= 8. OCRs at 25-31-37 min were related by linear regression. (H) Oxygen consumption rate
(OCR) after G3P (25-31-37 min) and GDP injection (43 min) in control mitochondria (not incubated with donor
vesicles) isolated from BAT of UCP1 KO mice. Shown are means of n= 4. OCRs at 25-31-37-43 min were related by
linear regression. Analyzed with the microplate-based respirometry assay shown in section 3.1.
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Supplementary Figure 7: The mitochondrial lipid species profile is differentially distributed between mPBAC
mitochondria of iBcKO-PISD and WT mice. (A) PG, (B) PI, (C) LPE, (D) LPC, (E) PC O, (F) CE species (G) PE P, (H)
SM;02, (1) Cer 18:1; O2 and (J) HexCer 18:1; O2 species in mitochondria isolated of mPBAC which were previously
treated with 2 uM tamoxifen for 48 hours to induce PISD cKO; lipids were analyzed using mass spectrometry.

2 per group; *p<0.1, *p<0.05 and **p<0.01 indicate significant differences to control

Shown are means +SD of n

‘s correction. Each mitochondrial sample was pooled from

t-test with Welch

‘s two-tailed
3 mice.

determined with student

adipocytes originating from n
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d species profile is differentially distributed between mPBAC
2 per group; *p<0.05 indicate significant differences to control

mitochondria of iBcKO-PISD and WT mice. (K) CL, (L) TG, (M) FA, (N) DG species in mitochondria isolated of mPBAC

ipi

3 mice.

The mitochondrial |

which were previously treated with 2 uM tamoxifen for 48 hours to induce PISD cKO; lipids were analyzed using
determined with student’s two-tailed t-test with Welch’s correction. Each mitochondrial sample was pooled from

mass spectrometry. Shown are means +SD of n

Supplementary Figure 8.
adipocytes originating from n
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file is differentially distributed between mPWAC

ies pro,
2 per group,; *p<0.05 and **p<0.01 indicate significant

3 mice.

| lipid spec.

ria

The mitochondi
mitochondria of iBcKO-PISD and WT mice. (K) CL, (L) TG, (M) FA, (N) DG species in mitochondria isolated of

mPWAC which were previously treated with 2 uM tamoxifen for 48 hours to induce PISD cKO; lipids were analyzed
differences to control determined with student’s two-tailed t-test with Welch’s correction. Each mitochondrial

using mass spectrometry. Shown are means +SD of n
sample was pooled from adipocytes originating from n

Supplementary Figure 10
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Supplementary Figure 11: Vector map of pCDH-PGK backbone used for lentiviral overexpression of STARD3.
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Supplementary Figure 12: Vector map of pMD2.G envelope plasmid used for overexpression of STARD3.
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Appendix

Supplementary Table 1: Known GPL/FC and FC contents of mammalian organelles.

Organelle GPL/FC FC (%) Reference

Plasma Membrane 1.0-1.3 43.5-50.0 (van Meer et al. 2008;
Vance 2015)

ER 6.7-14.3 6.5-13.0 (van Meer et al. 2008;
Vance 2015)

Golgi 5.0-6.71 3.0-16.7 (van Meer et al. 2008;
Vance 2015)

Lysosome 2.0-2.6 27.5-32.9 (Schoer et al. 2000;
Vance 2015)

Peroxisome 12.5 7.4 (Khan et al. 2000)

Nucleus 45 18.0 (Ramjiawan et al. 1996)

MAM Not available Not available -

Supplementary Table 2: Composition of Control and HFD

Ingredients Control (S5745-E906) Chow (3800, Kiba) HFD (S5745-E920)
Casein (%) 24.000 - 24.000
L-Cysteine (%) 0.200 - 0.200
Corn starch (%) 47.800 - 27.800
Maltodextrin (%) 5.600 - 5.600
Sucrose (%) 5.000 - 5.000
Inulin (%) Y 2.500 - 2.500
Oat fiber (%) 2 2.500 - 2.500
Vitamin premix (%) 1.200 - 1.200
Mineral premix (%) 6.000 - 6.000
Choline Cl (%) 0.200 - 0.200
Palm oil (%) - - 20.000
Soybean oil (%) 5.000 - 5.000
Proximate contents

Crude protein (%) 211 24.0 21.1
Crude fat (%) 5.1 4.9 25.1
Crude fiber (%) 2 4.8 4.7 4.8
NDF (%) 12 2.3 - 2.3
Soluble fiber (%)Y 2.1 - 2.1
Total dietary fiber (%) 2 4.5 - 4.5
Crude ash (%) 5.4 7.0 5.4
Starch (%) 45.9 47.5 26.7
Dextrin (%) 5.5 - 5.5
Sugar (%) 6.2 - 6.2
Energy (Atwater) MJ/kg ¥ 15.4 16.5 19.7
Protein kcal (%) 23 - 18

Fat kcal (%) 13 - 48
Carbohydrate (%) 64 B 34

1 Calculated with 94 % crude fiber, 90 % total dietary fiber and 85 % soluble fiber 92
2) Calculated with 96 % crude fiber, 90 % total dietary fiber and 89 % insoluble fiber 93
3) Physiological fuel value
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