Method development for valid high-resolution
profiling of mitochondria and Omics investigation
of mitochondrial adaptions to excess energy

intake and physical exercise

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tibingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Lisa Claudia Charlotte Kappler

aus Weingarten

Tibingen

2018



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultdt der Eberhard Karls

Universitat Tibingen.

Tag der miindlichen Qualifikation: 27.03.2018
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatterin: Prof. Dr. Carolin Huhn

2. Berichterstatter: Prof. Dr. Rainer Lehmann



Over the long term,
symbiosis is more useful than parasitism.
More fun, too.
Ask any mitochondria.

-Larry Wall-
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Scopes and aims of the thesis 1

1  Scopes and aims of the thesis

The goal of this work was to study mitochondrial adaptions to excess energy intake, insulin resistance
and exercise. The role of mitochondrial dysfunction in the etiology of insulin resistance and diabetes
was discussed quite controversially up to now. Therefore, this was further investigated in this thesis
using a systems biological analysis of isolated mitochondria from cell culture and tissues from mouse
models covering not only lipidomics but also protein and functional analyses including respirometry.
In contrast to functional assays, which highly depend on mitochondrial integrity and viability, the
quality of subcellular “omics” analyses is directly related to sample purity. Thus, one of the main ob-
jectives and a prerequisite of this work was to establish and validate novel workflows that enable
comprehensive lipidomics analyses, including oxysterols, from highly pure mitochondria isolated from

liver, muscle and cultured cells.
The biological questions addressed here are:

It is still unclear whether metabolic overflow leads to disturbances in substrate utilization and, conse-
quently, insulin resistance or if mitochondrial dysfunction is a consequence of impaired insulin signal-
ling. To get deeper insights, the effects of insulin resistance induced by chronic exposure to high con-
centrations of insulin in combination with substrate overflow through high glucose concentrations on

skeletal muscle mitochondria using C2C12 myotubes were investigated in this thesis.

Skeletal muscle insulin resistance is considered the initiating or primary defect that is evident decades
before B-cell failure and hyperglycemia develops. Therefore, tissue specificities for murine liver and
muscle -as two insulin target organs-, which are responsible for endogenous glucose production and
disposal, were investigated to distinguish the tissue-specific mitochondrial function. Thereby, the
hypothesised tissue-specific contribution of their (dys)function to e.g. insulin resistance should be
clarified. A high-energy diet feeding mouse experiment including treadmill exercise with subsequent
lipidomics and functional investigations was employed to gain further and ideally comprehensive
understanding of the molecular changes underlying the alterations in mitochondrial function
and metabolic control induced by an energy-rich western diet. Additionally this experiment aimed at
unravelling the mechanisms by which exercise compensates overnutrition and prevents mitochondri-

al dysfunction.

Summarizing, the major aims of this dissertation were firstly to establish novel protocols for function-
al and lipidomics analyses of highly purified mitochondria. Secondly, a causal relationship between
insulin resistance and substrate overflow with regard to mitochondrial (dys)function was examined in
a murine skeletal muscle cell line. Furthermore, tissue-specific differences between mitochondria
derived from mouse liver and muscle were investigated to unravel hypothesised tissue-specific con-
tributions towards disease developments. Additionally, this thesis aimed to unravel tissue-specific
mitochondrial adaptions to a high-energy diet causing insulin resistance and the proposed prevention

by exercise on a molecular level.
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2 Introduction

2.1 Insulin resistance and type 2 diabetes

Type 2 diabetes mellitus (T2Dm) is rapidly developing to one of the greatest global health challenges
of this century. According to World Health Organization (WHO), 422 million people over 18 years suf-
fered from diabetes in 2014, i.e. with a fasting plasma glucose > 7.0 mmol/l." Worldwide diabetes
prevalence rose from 4.7% in 1980 to 8.5% in 2014. Rare monogenetic forms of diabetes are de-
scribed,? but type 2 diabetes is more prevalent of polygenic nature and therefore often covered in
GWAs (genome wide association scans).® Although the underlying mechanisms in the pathogenesis of
T2Dm are still not elucidated, it was clearly shown that insulin resistance (IR) plays a major role in the
development of type 2 diabetes.*® In a state of IR the target organs like liver, white adipose tissue and
muscle, show a lower response to insulin and the body fails to increase insulin production accordingly
to overcome this resistance. Hallmarks of a lifestyle that can lead to IR and T2Dm are over- and mal-
nutrition, together with physical inactivity." Skeletal muscle and liver are the main insulin targets play-
ing an essential role in glucose homeostasis, with skeletal muscle being responsible for over 80% of

.”® Skeletal muscle insulin resistance is considered to be the initiating or primary

the glucose disposa
defect that is evident decades before B-cell failure and hyperglycemia develops.” Different theories
about mechanisms underlying peripheral IR development are discussed, which are the keys to eluci-
date the etiology of type 2 diabetes. There is evidence of ectopic accumulated fatty acid metabolites
causing lipotoxicity after elevated secretion of fatty acids by the liver in a state of obesity.” Numerous
studies reported strong associations between triacylglycerol (TAG) accumulation in skeletal muscle
tissue and insulin resistance,’®! but lean endurance-trained athletes showed also high levels of ac-
cumulated TAGs while being highly insulin sensitive, called the Athlete’s paradox.>* This paradox
indicates that TAG accumulation per se does not lead to insulin resistance, what led to the hypothesis
that its more an altered or incomplete lipid metabolism that may be an important factor in the pro-
gression of insulin resistance. One discussed mechanism is that increased plasma fatty acid concen-
trations, initiated by infusion or high-fat feeding, lead to intramyocellular fatty acyl-coenzyme A (CoA)
and diacylglycerols (DAG) accumulation, which activates protein kinase C theta (PKC-8) and thereby
increases insulin receptor substrate 1 (IRS-1) serine 307 phosphorylation.* This causes a decreased
IRS-1 tyrosine phosphorylation and decreased activation of IRS-1-associated PI3-kinase, which results
in decreased insulin-stimulated glucose transport activity.>® Additionally, it is discussed that circulat-
ing cytokines secreted by white adipose tissue can influence insulin sensitivity of liver and muscle."” In
recent years, investigations on mechanisms linking mitochondrial function to IR came into focus, due
to the central metabolic function of mitochondria, their essential role in the regulation of bioenerget-

ic processes, of cell stress response and epigenetic modulations.**%
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2.1.1 Diet and physical activity

Mitochondrial membranes are discussed to adapt to the lipid composition provided by the diet.?* In
turn, these changes in lipid homeostasis are very likely to regulate mitochondrial structure and func-

tion.?*®

Availability of certain fatty acids was speculated to be the limiting factor determining mito-
chondrial lipid composition depending on the acyl groups dominant in the respective tissue.?* High-fat
feeding experiments were shown to induce insulin resistance whilst mitochondrial mass was in-
creased.”*® Eight weeks of overfeeding in healthy humans did not change mitochondrial content or
respiration in muscle.”” This is challenging the proposal of the controversially discussed reduced mito-
chondrial mass (as described in 2.2.3.1), which was speculated to contribute to the development of
insulin resistance. Physical exercise has been frequently promoted to prevent and combat obesity
related complications such as insulin resistance, T2Dm and non-alcoholic fatty liver disease. Although
the molecular mechanisms have not yet been fully illustrated, the proposed one is likely due to its
impact on cellular metabolism and mitochondrial alterations. Physical activity was shown to increase

28-31

mitochondrial mass and oxidative capacity in skeletal muscle. Exercise has not only a strong im-

3234 This thesis aimed therefore to unravel

pact on muscle but also on liver as shown by our group.
mitochondrial adaptions to a high-energy diet causing insulin resistance and the proposed prevention
by exercise on a molecular level. Alterations on protein and lipid levels and composition in liver and

35-37

skeletal muscle were observed after physical exercise, but also by chronic excess energy. In par-

ticular, the effect of exercise on fatty acid profiles of total lipids was investigated in whole liver*®*
and muscle tissue.*>*® However, only little data are available on the effect of exercise on the subcellu-

21,41,42

lar level, e.g. on mitochondrial lipid composition in liver or muscle and even no studies about

the response of the liver mitochondrial proteome to exercise.

2.2 Mitochondria, structure and function

2.2.1 Function of mitochondria

Mitochondria are highly dynamic organelles with a double membrane producing energy by oxidative
phosphorylation. Four respiratory chain complexes on the inner membrane transport electrons de-
rived from NADH or FADH,, provided by the tricarboxylic acid (TCA) cycle and lipid B-oxidation. They
are NADH-ubiquinone (coenzym Q; CoQ) reductase (complex 1), succinate-CoQ reductase (complex Il),
CoQ-cytochrome c reductase (complex lll), cytochrome c oxidase (complex IV). Complexes |, lll, and IV
are reduction- and oxidation-driven proton pumps using the energy to pump protons out of the ma-
trix. Thereby, an electrochemical proton gradient is built up, which is used by the ATP synthase (com-
plex V) to convert ADP to ATP. CoQ and cytochrome c are two freely diffusible molecules that mediate
the transfer of electrons between complexes. Besides being the major sites of energy production by
ATP generation through oxidative phosphorylation, a great deal of information about mitochondrial
metabolism is already available (see Figure 1). Mitochondria are equipped with enzymes needed for
free fatty acid metabolism and the TCA cycle, but also major steps of heme synthesis, ketogenesis and

hormone synthesis reside within mitochondria.***® Mitochondria are major sources of reactive oxy-
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20,47

gen species in cells and even have their specific scavengers like the mitochondrial superoxide dis-

mutase.”® Additionally, mitochondria are involved in calcium homeostasis and programmed cell

19,49-51
th.

dea Given their central metabolic role, it is not surprising that mitochondria are widely dis-

cussed in context of many diseases such as neurodegenerative disorders, cancer and diabetes.**>*
The main function of mitochondria, cellular respiration, as established and investigated in this thesis,
is central to many processes like electron transport chain complex (ETC) activities, reactive oxygen
species (ROS) generation, ATP production and substrate oxidation through TCA cycle and B-oxidation.
Mitochondrial function in this thesis -measured mostly as ex vivo oxidative phosphorylation (OXPHQS)

capacity- therefore covers multiple features.

2.2.11 Tissue-specificity of mitochondria

Mitochondria are tailored to the specific needs and demands of different tissues as demonstrated by
morphological differences illustrated in electron microscopy studies, but also enzymatic equipment,
mtDNA copy numbers, protein abundances and oxidative capacity between cell types.”>® Despite this
apparent physiological diversity, little data exists combining several approaches to investigate overall
molecular mechanisms from mitochondrial lipid and protein composition up to mitochondrial func-
tion for these tissue-specific differences. Investigations on mitochondrial specificities of liver and
skeletal muscle as two insulin target organs could help to elucidate organ cross-talks and might lead
to more target-specific treatments of mitochondrial dysfunctions associated with e.g. insulin re-
sistance and type 2 diabetes. Skeletal muscle and liver fulfill different physiological tasks and vary in
the extent of metabolic pathways present in their mitochondria (Figure 1): Under aerobic conditions,
glucose and fatty acids are metabolized into acetyl-CoA by glycolysis and B-oxidation and fed into the
TCA cycle. Glucose utilization is balanced by the liver with the release of glucose from gluconeogene-
sis, which contributes to a major extent (64%) to total glucose production even during the first 22
hours of fasting in humans.®! In such states of fasting or low insulin levels for example due to diabe-
tes, the liver utilizes oxaloacetate for gluconeogenesis, leading to its depletion in the TCA cycle, and to
diversion of acetyl-CoA to ketone bodies.** This mitochondrial process, called ketogenesis, provides
acetoacetate and 3-hydroxybutyrate as substrates for peripheral tissues like skeletal muscle.**** Mi-
tochondria in skeletal muscle are facing large variances of ATP demands upon physical activity by
varying its metabolic rate to a greater extent than any other tissue and thereby adapting it to the
demands.®” In postprandial states, muscle energy demands are mainly satisfied by utilizing carbohy-
drates, mainly glucose. Skeletal muscle is responsible for over 80% of the glucose disposal.”® During
states of fasting or in general caloric insufficient supply, muscle relies on TCA-cycle-linked substrates
such as fatty acids, acetate, ketone bodies, lactate and amino acids for ATP generation. This ability to

switch between carbon sources for ATP production is called metabolic flexibility.*®

In humans, the liver is the major site of fatty acid production, called de novo lipogenesis,®* while in
rodents the adipose tissue is also important.®> Additionally, fatty acids can also be taken up by the
liver either for oxidation, storage or for packaging them into lipoproteins for export and storage in
other tissues.?® Because of its relative size in men and most animals, however, the muscle is consid-

ered to be the major organ for fatty acid disposal.?’” Amino acids are catabolized in the liver,
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branched-chain amino acids (BCAAs), however, are primarily oxidized in the peripheral tissue, mainly

%88 Not only metabolic pathways in mitochondria are tissue-specific, but also the

in skeletal muscle.
morphology of liver versus muscle mitochondria varies distinctly. Skeletal muscle mitochondria are
distributed between sarcomeres embedded in the microfilaments and microtubules, while liver mito-

chondria are more round and show fewer cristae.>

Given such widely varying morphologies, metabolic pathways and tissue-specific demands, it is rea-
sonable to expect that the oxidative function, the lipid and the protein composition of these orga-
nelles may vary significantly from tissue to tissue. Proteomics approaches showed distinct tissue spe-
cific differences between mitochondria from liver and muscle tissue,’”® and since the mitochondrial
phospholipid content and composition have been shown to affect electron transport chain activity

71-73

and respiratory function, a lipidomics approach as applied in this thesis combined with functional

studies might help understanding mitochondrial organization by identifying common and unique tis-

sue specificities.

Skeletal muscle

‘ Ketolysm

— Sv

Fatt |-CoA
(Frcon Joo

Figure 1: Main functions and metabolic processes in mitochondria in liver and muscle. B-Ox= B-Oxidation, BCAA= Branched-
chain amino acids, ROS= reactive oxygen species, TCA cycle= tricarboxylic acid cycle, OXPHOS= oxidative phosphorylation,
PyC= pyruvate carboxylase, PDH= pyruvate dehydrogenase complex, HADHA= hydroxylacyl-CoA dehydrogenase, MCAD=
medium chain acyl-CoA dehydrogenase, SOD= superoxide dismutase, ATP= adenosine triphosphate, FA= fatty acyl.

2.2.1.2 Oxidative stress

Mitochondria are major sources of ROS in cells. Respiratory complexes |, Il and Ill reduce O, to 0,"
The contribution, however, of the complexes to the overall O,” production differs depending on the

7478 potentially, not only the complexes are sources

organ, respiratory states and pathological states.
for 0,", but also several mitochondrial dehydrogenase complexes like the pyruvate dehydrogenase.”
Approximately 0.01% to 5% of electrons passing down the electron transport chain leak to oxygen
during oxidative respiration, which is converted to reactive oxygen species.”’”””° On the other hand,
mitochondria have their own antioxidative defence system: superoxide dismutase catalyses dismuta-

tion of 0,” to H,0,.2° This potent source of oxidizing equivalents is utilized in many signalling reac-
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tions. Increased oxidative stress is associated with damage of cellular organelles and enzymes,

increased lipid peroxidation, mitochondrial DNA mutations® and development of insulin resistance.®*

It is also suggested that oxidative stress plays a major role in the pathogenesis of T2Dm.%>*°

2.2.2 Mitochondrial lipids

2.2.2.1 (Patho)physiological role of mitochondrial lipids

Besides B-oxidation, the main pathway for fatty acid oxidation,”* mitochondria are also sites of lipid
synthesis, remodelling and inter-organellar lipid trafficking.’* Thus, changes in lipid homeostasis are
very likely to affect mitochondrial membrane composition which, in turn, regulates mitochondrial

2223 Mitochondria synthesise approximately 45% of their own phospholipids,**

structure and function.
mostly phosphatidylethanolamines (PE), phosphatidylglycerols (PG), phosphatidic acids (PA) and car-
diolipins (CL).**** Mitochondrial lipids are not simply membrane constituents, but also involved in
physiological processes such as mitochondrial fusion and fission, membrane structure and fluidity,

2396100 The role of

electron transport chain assemblage, protein biogenesis, apoptosis and many more.
lipids in mitochondrial function is exemplified by CL, the mitochondrial signature phospholipid, which
has been shown to be a key player in the organization of the general mitochondria membrane struc-
ture and in the organization of the essential electron transport chain components into higher order

assemblies,”’9%:101,102

Most lipids are not specific for individual organelles and therefore challenging to
guantify in a mitochondria-specific fashion. Therefore, an accurate, comprehensive lipid profiling
strategy, as established in this thesis, which enriches mitochondria and minimizes contaminations by
membranes from other organelles is a prerequisite to investigate the contribution of individual lipids

to mitochondrial (dys-)function.

2.2.2.2 Oxysterols, a lipid class of oxidised sterols

Oxysterols, oxygenated derivatives of cholesterol'® and its precursors,’® are intermediates in the

formation of steroid hormones, 1,25-dihydroxyvitamin D3 and bile acids'®. They are formed by en-

105107 3 utoxidation,’® and reaction with reac-

110

zymatic oxidation in the first steps of sterol metabolism,

tive oxygen species (ROS)'® or can be derived through diet.'° The introduction of an oxygen moiety

such as a hydroxyl, epoxide, or ketone group into the hydrophobic cholesterol enables oxysterols to

pass through cell membranes and equilibrate much quicker throughout the cell than cholesterol it-

111,112
f 2

sel . Featured with diverse biological activities together with a high abundance in some tissues

(e.g. 1.0-1.6x10° ng/g 24-hydroxycholesterol in brain''®), oxysterols are evidently implicated in the

pathogenesis of several chronic diseases like artherosclerosis’**'® or neurodegenerative

116,117

disorders. Possible mechanisms, like oxysterol induced apoptosis via the mitochondrial

118-120

pathway and induced ROS production,™ link the effects of oxysterols to mitochondrial

(dys)function as their main target in the cell.”* Mitochondria even contribute by the mitochondria-
specific CYP27A to the enzymatic generation of oxysterols like 27-hydroxycholesterol,****** an oxys-

124-127

terol widely discussed in context with several diseases. Mitochondrial oxysterol levels might

influence mitochondrial functioning, but so far only very few reports about oxysterol levels in mito-
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chondria themselves exist, probably due to the challenging isolation procedure of pure mito-

chondria®®® and the challenging oxysterol analysis.

2.2.3 Dysfunction of mitochondria

Dysfunctional mitochondria (an unspecific term to describe various mitochondrial abnormalities)
were widely discussed to be involved in the pathophysiology of human diseases such as neurodegen-

erative disorders, cancer and diabetes.”*>*

2.2.3.1 Dysfunction of mitochondria and insulin resistance

In the context of IR mitochondrial dysfunction is discussed as its cause, its consequence but also as an
innocent bystander. Although a connection between mitochondrial dysfunction and insulin resistance
was first described already more than 40 years ago,™' the mechanisms are still not clear. The differ-
ent hypotheses about the causal relationship of mitochondrial dysfunction and insulin resistance are
discussed controversially: Mitochondrial oxidative capacity could be impaired by a lower substrate

influx in IR.**?

Alternatively, lower rates of substrate oxidation caused by a deficiency in the electron
transport chain or even a lower mitochondrial content could lead to inhibited metabolic fluxes and/or
accumulation of toxic metabolites from incomplete oxidation of glucose and lipids and thereby to
IR.2**13* This deficiency could either be caused by substrate overflow leading to disturbances in sub-
strate utilization, oxidant production and IR or this mitochondrial dysfunction could be a consequence
of impaired insulin signalling. The focus of research over the last years was mainly on alterations in
skeletal muscle. In addition to earlier human studies assuming mitochondrial dysfunction to decrease
lipid oxidation in muscle in obesity and diabetes (measured across the leg),"*>*3¢ Kelley et al. (2002)**’
eventually observed smaller mitochondria and a decreased ETC activity (measured as NADH:0O, oxi-

doreductase) in mitochondria preparations of type 2 diabetics and obese patients compared to lean.

In the last years, various features of mitochondrial dysfunctions were uncovered in muscle of insulin
resistant and/or type 2 diabetics compared to healthy subjects. Lowered oxidative capacity in muscle
biopsy material from T2Dm patients compared to healthy subjects was observed in several studies.*”
149 Normalisation to mitochondrial content commonly applied did not change the results except in

139 . This reduction of oxidative

137,142

one study.” The results were also confirmed in isolated mitochondria.

capacity was often associated with a reduced mitochondrial content, mostly investigated using

137,142,143

electron microscopy or citrate synthase activity."*”**** Mitochondrial alterations and possi-

ble mechanisms for reduced mitochondrial content and oxidative capacity were investigated on

144,145

MRNA levels of genes responsible for mitochondrial biogenesis like PGC-1 & . But also decreased

137,139,141,144 141,144

mitochondrial enzyme activities or lowered protein abundance were observed, in

137149 A Jower mitochondrial content and oxidative capacity

particular of those involved in the ETC.
was observed in non diabetic individuals with a family history of type 2 diabetes, suggesting that mi-
tochondrial alterations might be the cause and not the consequence of IR.**® But results of mitochon-
drial dysfunction and its role in skeletal muscle insulin resistance remain still conflicting. Some re-

search groups did not observe the mitochondrial alterations like the reduced oxidative capacity,****’
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or the reduced mitochondrial content'*® between health and insulin resistance. Even some animal
studies, mostly high-fat-feeding induced insulin resistance showed an opposite relationship and de-
scribed an increased fatty acid oxidation capacity, mitochondrial content and increased oxidative
protein activities in skeletal muscle as compensatory effect to overcome excess substrate flows at

2148152 Hioh-fat-diet was shown to induce insulin resistance

early stages of the disease development.
in rats although the mitochondrial amount was even increased.” An iron-deficient diet leading to a
deficient ETC by decreasing the iron-containing ETC proteins even protected rats from insulin re-
sistance by high-fat feeding.”® Blocking of the entry of fatty acids into mitochondria in malonyl-CoA

134 Given

decarboxylase knockout mice, protected the mice from insulin resistance by high-fat feeding.
this inconsistency of data, the role of mitochondrial dysfunction in the etiology of muscle insulin re-
sistance remains unclear. To this extent a causal relationship between insulin resistance and substrate
overflow with regard to mitochondrial (dys)function was examined in this thesis in a murine skeletal

muscle cell line.

The role of liver in context of insulin resistance as also one of the insulin target tissue and the major
site for endogenous glucose production is still up for debate. Human studies about mitochondrial
alterations in livers of T2Dm patients are quite rare. A higher oxidative capacity of liver mitochondria
from biopsies was observed in insulin resistant obese compared to lean patients despite a non-
alcoholic fatty liver (NAFL)."* This was also seen in indirect methods assessing hepatic
mitochondria.”>**® Contrarily, there is also evidence of a normal oxidative phosphorylation in T2Dm

157

compared to lean and obese patients assessed by high resolution respirometry (HRR)™’ and even an

158,159
d, ™

impaired hepatic mitochondrial function in T2Dm was describe which was also seen in diabetic

rats after high-caloric feeding.'®

2.3 Investigation of mitochondrial composition and function

231 Mitochondrial purification

Although a causative role for alterations in mitochondrial protein and lipid composition in mediating
mitochondrial dysfunction is very likely, the challenge of isolating adequate amounts of sufficiently
pure mitochondria has hampered comprehensive studies combining functional and systems biological
approaches up to now. The existence of diverse mitochondria isolation procedures with different
requirements regarding time and equipment applying different principles of separation makes a deci-
sion for the most suitable method quite challenging for a scientist planning to perform mitochondrial
analyses. Impurities caused by contaminations with other organelles may not only result in misleading
analytical findings, but also hamper the comparability of data from different groups.”*®* The most

162186 gince it is relatively fast and

167,168

common used and simple method is differential centrifugation (DC)
provides intact, functional mitochondria well suited to investigate mitochondrial physiology.
Briefly, tissues or cells are minced and homogenised, commonly using a Dounce homogeniser.'***"* A
slow centrifugation step is performed to sediment unbroken cells and cell debris, which is followed by

a fast centrifugation step using the supernatant to pellet the mitochondria (further described in
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3.2.6.2). A higher purity can be achieved by subsequent high-speed centrifugation on a density gradi-

163,172-175
ent.

This additional step can, however, reduce the yield of mitochondrial protein. Further-
more this step requires an ultracentrifuge, which may not be accessible for every scientist. In addi-
tion, centrifugation-based methods tend to be time-consuming, particularly when numerous samples
are isolated simultaneously. Thus, a more rapid approach to isolate mitochondria has been commer-
cialized that was first described by Hornig-Do et al. (2009)'’® After sample homogenisation, mito-
chondria are coupled to anti-TOM22-antibodies conjugated to paramagnetic beads. Bead-coupled
mitochondria can then be isolated in a magnetic field. This so-called MACS (magnetic cell isolation
and separation, here: magnetic bead assisted mitochondria isolation) procedure achieves higher

176

yields of mitochondria.”” Liver mitochondria isolated by MACS have been shown to exhibit higher

oxygen consumption rates than mitochondria isolated by DC.*"’

2.3.2 Mitochondrial respiration: Investigation of OXPHOS capacity

Investigations of mitochondrial oxidative capacity are usually performed with complex 1 and 2 linked

substrates.

2.3.2.1 Complex 1 linked substrates- NADH (Pyruvate/Glutamate and Malate)

After crossing the outer mitochondrial membrane via VDAC, externally added pyruvate is electroneu-
trally exchanged via the mitochondrial pyruvate carrier (MPC) by OH" (Figure 2). The pyruvate dehy-
drogenase complex decarboxylates pyruvate to acetyl-CoA, CO, and NADH(H"), which transfers elec-
trons to complex 1.5 Acetyl-CoA condensates with oxaloacetate (which was oxidised from malate
by malate dehydrogenase) to citrate, which is further metabolised in the TCA cycle providing reduc-
tion equivalents.”™! In gluconeogenic tissues like liver pyruvate is carboxylated to oxaloacetate by
pyruvate carboxylase (PyC).*' Glutamate is transported into the mitochondrial matrix by the gluta-
mate-aspartate carrier or the glutamate-/OH" exchanger and oxidized by glutamate dehydrogenase to
2-oxoglutarate and NADH(H").****® Malate cannot permeate the membrane and requires a carrier

(dicarboxylate carrier, tricarboxylate carrier and 2-oxoglutarate carrier).'®>'%
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phosphoenolpyruvate ——> pyruvate

glutamate

malate

Figure 2: Complex 1 linked substrates for electron transport chain. After crossing outer mitochondrial membrane (OMM) via
VDAC, pyruvate is transported into the matrix by mitochondrial pyruvate carrier (MPC). Pyruvate can either be oxidized to
acetyl-CoA by pyruvate dehydrogenase complex (PDH) or carboxylated to oxaloacetate by pyruvate carboxylase (PyC) (only
in gluconeogenic tissues). Glutamate is transported into mitochondria and oxidized by glutamate dehydrogenase to 2-
oxoglutarate. ETC= electron transport chain.

2.3.2.2 Complex 2 associated substrate- Succinate

Succinate is transported into the matrix by the dicarboxylate carrier'®® and is the substrate for the
succinate-dehydrogenase (C2) in the respiratory chain. Succinate is used together with rotenone
(complex 1 inhibitor) to avoid accumulation of oxaloacetate, which is inhibiting succinate dehydro-
genase, and a potential reverse flow of electrons through complex 1.8/

2.3.2.3 Complex 1 and 2 associated substrates- Octanoyl-/Palmitoylcarnitine and

Malate

The acyl-CoAs are imported into mitochondria via the carnitine-acylcarnitine translocase (CAT) (Figure
3). The acylchains are degraded by mitochondrial fatty acid B-oxidation (FAO) to acetyl-CoA, NADH
and FADH,.*®* Acetyl-CoA enters the TCA cycle, NADH is the substrate for complex 1, and FADH, sim-
ultaneously transfers electrons onto the electron-transferring flavoprotein complex (CETF), which

supplies electrons to CoQ.™*
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acylcarnitine

Figure 3: Complex 1 and 2 linked substrates for electron transport chain. Imported fatty acids are broken down via
B-oxidation (B-Ox) to acetyl-CoA (further metabolised in the TCA cycle), NADH (electron transfer to complex 1) and FADH2
provide electrons via CETF to CoQ. TCA= tricarboxylic acid, ETC= electron transport chain, CPT= carnitine-
palmitoyltransferase, CAT= carnitine-acylcarnitine-transporter, CoQ= coenzyme Q/ubiquinone, CETF= electron transfer
flavoprotein complex.

2.33 Lipidome analyses of mitochondria

Lipidome analyses partly covering cardiolipins have previously been performed using liquid chroma-

166

tography (LC)-mass spectrometry (MS)'®® and less often by shotgun analysis,”® gas chromatography

(GC)-MS,****%! Fourier transformation (FT)-MS'”> or matrix-assisted laser desorption/ionisation (MAL-

162,165,171,174,192

DI)-TOF-MS techniques investigating mitochondria from various tissues, macrophages®’”®

171,175

and yeast. In addition to different analytical approaches, lipidomics data published so far origi-

nated from a variety of mitochondria isolation methods: either differential centrifugation (DC)***™® or

| 173 96,174
7

ultracentrifugation (UC) on density gradients like iodixano ficoll and sucrose, or

perCO“ 163,165,172

For mitochondrial lipid analyses, purified mitochondria are subjected to lipid extraction applying pro-
tocols such as the classic Folch method,'®® the modified Bligh/Dyer method*** or the more recent and
convenient methyl tert-butyl ether (MTBE)/MeOH/H,0 method,'® which was also applied in the pre-

sent work.

2.33.1 Reversed-phase (RP) chromatography

In this thesis, chromatographic separation of lipids is performed on RP high-performance liquid chro-
matography (HPLC) columns to determine fatty acyl chain length and composition based on their
varying interaction with the non-polar stationary phase in a polar mobile phase. Lipid classes are elut-
ed in a mixed pattern based on the length and unsaturation of fatty acyl chains. The stationary phase
consists of hydrophobic long chain alkyl groups (e.g. C8, C18), that are chemically bonded to the si-
lanol groups of silica particles. The mobile phase is typically a mixture of water and an organic solvent
(e.g. acetonitrile, isopropyl alcohol or methanol). The choice and proportion of the “organic modifier”
will affect the selectivity of the separation. In RP the lipophilic/hydrophobic interaction between the

fatty acid molecules and the alkyl chains of the stationary phase determines the retention time. Re-
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tention time decreases as the number of double bonds increases. Other HPLC-based methods used in
lipidomics, but not applied in this thesis, are normal phase liquid chromatography (NPLC) and hydro-
philic interaction liquid chromatography (HILIC). In both techniques, lipids are separated into classes
based on their specific polar head groups. Compared to shotgun lipidomics, which relies on direct
infusion of sample into a mass spectrometer without any chromatographic pre-separation of ana-
lytes, LC-MS based lipidomics approaches reduce ion suppression in analysing complex biological
samples by adding the retention time as another factor to selectivity and allows the identification of
isobaric compounds. Electrospray ionisation (ESI; see next chapter 2.3.3.2), which was applied in this
work, enabled the coupling of LC with MS in a highly efficient manner described for the first time by
Whitehouse et al. (1985)* The combination of LC and MS (LC-MS) has opened up new analytical per-

spectives.

2.3.3.2 Electrospray ionisation (ESI)

In the 1980s a soft ionisation procedure, electrospray ionisation (ESI), was introduced and first ap-

1% The usage was then extended to large biomole-

plied to molecules with low molecular weight.
cules.”® Han et al. (1994)"® were first to employ ESI for — analysing lipid molecules. ESI is an interface
between LC and MS, which transforms biomolecules from liquid state to gas phase ions under atmos-
pheric conditions in a non-destructive manner. Eluting from an LC column at pl or nl flowrate, the
analyte solution passes through a narrow capillary (ESI emitter, ~10 um inner diameter). Between the
emitter and a counter electrode a potential difference of £1.5 — 4.5 kV is applied. Due to the strong
electric field, charges accumulate at the liquid surface at the tip of the emitter. Accumulated positive
charges are attracted by the counter electrode (negative) by the repulsion of the emitter in positive
ESI mode (same polarity) and accumulated negative charges are attracted by the counter electrode
(positive) by the repulsion of the emitter in negative ESI mode. When the voltage reaches a threshold
(Taylor voltage), the surface of liquid changes its shape to a “Taylor cone”, when ejected from the ESI
emitter. The solvent evaporates from these charged droplets through use of a hot drying gas (e.g. N,)
and these droplets shrink until the surface tension can no longer uphold the charge repulsions (Ray-
leigh limit) leading to “Coulombic explosion” and small droplets are ejected. This desolvation process
occurs repeatedly to form even smaller droplets until single ions are transferred to the gas phase, a
process that is still not completely understood.'*® Other frequently used soft ionisation technologies

200

in lipidomics are atmospheric pressure chemical ionisation (APCI)* and matrix-assisted laser desorp-

tion/ionisation (MALDI).”®* But also more recent technologies like desorption electrospray ionisation
(DESI),*®* matrix-free laser desorption ionisation (LDI),%*®

(LAESI)** are used.

and laser ablation electrospray ionisation

2.3.3.3 Mass spectrometry (MS)

A mass spectrometer usually consists of an ion source (for example ESI), a mass analyser, a detector
and data processing electronics. The mass analyser separates gas phase ions based on their mass-to-
charge-ratio (m/z). Electric or electromagnetic fields are used for separating ions. Mass spectra are

plots of ion intensity as a function of the m/z ratio. Three commonly used mass analysers for biomol-
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ecule analysis are quadrupole, linear ion trap®® and the Orbitrap.’®® Quadrupoles consist of four pre-
cisely parallel metal rods. Opposite electrodes are connected and one pair of rods gets a positive cur-
rent and the other pair a negative current. A set oscillation (time dependent radiofrequency) of this
electric field in the centre of the quadrupole allows only a narrow m/z ratio to pass the quadrupole on
a stable trajectory. The quadrupole linear ion trap (LTQ) is similar to a quadrupole split into three
sections. The middle section is the largest section and stores the ion, whereas the end sections are
used for ion manipulation and application of trapping potential. The Orbitrap traps and analyses ions
by electrostatic fields. It consists of one spindle and an outer barrel like electrode. Injected ions are
electrostatically trapped while oscillating along the central electrode. This frequency is dependent on
the m/z ratio. The oscillating ions induce an image current signal on the outer electrode, which are
converted into frequencies by Fourier transformation. These characteristic frequencies are then con-
verted into a mass spectrum. Other mass analysers used in lipidomics are time-of-flight (TOF), Fourier

transform ion cyclotron resonance (FT-ICR).

2.3.34 Tandem mass spectrometry (MS/MS)

Hybrid MS systems were developed combining two or more mass analysers to allow specific fragmen-
tation of chosen precursor ions to obtain in-depth information on the structure via MS/MS spectra or
improved detection limits (triple quadrupole instrument). In tandem mass spectrometry (MS/MS),?"’
ions are generated in the ion source (e.g. ESI) and separated by m/z ratio in the first stage of the mass
spectrometer (MS1). A precursor ion of a particular m/z (precursor ions) is selected and fragment ions
(product ions) are generated by collision-induced dissociation (CID) or other processes. In CID, the
precursor ion is fragmented by collisions with inert gas atoms, which raises the energy in the mole-

208,209

cule before bonds are broken. The resulting product ions are then separated and detected in a

second stage of the mass spectrometer (MS2).

Tandem mass spectrometric experiments can be performed by tandem-in-space and tandem-in-time
instruments.”*® Separate mass analysers are utilised for each MS stage in tandem-in-space instru-
ments (e.g. triple quadrupole mass spectrometer). In the approach of tandem-in-time instruments
the various MS/MS stages are being performed in one mass analyser (e.g. linear ion trap) at different

time points, principally allowing to conduct MS" experiments.

2.3.3.5 “Top down” and “bottom up” lipidomics

Based on the strategies that are applied for lipid screening, the lipidomics approach is defined as
“top-down” or “bottom-up”. The specificity of both, “top-down” and “bottom-up” approaches, de-
pend on the ability of a MS to distinguish between two neighbouring peaks of intact molecular ions or
their fragments. This resolving power or resolution is usually the ratio of the ion peak mass to the
peak width at 50% of its height to the mass of the peak (full width at half maximum [FWHM]).?*! The
difference between the measured and the theoretical mass value is described in a relative manner

(e.g. parts per million (ppm)) and is defined as the mass accuracy.
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The “top-down” lipidomics approach, that was applied in this thesis, takes the unique elemental
composition of lipid species of specific classes into account using high-resolution MS for exact mass
measurement, for example the Orbitrap and FT-ICR.>***** Exemplarily, the applied LTQ-Orbitrap ena-
bles a high mass resolution exceeding 100 000, a mass error less than 2 ppm using internal standards

206214 hata are acquired at high resolution and accuracy with the

and 5 ppm with external calibration.
Orbitrap, whereas MS/MS is recorded at high speed with low resolution in a linear ion trap mass ana-

lyser

An alternative, so called “bottom-up”, approach in tandem-MS utilizes the “building block” feature of
lipids; precursor ions are identified and quantified due to their specific fragment ion. Differences in
chemical properties of lipid classes such as charge state and polarity are taken into account. These
can be used to determine individual molecular species of a class by scanning precursor ions or neutral

losses that are indicative for head groups, fatty acyls or long-chain sphingoid bases, etc. (Table 1).2

Table 1: Examples of scanning modes and resulting mass-to-charge ratios (m/z) in lipidomics. PIS=precursor ion scanning,
NLS=neutral loss scanning; PC= phosphatidylcholine, PE=phosphatidylethanolamine, PS=phosphatidylserine,
Pl=phosphatidylinositol, PG=phosphatidylglycerol, PA=phosphatidic acid, SM=sphingomyelin.

subclass polarity scan mode m/z
PC positive PIS 184
negative PIS 168
PE positive NLS 141
negative PIS 195
PS positive NLS 185
negative NLS 87
Pl positive NLS 277
negative PIS 241
PG positive NLS 189
PA positive NLS 115
Ceramide positive PIS 264
Hexosylceramide positive PIS 264
Lactosylceramide positive PIS 264
SM positive PIS 184
negative PIS 168
Cholesterol ester positive PIS 369

Cholesterol (as

iti NL 77
acetate) positive S
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3 Material and Methods

3.1 Material

3.1.1 Chemicals

Relevant product codes and/or abbreviations in brackets

2-(N-morpholino)ethanesulfonic acid (MES)

4-(2-Hydroxyethyl)piperazine-1- ethanesulfonic acid
(HEPES)

5,5'-Dithiobis-2-nitrobenzoic acid (DTNB; 6334)
Acetonitrile (ACN)

Acetyl-CoA (lithium salt, A2181)

Acrylamide 30 (37.5:1)

Adenosine 5'-triphosphate disodium salt hydrate
(NazATPXHzo)

Adenosine diphosphate (ADP)
Agarose, peggold Universal
Ammonium acetate

Ammonium persulfate (APS)
Antimycin A (A8674)

Ascorbate (A4034)

BigDye® Terminator sequencing buffer 5x
Bio-Rad protein assay

Bovine serum albumin (BSA, A6003)
Bromophenolblue

Butylated hydroxytoluene (BHT)
Calcium carbonate (CaCOs)

Calcium chloride (CaCl,)

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazon
(FCCP) (C2920)

Catalase
Citrate synthase (CS) from porcine heart (C2360)
cOmplete protease inhibitor cocktail

Cytochrome c (C7752)

Sigma-Aldrich, St. Louis, MO, USA
Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA

Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, MO, USA

Calbiochem, Merck, Darmstadt, Germany
Peglab, Erlangen, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Applied Biosystems, Foster City, CA, USA
Biorad, Miinchen, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Roche, Mannheim, Germany

Sigma-Aldrich, St. Louis, MO, USA
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Developer
Dichloromethane (DCM)
Digitonin (D141)

Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)
Ethanol p.A.

Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-

tetraacetic acid (EGTA)

Ethylene diaminetetraacetic acid (EDTA)
Gelatine

Glucose aqueous solution for injection (20%)
Glutamate (G1251)

Glycerol

Glycine

H,0, HPLC-grade

Hydrochloric acid (HCI)

Imidazole

Insulin, human recombinant
Isopropanol (IPA)

Ketamine- injectable aqueous solution
K-lactobionate

Luminol (3-Aminophthalhydrazide)
Magnesium chloride (MgCl,)

Magnesium chloride hexahydrate (MgCl,(H,0)¢)

Malate (M9138)

Methanol (MeOH)

Methanol Normapur
Na-orthovanadate
Na-pyrophosphate

Octanoylcarnitine (0605)

Oxaloacetic acid (5000)
Palmitoyl-L-carnitine chloride (76178)

Phosphocreatine
Ponceau S-Solution

Potassium chloride (KCl)

Agfa Healthcare GmbH, Berlin, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, MO, USA

Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany

B. Braun, Melsungen, Germany
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany
AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Merck (Darmstadt, Germany).
Ratiopharm GmbH, Ulm, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Serva Electrophoresis, Heidelberg, Ger-
many

Sigma-Aldrich, St. Louis, MO, USA
Merck (Darmstadt, Germany).
VWR, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Tocris Bioscience, Bristol, UK
Calbiochem, Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
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Potassium dihydrogenphosphate (KH,PO,)
Potassium hydroxid (KOH)
Pyruvate (P2256)

Ribonuclease A

Rotenone (R8875)

Saponin from quillaja bark (S4521)
Sepharose G-50 superfine
Sodium azide (52002)

Sodium chloride (NacCl)

Sodium deoxycholate (NaDOC)
Sodium dodecyl sulfate (SDS)
Sodium fluoride (NaF)

Sodium pyrophosphate (Na;P,0-)
Succinate (53674)

Sucrose

Taurine

TE-buffer, sterile, pH 8.0

TEMED (N,N,N’,N’'-tetramethylethylenediamine)
TMPD (N,N,N’,N’-tetramethyl-p-phenylenediamine;

T3134)

Triethanolamine (90279)
Tris(hydroxymethyl)Jaminomethane (TRIS)
TRIS, ultra-pure (for ECL)

Triton-X-100

Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Serva Electrophoresis, Heidelberg, Ger-
many

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
GE Healthcare, Miinchen, Germany
Sigma-Aldrich, St. Louis, MO, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, MO, USA
Biorad, Miinchen, Germany
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Roth, Karlsruhe, Germany

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
MP Biomedicals Inc., Solon, OH, USA
Sigma-Aldrich, St. Louis, MO, USA

Ultra-pure water was prepared by a Milli-Q system (Millipore, Billerica, MA, USA)
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3.1.2 Buffers and solutions

All buffers and solutions were prepared with ultra-pure water.

3.1.21 General buffers

Lysis Buffer 1 (pH 7.5) HEPES 50 mM

(stored at 4 °C) NaCl 150 mM
MgCl, 1.5mM
EGTA 1mM
Glycerol 10%
Triton-X-100 1%
NaF 100 mM
Na,P,0- 10 mM

Lysis Buffer 1 was mixed with phosphatase inhibitors (see below) and cOmplete protease inhibitor

shortly before use and was mainly used for cell lysis.

Lysis Buffer 2 (RIPA lysis buffer; pH 7.6) TRISpH 7.6 25 mM

(stored at 4 °C) NaCl 150 mM
SDS 0.1%
NaDOC 0.5%
Triton-X-100 1%

Lysis Buffer 2 was supplemented with phosphatase inhibitors (see below) and cOmplete protease

inhibitor shortly before use and was mainly used for tissue lysis.

10 x Phosphatase inhibitors NaF 10 mM
(stored at -20 °C) Na-pyrophosphate 5mM
Na-orthovanadate 10 mM

B-glycerophosphate 10 mM

Bradford working solution: Bio-Rad Protein Assay solution was diluted 1:5 with ultra-pure water and
filtered through filter papers (MN 615 %, a-cellulose, Machery-Nagel GmbH Co KG Germany). Solu-

tions were kept no longer than 4 weeks at 4 °C and protected from light.
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5 x Laemmli sample buffer (pH 6.8) TRIS/HCI 60 mM

(stored at 4 °C) Glycerol 5.5%
SDS 0.44%
B-Mercaptoethanol 1.1%
Bromophenolblue 0.21%

Stacking gel buffer (pH 6.8) TRIS 0.5M

(stored at RT) DS 2%

Separation gel buffer (pH 8.8) TRIS 1.5M

(stored at RT) DS 2%

10 x Electrophoresis buffer TRIS 250 mM

(stored at 4 °C) Glycine M
SDS 1%

10 x Blotting buffer TRIS 480 mM

(stored at RT) Glycine 390 mM
SDS 0.4%

1 x Blotting buffer 10 x Blotting buffer 10%

(stored at RT) Methanol 20%
H,0 70%

Stripping buffer (pH 6.8) TRIS 66 mM

(stored at RT) B-Mercaptoethanol 0.5%
SDS 2%

10 x NET-G Gelatine 2.5%

(stored at 4 °C) NaCl 15M
EDTA 50 mM
TRIS 500 mM
Triton-X-100 0.5%

10 x NET-G was diluted 1:10 with ultra-pure water and the pH was adjusted to 7.4 using 37% HCI to

obtain 1 x NET-G.
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10 x TBS (TRIS-buffered saline) NaCl 1.5M

(stored at RT) TRIS 250 mM

0.1% Tween20 was added to TBS for TBS-T buffer. 10 x TBS was diluted 1:10 with ultra-pure water
and the pH was adjusted to 7.6 to obtain 1 x NET-G.

Solution A (pH 9.35) TRIS, ultra-pure 0.1M
Luminol 4.4 mM (in DMSO)
p-lodophenol 4.4 mM (in DMSO)
Solution B (pH 9.35) TRIS, ultra-pure 0.1M
(both stored at 4 °C) H,0, (30%) 0.4%
Enhanced chemiluminescence (ECL) solution: Shortly before usage solutions A and B were mixed at a
ratio of 1:1.
50 x TAE buffer (pH 8) TRIS 1.25M
(stored at RT) Acetic acid 625 mM
EDTA 50 mM
Cryopreservation medium for cells Cell medium 80%
FCS 20%
DMSO 10%
3.1.2.2 Respiratory measurement buffers for high resolution respirometry (HRR) and
Seahorse XF96 measurements
Mir05 (pH 7.1 at 30 °C with KOH) EGTA 0.5 mM
(stored at -20 °C) MgCly(H,0)s 3 mM
K-lactobionate* 60 mM
Taurin 20 mM
KH,PO, 10 mM
HEPES 20 mM
Sucrose 110 mM

BSA, fatty acid free 1g/l

*Preparation of 0.5 M stock solution, pH 7.0 with KOH
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2 x STE buffer (pH 7.4 with HCI) Sucrose 500 mM
(stored at 4 °C) TRIS (base) 10 mM
EGTA 4 mM
BSA fatty acid free 0.1%-0.5% (depending on

the tissue/cells), freshly
added on the day of the

experiment
2 x STE buffer was diluted with ultra-pure water to achieve 1x STE.
MAS buffer (pH 7.2 at 37 °C) Sucrose 70 mM
(stored at 4 °C) Mannitol 220 mM
KH,PO, 10 mM
MgCl, 5mM
HEPES 2mM
EGTA 1mM
BSA, fatty acid free 0.1%-0.5% depending on

the tissue/cells, freshly
added on the day of the

experiment

Biopsy preservation solution (BIOPS) CaK,EGTA* 2.77 mM

(pH 7.1 at 30 °C with KOH)

(stored at -20 °C) K.EGTA* 7.23 mM
Na,ATP 5.7mM
MgCl,(H,0)s 6.56 MM
Taurine 20 mM
Na,Phospho-creatine 15 mM
Imidazole 20 mM
Dithiothreitol 0.5 mM
MES 50 mM
*Preparation of 100 mM stock solutions K,EGTA and CaK,EGTA
(see below)

Stocks:

K,EGTA: 100 mM EGTA and 200 mM KOH were mixed in H,0, pH was adjusted to 7.0 with KOH.
CaK,EGTA: 2.002 g CaCO; were dissolved in 100 mM hot (80 °C) aqueous solution of EGTA (7.608 g/
200 ml). While stirring continuously, 2.3 g KOH were added, pH was adjusted to 7.0 with KOH.
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Substrates, uncouplers and inhib-  Substrate Stock conc. [mM] Solvent
itors for HRR of isolated mito- Malate 800-1000 H,0
chondria from tissue and perme-  Digitonin 8.1 H,O
ablised muscle fibres Octanoylcarnitine 100 H,O
ADP 500 H,O
Pyruvate 1000 H,0
Succinate 500 H,0
Cytochrome c 4 H,O
FCCP 1-2.5 EtOH
Rotenone 1-2.5 DMSO
Antimycin A 2.5-5 DMSO
Glutamate 500 H,O
Ascorbate 800 H,O
TMPD 200 EtOH
Sodium Azide 4000 H,O

Catalase stock solution (112 000 U/ml; stored -20 °C): catalase powder from bovine liver with
2800 U/mg was diluted in Mir05.

H,0, stock solution (200 mM; freshly prepared every day):

190 pl of 30% H,0, were filled up to 10 ml with H,0.

Saponin stock solution (5 mg/ml; freshly prepared):

5 mg Saponin from quillaja bark were added into 1 ml BIOPS.

Substrates, uncouplers and inhib-  Substrate Stock conc [mM] Solvent

itors for Seahorse respiratory Succinate 5 H,0

analyses Rotenone 2 DMSO
ADP 4.05 H,0
Oligomycin 2.5 DMSO
FCCP 2.5 DMSO
AA 2.5 DMSO
Pyruvate 0.01 H,O
Malate 0.0005 H,0

Palmitoylcarnitine 0.00375 H,O
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3.1.2.3 Citrate synthase (CS) activity assay buffers

Acetyl-CoA solution (12.2 mM, stored at -20 °C) in H,0, stored on ice during measurement.

Stable up to 4 weeks at 4 °C:

Tris-HCl buffer (1.0 M, pH 8.1 with 37% HCI) in H,0.

Tris-HCl buffer (0.1 M, pH 7.0 with 37% HCI), prepared from Tris-HCI buffer (1.0 M) with H,0.
Triethanolamine-HCl buffer (0.5 M, pH 8.0 with 37% HCIl) + EDTA (5 mM) in H,0.

Triton X-100 (10% solution), dissolved in H,0 by stirring.

Prepared freshly before experiment:

Triethanolamine-HCl-buffer (0.1 M, pH 8.0): prepared from 0.5 M triethanolamine HCI buffer
Oxaloacetate (10 mM, pH 8.0): oxaloacetate dissolved in 0.1 M triethanolamine-HCl-buffer of pH 8.0
DTNB (1.01 mM, pH 8.1): dissolved in 1M Tris-HCl-buffer of pH 8.1.

CS Standard (0.0172 mg*cm™): 2 pl citrate synthase + 998 pl of 0.1 M Tris-HCl-buffer of pH 7.0. The CS

standard served as a control for chemicals and assay conditions.

3.1.3 Cells, animals and human biopsies

3.1.3.1 Cells

Human hepatocellular carcinoma cells (HEPG2) DSMZ, Braunschweig, Germany
Murine myoblasts C2C12 (CRL-1772") ATCC, Manassas, Virginia, USA

Primary human skeletal muscle cells (hMT) cultured from muscle biopsies (3.2.1.1)
Human embryonic kidney cells 293 (HEK) ATCC, Wesel, Germany

3.1.3.2 Animals

Male C57/Bl6 mice, 10-weeks-old Charles River Laboratories, Sulzfeld, Germany

129 S1/SvimJ mice, 3-months-old Jax Mice, Maine, USA
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3.1.3.2.1 Mouse diets
Product codes in brackets
diet company experiment

control diet (CON): 10 kl% fat, 20 k% protein, Research Diets, New Establishing diet effective-
70 k% carbohydrates (D15072001) Brunswick, NJ, USA ness (see 3.2.2.3.1)

high-energy diet (HED): 40 ki/% fat, 40 ki%
protein, 20 kJ% carbohydrates (D15072002)

control diet (CON): 10 kJ% fat, 20 k% protein, Ssniff, Soest, Germany Optimised diet and tread-
70 k)% carbohydrates (D12450)) mill exercise experiment

high-energy diet (HED): 45 ki% fat, 20 ki% (see 3.2.2.3.2)

protein, 35 kl% carbohydrates (D12451 (l)
mod.)

Fatty acid composition of control diet (CON) and high-energy diet (HED) derived from Ssniff
% FA diet CON % HED %

12:0 0.25% 0.23%
14:0 1.00% 1.33%
16:0 17.25% 24.42%
16:1 1.25% 2.84%
18:0 7.75% 10.49%
18:1 32.50% 43.15%
18:2 35.75% 15.85%
18:3 3.75% 1.69%
20:0 0.50%
3.1.3.3 Human biopsies and tissues

Muscle biopsies were taken from the lateral portion of the vastus lateralis of the quadriceps femoris
after local anesthesia under sterile conditions by Dr. Anja B6hm using a Bergstroem needle biopsy

215

technique as described previously.”” The Ethics Committee of the University of Tlbingen approved

the protocol according to the Helsinki Declaration (446/2016B02).

For the analysis of liver tissue samples, Caucasians undergoing liver surgery at the Department of
General, Visceral and Transplant Surgery at the University Hospital of Tiibingen, Germany, were in-
cluded as described previously.”'® Subjects were tested negative for viral hepatitis and had no liver
cirrhosis. Liver samples were taken from normal, non-diseased tissue during surgery and used freshly.
Informed written consent was obtained from all participants and the Ethics Committee of the Univer-

sity of Tubingen approved the protocol according to the Helsinki Declaration (239/2013B01).
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3.1.4 Gels

Most SDS gels were 1.5 mm thick and 20x10 cm in size. The total required gel volume was 25 ml

(20 ml separation gel and 5 ml stacking gel).

Stacking gel H,0 2.85 mL
(5 ml) TCE 25 ul
Stacking gel buffer 1.25 ml
Acrylamide 30 (37.5:1) 0.8 ml
TEMED 8 ul
APS (10%) 33 ul
Separation gel 12.5% H,0 6.4 ml
(20 ml) TCE 100 pl
Separation gel buffer 5 ml
Acrylamide 30 (37.5:1) 8.33 ml
TEMED 33 ul
APS (10%) 133 pl

Separation gel as gradient gel (5 to 15% acrylamide):

The gradient gel (20x10 cm, 1.5 mm thick) was made using a gradient maker mixing the heavy (15%,

10 ml) and the light (5%, 10 ml) solution throughout pouring the gel. Stacking gels were prepared as

described above.

Separation gel 15% H,0 1.37 ml
(10 ml) TCE 50 ul
Separation gel buffer 2.5 ml
Glycerol 1ml
Acrylamide 30 (37.5:1) 5 ml
TEMED 17 pl
APS (10%) 67 pl
Separation gel 5% H,O 5.7 ml
(10 ml) TCE 50 pl
Separation gel buffer 2.5 ml
Acrylamide 30 (37.5:1) 1.67 ml
TEMED 17 pl

APS (10%)

67 ul
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Agarose gel (1%, 2%):

Agarose gels were prepared by dissolving agarose in 1 x TAE buffer to obtain 1% or 2% gels under

heating.

3.15 Culture media and supplements

Amphotericin B
Chicken extract

DMEM high glucose
DMEM no glucose
DPBS

FCS superior

Glucose solution 200 g/I

Sigma-Aldrich, St. Louis, MO, USA

Seralab, West Sussex, UK

Gibco, life technologies, Carlsbad, CA, USA
Gibco, life technologies, Carlsbad, CA, USA
Sigma-Aldrich, St. Louis, MO, USA
Biochrom GmbH, Berlin, Germany

Gibco, life technologies, Carlsbad, CA, USA

Glutamine Lonza Ltd, Basel, Switzerland

Ham's F-12 Lonza, Basel, Switzerland

Insulin human Sigma-Aldrich, St. Louis, MO, USA

Oleate Sigma-Aldrich, St. Louis, MO, USA
Palmitate Sigma-Aldrich, St. Louis, MO, USA
Penicillin/ Streptomycin Lonza Ltd, Basel, Switzerland

RPMI 1640 Gibco, life technologies, Carlsbad, CA, USA

Trypsin-EDTA (200 mg/I versene (EDTA), 170 000 U

. Lonza Ltd, Basel, Switzerland
trypsin/ml)

a-MEM Lonza, Basel, Switzerland

Medium for HEPG2 cells:

Growth medium for HEPG2 was RPMI 1640 supplemented with 10% FCS, 1% penicillin
(pen)/streptomycin (strep), 1% glutamine.

Medium for HEK cells:
Growth medium for HEPG2 was DMEM high glucose supplemented with 10% FCS, 1% pen/strep, 1%

glutamine.

Media for C2C12:
Growth medium was DMEM high glucose supplemented with 10% FCS, 1% pen/strep, 1% glutamine.
DMEM no glucose medium was supplemented with glucose solution to obtain either 25 mM (high) or

5.5 mM (low) glucose concentration in the fusion medium. Fusion medium for C2C12 myoblasts was



Material and Methods

27

supplemented with 2% FCS, 1% pen/strep, 1% glutamine. Starving medium was solely supplemented

with 1% pen/strep, 1% glutamine.

Media for primary skeletal muscle cells:

Growth medium was a 1:1 mixture of a-MEM and Ham's F-12 supplemented with 20% FCS, 1% chick-

en extract, 1% pen/strep, and 0.2% amphotericin. Fusion medium was a-MEM supplemented with 2%

FCS, 1% glutamine, 1% pen/strep, and 0.2% amphotericin B. Starving medium was solely supplement-

ed with 1% pen/strep, 1% glutamine.

3.1.6 Kits

Big Dye Terminator v1.1 cycle sequencing kit

CyQUANT cell proliferation assay kit

Immobilon western HRP substrate luminol reagent

MACS (human mitochondria isolation kit)

MinElute PCR purification kit

Pierce BCA protein assay kit

QIA quick PCR purification

SOD activity assay

Applied Biosystems, Foster City, CA, USA

Molecular probes, Eugene, Oregon, USA
Millipore, Billerica, MA, USA

Miltenyi Biotec, Bergisch-Gladbach, Ger-
many

Qiagen, Hilden, Germany

Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA

Qiagen, Hilden, Germany

Sigma-Aldrich, St. Louis, MO, USA

3.1.7 Internal standards for lipidomics analysis

Synonyms and product codes in brackets

1,2-Dipentadecanoyl-sn-glycero-3-phosphoethanolamine

(PE 15:0; 850704P)

1,2-Dinonadecanoyl-sn-glycero-3-phosphocholine (PC

19:0; 850367P)

1-Nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine

(LPC 19:0; 855776P)

N-lauroyl-D-erythro-sphingosylphosphorylcholine (SM

12:0; d18:1/12:0; 860583P)

Tripentadecanoin (TG 45:0; T4257)

Avanti Polar Lipids Inc., Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids Inc.,
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids Inc.,
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids Inc.,
Alabaster, AL, USA

Sigma-Aldrich, St. Louis, MO, USA
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N-heptadecanoyl-D-erythro-sphingosine (Cer 17:0;
d18:1/17:0; 860517P)

Palmitic acid (7,7,8,8,-D4; DLM-2893-05)

1,1,2,2 Tetramyristoyl cardiolipin (CL 14:0; 710332P)

Cardiolipin Mix | (LM-6003):
CL(1'-[14:1(92)/14:1(92)],3'[14:1(9Z)/15:1(102)])

CL(1'-[15:0/15:0],3'-[15:0/16:1(92)])
CL(1'[22:1(132)/22:1(132)],3'[22:1(132)/14:1(92)])

CL(1'[24:1(152)/24:1(152)],3'[24:1(152)/14:1(92)])

4B-Hydroxycholesterol-d7 (700042)

7a-Hydroxycholesterol- d7 (700043)

7-Oxocholesterol-d7 (700046)

25-Hydroxycholesterol-d6 (700053)

27-Hydroxycholesterol-d6 (700059)

Cholesterol-2,3,4-C; (749478)

3.1.8 Enzymes and inhibitors
Product codes in brackets

Protease from Bacillus licheniformis, type VI, 7-
15 units/mg solid (P5380)

Collagenase D (11088866001)
Dispase Il (24693)

Trypsin (T1426)

Soy trypsin inhibitor (T9003)

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Cambridge Isotope Laboratories
Tewksbury, MA, USA

Inc.,

Inc.,

Avanti Polar Lipids Inc., Alabaster, AL, USA

Avanti Polar Lipids Inc., Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Otto Nordwald, Avanti Polar Lipids
Alabaster, AL, USA

Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Roche, Mannheim, Germany

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Inc.,

Inc.,

Inc.,

Inc.,

Inc.,
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3.1.9 Molecular markers

Chameleon Duo pre-stained protein ladder (928-

60000)

Precision Plus protein dual color standard
HiMark pre-stained

Quickload 1 kb DNA ladder

3.1.10 Consumables
96-well ELISA microplate, PS, flat bottom
96-well ELISA microplate, PS, flat bottom, black

Amersham hyperfilm ECL

Cell scraper

Centri-Sep spin columns

Costar 150 mm TC-treated culture dish

Costar TC-treated 6-well plates

Cryocups
Filterpapers MN 615 %
Gel blotting paper

Immobilon-P membrane, PVDF, 0.45 um,
IPVHO0010

Nitrocellulose transfer membrane, BA 85,
0.45 um

Tissue culture dishes 87 mm and 137 mm

Tissue culture test plates (6-well, 12-well)

Licor, Lincoln, NE, U.S.A.

Bio-Rad, Miinchen, Germany
Novex, life technologies, Carlsbad, CA, USA

New England BiolLabs, Beverly MA, USA

Greiner Bio-One, Frickenhausen, Germany
Greiner Bio-One, Frickenhausen, Germany
GE Healthcare, Miinchen, Germany

Corning B.V. Life Sciences, Amsterdam, The

Netherlands
Thermo Fisher Scientific, Schwerte, Germany

Corning B.V. Life Sciences, Amsterdam, The

Netherlands

Corning B.V. Life Sciences, Amsterdam, The

Netherlands
Greiner Bio-One, Frickenhausen, Germany
Machery-Nagel, Diiren, Germany

VWR, Darmstadt, Germany

Merck Millipore, Darmstadt, Deutschland

VWR, Darmstadt, Germany

TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland
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3.1.11 Laboratory equipment
8-channel electronic pipette Xplorer
Agarose gel chamber midi

Binocular microscope S4E

BioCision™ CoolCell™ FTS30 cell freezing con-

tainer

Centrifuge Heraeus Pico 17
Centrifuge Sorvall Super T21
Centrifuges 5427 R, 5415 R, 5804 R, 5417 R
ChemiDoc Touch imaging system
Electrophoresis chamber for SDS-PAGE
ELISA reader model 680

Freeze Dryer LDC1 alpha 2-4
Gentle MACS

Glass- glass douncer 2 ml

Glass- glass douncer 40 ml
Gradient maker

Heating block Thermostat Plus
Hera Safe hood

Incubator for cells BBD6220
Incubator for cells Cytoperm
Incubator Function Line
Laboratory balance ALJ160-4NM
Laboratory balance BL1500
Lightcycler 480 system

Magnetic stirrer MH15
Microscope Axiovert 25
Multivortexer DVX-2500
Nanodrop 2000

Neubauer chamber

Eppendorf, Hamburg, Germany
Harnischmacher Labortechnik, Kassel, Germany

Leica, Wetzlar, Germany

Thermo Fisher Scientific, Schwerte, Germany

Thermo Fisher Scientific, Schwerte, Germany
Thermo Fisher Scientific, Schwerte, Germany
Eppendorf, Hamburg, Germany

Bio-Rad, Hercules, CA, USA

Selfmade

Biorad, Miinchen, Germany

Christ, Osterode am Harz, Germany

Miltenyi Biotec, Bergisch-Gladbach, Germany
Sartorius, Goettingen, Germany

Wheaton, Millville, NJ, USA

Hoefer, Holliston, MA, USA

Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Schwerte, Germany
Binder, Tuttlingen, Germany

Heraeus, Hanau, Germany

Heraeus, Hanau, Germany

Kern & Sohn, Balingen-Frommern, Germany
Sartorius, Gottingen, Germany

Roche, Mannheim, Germany

Roth, Karlsruhe, Germany

Zeiss, Oberkochen, Germany

VWR, Darmstadt, Germany

Thermo Fisher Scientific, Schwerte, Germany

Paul Marienfeld, Lauda-Konigshofen, Germany
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Odyssey infrared scanner
Optima Max-E ultracentrifuge
Oxygraph-2k

Parr nitrogen bomb

PerfectBlue double-gelsystem twin ExXW S

Power supply Consort E 802

Precision scale ALJI6G0-4NM

Rotational vacuum concentrator 2-33 IR
Rotator RS-RD20

Scepter 2.0 handheld automated cell counter
Seahorse XF96

Semi dry blotting chamber

Shaker incubator

Sharp angular forceps 11252-20 Inox

Table shaker

Teflon- glass douncer 15 ml
Thermocycler Mastercycler 5330
ThermoMixer C

Thermoshaker Thermostat plus
Tissue Lyser

Vortex Genie 2

Water bath

3.1.12 Software

DatlLab 6
Endnote X7
GrapPad Prism 7

Imagelab 5.2.1

Licor, Lincoln, NE, USA

Beckman Coulter, Brea, CA, USA
Oroboros Instruments, Innsbruck, Austria
Parr Instrument Co., Moline, IL

VWR Peglab Biotechnologie GmbH, Erlangen,

Germany

Consort nv, Turnhout, Belgium

Gottl. Kern & Sohn, Balingen, Germany

Christ, Osterode am Harz, Germany

Phoenix Instruments GmbH, Garbsen, Germany
Merck Millipore, Darmstadt, Deutschland
Agilent, Santa Clara, CA ,USA

Holzel, Worth, Germany

Edmund Buihler, Hechingen, Germany

Fine Science Tools, Heidelberg for Dumont Swit-

zerland

Hecht Assistent, Sondheim, Germany;
Sartorius, Gottingen, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Qiagen, Hilden, Germany

Scientific industries, USA

Memmert, Schwabach, Germany

OROBOROS INSTRUMENTS, Innsbruck, Austria
Clarivate Analytics, Philadelphia, PA, USA

Graphpad Software, La Jolla, CA, USA

Bio-Rad, Hercules, CA, USA
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Imagestudio Lite Ver5.2

JMP 11

Lightcycler 480 software V1.5.0.39
MultiExperiment Viewer software

Seahorse Wave 2.3
Seahorse XF96

SIMCA-P 11.5

Some pictures derived from

3.1.13 Primers

3.1.13.1 Primers for real time PCR

Primer (product code)

Licor, Lincoln, NE, USA
SAS Institute, Cary, NC, USA

Roche, Mannheim, Germany

J. Craig Venter Institute, La Jolla, CA, Rockville,
MD, USA

Agilent, Santa Clara, CA, USA
Agilent, Santa Clara, CA ,USA

Umetrics, Umed, Sweden

Servier Medical Art

Manufacturer

Crls1 (Cardiolipin Synthase 1; QT00171878)

Lclat (Lysocardiolipin Acyltransferase; QT01064336)

Tbp (Tata Box Binding Protein; QT00198443)

SCD1 (Stearoyl-CoA desaturase; QT00291151)

Qiagen, Hilden, Germany
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Taz (Tafazzin; FW: TTTTAGGATCCCCCAGAGATGA, Rev: designed by C. Hoffmann*

TGCACAACAAGGAAGTGCTGTA)

3.1.14 Antibodies

3.1.14.1 Primary antibodies

Antibody (product code) Dilution Manufacturer
Akt/PKB (610860) 1:1000 BD Transduction laboratories, Erembodegem,
Belgium

phospho Akt/PKB T-308 (9275S) 1:1000 Cell Signaling Technology, Frankfurt, Germany
phospho Akt/PKB S-473 (9271L) 1:1000 Cell Signaling Technology, Frankfurt, Germany
B—actin (4970) 1:1000 Cell Signaling Technology, Frankfurt, Germany
ATP5A (ab110273) 1:1000 Abcam, Cambridge, UK

Calnexin (H-70) (sc11397) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

" A member of our group
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Citrat Synthase (ab96600) 1:1000 Abcam, Cambridge, UK

COX 4 (48445) 1:5000 Cell Signaling Technology, Frankfurt, Germany

GAPDH (8245) 1:20000 Abcam, Cambridge, UK

GFAT 1:3000 Selfmade (Nerlich et al. (1998)*")

Giantin (ab24586) 1:5000 Abcam, Cambridge, UK

GRP78/BiP 1:5000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

HADHA (ab54477) 1:500 Abcam, Cambridge, UK

Histone H3 (ab1220) 1:1000 Abcam, Cambridge, UK

Anti-4 Hydroxynonenal (ab46545) 1:1000 Abcam, Cambridge, UK

Lamin B (sc-6216) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

LAMP-1 (sc-17768) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

MCAD (E-5) (sc-365448) 1:400 Santa Cruz Biotechnology, Santa Cruz, CA, USA

Mitochondria Fraction Western Blot 1:250 Abcam, Cambridge, UK

Cocktail (ab139416)

Monoclonal anti-Myosin, MHC-fast, 1:1000 Sigma-Aldrich, St. Louis, MO, USA

Clone MY-32 (M4276)

Total OXPHOS Rodent WB Antibody 1:1000 Abcam, Cambridge, UK

Cocktail (ab110413)

PDH phospho (pSer232, AP1063)) 1:3000 Calbiochem, Merck, Darmstadt, Germany

PDH phospho (pSer293, ab92696) 1:400 Abcam, Cambridge, UK

PDH phospho (pSer300, AP1064) 1:1000 Merck, Darmstadt, Germany

PDH-Ela (sc377092) 1:250 Santa Cruz Biotechnology, Santa Cruz, CA, USA

PEX3.1 1:10000 Kind gift of Prof. Dodt

PLIN2/ADRP/Adipophilin/ADFP (GP40) 1:2000 Progen Biotechnik, Heidelberg, Germany

PLIN5/OXPAT/MLDP/PAT-1(GP31) 1:500 Progen Biotechnik, Heidelberg, Germany

Pyruvate carboxylase (SAB2500845) 1:2000 Sigma-Aldrich, St. Louis, MO, USA

SCD1 (E-15, sc-14720) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

SCD1 (S-15, sc-14719) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

VDAC (N-18, sc-8828) 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA, USA

3.1.14.2 Secondary antibodies

Antibody (product code) Dilution Manufacturer

Goat anti mouse IgG-HRP 1:3000 to Santa Cruz Biotechnology, Santa Cruz, CA,
1:10000 USA

Goat anti rabbit IgG-HRP 1:3000 to Santa Cruz Biotechnology, Santa Cruz, CA,
1:10000 USA

Goat anti guinea-pig IgG-HRP 1:1000 Santa Cruz Biotechnology, Santa Cruz, CA,
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USA
IR?Dye Infrared Dye donkey anti-guinea 1:10000 Licor, Lincoln, NE, USA
pig 800CW (926-32411)
IRDye Infrared Dye donkey anti-rabbit
680LT (926-68023)

IRDye Infrared Dye donkey anti-goat

1:10000 Licor, Lincoln, NE, USA

1:10000 Licor, Lincoln, NE, USA
800CW (926-32214)
IRDye Infrared Dye donkey anti-mouse 1:10000 Licor, Lincoln, NE, USA
680LT (926-68022)
IRDye Infrared Dye goat anti-mouse 1:10000 Licor, Lincoln, NE, USA

680RD (68070)

IRDye Infrared Dye goat anti-rabbit
800CW (32211)

IRDye Infrared Dye donkey anti-mouse
800CW (926-32212)

IRDye Infrared Dye donkey anti-rabbit
800LT (925-32213)

IRDye Infrared Dye donkey anti-goat
680CW (925-68074)

1:10000 Licor, Lincoln, NE, USA
1:10000 Licor, Lincoln, NE, USA
1:10000 Licor, Lincoln, NE, USA

1:10000 Licor, Lincoln, NE, USA

3.2 Methods

3.2.1 Cell culture

3.2.11 Cultivation, passaging and seeding for experiments

All cells were cultured at 37 °C at 95% humidity and 5% CO,. Every work step was performed under

sterile conditions using a bench.

For passaging C2C12, HEPG2, and HEK cells were trypsinated (trypsin described in 3.1.5) for 5 min for
HEKs and for up to 15 min for C2C12 and HEPG2 cells. Trypsin action was stopped adding one volume
of growth medium. The cell suspension was centrifuged to remove the supernatant and the pellet
was resuspended in 10 ml growth medium. Cell number was counted using a Scepter™ 2.0. HEKs and
C2C12 were split every 2 to 3 days at a ratio of 1:5 to 1:10. HEPG2 were split at a ratio of 1:4 every 3
to 4 days.

Primary skeletal muscle cells were cultured from satellite cells of biopsies from the vastus lateralis
muscle. First two passages of sub-cultured cells were used. Cells were grown until 80% confluence

and fused for at least 5 and up to 9 days.

3.2.1.11 HEPG2 hepatoma cells

HEPG2 cells were grown in RPMI 1640 medium with 10% FBS, 1% penicillin/streptomycin and 1% glu-
tamine. Cells were seeded at 4 x 10° in 15 cm cell culture plates, cultured for 3 days and mitochondria

were isolated as described 3.2.6.2.
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3.2.1.1.2 C2C12 mouse skeletal muscle cells

C2C12 were grown in high glucose DMEM medium (with 10% FBS, 1% penicillin/streptomycin and 1%
glutamine). Cells were seeded at 1.5 x 10° in 15 cm cell culture plates, 1 x 10° per well in 6 well plates
or 2500 per well in a Seahorse XF96 cell microplate and cultured for 2 days (see Figure 4). Then,
growth medium was replaced by high glucose fusion medium, DMEM with 2% FBS, 1% penicil-
lin/streptomycin and 1% glutamine, to induce differentiation. After 3 days insulin resistance was in-
duced by chronic hyperinsulinemia (1 uM) in the absence or presence of high glucose conditions
(25 mM vs. control 5.5 mM) for 48 h. During the stimulation, cells were additionally provided with low
concentrations of palmitate and oleate (50 uM each). 15 cm dishes were used for mitochondrial isola-
tion as described in 3.2.6.3. 6 well plates were harvested as described in 3.2.1.2 for western blotting
(3.2.4) or as described in 3.2.12 for gPCR. To investigate insulin signalling, cells from six well plates
were first starved for 3 h, stimulated acutely with 100 nM insulin for 15 min, lysed (3.2.1.2) and ana-
lysed by western blotting (3.2.4).
2d

stimulation group label

High gluc CON high
no insulin —
2d replace growth 4d CON low
seeding | High gluc medium with High gluc 50 M Pa/Ol _J
fusion medium H —
High gluc IR high
1 pM insulin <
Low gluc IR low
Growth Differentiation

Figure 4: Treatment scheme of cultured C2C12 myotubes. Pa= palmitate, Ol= oleate, gluc= glucose, IR= insulin resistant,
CON-= control (no chronic insulin treatment), high= 25 mM glucose, low= 5.5 mM glucose, d= days

3.2.1.2 Cell lysis

For the preparation of cell lysates, plates were washed twice with PBS, lysed with 250 pl lysis Buffer
1/well of a 6 well plate or 750 pl per 15 cm plate and shaken on an orbital shaker for 30 min at 4 °C.
The cells were scratched off and transferred into a reaction vessel. The lysate was centrifuged for
10 min at 13 000 g at 4 °C. Supernatant was transferred to a new cup and centrifugation was repeat-

ed. Supernatant was aliquoted and stored at -80 °C.

3.2.1.3 Cryopreservation of cell lines

Confluent cells from 15 cm dishes were trypsinated. After centrifuging the cell suspension the cell
pellet was resuspended in 10 ml cryopreservation medium. Cell number was counted and the volume
adjusted to a cell-line specific cell number per ml (e.g. 1x10° cells for C2C12). The suspension was

immediately aliquoted into cryocups (1 ml aliquots) and frozen at -80 °C in a BioCision CoolCell FTS30
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Cell Freezing Container to guarantee a controlled continuous decrease at a rate of -1 °C/min. After

24 h the cryocups were stored at -140 °C.

3.2.2 Animal studies

All animal experiments were conducted according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and the German law for the welfare of animals, and they were

approved by local authorities (Regierungspraesidium Tuebingen, Baden-Wuerttemberg, Germany).

Unless not otherwise stated mice were C57/Bl6 mice.

3.2.21 Tissue lysis

Mouse liver and muscle were removed and directly placed in STE buffer (liver) or PBS (muscle) for
mitochondrial experiments or directly in lysis Buffer 2 (RIPA). After weighing, tissue was homogenised
in 1 ml lysis Buffer 2 (RIPA) using a Tissuelyser (for 2 min at 20 Hz). For muscle tissue the homogenisa-
tion was repeated once. The lysate was centrifuged for 10 min at 13 000 g at 4 °C. Supernatant was
transferred to a new cup and centrifugation was repeated. Supernatant was aliquoted and stored at -
80 °C.

3.2.2.2 Liver tissue homogenisation for oxysterol extraction

Liver was removed and directly placed in either liquid nitrogen (“snap-frozen”) or in dichloromethane
(DCM):methanol (MeOH) (1:1) + BHT (5 pg/ml; stock solution 1 mg/ml in methanol) (“fresh”).
DCM:MeOH (1:1) £ BHT (5 ug/ml) was also added to the frozen samples before extraction. After

weighing, liver was homogenised using a Tissuelyser (for 2 min at 20 Hz; Qiagen).
3.2.2.3 Mouse treadmill training and high-energy diet

3.2.23.1 Method establishment: diet and training effectiveness

The mouse handling was performed by Miriam Hoene'. Male C57/BI6 mice, 10-weeks-old, randomly
divided into four experimental groups based on bodyweight (see Table 2). Each group included four
mice. Two groups were kept sedentary and two were trained on a treadmill five times a week for
30 min during 10 weeks. In the first week treadmill conditions were 9 m/min at 9° slope, which was
increased in the second week to 12 m/min at 12° slope for nine more weeks. One of the two groups
were either fed a control diet (D15072001) or a high-energy diet (D15072002), which were derived
customised from Research Diets (New Brunswick, NJ, USA). Mice were weighed weekly. After 9 weeks
mice were fasted overnight and metabolically characterised by an intraperitoneal glucose tolerance
test. 2 g glucose solution (20%; B. Braun, Melsungen, Germany) per kilogram bodyweight was injected
intraperitoneally. At baseline, blood glucose was measured after 15, 30, 60 and 120 min and a blood

sample was drawn to measure insulin production. Last exercise training was performed at least 48 h

.
a member of our group
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before sacrificing the animals. After 10 weeks one mouse of every experimental group was processed
per experimental day as described in the following: Mice were anaesthetised with ketamine-
hydrochloride and xylazine, blood was taken by cardiac puncture and collected in EDTA tubes. Muscle
subtypes (gastrocnemius, extensor digitorum longus (EDL), soleus, tibialis, plantaris) and pieces of
liver were snap-frozen. Liver and pooled residual hind limb muscles were removed and mitochondria
were purified by differential centrifugation following the protocol described in 3.2.6.4 for liver and
3.2.6.5 for muscle with a different enzymatic digestion. Skeletal muscle was digested using 7.2 U/g
Collagenase D, 0.69 U/g Dispase Il and 0.25 M CaCO, at 37 °C for 20 min with gentle shaking. DC mito-
chondria were used for respiratory analyses using a Seahorse XF96 (3.2.8.1.1) and were further puri-
fied as described in protocols 3.2.6.4/3.2.6.5 for lipidomics (3.2.10) and western blots (3.2.4).

Table 2: Experimental groups of the mouse experiment to investigate effects of high-energy diet and treadmill exercise

Experimental group diet exercise abbreviation
1 Control diet no CON sed
2 Energy-rich diet no HED sed
3 Control diet yes CON run
4 Energy-rich diet yes HED run

3.2.2.3.2 Modified treadmill training and high-energy diet

The mouse handling was performed by Miriam Hoene as described in 3.2.2.3.1 with modifications.
The experimental setup was repeated independently, leading to 8 mice per experimental group. The
mice in the trained groups were trained for 6 weeks on a treadmill training three times a week for 1 h.
The treadmill conditions were: in week 1 10 m/min at 12° slope, in week 2 11 m/min at 12° slope, in
week 3 12 m/min at 12° slope, in week 4 12 m/min at 10° slope, in week 5 12 m/min at 9° slope and
in the last week 12 m/min at 8° slope. The control diet (CON; 10 k% fat, 20 kl% protein, 70 k1% car-
bohydrates) and high-energy diet (HED; 45 ki% fat, 20 k% protein, 35 kl% carbohydrates) were de-
rived from Ssniff (Soest, Germany). After 5 weeks mice were metabolically characterised as described
in 3.2.2.3.1. Mice were killed on week 6. They were anaesthetised with ketamine-hydrochloride and
xylazine and decapitated. Blood was collected in EDTA tubes. Muscle subtypes (gastrocnemius, exten-
sor digitorum longus (EDL), soleus, tibialis, plantaris), pieces of liver, white adipose tissue (gonadal),
heart and kidneys were snap-frozen. Liver and pooled residual hind limb muscles (pooled) were re-
moved and mitochondria were purified by differential centrifugation (see protocols 3.2.6.4 and
3.2.6.5) for high-resolution respirometry (HRR, 3.2.8.2.2) and citrate synthase activity assay (3.2.7).
DC mitochondria were further purified as described in protocol 3.2.6.4/3.2.6.5 for lipidomics (3.2.10),
western blot (3.2.4) and SOD assays (3.2.11).
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3.2.24 Oxidative stress induction in mice by doxorubicin treatment

Experiments were performed on 3-month-old wild-type 129 S1/SvimJ mice purchased from Jax Mice,
USA. Mice were kept on a 12:12-h light-dark cycle and fed a standard diet (Ssniff, Soest, Germany)
with tap water ad libitum. Oxidative stress was induced by a single intravenous injection of doxorubi-
cin (14.5 pg/g body weight, Cell Pharm, Bad Vilbel, Germany) as described in Bohnert et al. (2015)**
and Artunc et al. (2008)**°. Control mice received NaCl 0.9% as vehicle. On day 8 after injection mice
were euthanized by cervical dislocation under isoflurane anaesthesia. Mice handling was performed

by Bernhard N Bohnert.” Liver was taken after median laparotomy.

3.2.3 Assays for determination of protein concentration

3.2.31 Bradford assay

For the determination of protein concentration, mitochondrial suspensions were diluted 1:10 to
1:200 in Bradford reagent. Absorbance was measured at 590 nm using a microplate reader and sam-

ple concentration was assessed using a BSA standard.

3.2.3.2 Bicinchoninic acid (BCA) assay

For the determination of protein concentration and further downstream analyses, sample pellets
were resuspended in a small volume of PBS. Mitochondrial suspensions (prediluted 1:10 and 1:100 in
PBS with 1% Triton-X-100) were diluted 1:200 in BCA protein assay reagent mix (Pierce™ BCA Protein
Assay Kit, Rockford, USA). Absorbance was measured at 562 nm using a microplate reader and sample

concentration was assessed using a BSA standard.

3.2.3.3 CyQUANT cell proliferation assay kit for in-plate protein determination

In-plate protein assay was used to determine protein concentration for C2C12 myotubes cultured and
analysed on Seahorse XF96 cell microplates (96 well) as described in 3.2.8.1.2. CyQUANT is a fluores-
cent dye exhibiting enhanced fluorescence upon binding cellular nucleic acids. C2C12 myotubes were
washed with PBS and frozen at -20 °C and further processed within 4 weeks. After thawing, 200 pl
CyQUANT GR dye/cell-lysis buffer (CyQUANT GR 400 x diluted with 1 x cell lysis buffer) per well were
added. A standard curve from bacteriophage-A-DNA was used for quantification (0 to 1000 ng/ml final
DNA concentrations). Fluorescence was measured with filters for excitation at 485 nm and emission
at 535 nm.

3.2.4 SDS-PAGE

3.241 Western blotting

30 pg of protein from total lysate (3.2.1.2/3.2.2.1) or isolated mitochondrial fraction were separated

by SDS-PAGE (12.5% or 5-12.5% gradient). The fixed volume of 8 ul mitochondrial suspension was

’ Department of Internal Medicine 4, University Hospital Tuebingen, Tuebingen, Germany
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used for blots performed in context with oxysterol analyses. 2,2,2-Trichloroethanol (TCE) was incor-
porated into the gels before polymerisation to visualise total protein amount via fluorescence on pol-
yvinylidene difluoride (PVDF) membranes as described by Ladner et al. (2004)**° for gels. Proteins
were transferred to PVDF membranes (when secondary antibodies were fluorescent) or to nitrocellu-
lose membrane (when secondary antibodies were conjugated to horseradish peroxidase (HRP)) by
semi-dry electroblotting. PVDF membranes were then scanned for total protein quantification using a
ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, USA). Total protein was quantified densito-
metrically using the ImagelLab Software (Bio-Rad, Hercules, CA, USA). Ponceau S solution was used to
control protein transfer efficiency on nitrocellulose membranes. Membranes were blocked with NET-
G buffer and incubated with the first antibody overnight at 4 °C or 2 h at room temperature. Mem-

branes were washed with NET-G buffer.

3.2.4.2 Immunodetection

After incubation with the respective primary antibodies, bands were visualised with the appropriate
secondary infrared antibodies (PVDF) and band intensity was measured using an Odyssey Infrared
Imaging System (LI-COR, Lincoln, NE, USA). Nitrocellulose membranes were incubated with horserad-
ish peroxidase-conjugated antibodies for 1 h at room temperature. Visualisation of immunocomplex-
es was performed by enhanced chemiluminescence as described previously’”* using a ChemiDoc

Touch Imaging System (Bio-Rad, Hercules, CA, USA).

3.2.4.3 Stripping of membranes

Nitrocellulose membranes were incubated in stripping buffer at 56 °C (water bath) for 30 min and

blocked afterwards with 1 x NET-G.

3.2.5 Oxidative stress assay by immunoblotting

Protein modification by 4-hydroxynonenal (4-HNE) was determined by immunoblotting as described
in Section 3.2.4. Higher quantities of 4-HNE are attributed to endogenous lipid peroxidation caused by

oxidative stress 222,

3.2.6 Mitochondrial isolation

3.2.6.1 Optimisation of mitochondrial isolation

Different steps throughout the mitochondrial isolation procedure were systematically optimised to
increase purity and yield of mitochondria. Protein yield was investigated using BCA or Bradford assay
(see 3.2.3). Enrichment of mitochondria or contaminations were evaluated using immunoblots (3.2.4)
with respective antibodies. Tested parameters for differential centrifugation (DC) and ultracentrifuga-
tion (UC) from hMT, HEK, HEPG2 and C2C12 cells are listed in Supplementary Table 1. Cell homogeni-
sation was optimised testing different dounce stroke numbers, cell numbers, dounce step repeats and

buffer volumes in the douncer. In addition, an alternative homogenisation device, a Parr Nitrogen
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bomb, was tested. Different pressures, buffer volumes and times under pressure were investigated in
terms of cell disruption, mitochondrial integrity and feasibility for higher sample number throughput.
Centrifugation conditions were varied for highest purity of mitochondria. For muscle cells, longer
differentiation time effects on mitochondrial yield were tested additionally. Different muscle biopsy
donors were compared as well. For further purification of the crude mitochondrial pellet after DC,
mitochondria were layered on different density gradients using different conditions including a diges-
tion with trypsin to remove contaminations. Tested parameters for magnetic bead-assisted isolation
(MACS) from cells are listed in Supplementary Table 2. Homogenisation of different numbers of cells
before magnetic bead-assisted isolation was optimised by testing different dounce strokes, using sy-
ringes with different gauge sizes and strokes and also testing a Parr nitrogen bomb for homogenisa-
tion. For further purification of MACS-isolated mitochondria the method was combined with different
centrifugation conditions, a gradient and filter techniques. Tested parameters for mitochondrial isola-
tion from liver, muscle and brown adipose tissue (BAT) are listed in Supplementary Table 3. Tissue
homogenisation was optimised testing different amounts of tissue either disrupted using a douncer
with different stroke numbers or a Gentle MACS following the manufacturer’s instructions. For fur-
ther purification of the mitochondria DC was combined with different gradients. For muscle tissue an
enzymatic digestion step before homogenisation was established by testing different enzymes and

different digestion conditions.

3.2.6.2 Mitochondria isolation procedures for HEPG2 cells

For DC and UC (see Figure 5) six 15 cm plates (approximately 90% confluent) were washed twice with
ice-cold PBS, scraped and pooled into ice-cold STE buffer (250 mM sucrose, 5 mM Tris, 2 mM EGTA,
pH 7.4 at 4 °C) containing 0.5% BSA. Small aliquots of this suspension were removed, stored at -80 °C
for total cell lysates and the remainder was used for mitochondria isolation. From now on, all steps
were performed at 4 °C or on ice. Cells were collected by centrifugation at 500 g for 5 min, resus-
pended in 20 ml ice-cold STE + BSA, homogenised using a loose fitted 40 ml glass-glass dounce ho-
mogeniser (Wheaton, Millville, NJ, USA) by applying 15 strokes, and centrifuged at 1 000 g for 10 min.
The supernatant was transferred into a new centrifuge tube by filtering through 250 uM gauze. The
pellet, which possibly contained unbroken cells, was resuspended in 15 ml fresh STE + BSA, homoge-
nised again with 15 strokes and centrifuged at 1 000 g for 10 min. This supernatant was also trans-
ferred into a centrifuge tube by filtering through 250 uM gauze. The supernatants were combined
and centrifuged at 10 400 g for 10 min to pellet the crude mitochondrial fraction. The pellet was re-
suspended in STE and centrifuged again at 10 400 g for 10 min. The crude mitochondrial pellet was
carefully resuspended in 100 ul STE and transferred into a 2 ml reaction vessel. After centrifugation at
16 000 g for 2 min, the supernatant was removed and the DC pellets were frozen at -80 °C or subject-
ed to UC. For UC, the pellets were resuspended in 200 pl STE, layered on 5 ml percoll gradient (25%)
and centrifuged for 20 min at 80 000 g. The lower of the two layers appearing was collected with a
glass Pasteur pipette and transferred into a new centrifuge tube, filled up with STE and centrifuged 10
min at 10 000 g. The pellet was resuspended in a small volume of STE buffer. After centrifugation at

16 000 g for 2 min the supernatant was removed and the UC mitochondrial pellet was frozen at -
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80 °C. For MACS, the mitochondrial isolation was performed following the manufacturer’s instruc-
tions with some adaptions (see Figure 5). Cells were detached by scraping. 1x10 cells (1.5 approxi-
mately 90% confluent plates, 15 cm) were counted and used for one mitochondrial isolation. Cell lysis
was performed as recommended in the manual and by the company’s technical support using a 27G
3/4 needle and syringe (15 strokes). Prior to the magnetic separation step, the sample was filtered
through 70 uM gauze to avoid clogging of the column. After elution of the mitochondrial fraction and
centrifugation at 16 000 g for 2 min, the pellet was resuspended in 100 pul of STE. After another cen-

trifugation step, the supernatant was removed again and the pellet was frozen and stored at -80 °C.
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Figure 5: Experimental workflow from sample preparation to western blot and lipidomics analyses with subclasses of lipid
species. Three mitochondria isolation methods, differential centrifugation (DC), ultracentrifugation (UC) and a magnetic
bead-based method (MACS) were compared systematically; see Methods section for further details. SN, supernatant;
MTBE= methyl tert-butyl ether; CE= cholesteryl ester; CER= ceramide; CL= cardiolipin; DAG= diacylglycerol; FFA= free fatty
acids; HexCER= hexosyl-ceramide; LPC= lyso-phosphatidylcholine; LPE= lyso-phosphatidylethanolamine; LPI= lyso-
phosphatidylinositol; PC= phosphatidylcholine; PE, phosphatidylethanolamine; PE-P, phosphatidylethanolamine plasmalo-
gen; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS= phosphatidylserine; SM= sphingomyelin; TAG= triacylglycerol.
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3.2.6.3 Mitochondrial isolation protocol modified for C2C12 cells

Mitochondrial isolation of C2C12 cells was performed as described in 3.2.6.2 using UC with the follow-
ing modifications: Cells were cultured and treated as described in Section 3.2.1.1. For UC five 15 cm
plates (approximately 90% confluent) per group were washed once with ice-cold PBS, scraped and
pooled into ice-cold STE buffer (250 mM sucrose, 5 mM Tris, 2 mM EGTA, pH 7.4 at 4 °C) containing
only 0.1% BSA (Step 1, Figure 5). Cells were collected as described above, but were then homogenised
using 20 strokes instead of 15 strokes (Step 2, Figure 5). The crude mitochondrial pellet was collected
in 500 ul STE, layered on the percoll gradient and centrifuged for 30 min at 80 000 g (Step 6, Figure 5).
After the collected layer was pelleted in STE, mitochondria were directly resuspended in PBS. If the
pellet was still loose, caused by too high percoll remnants, the pellet was resuspended with PBS and
centrifugation was repeated. The resuspended pellet was transferred to a 2 ml reaction vessel, centri-

fuged at 10 000 g for 10 min and resuspended again in a small volume of PBS (50 pl).

3.2.6.4 Mitochondrial isolation from mouse liver

Mitochondria isolation was performed as described (3.2.6.2) and previously published™ with some
modifications for liver tissue. 150 mg liver were directly placed into ice-cold STE buffer (250 mM su-
crose, 5 mM Tris, 2 mM EGTA, 0.5% BSA, pH 7.4 at 4 °C). Throughout the whole protocol, all steps
were performed at 4 °C or on ice. Tissue was cut into small pieces with a scissor, homogenised using a
loosely fitted 2 ml glass-glass douncer (Sartorius, Goettingen, Germany) by applying 6 strokes, trans-
ferred to a 50 ml tube, filled up with STE + 0.5% BSA and centrifuged at 900 g for 10 min. The super-
natant was transferred into a new centrifuge tube and centrifugation was repeated. The supernatant
was then centrifuged at 9 000 g for 10 min to pellet the crude mitochondrial fraction. The pellet was
resuspended in STE+ 0.1% BSA and centrifuged again at 9 000 g for 10 min. The crude mitochondrial
pellet was carefully resuspended in 200 pl STE. An aliquot was used for respiration analyses (de-
scribed 3.2.7) and protein determination by Bradford assay (3.2.3.1). The remaining sample was lay-
ered on 5 ml percoll gradient (25%) and centrifuged for 20 min at 80 000 g (accel/decel 5). The lower
of the two appearing layers was collected with a Pasteur pipette and transferred to a new centrifuge
tube, filled up with STE without BSA and centrifuged 10 min at 9 000 g. The pellet was resuspended in
a small volume of STE buffer without BSA. After centrifugation at 16 000 g for 2 min the supernatant
was removed, the pellet was resuspended in PBS and protein concentration was determined using
BCA assay (described 3.2.3.2). Aliquots were frozen at -80 °C.

3.2.6.4.1 Liver mitochondria isolation for oxysterol analyses

Liver mitochondria isolation was performed as described in 3.2.6.4 with some additions. 150 mg liver
were directly placed in ice-cold STE buffer either with or without BHT (5 pg/ml, stock solution
1 mg/ml in ethanol). This BHT concentration was used throughout the experiment. The crude mito-
chondrial pellet was resuspended in STE £ BHT and the percoll gradient was either with or without
BHT. All buffers throughout the next steps were either with or without BHT. Aliquots with 50 pug mito-
chondria (by protein) were either used directly (“fresh”) for oxysterol extraction (3.2.10.4) or frozen

at -80 °C (“frozen”) and extracted after thawing.
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3.2.6.5 Mitochondria isolation from mouse skeletal muscle

Mitochondria isolation was performed as described for liver (3.2.6.4) with some modifications for
skeletal muscle. 550 mg skeletal muscle tissue (pooled from remaining hind limb muscles after gas-
trocnemius, extensor digitorum longus (EDL), soleus, tibialis, plantaris were dissected and snap-
frozen) were directly transferred into ice-cold PBS. Tissue was cut into small pieces with a scissor and
further sheared using a razor blade (Herkenrath, Solingen, Germany). Cut muscle was transferred in a
50 ml tube and was digested for 3 min at 4 °C with a protease type 8. 1 ml enzyme solution (6 mg
Protease (10 U/mg) per ml STE) was added to 100 mg tissue. After 3 min 10 ml STE + 0.1% BSA were
added for dilution and the sample was centrifuged for 30 s at 900 g at 4 °C. Supernatant was re-
moved, the tube filled up with STE + 0.1% BSA and centrifuged again. This washing step was repeated
3 times in total. Muscle suspension was homogenised using a 15 ml teflon-glass douncer (Sartorius,
Goettingen, Germany) by applying six strokes. All following centrifugation steps and procedures were

the same as already described for liver mitochondria after homogenisation (see 3.2.6.4).

3.2.6.6 Comparison of murine liver and muscle mitochondria

Using non-targeted UHPLC-MS lipidomics (see 3.2.10.3) and western blot analyses (3.2.4), we com-
pared the lipid profiles of muscle and liver mitochondria from mice purified by ultracentrifugation (as
described 3.2.6.4 and 3.2.6.5). Respiration of isolated mitochondria was measured after differential

centrifugation in an Oxygraph-2k (3.2.8.2.2).

3.2.7 Citrate synthase activity assay

Citrate synthase (CS) activity was measured as quantitative marker for mitochondrial content in tissue

and cells.””

Citrate synthase is located in the mitochondrial matrix and therefore a common
marker.**?** Briefly, the assay involves the following steps: CS irreversibly converts Elman’s reagent
(DTNB; 5,5'-dithiobis-(2-nitrobenzoic acid)) to 2-nitro-5-thiobenzoate (TNB), whose absorbance can
be measured at 412 nm. Citrate synthase activity assay was established by Daniel Bleher in context of
his bachelor’s thesis under supervision of Dr. Hoene and me. The citrate synthase activity assay was
adjusted from Eigentler et al. (2015)**®> The assay was performed at room temperature in a 96 well
plate in 200 pl total volume instead of a 1 ml cuvette. 15 pg protein lysate from tissue (3.2.2.1) or
cells (3.2.1.2) were regarded ideal to achieve a linear calibration curve upon the reaction over the
whole measurement duration. Protein concentration of the lysates (thawed and stored on ice) was
determined using BCA (3.2.3.2), and adjusted to 1.5 mg/ml with ultra-pure water. A master mix was
prepared consisting of Triton-X-100, Acetyl-CoA, DTNB and ultra-pure H20 (Table 3). 15 ul oxaloace-
tate was added shortly before the measurement. A negative control (10 pl of H20Odest) and two posi-
tive controls (10 ul of 1:1 000 and 1:500 diluted citrate synthase) were performed in quadruplicates.
Absorbance was measured in 10s intervals for 3 min in a spectrophotometer (Microplate Reader
from BIO-RAD, Model 680). Solutions in the plate were mixed for 4 s between measurements. Specific

citrate synthase activity was calculated as described by Eigentler et al. (2015)**
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Table 3 Components, added volumes per well and final concentration in the master mix for citrate synthase assay

Component Vol. added [ul] Final concentration
10% Triton-X-100 5 0.25%

Acetyl CoA 5 0.31 mM

1.01 mM DTNB 20 0.1 mM

Ultra-pure H20 145 -Vsample

Vsample 10 (1.5 mg/ml) 0.075 mg/ml
Oxaloacetate 15 0.5 mM

3.2.8 Respiration analyses

Mitochondrial respiration was analysed in isolated mitochondria, intact cells, digitonised cells, tissue

homogenates or permeabilised muscle fibres.

Malate and octanoylcarnitine (Oxygraph 2k) or palmitoylcarnitine (Seahorse XF96) were injected to
induce fatty acid oxidation (FAO). LEAK respiration is the oxygen consumption under non-
phosphorylating conditions due to the proton leak. In Seahorse XF96 LEAK state is determined after
ATP Synthase (C5/CV) inhibition using oligomycin, but since the Oxygraph-2k chambers showed carry-
over effects of oligomycin between the measurements, LEAK was determined as state of no externally
added ADP. ADP was added to induce oxidative phosphorylation (,, OXPHOS). Pyruvate and glutamate
were used as complex 1-associated substrates (C1/Cl) and succinate as mainly complex 2-linked sub-
strate (C2/Cll). FCCP, a synthetic uncoupler, was titrated to uncouple the electron transport chain
activity from ATP production and determine the maximal oxidative capacity of the electron transport
chain (¢). Complex 1 was inhibited by rotenone to solely investigate complex 2-associated respiration.
The non-mitochondrial background respiration or residual oxygen consumption (ROX) were deter-

mined by addition of antimycin A to inhibit the cytochrome c reductase (C3/ClIl).

3.2.8.1 Seahorse XF96

The Seahorse XF96 Analyzer was used to analyse oxygen consumption of intact cells or isolated mito-

chondria in a 96-well plate format using probes with fluorescent sensors coupled to optical fibers.

3.28.1.1 Application to isolated mitochondria

Sensor cartridges were hydrated overnight in a Seahorse XF Calibrant solution 37 °C incubator (non-
CO2). Every subsequent step was performed on ice or at 4 °C. After protein determination by Bradford
assay (3.2.3.1), isolated crude C2C12 mitochondria (protocol see 3.2.6.3), crude murine liver and
muscle mitochondria (see protocols in Sections 3.2.6.4 and 3.2.6.5) suspensions were adjusted to the
same protein concentration using STE buffer + BSA (2-5 mg/ml). This predilution was further adjusted
to a final concentration of 3 pug/20 pl for liver and muscle mitochondria and to 5 pg/20 pl for C2C12
mitochondria using MAS buffer. 20 pl mitochondrial suspension were loaded per well (96 well Sea-

horse XF Cell Culture Microplate). Mitochondria were attached to the well bottom by centrifugation
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at 2 000 g for 20 min at 4 °C. Compounds for ports (ADP, oligomycin, FCCP, antimycin A/rotenone)
were prepared at a concentration 10 times higher than for the experiment and further diluted by
serial automatic injection of the compounds into the wells. MAS buffer with either succinate and ro-
tenone, pyruvate and malate or palmitoylcarnitine and malate as substrates was prepared (concen-
trations see 3.1.2.2). pH was checked for all buffers and compounds solutions. Since compound con-
centrations were kept constant, the loading volume per port of a hydrated sensor cartridge was ad-
justed. Compounds were loaded in following volumes: Port A 20 ul (ADP), Port B 22 ul (oligomycin),
Port C 24 ul (FCCP), Port D 26 pl (antimycin A/rotenone). The sensor cartridge was first calibrated in
the instrument. After the centrifugation, 160 ul MAS with substrates were added carefully to each
well and the plate inserted into the Seahorse XF 96. First step was a 10 min waiting time to allow
thermal equilibration of buffers and plates to 37 °C. Then, a programmed protocol was run by the
system: injection Port A, mixing, measuring, injection Port B, mixing, measuring, injection Port C, mix-

ing, measuring, injection Port D, mixing, measuring. Data were finally exported to an excel sheet.

Table 4: Substrates, inhibitors and uncouplers used in Seahorse XF96 analyses of isolated mitochondria; Ama= antimycin A,
FCCP= carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, ADP= adenosine diphosphate

Substrate Stock concentration [mM]  Final concentration [mM]
Succinate 500 8

Rotenone 2 0.002

ADP 1000 6

Oligomycin 2.5 0.0025

FCCP 25 0.005

Ama 2.5 0.004

Pyruvate 1000 5

Malate 1000 5

Palmitoylcarnitine 50 0.04

3.2.8.1.2 Measurement of adherent cells (C2C12)

Ideal cell number was titrated aiming at 90% confluence. Assay medium was prepared by supple-
menting DMEM (Gibco, life technologies, Carlsbad, CA, USA) with glucose solution (Gibco, life tech-
nologies, Carlsbad, CA, USA) to a final concentration of 5.5 mM and 22 mM. Medium was warmed to
37 °C and pH adjusted with NaOH. Compounds were prepared as described above, but port loading
varied: 20 ul Port A (oligomycin), 22 ul Port B (FCCP), 24 ul Port C (antimycin A/rotenone). Fusion me-
dium was replaced by assay medium from cell plate in three steps using a multichannel pipette. Plate
was incubated at 37 °C for one hour prior to measurements. For normalisation, the protein concen-
tration per well was determined with the CyQUANT® Cell Proliferation Assay Kit (Molecular probes,

Eugene, Oregon, USA) as described in 3.2.3.3.
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3.2.8.2 02k high-resolution respirometry (Oroboros)

An 02k-Oxygraph (Oroboros Instruments, Innsbruck, Austria) was used to analyse oxygen consump-
tion in permeabilised muscle fibres, cells, tissue homogenates and isolated mitochondria. The instru-
ment consists of two polarographic oxygen sensors (Clark type) in closed peltier-temperature con-
trolled measuring chambers. Substrate-uncoupler-inhibitor titration (SUIT) protocols were performed
to characterise mitochondrial pathways as shown in Table 5. After sample processing e.g. mitochon-
drial isolation cytochrome ¢ was added during the SUIT protocol to determine intactness of the mito-

chondrial outer membrane and thereby ensure that no endogenous cytochrome c was released.

Table 5: Respiratory states induced in Oxygraph-2k analyses, Oct= octanoylcarnitine, M= malate, P= pyruvate, S= succinate,
Rot= rotenone, Ama= antimycin A, Cl= complex 1, Cll= complex 2, FAO= fatty acid oxidation, OXPHOS= oxidative phosphory-
lation, ROX= residual oxygen consumption, subscript p= phosphorylating condition after ADP addition, subscript = uncou-
pled condition after FCCP titration

injections states of respiration state label
OctM LEAK FAO

OctMP OXPHOS FAOP
PMOctP OXPHOS CI+FAQOP
PMSOctP OXPHOS CI+CII+FAOP
PMSOctcP OXPHOS CI+ClI+FAOC
PMSOctcE Maximal electron transport chain capacity CI+ClI+FAOE
S(Rot)E Maximal electron transport chain capacity ClE
AmaROX Residual oxygen consumption ROX
3.28.2.1 Respiratory measurements of permeabilised C2C12 cells

Cells were washed with PBS and then either trypsinated or scratched off, pelleted and resuspended in
10 ml fusion medium. 700 pl or approximately 400 000 cells were transferred to a 2 ml reaction ves-
sel, pelleted by centrifugation (3 000 g, 4 min, RT). Afterwards, the supernatant was removed. Pellet
was resuspended in 100 ul Mir05 by pipetting three times up and down. The suspension was injected
into the Oxygraph-02k. The applied SUIT protocol is shown in Table 6. Digitonin was titrated to per-

meabilise the cell membrane.
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Table 6: Concentrations and injection sequence of the SUIT protocol (substrate, uncouplers, inhibitors) applied on C2C12
cells; Ama= antimycin A, FCCP= carbonyl cyanide-p-trifluoromethoxyphenylhydrazone, ADP= adenosine diphosphate,
TMPD= N,N,N’,N’-tetramethyl-p-phenylenediamine

Stock . . Lo
Substrate conc. Injected Final concentration in

[mM] volume [pl] Oxygraph-2k [mM]

Pyruvate 1000 10 5

Malate 1000 4 2

Digitonin 8.1 1 4.05

ADP 500 10 2.5

Glutamate 500 10 2.5

Succinate 500 10 2.5

Cytochrome c 4 5 0.01

FCCP 2.5 0.4 0.0005

Rotenone 2.5 1 0.00375

Ama 2.5 4 0.005

Ascorbate 800 5 2

TMPD 200 5 0.5

Sodium azide 4 000 100 200

3.2.8.2.2 Respiratory measurements of murine tissue homogenates and isolated

mitochondria

Tissue was homogenated as described for mitochondrial isolation using DC (3.2.6). 10 pl of the ho-
mogenate were injected in the Oxygraph-2k. Protein concentrations of the homogenates were be-
tween 25 and 35 mg/ml. Therefore, protein concentrations of 125-175 ug/ml were analysed. Protein
concentration was determined afterwards using a BCA assay (3.2.3.2). Respiration was normalised to
protein amount. Mitochondria were isolated as described in 3.2.6. After DC mitochondrial protein
concentration was determined using a Bradford assay (3.2.3.1). Protein concentration was adjusted to
2 mg/ml with STE+BSA, and 50 pl were injected in the Oxygraph-2k. The applied SUIT protocol is

shown in Table 7.
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Table 7: Concentrations and injection sequence of the SUIT protocol (substrate, uncouplers, inhibitors) applied on mouse
tissue homogenates and isolated tissue mitochondria; Ama= antimycin A, FCCP= carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone, ADP= adenosine diphosphate

Final concentration in

Substrate Stock conc. [mM] Injected volume [ul] Oxygraph-2k [mM]

Malate 800 3,2 1.28

Octanoylcarnitine 100 10 0.5

ADP 500 10 2.5

Pyruvate 1000 10 5

Succinate 1000 10 5

Cytochrome c 4 5 0.01

FCCP 1 1 stepwise 0.0005 steps

Rotenone 2.5 1 0.00125

Ama 5 2 0.005
3.2.8.2.3 Respiratory measurements of murine skinned muscle fibre

The protocol was adapted from Pesta et al. (2012)??® by Daniel Bleher during his bachelor thesis. So-
leus muscle and gastrocnemius muscle from 129 S1/SvimJ mice were placed into 2 ml biopsy preser-
vation solution (BIOPS) immediately after dissection. Fibre separation was performed under a binocu-
lar microscope in a glass petri-dish on ice. Two pairs of very sharp forceps (Inox) were used to remove
connective tissue, hair, fat and separate the fibre bundles from each other. After separation, the fi-
bres were transferred into one well of a 6 well plate with 2 ml BIOPS. 20 pl saponin stock solution
(Sigma, S4521, 20-35% sapogenin, 5 mg/ml in BIOPS) were added to the well. The final saponin con-
centration was 50 pg/ml. The fibres were gently shaken at 4 °C for 30 min. 2 ml of MiR05 were added
to another well in the 6-well plate and all fibres were transferred from the saponin solution into
MIiRO05, followed by gentle shaking for 10 min in the cold room. To determine the weight, the fibres
were placed on a dry filter paper for 3-5 s and placed in a Mir05 filled reaction vessel lid on the bal-
ance. The chambers of the Oxygraph-2k (set to 37 °C) were prefilled with Mir05 and 5 pl of catalase
stock solution (112 000 U/ml), stirrers were turned off while 4-5 mg fibres were placed into the
chambers. After closing the chambers, 5 pul of H,0, stock solution (200 mM) were added. Oxygen con-
centration was kept between 270 uM and 450 uM O2 during the complete SUIT protocol by adding

H,0, to avoid hypoxia in non-perfused fibre bundles as recommended by Pesta et al. (2012)%*¢

3.28.24 Modification of the respiratory analyses for human skinned muscle fibre

The murine Oxygraph-2k protocol (3.2.8.2.3) had to be modified for human muscle fibres (3.1.3.3),
since the skinned human muscle fibres showed too high cytochrome c responses. Muscle biopsies
were directly placed into Mir05 buffer instead of BIOPS. After separation of the fibres, the fibres were

not placed directly in a Mir05 filled well of a 6 well plate, but in a 70 um cell strainer (BD Falcon,
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Franklin Lakes, NJ, USA), which allowed an easier transfer of the fibres from well to well for washing
reducing the losses. Saponin stock was prepared using a less concentrated saponin powder (Sigma,
$7900, sapogenin >10%). Final saponin concentration was 50 ug/ml. After skinning, the fibres were
washed three times instead of only once and the measurement in the Oxygraph-2k was performed

under normal air oxygen-pressure without the usage of catalase and H,0,.

For the comparison of murine samples and human samples (reported in 4.2.2.1.1) some of the high-
resolution respirometry analyses of human muscle fibres were performed by Christoph Hoffman, a

member of our group.

3.2.8.2.5 Respiratory analyses for human liver tissue

For measurements of human liver samples (3.1.3.3), 2 mg tissue were cut in small pieces with a scis-
sor and directly placed into pre-warmed Mir05 buffer in the Oxygraph-2k chamber. Digitonin was
injected (12 mM) at the beginning to permeabilise intact cells. SUIT protocol as described in Table 7

was performed.

3.2.8.2.6 Analyses to investigate BHT and doxorubicin effect on respiration

Mitochondrial function was investigated by respiration measurements in an Oxygraph-2k. Mitochon-
dria were isolated with or without BHT as described in 3.2.6.4.1. 100 ug mitochondria (Figure 27) or a
constant volume of the mitochondrial suspension (Figure 29) were placed in Mir05 buffer in the Ox-
ygraph-2k chambers. 1.28 mM malate, 0.5 mM octanoylcarnitine (fatty acid oxidation, FAQ), 2.5 mM
ADP (phosphorylating condition, p), 5 MM pyruvate (complex | respiration), 2.5 mM succinate (com-
plex Il respiration), FCCP in 0.5 uM steps (uncoupled state, ¢), 1.25 uM rotenone (complex | inhibitor)
and 5 uM antimycin A (complex Il inhibitor) were subsequently added to evaluate electron transport
chain capacity. Data were corrected for non-mitochondrial background by subtraction of the values

obtained for antimycin A.

3.2.9 Kinetics of sterols

To investigate stability and conversion products of cholesterol and selected oxysterols 0.3 ug 4p3-
hydroxycholesterol, 7-ketocholesterol, 27-hydroxycholesterol and cholesterol were incubated sepa-
rately in PBS in open tubes at the following conditions: a) for 24 h at room temperature without BHT
or at 4 °C with and without BHT; b) for 5 h at 4 °C with and without BHT (duration of mitochondria
isolation procedure); c) oxysterols and cholesterol were directly processed after being dissolved in
PBS by applying the oxysterol extraction procedure. Oxysterol extraction was performed as described
in 3.2.10.4.
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3.2.10 Lipidomics

3.2.10.1 Liquid-liquid MTBE extraction

Lipids were extracted with methyl tert-butyl ether (MTBE) as described previously??’ with slight modi-
fications, which were based on a published MTBE extraction method described for lipidomics by
Matyash et al. (2008)**® Briefly, water was added to 100 pg (by protein) of mitochondrial or total cell
lysate to reach a total volume of 100 pl. After this, 350 pl of ice-cold methanol (MeOH) including in-
ternal standards were added. Samples were briefly vortexed, 1 ml of MTBE was added, and the sam-
ples were shaken for 30 min at room temperature. After adding 250 pl of water and incubating the
sample at room temperature for 10 min, samples were centrifuged for 20 min at 1 000 g and 4 °C to
induce phase separation. With the relative amounts of MTBE:methanol:H,0 (20:6:7) a 2:1 ratio of

upper (non-polar) to lower (polar) phase was yielded.

3.2.10.2 Lipidomics analyses and data processing of HEPG2 mitochondria

PhD Jia Li" performed lipidomics analysis of HEPG2 mitochondria. Lipidomics profiling was performed
using Ultra Performance Liquid Chromatography (UPLC)-Linear Trap Quadrupole (LTQ)-Orbitrap-mass
spectrometry (MS) as previously described®®. A Waters ACQUITY UPLC system equipped with a C8
ACQUITY column (100 mm x 2.1 mm x 1.7 um) (Milford, MA, USA) was applied for lipid separation.
The elution solvents were A (acetonitrile (ACN):H.0O = 60:40) and B (isopropyl alcohol (IPA):ACN =
90:10), both containing 10 MM ammonium acetate. The following gradient was programmed: 32% B
for the first 1.5 min, followed by linear increase to 85% B during the next 14 min. The solvent B was
further increased to 97% during the next 0.1 min and maintained for 2.4 min, and then the column
was equilibrated at 32% for 2 min prior to the next injection. The column temperature was set to 55
°C and the flow rate was 0.26 ml/min. Lipidomics data were acquired both in the positive and nega-
tive modes of electrospray ionisation (ESI) at a mass resolution of 30 000 with scan ranges of 400-2
000 and 90-2 000, respectively. The positive mode was operated at a source voltage of 4 kV, capillary
temperature of 300 °C and sheath gas and auxiliary gas flows of 25 arb and 5 arb. The respective pa-
rameter settings in the negative mode were 5 kV, 325 °C, 45 arb and 8 arb. Lipid identities were as-
signed based on accurate mass measurement, MS/MS fragmentation and elution behaviour. All de-
tected lipids were quantified by normalisation to the corresponding internal standard (described in
Section 3.1.7: d4-palmitic acid, ceramide CER(d18:1/17:0), LPC(19:0), PC(19:0/19:0), PE(15:0/15:0),
SM(d18:1/12:0), TAG(15:0/15:0/15:0), CL(14:0(4)), CL(24:1(3)-14:1), CL(14:1(3)15:1), CL(15:0(3)-16:1)
and CL(22:1(3)-14:1)). The lipid nomenclature follows the LIPID MAPS classification and nomenclature

system.?”’

" was formerly from Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China, now at
Chinese academy of Agriculture Science
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3.2.10.3 Lipidomics analyses and data processing of liver and muscle mitochondria

PhD Chunxiu Hu and Xiaoli Hou" performed lipidomics analysis of murine liver and muscle mitochon-
dria. Lipidomics profiling was performed in a Waters UPLC system coupled with a Q Exactive HF mass
spectrometer (Thermo Fisher Scientific, Rockford, IL, U.S.A.) Separation of lipid metabolites was
achieved in a Waters UPLC C8 ACQUITY column (100 mm x 2.1 mm x 1.7 um) (Milford, MA, USA). The
elution solvents consisted of A (ACN:H,0 = 60:40, v/v) and B (IPA:ACN = 90:10, v/v), both containing
10 mM ammonium acetate. The elution gradient started at 32% B for the initial 1.5 min, followed by a
linear increase to 85% B during the next 14 min. Within the subsequent 0.1 min, solvent B was rapidly
increased to 97%, and then maintained for 2.4 min for column flush. Subsequently, the elution sol-
vent was returned to 32% B within 0.1 min and kept for 2 min for column equilibration. The column
temperature was set to 55 °C and the flow rate was 0.26 ml/min. Lipidomics data were acquired in
both ESI positive and negative modes at scan ranges of 400 —1300 Da and 200 — 1 800 Da, respective-
ly. The spray voltage was 3.5 kV for positive mode and -3.0 kV for negative mode. The capillary tem-
perature was maintained at 300 °C. The auxiliary gas heater temperature was set to 350 °C. The flow
rate of sheath gas and auxiliary gas was 45 arbitrary units (arb) and 10 arb, respectively. The S-lens RF
level was 50. The AGC target was set to be 3 x 10° ion capacity and maximum IT was 200 ms. Mass
resolution was 120 000 and 30 000 for full scan MS and data-dependent MS/MS. Lipid identities were
assigned based on accurate mass measurement, MS/MS fragmentation and LC elution behaviour. All
detected lipids were quantified by normalisation to the corresponding internal standard. The lipid

nomenclature follows the LIPID MAPS classification and nomenclature system.

3.2.10.4 Oxysterol extraction

Oxysterols were extracted based on a method described in **° with slight modifications. 10 pl of BHT
(1 mg/ml in methanol), 10 pl deuterated oxysterol standard mix (0.25 - 0.5 pg/ml in methanol) and
1.4 ml of 1:1 dichloromethane (DCM):MeOH solution were added to 20 mg homogenised liver tissue
or 50 pug mitochondria (by protein) in a 2.0 ml reaction tube (Eppendorf, Hamburg, Germany; Tube 1).
Hydrolysis was performed by adding 100 pl of 1 M KOH, the tube was vigorously vortexed for 60 s and
incubated at 37 °C in the Eppendorf ThermoMixer C (1 000 rpm) for 1.5 h. After hydrolysis, the tube
was centrifuged at 1 180 g for 5 min at 25 °C, the supernatant was transferred into a 5.0 ml reaction
tube (Tube 2) and 1.4 ml of Dulbecco’s phosphate-buffered saline (DPBS) was added. Tube 2 was vor-
texed for 60 s and centrifuged at 4 500 g for 10 min at 25 °C, the organic (lower) layer was transferred
into a new 2.0 ml reaction tube (Tube 3) and dried under vacuum. 1.4 ml DCM were added to the
pelleted material in Tube 1, vortexed for 10 min and then centrifuged at 4 500 g for 10 min at 25 °C.
The supernatant (in Tube 1) was transferred to Tube 2. Tube 2 was vortexed for 60 s and centrifuged
at 4 500 g for 15 min at 25 °C, the organic (lower) layer was also transferred into Tube 3 and dried
under vacuum. The dried samples were covered with N, to protect them from oxidation for short
storage, reconstituted with 50 pl of 90% methanol followed by a centrifugation step at 9 660 g for
10 min at 25 °C, the supernatant was subjected to UPLC—MS analysis.

" Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China
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3.2.10.5 UPLC-MS/MS-based oxysterol analyses and data processing

Oxysterol analyses were performed by Ping Luo and Qingqing Wang'. Targeted oxysterol profiling was
performed using UPLC-MS as described previously.° An ACQUITY ultra performance liquid chroma-
tography system equipped with a Q-Trap 5500 mass spectrometer (AB SCIEX, Framingham, MA, USA)
was used for oxysterol separation. A XBridge™ €18 column (150 mm x 2.1 mm x 3.5 pm; Waters, Mil-
ford, MA, USA) was used for the chromatographic separation. The elution solvents were A (H,0:ACN)
= 3:7 (v/v)) and B (IPA:ACN= 1:1 (v/v)), both containing 5 mM ammonium acetate (NH,OAc). The ini-
tial elution started with 0% B, was then linearly increased to 100% B during the next 7 min and held
for 4 min. Another 4 min were used to equilibrate the system with 0% B prior to the next injection.
The injection volume was 10 pl. The column temperature was set to 20 °C and the flow rate was
0.3 ml/min. For the mass spectrometer, curtain gas, gasl and gas2 were at 0.241, 0.276 and
0.276 MPa, respectively. The electrospray ion source temperature was set to 50 °C. The spray voltage
was set to 5.5 kV. Data were acquired in the positive electrospray ionisation (ESI+) mode. Peak align-
ment of the detected oxysterols was conducted by the instrument vendor software of Analyst (Ver-
sion 1.6, AB SCIEX, Framingham, MA, USA). Oxysterol identification was based on accurate mass
measurement, MS/MS fragmentation and retention time,”*° or confirmation with authentic stand-
ards. The lipid nomenclature follows the LIPID MAPS classification and nomenclature system.”” The
detected oxysterols were quantified by normalisation to a corresponding internal standard (deuterat-
ed standards of 4B-hydroxycholesterol-d7, 7-ketocholesterol-d7, 27-hydroxycholesterol-d6, 25-
hydroxycholesterol-d6, 7a-hydroxycholesterol-d7).

3.2.11 SOD activity assay

Superoxide dismutase (SOD) activity assays were performed using the colorimetric SOD assay kit from

Sigma-Aldrich, St. Louis, MO, USA following the manufacturer’s instructions.

Xanthine WST-1 formazan
20,
H,09 20,7 WST-1
Uric acid
SOD
0,+H,0,

Figure 6: Principle of the SOD assay. WST-1= Dojindo’s tetrazolium salt, XO= xanthine oxidase, SOD= superoxide dismutase

Dojindo’s tetrazolium salt (WST-1; (2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt) forms a formazan dye upon reduction with a superoxide anion. O,
reduction rate is linearly dependent on the xanthine oxidase activity, which is inhibited by SOD. Since

the detected absorbance is proportional to the 0," amount, SOD activity is measured as the decrease

" Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China
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in colour development (see Figure 6). Briefly, the protocol was: 20 ul (equivalent to 80 pg mitochon-
drial protein of C2C12, 40 ug for tissue mitochondria) sample SOD solution (standard dilution) or H,0
for Blanks 1 and 3 were added to a 96 well plate. 200 pl WST working solution were added. 20 ul of
dilution buffer were added to Blanks 2 and 3. After quickly loading 20 ul enzyme solution to each
sample and Blank 1, the plate was shaken and incubated at 37 °C for 20 min before detection at 450
nm in a microplate reader (BIO-RAD, Model 680, Miinchen, Germany).

3.2.12 Quantitative polymerase chain reaction (qPCR)

3.2.12.1 RNA extraction from cultured cells and liver tissue

RNA was extracted using the RNeasy Mini kit according to the manufacturer’s instructions. Briefly,
cells were lysed in 350 ul RLT- buffer plus 1% B-mercaptoethanol per well of a 6 well plate. Liver tis-
sue was lysed in a Tissuelyser (2 min, 20 Hz; Qiagen). After applying to QlAshredder spin columns
samples were centrifuged for 2 min at 17 000 g at RT. The eluate was then mixed with 350 ul 70%
ethanol and transferred to an RNeasy spin column placed in a 2 ml collection tube. Samples were
centrifuged for 15 s at 17 000 g at RT. RNA was washed by adding 350 ul RW1 to the RNeasy column.
After centrifugation at the previous conditions, samples were incubated 20 min with DNAse. RNA was
washed again with RW1. Columns were washed twice with 500 ul RPE buffer. The last centrifugation
step lastet 2 min at 17 000 g. RNA was eluted with RNAse-free water. RNA concentration was meas-

ured using a Nanodrop 2000 (Thermo Fisher Scientific, Schwerte, Germany).

3.2.12.2 Reverse transcriptase-reaction

RNA was reverse transcribed into cDNA using the Transcriptor First Strand cDNA Synthesis kit accord-
ing to the manufacturer’s instructions. Briefly, the concentration of RNA was adjusted to 1 pg/ul with
water. 11 pl of RNA were transcribed. First, 2 pl of random hexamers (600 pmol/ul) were added and
denaturation was performed at 65 °C for 10 min in the Mastercycler (Eppendorf, Germany). Then 4 pl
5x buffer, 2ul dNTPs, 0.5 pl RNAse inhibitor (40 U/ul) and 0.5 pl reverse transcriptase (20U/ul) were
added as a master mix. Subsequently, the mix was heated to 25 °C for 10 min, 55 °C for 30 min and
85°C for 5 min in a Mastercycler (Eppendorf). cDNA was aliquoted in 2 pl aliquots and stored
at-20 °C.

3.2.12.3 Real time quantitative PCR in Lightcycler 480

Fluorescence of SYBR Green, a dye that emits a signal after binding to double stranded DNA, is meas-
ured after each cycle. Real time quantitative PCR was performed using reversed transcribed cDNA
(3.2.12.2) following the manufacturer’s instructions using the QuantiFast SYBR Green PCR kit from
Qiagen. 2 pl cDNA were mixed with 18 pl master mix (10 pl 2x QuantiFast, 5.5 pl H,0 and 2 pl 10 uM

primer solution in water) in a 96 well plate. Subsequently, the mix was heated to 95 °C for 5 min (de-
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naturation step), 95 °C for 10 s and 60 °C for 30 s (40 x denaturation, annealing and elongation cy-
cles), 95 °C for 10 s (denaturation), 62 °C for 5 s and continuously heated up to 98 °C (melting curve)
and cooled down to 40 °C for 30 s (cooling) in a Lightcycler 480 (Roche, Mannheim, Germany ). mRNA
expression was quantified by running external standard curves for each gene. Standard PCR product
was purified using the MinElute PCR purification kit from Qiagen according to the manufacturer’s
instructions. Standard range was from 5 pg/ul to 0.5 ag/ul. Concentration was measured using a
Nanodrop 2000 (Thermo Fisher Scientific, Schwerte, Germany), adjusted to 5 ng/ul and aliquoted (5
ul) and stored at -20 °C. The mRNA expression was quantified with the Lightcycler 480 software by

determining the crossing points (Cy) of standards and samples.

3.2.12.4 Selfmade primer quality control

The selfmade” primer for tafazzin was checked for specificity before usage. Size of the PCR products
were controlled by separation on a 2% agarose gel after mixing with DNA loading buffer, containing
GelRed (Biotium, Fremont, CA, USA) and H,0). 1 kb DNA ladder (New England BiolLabs, Beverly MA,
USA) was used as marker. Gel was run for 30 min at 90 V, DNA was visualised using a Chemidoc Touch
Imaging System (Bio-Rad). PCR product was purified using MinElute® PCR purification kit following the
manufacturer’s instructions. Concentration was determined using a Nanodrop 2000 and was adjusted
to 5 ng/ul with ultra-pure H,0 and primer concentration to 1.6 uM. Sequencing was performed using
the BigDye Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Ready reaction mix, primers, sequencing buffer and water were added and thermal cycles were
performed as described in the manufacturer’s protocol. Products were purified by via loading to se-
pharose beads and centrifugation at 1500 g for 3 min. The capillary electrophoresis, to determine the

.
sequence, was performed by Roman Werner .

3.2.13 Statistics applied in the different chapters of the results section

Data are presented as means * standard deviation (SD). In the following, applied statistics are de-

scribed for each chapter separately as entitled in the results section.

3.2.13.1 Data evaluation applied in 4.1.1.2 (Systematic comparison of optimised

mitochondria isolation strategies in HEPG2 cells)

About 99% of all detected lipid peaks showed an RSD below 20% in four injections of the pooled sam-
ple during the 8-hour UPLC-MS run. Applying the 80% rule?®" and removing lipids with > 20% RSD,
397 lipids were quantified for further comparative analysis. Statistical significance was evaluated by
one-way ANOVA and Tukey’s post hoc test to account for multiple comparisons using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA). A p-value <0.05 was considered significant. Regression analy-
sis was performed with the statistical software package JMP 11.0.0 (SAS Institute, Cary, NC, USA).

Multivariate principal component analysis (PCA) was performed of the lipid concentrations (pmol/ug

’ by Christoph Hoffmann, a member of our group

+
a member of our group
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mitochondrial protein) with SIMCA-P 11.5 (Umetrics AB, Umea, Sweden). Values below the level of

2

detection were set to 0. The open-source MultiExperiment Viewer software?*? was employed for

heatmap generation using mean centred data pre-scaled to unit variance (uv).

3.2.13.2 Data evaluation applied in 4.1.2.2.1 (Respiratory measurements in

permeabilised murine muscle fibres in Oxygraph-2k)

An unpaired t-test with Welch’s correction was performed with GraphPad Prism (GraphPad Software,

La Jolla, CA, USA). A value of p < 0.05 was considered significant.

3.2.13.3 Data evaluation applied in 4.1.3.1 (Establishment and optimisation of a valid
mitochondrial oxysterol profiling strategy in liver tissue and hepatic
mitochondria (fresh/frozen tissue, mitochondria isolation and oxysterol

extraction fresh/frozen with or without butylated hydroxytoluene (BHT)))
Multifactorial ANOVA was performed with the statistical software package JMP 11.0.0 (SAS Institute,
Cary, NC, USA). Benjamini-Hochberg-based false discovery rate (FDR) was used for statistical analysis,
setting p <0.05 and FDR <0.1 as the significance level. Student’s t-test was used to evaluate respira-
tion measurements and immunoblots. Outliers were removed applying the ROUT method in
GraphPad Prism (GraphPad Software, La Jolla, CA, USA), with Q set to 1% as recommended by the

developers.”*

3.2.13.4 Data evaluation applied in 4.2.1.1 (Skeletal muscle cell culture: Analysis of
mitochondria from cultured skeletal muscle cells challenged with substrate
overflow and insulin resistance: Insulin resistant murine C2C12 myotubes

under low/high glucose conditions)

A paired Student’s t-test was performed for lipidomics and proteomics data. 2-way ANOVA was ap-
plied to western blot results, respiratory measurements and enzymatic assay results. 2way ANOVA
(significances shown with “__*), significances of multi comparison between groups indicated with the
following mark “r—".*= glucose had significant effects in ANOVA, #= insulin had significant effects in

ANOVA.

3.2.13.5 Data evaluation applied in 4.2.2.1 (Tissue-specific comparison: liver and

skeletal muscle mitochondria)

95% of all detected lipids showed a RSD below 20% throughout nine injections of a pooled sample
during the whole UPLC-MS run. Statistical significance was evaluated by a Student’s t-test using
GraphPad Prism (GraphPad Software, La Jolla, CA, USA). A p-value <0.05 was considered significant.
Multivariate principal component analysis (PCA) was performed of the lipid concentrations per ug
mitochondrial protein with SIMCA-P 11.5 (Umetrics, Umea, Sweden). Values below the level of detec-

tion were set to 0. The open-source MultiExperiment Viewer software®*”> was employed for heatmap
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generation using mean centred data pre-scaled to unit variance (uv). Benjamini-Hochberg-based false

discovery rate (FDR) was used for statistical analysis in

Figure 42 and Table 9, setting p <0.05 and FDR <0.05 as the significance level.

3.2.13.6  Data evaluation applied in 4.2.2.2 (Omics investigation of mitochondrial
adaptions in liver and skeletal muscle to excess energy intake and physical
exercise: Control diet versus energy-rich diet either with or without treadmill

exercise)
2-way ANOVA was applied to western blot results, respiratory measurements and enzymatic assay
results. 2way ANOVA (significances shown with “_*), significances of multi comparison between
groups indicated with the following mark “r—". *= diet had significant effects in ANOVA, #= training
had significant effects in ANOVA using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA).
Multivariate principal component analysis (PCA) was performed of the lipid concentrations per pg
mitochondrial protein with SIMCA-P 11.5 (Umetrics, Umea, Sweden). Values below the level of detec-
tion were set to 0. The open-source MultiExperiment Viewer software (J. Craig Venter Institute, La
Jolla, CA, USA)*** was employed for heatmap generation using mean centred data pre-scaled to unit

variance (uv). Data in Figure 52 were statistically evaluated by a Student’s t-test.

3.2.13.7 Levels of significance

p value level of significance
>0.05 no significance (ns)
<0.05 *[#

<0.01 [t
<0.001 X [HiH

<0.0001 AKX [HHEH
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4 Results

4.1 Method establishment

4.1.1 Isolation of purified mitochondria

4.1.1.1 Mitochondria isolation from cell culture

Mitochondria isolation from primary human myotubes (hMT), human embryonic kidney 293 cells
(HEK), murine myoblasts (C2C12) and human hepatocellular carcinoma cells (HEPG2) was optimised
focussing on the purity of the mitochondrial fractions by depleting them from contaminations by oth-
er subcellular organelles. By employing western blot analysis, purity was investigated using organelle-
specific markers for mitochondria as well as markers for endoplasmic reticulum (ER), nuclei, peroxi-
somes, lysosomes and cytosol as well as lipid droplets. Apart from the nuclear marker histone, all

antibodies were directed against membrane proteins.

Experimental parameters considered for optimising mitochondria isolation were stroke numbers in
different douncers, nitrogen bomb pressure, times and volumes, buffer composition, enzymatic di-
gestions prior to homogenisation keeping mitochondrial integrity. Additionally, different approaches
to perform mitochondrial isolation were tested namely the commonly used differential centrifugation
(DC),****% DC followed by ultracentrifugation (UC)'*****"2 and a more recent magnetic bead assisted
method (MACS, Miltenyi Biotec, Bergisch-Gladbach, Germany).?”%*"” Briefly, for DC tissues or cells are

165171 A slow centrifugation step is

minced and homogenised, commonly using a dounce homogeniser.
performed to sediment broken cells and cell debris, which is followed by a fast centrifugation step
using the supernatant to pellet the mitochondria (Figure 5, left). DC-derived mitochondria were lay-
ered on different continuous and discontinuous gradients and centrifuged using an ultracentrifuge for
further purification of mitochondrial fractions (Figure 5, middle). Lastly, the commercialised more
rapid MACS approach to isolate mitochondria was investigated, which was first described by Hornig-
Do et al. (2009)'®. After sample homogenisation, mitochondria were coupled to anti-TOM22-
antibodies conjugated to paramagnetic beads. Bead-coupled mitochondria were then be isolated in a

magnetic field (Figure 5, right).

The pivotal steps and tested experimental parameters, which led to the optimised protocols finally
applied in this thesis, are shown for DC, UC and MACS in the following. All tested conditions are sum-
marised in Supplementary Table 1 and Supplementary Table 2. The optimised protocol for mitochon-
drial isolation from HEPG2 is described in 3.2.6.2 and from C2C12 in 3.2.6.3.

Cell homogenisation in nitrogen bomb: Different pressures for cell disruption in a N, bomb (Parr In-
strument, Moline, IL, USA) were compared using C2C12 (Figure 7), HEKs, HEPG2 and hMTs cells (data

not shown). Mitochondrial membrane ATP synthase 5 (ATP5) was used to confirm the presence of
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mitochondria in total cell lysates and their enrichment in the isolated fractions (Figure 7). Dounced
mitochondrial fractions and the harshest N, bomb conditions (condition 1, Figure 7) showed the
strongest ATP5 signal, indicating the most pronounced enrichment in mitochondria. At the same
time, the marker for nuclei (histone H3) was enriched in all samples disrupted in a N, bomb, indicating
a concomitant disruption of the nuclei leading to contaminations not depletable by centrifugation. In
addition, the marker for cytosol (GFAT) was present in all mitochondrial fractions, indicating an inevi-
table contamination of isolated mitochondria with cytosol. Based on these results, cells were disrupt-

ed using a douncer in further experiments.

total lysate douncer N, bomb
50 10 2.5pg 13str 20str 1 2 3 4
- e G i i . G (€Y1050])

-_— e — ATPS (mitochondria)
L Y -
. [T —

Histone H3 (nuclei)

Figure 7: Analysis of organelle-specific proteins in total C2C12 cell lysates and in mitochondrial fractions obtained after ho-
mogenisation with a douncer or via cell disruption in a N, bomb. A representative western blot of C2C12 mitochondria isola-
tions is shown. str= strokes; nitrogen bomb conditions: 1= 30 bar, 3 ml, 5 min; 2= 10 bar, 3 ml, 15 min; 3= 10 bar, 3 ml, 5
min; 4= 10 bar, 20 ml, 5 min. Mitochondrial membrane ATP synthase 5 (ATP5) was used as a marker for mitochondria. For
the detection of potential contaminations, antibodies against histone H3 (nuclei marker) and GFAT (cytosol marker) were
used. Further details are described in Section 3.2.6.

Cell homogenisation using a douncer: Next, the homogenisation using a douncer was further opti-
mised. Dounce stroke repetitions and cell numbers keeping the total volume constant during homog-
enisation were varied. Solely results for C2C12 and HEPG2 are shown in Figure 8, since these cells
were used in further experiments applied in this thesis. Three 15 cm plates of HEPG2 were not
enough to yield a sufficient mitochondria enrichment showing no or only a weak ATP5 signal (Figure 8
left). Homogenisation of six 15 cm plates of HEPG2 dounced more than 10 times showed sufficient
mitochondrial enrichment, but only in the homogenisation condition with 15 strokes nuclei contami-
nations indicated via the signal of histone H3 were depleted. Further mitochondrial isolations of
HEPG2 cells were performed from six 15 cm plates applying 15 strokes. Both, homogenisation of
three and six 15 cm plates C2C12, led to a distinct enrichment of the mitochondrial marker ATP5
(Figure 8 right). Douncing six plates, instead of only three, however, also enriched nuclei contamina-
tion, indicating a higher disruption of organelles when douncing higher cell numbers in the same vol-
ume. For further experiments three 15 cm plates of C2C12 were dounced 20 times for mitochondrial

isolation by differential centrifugation as described in Section 3.2.6.
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HEPG2 Cc2C12
total lysate 3 plates 6 plates
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Figure 8: Analysis of organelle-specific proteins in HEPG2 (left) and C2C12 (right) cell lysates and in mitochondrial fractions
obtained after homogenisation of cell suspensions from a different amount of cell plates with different stroke numbers.
Mitochondrial membrane ATP synthase 5 (ATP5) was used as a marker for mitochondria. For the detection of potential
contaminations, antibodies against histone H3 and GFAT were used. plate= 15 cm diameter cell plate of 90% confluence,
str= strokes.

For a further purification of mitochondrial fractions, the ‘crude’ mitochondria (after differential cen-

trifugation) were layered on density gradients and centrifuged at high speed.

Ultracentrifugation using a sucrose gradient: First, two different sucrose gradients were tested and
the purity of the mitochondrial fractions were compared to both cell lysates and crude mitochondrial
fractions. The first discontinuous sucrose gradient consisted of two layers (34 and 58% sucrose) and
the second one of three layers (15, 22 and 50% sucrose) The results from Western Blot analysis are
shown in Figure 9. Both gradients showed a stronger ATP5 signal in the mitochondria associated layer
compared to crude mitochondrial fractions (Figure 9). Contamination with nuclei (histone H3 as a
marker) was reduced after ultra-centrifugation, but all other contaminant proteins investigated like
Calx and GRP78 (endoplasmic reticulum) and PEX3.1 (peroxisomes) showed stronger signals after
ultracentrifugation. Other appearing layers contained minor protein amounts, contained also mito-

chondria and were enriched with ER contamination.

cell lysate mitochondria other appearing layers

30 10 25pg w/o gr 2L gradient 3L gradient

- - e ave e e _-'% Calx (endoplasmic reticulum)

GRP78 (endoplasmic reticulum)

— —— “ -— — e ATPS5A (mitochondria)

' - PEX3.1 (peroxisomes)
T —

0 = o e Histone H3 (nuclei)

Figure 9: Analysis of organelle-specific proteins in C2C12 cell lysates and in mitochondrial fractions obtained after mitochon-
drial isolation using just differential centrifugation (w/o gr= without gradient, DC) or after further purification of these mito-
chondria using a sucrose gradient either with two layers (=2L; 34%, 58%) or three layers (=3L; 15%, 22%, 50%). Each gradient
was performed in duplicates. Layers appearing after ultracentrifugation other than the mitochondrial enriched layer were
also employed (“other appearing layers”) to investigate their composition. Mitochondrial membrane ATP synthase 5 (ATP5)
was used as a marker for mitochondria. For the detection of potential contaminations, antibodies against histone H3, cal-
nexin, GRP78 and PEX3.1 were used.
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Ultracentrifugation using a percoll gradient: Purification of crude mitochondrial fractions after DC
was further modified by ultracentrifugation on a percoll gradient, in this case a continuous self-
forming 25% gradient (Figure 10 A). Ultracentrifugation depleted the mitochondrial fraction appear-
ing in the lower layer (see results in Figure 10 B; lane “w/o trypsin LL”) from endoplasmic reticulum
visualized via the marker calnexin (calx) while enriching mitochondria compared to crude mitochon-
dria (Figure 10 B; lane “w/o gradient”). An additional trypsination of the crude mitochondrial pellet
before layering on the gradient to dissociate mitochondria-associated organelles from mitochondria
did not further improve the purification, but lead to a stronger signal of ATP5 in the upper layer
(Figure 10 B; lane “Trypsin UL”), indicating a decreased amount of mitochondrial protein in the lower

mitochondria-associated layer (Figure 10 B; “Trypsin LL").
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Figure 10: A: 25% Percoll gradient before and after ultracentrifugation forming two appearing layers. LL= lower layer after
ultracentrifugation, UL= upper layer after ultracentrifugation. B: Analysis of organelle-specific proteins in mitochondrial
fractions from HEPG2 obtained after mitochondrial isolation using just differential centrifugation (lane “w/o gradient”) or
after further purification of these mitochondria using a 25% continuous percoll gradient. Mitochondrial membrane ATP
synthase 5 (ATP5) was used as a marker for mitochondria. For the detection of potential contaminations, antibodies against
histone H3, calnexin and PEX3.1 were used. w/o trypsin= without trypsin digestion of the crude mitochondrial pellet, tryp-
sin= crude mitochondrial pellet was trypsinated before layering on the percoll gradient to dissociate mitochondria-
associated organelles from mitochondria.

MACS: As an alternative mitochondrial isolation approach, a more recent magnetic bead-assisted
method (MACS) was investigated as described in 3.2.6.2. It is an anti-human antibody coupled mag-
netic bead assisted method. So, only human derived cell lines like HEPG2 and hMTs could be investi-
gated, but not the murine cell line C2C12. Again, homogenisation was optimised testing different cell
disruption methods: a douncer and a needle with different gauge sizes of the syringes and different
stroke numbers (results are given in Figure 11). Compared to differentially centrifuged crude mito-
chondria (DC) MACS derived mitochondria showed stronger enrichment of and thus contamination
with endoplasmic reticulum, indicated by the higher intensity of the calx protein. An increasing stroke
number using a douncer led to a higher mitochondria (ATP5) enrichment, but ATP5 signal was strong-
est in needle and syringe homogenised samples. However, also the strongest signal of calx was de-
tected in these samples, indicating the highest ER contamination. The evaluation was achieved from

the results of densitometric quantification of the western blot signals of calx and ATP5. The ratio of
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ATP5 to calx was highest in the needle and syringe homogenised samples, so this method was chosen
for further MACS experiments (3.2.6.2). 27.75G gauge size of the syringe was preferred over the 30G

gauge, because the 30G showed a PLIN2 signal, indicating a contamination with lipid droplets.

MACS mitochondria
Total lysate douncer needle(20str) DC mitochondria

30ug Sstr  10str 20str 40str 27,75G 30G

LAMP1 (lysosomes)

*- Calx (endoplasmic reticulum)
— .

ATP5 (mitochondria
— g e U T ( )

T — PLINZ (lipid droplets)

Histone H3(nuclei)

Figure 11: Analysis of organelle-specific proteins in mitochondrial fractions from HEPG2 obtained after mitochondrial isola-
tion using MACS method (Miltenyi Biotec, Bergisch-Gladbach, Germany). Mitochondrial membrane ATP synthase 5 (ATP5)
was used as a marker for mitochondria. For the detection of potential contaminations, antibodies against histone H3, cal-
nexin (calx), PLIN2 and LAMP1 were used. str= strokes, G= gauge size of the needle, DC= differential centrifugation, MACS=
magnetic bead assisted method. No signals were detected for histone H3 and LAMP1.

4.1.1.2 Systematic comparison of optimised mitochondria isolation strategies in
HEPG2 cells

After optimisation of all three mitochondrial isolation methods DC, UC and MACS (reported in 4.1.1.1)
focussing on purity and yield of the mitochondrial fraction on protein levels, we systematically com-
pared the three isolation methods. For this isolated mitochondria from liver-derived HEPG2 cells were
used to generate detailed lipid profiles using UPLC-MS to investigate whether lipidomics data alone
can provide an estimate of the purity of mitochondrial samples. Each purification procedure was per-

formed in at least five replicates and compared to the lipid profiles of total cell lysate.

4.1.1.2.1 Organelle-specific protein abundances in mitochondria extracts isolated by

different purification methods

Mitochondrial enrichment and purity of the isolated fractions was first investigated by employing
western blot analysis as previously described (4.1.1.1). Organelle-specific markers for mitochondria as
well as markers for potential contaminations by endoplasmic reticulum (ER), nuclei and Golgi appa-
ratus (Figure 12) as well as lipid droplets were investigated. With the exception of the nuclear marker
histone, all antibodies were directed against membrane proteins. Equal protein amounts (30 pug,
3.2.4) of total cell lysates were assessed as controls to determine the organelle-specific protein levels
before enrichment. Mitochondrial membrane ATP synthase 5 (ATP5) was analysed to confirm the
presence of mitochondria in total cell lysates and their enrichment in the isolated fractions (Figure
12). UC samples showed the strongest ATP5 signal, indicating the most pronounced enrichment in
mitochondria. At the same time, the markers for ER and nuclei were most efficiently depleted by UC.
The lipid droplet marker PLIN2 was detectable in 90 ug of total HEPG2 lysate (Supplementary Figure

2), but not in 30 g of total lysate and mitochondrial fractions, indicating no enrichment of lipid drop-
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lets. In contrast, DC and in particular MACS samples contained prominent amounts of the markers for
ER and nuclei (Figure 12). All mitochondria isolation procedures led to a decrease of giantin, the Golgi

apparatus marker, compared to total cell lysates.
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Figure 12: Analysis of organelle-specific proteins in total HEPG2 cell lysates and in mitochondrial fractions obtained by dif-
ferential centrifugation (DC), ultracentrifugation (UC) and a magnetic bead-assisted method (MACS). A representative west-
ern blot of two mitochondria isolations per method is shown. Mitochondrial membrane ATP synthase 5 (ATP5) was used as a
marker for mitochondria. For the detection of potential contaminations, antibodies against calnexin (calx), histone H3 and
giantin were used. Details of the methods in Section 3.2.6.2.

41.1.2.2 Comparative lipid profiling of mitochondria isolated by different

purification methods

The lipid species in the mitochondrial fractions were quantified using our UPLC-MS approach de-
scribed in 3.2.10.2. In total, 397 lipids from 17 (sub-)classes, 12 ceramide (CER), 32 cardiolipin (CL), 2
cholesteryl ester (CE), 6 diacylglycerol (DAG), 5 hexosyl-ceramide (HexCER), 11 lyso-
phosphatidylcholine (LPC), 8 lyso-phosphatidylethanolamine (LPE), 2 lyso-phosphatidylinositol (LPI),
41 phosphatidylcholine (PC), 52 phosphatidylethanolamine (PE), 13 phosphatidylethanolamine plas-
malogen (PE-P), 19 phosphatidylglycerol (PG), 34 phosphatidylinositol (PI), 13 phosphatidylserine (PS),
21 sphingomyelin (SM), 93 triacylglycerol (TAG) and 33 free fatty acid (FFA) species could be quanti-
fied. We obtained a linear range over 2.0-3.2 orders of magnitude (r*> 0.991) for the 5 CL standards
(3.2.10.2) tested. About 80% quantitative data of all detected lipid species showed a relative standard
deviation (RSD) below 30%, the RSD median value was 21.49% for the 6 different biological replicates
obtained by UC purification. It is important to note that the precision is determined for the whole
analytical workflow including biological replicates, mitochondrial isolation, lipid extraction and UPLC-
MS analysis. Thus, overall a high precision and reliability of the whole (pre-)analytical procedure is
demonstrated. The different isolation methods had no major effect on the total number of detected
lipid species, but UC purification caused a depletion of 6 of the 93 TAG species to levels below the
detection limit. The small sample amount employed, 100 pg (by protein) of purified mitochondria, did
not cause a reduction in the number of detected lipid species compared to total cell lysate, but quan-
titative determination for 3 of the 32 cardiolipins was impossible due to not reaching the limit of de-

tection in total cell lysates.
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Figure 13: Principal Component Analysis (PCA) scores plot of the first two principal components (PC1= 0.41%, PC2= 0.21% of
total variance) based on all detected lipids (relative standard deviation in the quality control samples< 20%; unit variance
(uv) scaling (R2X= 0.865, Q2= 0.748)). Each spot represents one mitochondrial sample isolated from HEPG2 cells using three
different methods: DC= differential centrifugation; UC= DC followed by ultracentrifugation; MACS= magnetic bead-assisted
isolation; TL= total cell lysate.

To gain an initial overview of the effect of the isolation procedures on the lipid profiles, a multivariate
principal component analysis (PCA, Figure 13) of the lipid compositions of the different mitochondrial
samples and of total cell lysate was performed (3.2.13.1). In the direction of the first principal compo-
nent a pronounced separation of the mitochondrial samples was detected, which clustered together
dependent on the isolation methods. The difference from total cell lysate was smallest for MACS
samples, followed by DC and UC. Thus, MACS isolation yielded mitochondrial samples whose lipid
profile was closest to the profile of total cell lysate, whereas lipids from UC-isolated mitochondria

were most distinct from total cell lysate.

41.1.2.3 Lipid profiles of mitochondrial samples isolated from HEPG2 cells by
ultracentrifugation (UC) show the highest enrichment in mitochondria-

specific cardiolipins

To assess how the isolation methods affected the lipid composition of the samples, a heatmap was
generated using the summed amounts relative to mitochondrial protein amount of the individual lipid
classes (Figure 14). Data were normalised by mean centring and scaled to unit variance. In accordance
with the PCA analysis, the heatmap revealed that MACS samples were most similar to total cell lysate,
both showing higher levels of FFA, CE, DAG and TAG and lower levels of the mitochondria-specific CL
(2.2.2) and PG than the other isolation methods. While DC samples contained the highest amounts of
PE-P, PS, HexCER and SM, UC samples showed the greatest enrichment of PE, PG and CL, indicating
the highest mitochondrial enrichment. Lipids other than the mitochondrial signature lipid CL cannot
be assigned to individual organelles, in previous observations in skeletal muscle tissue CL was sug-

gested to be a superior marker of mitochondrial content.???
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Figure 14: Heatmap visualisation of the different lipid (sub-)classes in total cell lysates (TL) and in mitochondrial samples
isolated by three different methods: DC= Differential centrifugation, UC= ultracentrifugation, MACS= magnetic bead-assisted
isolation. Each column represents an individual mitochondrial isolation labelled by a number. Values were centred to the
mean of the respective lipid class and scaled to unit variance. White colour shows values close to the mean of the lipid class
and red- and blue- coloured values are higher and lower, respectively, than the mean. CE= cholesteryl esters; CER=
ceramides; CL= cardiolipins; DAG= diacylglycerols; FFA= free fatty acids; HexCER= hexosyl-ceramides; LPC= lyso-
phosphatidylcholines; LPE= lyso-phosphatidylethanolamines; LPI= lyso-phosphatidylinositols; PC= phosphatidylcholines; PE=
phosphatidylethanolamines; PE-P= phosphatidylethanolamine plasmalogens; PG= phosphatidylglycerols; Pl= phosphatidyl-
inositols; PS= phosphatidylserines; SM= sphingomyelins; TAG= triacylglycerols. The mitochondria-specific CLs were most
enriched by UC.

While containing similar amounts of total lipids per pug of mitochondrial protein analysed, the differ-
ent isolation methods yielded significantly different CL levels (Table 8). UC-purified mitochondria con-
tained the highest relative CL amount (12.9 +1.7% of all phospholipids), DC was intermediate
(3.6 £ 0.5% of all phospholipids) and MACS showed the lowest amount of CL (2.4 + 0.3% of all phos-
pholipids) (puc.oc< 0.0001, pyc.macs< 0.0001). A high PE/PC ratio is characteristic for mitochondria as a
remnant of their possible bacterial background.*® The lipids in the UC fraction exhibited the highest
PE/PC ratio, 0.98 + 0.08, followed by DC with 0.79 + 0.19 and MACS with 0.66 + 0.17.
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Table 8: Summed content of lipid classes (pmol/ug protein) quantified by LC-MS lipid profiling of mitochondria purified using
different isolation methods.

Lipid DC uc MACS UC vs. UC vs. DCvs.

(sub-) DC MACS MACS

class Mean SD Mean SD Mean SD p-value p-value p-value
CL 8.623  1.779 34.433 10.814 5.217 1.522 <0.0001 <0.0001 n.s.
CE 0.012 0.001 0.019 0.007 0.033 0.017 n.s. n.s. 0.0135
CER 2.838 0.404 2447 0.326 2.703 0.662 n.s. n.s. n.s.
DAG 0.092 0.007 0.129 0.018 0.283 0.077 n.s. 0.0002 <0.0001
FFA 59.601 10.134 60.664 11.180 87.242 28.114 n.s. n.s. n.s.

HexCER 1.013 0.076 0.516 0.113 0.719 0.151 <0.0001 0.0282 0.0033

LPC 1.625 0459 1.834 0.476 1.709 0.727 n.s. n.s. n.s.
LPE 0.728 0.163 0.838 0.251 0.699 0.249 n.s. n.s. n.s.
LPI 0.081 0.032 0.064 0.010 0.052 0.021 n.s. n.s. n.s.
PC 91.406 5.802 86.358 11.261 89.657 14.345 n.s. n.s. n.s.
PE 72193 17.171 85.393 16.767 60.249 24.064 n.s. n.s. n.s.
PE-P 1.313 0.243 0.526 0.136 0.916 0.166 <0.0001 0.0064 0.0078
PG 6.198 1.495 12973 4.579 3.582 1.639 0.0061 0.0003 n.s.
Pl 41.717 7.223 39.157 8.012 44.678 9.599 n.s. n.s. n.s.
PS 11.296 1.444 1200 0.335 8.494 1.630 <0.0001 <0.0001 0.0066
SM 8.185 0.619 3.090 0.662 5.834 1.642 <0.0001 0.0020 0.0092
TAG 17.082 1565 7.313 0964 53.924 11.260 n.s. <0.0001 <0.0001

DC= differential centrifugation; UC= ultracentrifugation, MACS= magnetic bead-assisted isolation; CE= cholesteryl esters;
CER= ceramides; CL= cardiolipins; DAG= diacylglycerols; FFA= free fatty acids; HexCER= hexosyl-ceramides; LPC= lyso-
phosphatidylcholines; LPE= lyso-phosphatidylethanolamines; LPI= lyso-phosphatidylinositols; PC= phosphatidylcholines; PE=
phosphatidylethanolamines; PE-P= phosphatidylethanolamine plasmalogens; PG= phosphatidylglycerols; Pl= phosphatidyl-
inositols; PS= phosphatidylserines; SM= sphingomyelins; TAG= triacylglycerols. n.s.= not significant. Values are means of at
least 5 purifications.

4.1.1.2.4 The lipid composition of mitochondrial samples isolated from HEPG2 cells
by differential centrifugation (DC) and MACS underlines a relevant

contamination with membranes from other organelles

Western blot analyses indicated that in addition to enriching the mitochondria-specific protein ATP5,
DC and MACS also enriched markers of other contaminant organelles (Figure 12). UC-purified sam-
ples, in contrast, depleted histone H3 beyond detectability and only a very low signal was visible for
the ER-marker calnexin (Figure 12). In a similar manner, DC and MACS also increased the relative
amounts of other lipid classes that were not enriched by UC (Figure 15). Compared to UC, samples
isolated by DC or MACS contained significantly higher amounts of PS, PE-P, SM, and HexCER (Table 8).
Additionally, PE plasmalogens (PE-P) were significantly lower with UC than with the other isolation

methods. A striking feature of the MACS and, to a lower degree, DC samples was their significantly
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higher TAG content (Figure 14, Figure 15 and Table 8). Therefore, these findings indicate that UC, but
not DC or MACS, yielded a pure mitochondrial fraction with little contamination by non-mitochondrial

organelles employed by western blot analyses but also on lipid level.
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Figure 15: Contribution of the different lipid classes (amount in pmol/ug protein) to all lipids detected in mitochondria en-
riched by differential centrifugation (DC), ultracentrifugation (UC) or magnetic bead-assisted isolation (MACS) and in total
cell lysates (TL). Values are means of at least 5 purifications or of 2 total cell lysates. Data in Table 8.

4.1.1.2.5 Lipid profiling as an estimate of purity of isolated mitochondria

To assess whether lipidomics data alone can provide an estimate of the purity of mitochondrial sam-
ples, we performed a direct comparison of lipidomics (Figure 16 A, C, E) and western blot data (Figure
16 B, D). Both CL, the signature lipid of mitochondria, and ATP5 were pronouncedly enriched in UC
samples, resulting in a strong correlation between CL concentrations and ATP5 protein levels in the

purified mitochondria (r’= 0.79, p< 0.0001; Supplementary Figure 1; Figure 16 A, B).

On the other hand, two lipid classes, PS and SM, and the ER-specific protein calnexin were reduced in

UC-purified samples in a similar fashion (Figure 16 C, D, E).
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Figure 16: Comparison of distinct lipid (left) and protein contents (right) in mitochondrial samples isolated using three dif-
ferent procedures, differential centrifugation (DC), ultracentrifugation (UC), and magnetic bead-assisted isolation (MACS).
Histograms show the sums of the lipid classes or the densitometric quantification of western blots normalised to total cell
lysate. Values are means + SD of at least 5 purifications.

4.1.1.3 Method establishment of mitochondria isolation from mouse liver and

skeletal muscle tissue

In a first step, the homogenisation technique (douncer, Gentle MACS (Miltenyi Biotec, Bergisch-
Gladbach, Germany), stroke number, tissue amount, tissue digestion procedures and gradient com-
positions were optimised (see tested conditions in Supplementary Table 3). Mitochondrial enrich-
ment and contamination depletion was employed by western blot analyses. The optimised protocols

are described in 3.2.6.4 for liver and 3.2.6.5 for skeletal muscle from mice.

First, the MACS method was applied to isolate mitochondria from tissue. Homogenisation of the tis-
sue was performed testing two different devices: a tissue douncer and the gentle MACS provided by
Miltenyi Biotec, which is in principle a semi-automated blender in volumes of a few millilitres. West-
ern Blot analyses showed no difference in ATP signal intensity (Figure 17) and therefore mitochondrial
enrichment, between the two homogenisation devices. MACS method did not deplete the muscle

mitochondrial fraction from ER (calx band), observed with both gentle MACS and a tissue douncer
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used for homogenisation. Based on these results purchasing the gentle MACS was avoided and a

douncer was used instead for further tissue homogenisation.
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Figure 17: Analysis of organelle-specific proteins in total liver lysate and in mitochondrial fractions obtained by MACS purifi-
cation or differential centrifugation (DC) from mouse liver and muscle. Homogenisation before MACS purification was per-
formed either with Gentle MACS (=1; Miltenyi Biotec, Bergisch-Gladbach, Germany) following the manufacturer’s instruc-
tions or with a douncer (=2). Mitochondrial membrane ATP synthase 5 (ATP5) was used as a marker for mitochondria. For
the detection of potential contaminations, antibodies against histone H3 and calx were used.

Next, MACS method was compared with two other commonly used mitochondria isolation methods:
differential centrifugation (DC) and DC with subsequent ultracentrifugation (UC). Using liver tissue the
MACS method led to the strongest ATP5 enrichment, while also showing a slight calx signal, indicating

a higher contamination with endoplasmic reticulum (Figure 18).
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Figure 18: Analysis of organelle-specific proteins in liver lysates and in mitochondrial fractions obtained by differential cen-
trifugation (DC), ultracentrifugation (UC) and a magnetic bead-assisted method (MACS). An exemplary western blot of 2
mitochondria isolations per method is shown. Mitochondrial membrane ATP synthase 5 (ATP5) was used as a marker for
mitochondria. For the detection of potential contaminations, antibodies against calnexin (calx) and histone H3 were used.

Skeletal muscle was also isolated using the three different methods in comparison. Before DC and UC
a tissue digestion was established. Without digestion, muscle tissue was not disrupted sufficiently in
the douncer and mitochondrial yield was very low. Digestion time, enzyme concentration, digestion
temperature and type of enzyme were optimised and controlled by employing western blot analyses
and Oxygraph-2k analyses of the cytochrome c response. The latter analysis verifies the intactness of
the mitochondrial outer membrane (data not shown). Comparison of DC, UC and MACS applied on
skeletal muscle tissue showed strong ATP5 enrichment in all samples and slight ER contaminations
(Figure 19 left). Different amounts of muscle were tested. Since 200 mg starting material did not yield
enough mitochondrial protein to perform all experiments, 500 mg tissue was used for all following
experiments. Different types of percoll gradients for ultracentrifugation were tested (3.2.6.4, 3.2.6.5).
All showed strong ATP5 enrichment and slight ER contaminations (Figure 19 right). A continuous per-
coll gradient was chosen to further purify muscle mitochondria as established for liver mitochondrial

isolation.
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Figure 19: Analysis of organelle-specific proteins in skeletal muscle lysates and in mitochondrial fractions obtained by differ-
ential centrifugation (DC), ultracentrifugation (UC) and a magnetic bead-assisted method (MACS) (left). Homo= homogenate,
DC= differential centrifugation, UC= DC plus subsequent ultracentrifugation, MACS= magnetic bead assisted mitochondria
isolation, lower and upper layer= two appearing layers in the percoll gradient after ultracentrifugation. An exemplary west-
ern blot of 2 mitochondria isolations per method is shown. Mitochondrial membrane ATP synthase 5 (ATP5) was used as a
marker for mitochondria. For the detection of potential contaminations, antibodies against calnexin (calx) and histone H3
were used.

We established and optimised a reliable and comprehensive method to obtain lipid and protein pro-
files from pure tissue-derived mitochondria isolated from liver and skeletal muscle. Briefly for liver
(3.2.6.4), 150-200 mg of tissue were minced, homogenised applying 6 strokes in a douncer, followed
by differential centrifugation (DC). The crude mitochondrial pellet was layered on a continuous 25%
Percoll gradient (UC). Briefly for muscle tissue (3.2.6.5), around 500 mg were minced with a scissor
and then a razor blade. Tissue was digested using a protease type 8 before homogenisation with 6

strokes in a douncer, followed by DC and UC. This tool was integrated in the following experiments.

4.1.2 Respiratory measurements

4.1.2.1 Respiratory analyses on a Seahorse XF96

Respiration analyses using a Seahorse XF96 were established and optimised for intact C2C12 myo-

tubes and for isolated mitochondria from C2C12 cells and murine tissue.

Cell number per well was titrated for the adherent murine cell line C2C12. 2 500 cells per well of a
Seahorse XF96 cell microplate were cultured for two days before adding fusion medium, to achieve
90% confluency of the cells. This was required to avoid multilayer growth of the cells and thereby a

lagged substrate and inhibitor diffusion.

For isolated mitochondria from cells and tissue, the protein amount per well was also titrated. An
ideal protein amount was determined by tracking O, concentration in each well over measurement
time. A too high protein amount led to exhaustion of oxygen in the well during the measurement
course and thereby a limitation of the oxygen consumption. This was due to an insufficient amount of
time during mixing and waiting steps to allow the re-equilibration of the medium to ambient O, con-

centrations (Figure 20, red line). The ideal amount was chosen at equilibrium between oxygen con-
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sumption and sufficient re-equilibration (Figure 20, blue line). Ideal concentrations were 3 pg/20 pl

for liver and muscle mitochondria and 5 pg/20 pl for C2C12 as described in 3.2.8.1.
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Figure 20: O, level data over the time course of a measurement. Too high number of cells or too high protein amount of
isolated mitochondria leading to inadequate re-equilibration of the buffer to ambient O, concentration during mixing and
waiting and consequently limiting respiration= red line. Ideal cell number or protein amount ensured adequate re-
equilibration of the buffer= blue line. A= ADP injection, B= Oligomycin injection, C= FCCP injection, D= Antimycin A + Rote-
none injection.

After protein amount and cell number were set, final concentrations of adenosine diphosphate (ADP)
and carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) were titrated. Cell types and differ-
ent tissues vary in the amount of ADP required for maximal oxidative phosphorylation induction and
their response to the mitochondrial uncoupler FCCP. Substrates were added in excess and ADP and
FCCP were injected in different concentrations to determine dose response data. ADP was injected
after basal state to final concentrations of 0 to 16 mM (Figure 21 left graph) and FCCP was injected
after ADP and oligomycin to final concentrations from 0 to 16 uM (Figure 21 right graph). The minimal
ADP concentration necessary to maximally induce oxidative phosphorylation was 5 mM, therefore
6 mM were used in further assays (titration for isolated C2C12 mitochondria shown in Figure 21 left).
An FCCP concentration of 5 uM was used ensuring a full uncoupling of respiration but avoiding a de-

crease in maximal respiration (shown for isolated C2C12 mitochondria, Figure 21 right).

ADP FCCP

=

o

=]
n

OCR (pmoles/min)
OCR (pmoles/min)

—t T J + T d
0 5 10 15 0 5 10 15
ADP [mM] FCCP [uM]

Figure 21: Seahorse XF96 - Titrations of ADP and FCCP to determine the final concentrations needed to induce maximal
respiration. OCR= oxygen consumption rate. Dotted line shows chosen concentration in further experiments.
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4.1.2.2 Respiratory analysis on an Oxygraph 2k

High-resolution respirometry (HRR) was established for permeabilised murine and human muscle
fibers, isolated mitochondria, digitonised cells and tissue homogenates. Mild detergents, saponin for
muscle fibres and digitonin for intact cells, were used to selectively perforate the cell membrane to
facilitate substrate, uncoupler and inhibitor action on the electron transport chain. During mitochon-
drial isolation or tissue and sample preparation the outer mitochondrial membrane may become
damaged leading to a release of cytochrome c, which then limits the respiration (Figure 22, upper
graph). To check for the mitochondrial integrity cytochrome c was added exogenously in every meas-
urement. Since cytochrome c cannot enter the outer mitochondrial membrane, no or only low in-
crease of respiration after cytochrome c addition is an indicator for intact mitochondria and thus
proofs a high quality of mitochondrial preparations (Figure 22, lower graph). Measurements with
suspect cytochrome c responses were excluded and sample preparation was mildened as described in

the methods section until cytochrome c response was acceptable.
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Figure 22: Testing the integrity of the outer mitochondrial membrane. Oxygen concentration (blue line) and respiration rate
(red line) measured using a polarographic oxygen electrode. OXPHOS respiration is stimulated by the addition of the sub-
strates octanoylcarnitine and malate for fatty acid oxidation (FAO) with ADP, pyruvate as complex 1 (Cl) linked substrate and
succinate as mainly complex 2 (Cll) linked substrate. 10 uM cytochrome c (c) addition marked with black arrow) is added to
assess outer membrane integrity. An increase in respiration with exogenously added cytochrome c is observed if the outer
mitochondrial membrane is damaged (upper graph: 25.9% increase after cytochrome c addition). Lower graph shows a
measurement of intact mitochondria (3.8%).

Final concentrations of substrates, uncoupler and digitonin (for intact cells) were titrated first for eve-
ry tested sample material (Figure 23). The uncoupler FCCP was titrated individually in every analytical

run. Substrates and digitonin were titrated once to investigate the final concentration necessary to
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obtain the maximal possible induction of respiration. Final concentrations used for further experi-

ments are tabulated in Section 3.2.8.2.
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Figure 23: Titrating succinate (S; upper graph) and digitonin (Dig) to permeabilise cells (lower graph). Oxygen concentration
(blue line) and respiration rate (red line) measured using a polarographic oxygen electrode. Optimal final succinate concen-
tration was performed after cells were provided with rotenone, ADP and digitonised for permeabilisation (upper graph).
Succinate concentration inducing the maximal respiration was used. Rotenone was added to avoid oxaloacetate accumula-
tion and thereby a succinate dehydrogenase inhibition. Optimal digitonin concentration was investigated after addition of
pyruvate (P), malate (M) and ADP to stimulate oxidative phosphorylation. Without permeabilisation by digitonin, substrates
cannot enter the outer mitochondrial cell membrane. Accordingly, the addition of digitonin leads to an increase of respira-
tion by enabling the substrates to enter the mitochondria. Titrations for other substrates are not shown.

4.1.2.2.1 Respiratory measurements in permeabilised murine muscle fibres in
Oxygraph-2k

Respiratory measurements in permeabilised murine muscle fibres were optimised by testing different
separation techniques by forceps, tissue handling, buffer compositions, saponine concentrations and
incubation times. After modifying all steps permeabilised muscles from mouse soleus and gas-
trocnemius muscles were analysed following the protocol described in 3.2.8.2.3, leading to a cyto-
chrome c injection response below 2%, indicating an intact outer mitochondrial membrane. The ap-
plied substrates and inhibitors were already described for isolated mitochondria (3.2.8.2.2). To test
the reproducibility of the established sample preparation and the sensitivity of the Oxygraph-2k in
general, two oxidatively distinct muscles were chosen as proof of principle application. Oxidative ca-
pacity was higher in soleus muscle throughout all respiratory states than in gastrocnemius muscle
(Figure 24). The increase of oxygen flux in percent after ADP addition was significantly higher in soleus
muscle (respiration on Oct and M) than in gastrocnemius muscle. After pyruvate addition, the per-

cental increase of respiration was significantly higher in gastrocnemius muscle.
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Figure 24: Oxygen fluxes per mass in soleus and gastrocnemius muscle (mean + SD; n= 3). Data were normalised for wet
weight of the inserted sample. Malate and octanoylcarnitine (M, Oct) were injected to induce fatty acid oxidation. LEAK
respiration (L) is the oxygen consumption under non-phosphorylating conditions due to the proton leak. ADP was added to
induce oxidative phosphorylation (subscript 5, OXPHOS). Pyruvate (P) was used as complex 1-associated substrate and suc-
cinate (S) as mainly complex 2-linked substrate. FCCP, a synthetic uncoupler, was titrated to uncouple the electron transport
chain activity from ATP production and determine the maximal oxidative capacity of the electron transport chain (subscript
g). Complex 1 was inhibited by rotenone (Rot) to investigate solely complex 2-associated respiration. The non- mitochondrial
background respiration or residual oxygen consumption (ROX) were determined by addition of antimycin A (Ama) to inhibit
the cytochrome c reductase. Students’s t-test was performed.

41.2.2.2 Respiratory measurements in permeabilised human muscle fibres on
Oxygraph 2-k

The murine Oxygraph-2k protocol (3.2.8.2.3) had to be modified for human muscle fibres, because it
led to an increase of respiration after cytochrome c injection over 2% in human muscle biopsies (data
not shown). Fibre separation technique by forceps, tissue handling, buffer compositions, saponin
purity, fibre handling and incubation times were optimised. Permeabilised muscles from biopsies
from the vastus lateralis were analysed following the optimised protocol described in 3.2.8.2.4. The
applied substrates and inhibitors were already described for isolated mitochondria (3.2.8.2.2). After

modification of sample processing the cytochrome c response was below 2% (Figure 25), indicating an

intact outer mitochondrial membrane.
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Figure 25: Exemplary run of an Oxygraph-2k measurement with permeabilised human muscle fibres. blue line: O, concentra-
tion [nmol/ml]; red line: O, flux [pmol/(s*ml)]. Malate and octanoylcarnitine (M, Oct) were injected to induce fatty acid
oxidation (FAQ). LEAK respiration is the oxygen consumption under non-phosphorylating conditions due to the proton leak.
ADP was added to induce oxidative phosphorylation (OXPHOS). Pyruvate (P) was used as complex 1-associated substrate (Cl)
and succinate as mainly complex 2-linked substrate (Cll). FCCP, a synthetic uncoupler, was titrated to uncouple the electron
transport chain activity from ATP production and determine the maximal oxidative capacity of the electron transport chain
(electron transfer system capacity= ETS). Complex 1 was inhibited by rotenone to investigate solely complex 2-associated
respiration. The non-mitochondrial background respiration or residual oxygen consumption (ROX) were determined by
addition of antimycin A to inhibit the cytochrome c reductase.
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4.1.3 Animal experiments

4.1.3.1 Establishment and optimisation of a valid mitochondrial oxysterol profiling
strategy in liver tissue and hepatic mitochondria (fresh/frozen tissue,
mitochondria isolation and oxysterol extraction fresh/frozen with or without
butylated hydroxytoluene (BHT))

Based on the pre-analytical inconsistency of the use”%%*?**> or non-use'*****?% of an antioxidant like

butylated hydroxytoluene (BHT) in oxysterol analyses, the effect of BHT addition on oxysterol pattern
was compared. The use of frozen instead of fresh samples, which simplifies the overall experimental
processes, was also addressed. A robust and valid strategy for oxysterol analyses in liver tissue and
liver mitochondria was defined, since so far to our knowledge a strategy for a quantitative oxysterol
profile of mitochondria has not yet been defined in literature. The results were validated with func-
tional and kinetic experiments and the strategy was applied on samples of an oxidative stress mouse

model.

4.1.3.11 Liver tissue oxysterol profiling: Is the antioxidant BHT necessary and is it

possible to use frozen instead of fresh tissue?

Two pivotal steps in liver tissue processing for oxysterol analyses were addressed. The effects on the
oxysterol pattern of no antioxidant versus BHT addition were systematically investigated and the ef-
fects of using frozen instead of fresh tissue were examined. Therefore, all samples were extracted
with or without BHT (5 pug/ml) and the oxysterol pattern in fresh and frozen liver tissue were com-
pared (3.2.2.2). In total, 16 oxysterols were detected in 20 mg liver tissue irrespective of the presence
of BHT or using fresh or frozen sample material. Unexpectedly, the absence of BHT did not significant-
ly affect the yield of the 16 detected oxysterols in liver tissue (Figure 26 A). Furthermore, also frozen
tissue can be used (Figure 26 B), no significant effect on the oxysterol yield and pattern was detected

in comparison to fresh tissue.
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Figure 26: Oxysterols in liver tissue (n= 4-5 per group). A: Oxysterol extraction + BHT; given are the means and the standard
deviation of w/o and w/ BHT samples (fresh and frozen tissue taken together). B: Extraction from fresh vs. frozen liver. Given
are the means and the standard deviation of fresh and frozen samples (samples w/o and w/ BHT taken together). BHT=
butylated hydroxytoluene, fresh= tissue was extracted directly after harvesting, snap-frozen= extraction after one freeze-
thaw-cycle.

41.3.1.2 Liver mitochondria oxysterol profiling: Is the antioxidant BHT necessary at
every processing step and is it possible to use frozen instead of fresh

mitochondria isolates?

To define a robust and valid method for oxysterol analyses in isolated mitochondria, different pivotal
conditions throughout oxysterol analyses were systematically compared (Figure 27 A; 3.2.6.4.1): first-
ly, the presence or absence of BHT (5 ug/ml) during the mitochondrial isolation from fresh liver (ca.
150 mg), secondly, the usage of frozen vs. fresh mitochondria for oxysterol extraction (50 ug mito-
chondria by protein, 3.2.10.4) and thirdly, the presence or absence of BHT during oxysterol extraction
from mitochondria. Finally, it was also tested if the presence of BHT during mitochondria isolation
may alter mitochondrial function by analysing mitochondrial respiration (Oxygraph-2k, Oroboros;
3.2.8.2.6).
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Figure 27: Oxysterols in liver mitochondria: A: experimental design, B: functional assay - investigation of BHT effect on mitochondrial respiration using an OROBOROS Oxygraph-2k; FAO= fatty acid
oxidation (octanoylcarnitine + malate), p= phosphorylating (ADP), Cl= complex | respiration (pyruvate), Cll= complex Il respiration (succinate), E= uncoupled maximal respiration (FCCP), C: Impact
of BHT added during mitochondrial isolation on oxysterol yield - relative oxysterol levels of mitochondria isolated with and without BHT (relative data= w/ BHT set to 100%; fresh and frozen tissue
and samples w/o and w/ BHT at oxysterol extraction taken together), D: Impact of BHT on oxysterol yield added during oxysterol extraction- relative oxysterol levels of mitochondria extracted
with and without BHT (relative data, w/ BHT set to 100%; fresh and frozen tissue and samples w/o and w/ BHT during mitochondria isolation taken together), E: Impact of the usage of fresh or
frozen mitochondria for oxysterol extraction- relative oxysterol levels of fresh vs. frozen mitochondria (relative data, frozen set to 100%; samples w/o and w/ BHT during oxysterol extraction and
during mitochondria isolation taken together). Given are the means with standard deviation (n= 4/group in each experiment). B: student’s t-test, C, D, E: FDR; BHT= butylated hydroxytoluene,
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BHT addition during mitochondrial isolation did not influence respiration of the isolated mitochondria
(Figure 27 B). In contrast, the addition of BHT is highly relevant for the oxysterol pattern in isolated
mitochondria. Of a total of 7 detected mitochondrial oxysterols, 5 were significantly influenced when
BHT was absent during the isolation process (Figure 27 C). Without BHT, the vyield of 48-
hydroxycholesterol, 27-hydroxycholesterol, 5B,6B-epoxycholesterol and 7-oxocholesterol was signifi-
cantly lower and 24S-hydroxycholesterol was significantly higher (Figure 27 C). No changes were de-
tected for 5a,6a-epoxycholesterol and 15-ketocholestene. The absence of BHT during the last step,
the oxysterol extraction (3.2.10.4) from isolated mitochondria, did not influence the oxysterol level
(Figure 27 D). Moreover, as for liver tissue, frozen mitochondria can also be used (Figure 27 E) given
that BHT was present during the mitochondria isolation procedure. Notably, the usage of an antioxi-
dant early in sample processing does not change mitochondrial function (Figure 27 B). Another finding

was that frozen mitochondria can equally well be used.

4.1.3.1.3 [s autoxidation the culprit of the detected alterations in the mitochondrial
oxysterol profiles?

Oxysterols can be autoxidised by air oxygen or oxidised by reaction with mitochondrial reactive oxy-
gen species or enzymatically. To proof the relevance of autoxidation, the concentrations of pure oxys-
terol standards (4B-hydroxycholesterol, 27-hydroxycholesterol, 7-oxocholesterol) and cholesterol
with and without BHT after 5 and 24 h incubations at 4 °C (Figure 28 A, 3.2.9) were determined. By
this experimental setup not only oxysterol stability but also possible oxysterols autoxidised from cho-
lesterol were investigated. The 5-h incubation at 4 °C in open tubes including shaking from time to
time resembles the condition of mitochondrial isolation performed in this study, whereas the 24 h
incubation at room temperature (RT) without BHT was performed to take possible extreme time de-

lays and temperature variations into account.
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Figure 28: In vitro kinetics of oxysterol concentration incubated in PBS - investigation of stability and possible conversion
products. A: experimental design, B: In vitro incubation of cholesterol, 7-oxocholesterol, 4B-hydroxycholesterol and 27-
hydroxycholesterol in PBS either with or without BHT (+/- BHT), at different temperatures (4 °C and RT) and different dura-
tions (5 h and 24 h). Reference (set to 100%): cholesterol and the oxysterol standards were directly processed without any
incubation delay. 5 h at 4 °C are mimicking the time and conditions during mitochondrial isolation. 24 h at RT without BHT
were performed as an extreme condition for these oxidation-prone substances. RT= room temperature.

Neither the oxysterols 4B-hydroxycholesterol, 27-hydroxycholesterol and 7-oxocholesterol nor cho-
lesterol showed significantly changed concentrations after up to 24 h even at RT (Figure 28 B). Autox-

idation alone cannot explain the detected alterations in the mitochondrial oxysterol profiles (Figure
27).

4.1.3.1.4 Proof of principle experiment: Oxysterols in liver and liver mitochondria
from mice after reactive oxygen stress induction

To validate the defined strategy, namely adding BHT from the beginning and using frozen tissue, tis-

sue (3.2.2.2) and mitochondria samples (3.2.6.4.1) of an oxidative stress mouse model (Figure 29 A)

were investigated. Oxidative stress was induced by a single dose of doxorubicin, a potent anti-cancer

drug, already shown to induce oxidative stress by an increase of reactive oxygen species in liver.2”2*°

In total, 13 oxysterols in 20 mg liver and 6 oxysterols in 50 ug mitochondria (by protein) were detect-

ed irrespective of doxorubicin treatment.
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Unexpectedly, the levels of the detected oxysterols in liver tissue of doxorubicin treated mice (DOX)
were lower compared with control mice (Figure 29 B). In contrast, in liver mitochondria of DOX-
treated mice an increased amount of the oxysterols was found. Solely 4B-hydroxycholesterol and

5B,6B-epoxycholesterol were not or only slightly changed (Figure 29 B).

The functional investigations given in Figure 29 C showed a reduced respiration in mitochondria iso-
lated from the liver of doxorubicin treated mice (3.2.8.2.6). Also citrate synthase protein amount

(Figure 29 D) was lower in doxorubicin treated mice.

4.2 Mitochondrial function and insulin resistance

4.2.1 Cell culture

4.2.1.1 Skeletal muscle cell culture: Analysis of mitochondria from cultured skeletal
muscle cells challenged with substrate overflow and insulin resistance:

Insulin resistant murine C2C12 myotubes under low/high glucose conditions

It is still unclear whether metabolic overflow leads to disturbances in substrate utilisation and, conse-
quently, insulin resistance (IR) or if mitochondrial dysfunction is a consequence of impaired insulin
signalling. Skeletal muscle IR is considered to be the initiating or primary defect that is evident dec-
ades before B-cell failure and hyperglycemia develops.® Effects of IR induced by chronic exposure to
high concentrations of insulin in combination with substrate overflow through high glucose concen-
trations on skeletal muscle mitochondria were investigated. To this end, functional analyses, western
blot analyses of isolated mitochondria from C2C12 myotubes and western blot analyses from total

C2C12 cell lysates were performed.

42111 Total cell lysates of C2C12 myotubes

As a first step, we investigated the efficiency of 48 h insulin treatment with 1 uM insulin (3.2.1.1.2) to
induce insulin resistance in cell lysates from C2C12 cells treated either with high glucose concentra-
tions and or chronic insulin on protein level. Each procedure was performed in three replicates. To
investigate insulin signalling, cells were first starved for 3 h, stimulated acutely with 100 nM insulin
for 15 min, lysed and analysed by western blotting (see 3.2.1.1.2). Phosphorylation of Akt at Ser473

and Thr308 was detected as marker for insulin signalling activation (see Figure 30).
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Figure 30: left: Representative western blot of C2C12 lysates using pAkt Ser473 and pAkt Thr308 antibodies to investigate
insulin signalling. After starving the cells for 3 h from FCS, insulin signalling was activated by acute insulin stimulation with
100 nM insulin for 15 min (see 3.2.1.1.2). CON= control, IR= chronic insulin (1 puM), low= 5.5 mM glucose, high= 25 mM
glucose; GAPDH was used as a housekeeper. Right: The histogram shows the sums of pAkt473/Akt ratio after densitometric
quantification of western blots. Values are means + SD of 3 sets.

C2C12 myotubes treated with chronic insulin showed lower signals of phosphorylated Akt after acute
insulin stimulation than control groups, indicating an impaired insulin signalling as intended by this
treatment. Further, western blot analyses of C2C12 lysates showed no difference in myosin heavy
chain fast isoform (MYH fast) protein abundance (Figure 31) between the treatment groups, indicat-
ing no effect of the treatments on differentiation efficiency from myoblasts to myotubes. Thus, high

glucose and chronic insulin led to insulin resistance without affecting fusion efficiency in skeletal mus-

cle cells.
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Figure 31: Representative western blot of four C2C12 lysates per group using an antibody against myosin heavy chain fast
isoform (MYHfast) as differentiation control. CON= control, IR= chronic insulin (1 uM), low= 5.5 mM glucose, high= 25 mM
glucose; histogram shows the sums of the densitometric quantifications of western blots. Values are means + SD of 6 repli-
cates.

42.1.1.2 Mitochondria from C2C12 myotubes

To investigate the effect of an oversupply with glucose and insulin on mitochondrial content in skele-
tal muscle cells, an activity assay of citrate synthase (Figure 32 A; 3.2.7), often used as a measure of
mitochondrial amount,*? was performed. Citrate synthase activity was not only significantly reduced
by chronic insulin treatment but also under high glucose conditions, indicating a reduced mitochon-

drial content in states of insulin resistance and glucose oversupply. Citrate synthase protein amount
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(CS) in total cell lysates (Figure 32 B) showed the same trends as observed in the citrate synthase ac-
tivity assay.

CS activity of C2C12 myotubes
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Figure 32: A: Citrate synthase activity in C2C12 lysates in umol/min*mgg, CON= control, IR= chronic insulin (1 uM), low=
5.5 mM glucose, high= 25 mM glucose; values are means * SD of 3 replicates. B: histogram shows the sums of the densito-
metric quantifications of western blots. Values are means + SD of at least 8 replicates. Representative western blot of four
C2C12 lysates per group using an antibody against citrate synthase (CS) as mitochondrial content marker. 2way ANOVA
(significances shown with “__“): *=significantly different for low to high glucose conditions, #=significantly different for CON
to IR conditions. Multi comparison significances shown with “r—".

To assess if the observed lower amount of mitochondria under insulin and high glucose treatment
also affects the mitochondrial function, respiratory analyses were performed in permeabilised cells in
an Oroboros Oxygraph-2k (Figure 33). Indeed, ADP-induced oxidative phosphorylation in the presence
of the complex 1-associated substrate pyruvate with malate was significantly lower in mitochondria
from cells under high glucose conditions. Insulin treatment, however, had no significant effect on
mitochondrial respiration (Figure 33 B). The same trend was also seen for glutamate- and succinate-
linked respiration and uncoupled respiration (Figure 33 A), indicating a decreased respiration due to a
decreased mitochondrial content as observed in Figure 32 A. However, the contribution of complex 2-
associated respiration towards maximal uncoupled respiration (C1 and C2) was higher under high
glucose conditions than in low glucose conditions (Figure 33 C). These differences in oxidative phos-

phorylation and complex contributions to maximal respiration were further elucidated on protein
level.

° performed by bachelor student Daniel Bleher under supervision of Lisa Kappler and Miriam Hoene
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Figure 33: Mitochondrial respiration analyses in digitonised C2C12 myotubes using an Oxygraph-Zk10 CON= control, IR=
chronic insulin (1 uM), low= 5.5 mM glucose, high= 25 mM glucose; A: O,flux per mg cell lysate protein over the measure-
ment course, PM= pyruvate and malate, Dig= digitonin, D= ADP, c= cytochrome c, G= glutamate, S= succinate, U= FCCP
titration to uncouple respiration, Rot= rotenone, corrected for non-mitochondrial background. B: Percentaged increase of
respiration after ADP addition with octanoylcarnitine and malate present as substrates. C: Contribution of C2-associated
respiration towards maximal C1- and C2-associated maximal respiration. * significantly different between low glucose and
high glucose condition, 2way-ANOVA (significances shown with “—*).

% performed by bachelor’s student Daniel Bleher under supervision of Lisa Kappler and Miriam Hoene
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Figure 34: Representative western blot of four C2C12 lysates per group using antibodies against mitochondrial complexes
(C2-C5, C1 was below detection limit). CON= control, IR= chronic insulin (1 uM), low= 5.5 mM glucose, high= 25 mM glucose;
histograms show the sums of the densitometric quantifications of western blots. Values are means + SD of 8 replicates.
2way ANOVA (significances shown with “—"): *=significantly different for low to high glucose conditions, #=significantly
different for CON to IR conditions. Multi comparison significances shown with “—".

Treatment group-specific abundances of proteins of the electron transport chain were quantified in
cell lysates of C2C12 (Figure 34). Mitochondrial content was monitored using citrate synthase as a
marker. Electron transport chain protein abundances of the complexes were normalised to mito-
chondrial content (CS protein abundance; Figure 32) to investigate their protein levels independently
of a decreased mitochondrial content in states of glucose oversupply and insulin resistance. The
abundance of complex 1 was below detection limit. complex 2 protein abundance was significantly
lower in IR than in CON treated cells (Figure 34 B). Complex 3 and 4 protein abundances were signifi-
cantly lower under high glucose conditions (Figure 34 C+D). Complex 5 was of significantly lower
abundance following chronic insulin conditions (IR) and under high glucose conditions (Figure 34 E).
Even after normalisation to mitochondrial content electron transport chain complexes are reduced
after high glucose treatment or chronic insulin or even by both, indicating that the reduced mito-

chondrial amount is not the solely contributor to the altered mitochondrial function.
42113 Decreased superoxide dismutase in mitochondria isolated from C2C12
myotubes

Increasing evidence suggests that oxidative stress plays a major role in the pathogenesis of type 2

diabetes mellitus.®> Increased oxidative stress is associated with damage of cellular organelles and
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enzymes, increased lipid peroxidation, and development of insulin resistance.*® Mitochondria are
major sources of reactive oxygen species in cells.*” Approximately 0.01% to 5% of electrons passing
down the electron transport chain leak to oxygen during oxidative respiration, which is converted to

.79 Hence, the detected changes in oxidative respiratory capacity due to high

reactive oxygen species.
glucose treatment of C2C12 (Figure 33) might possibly also affect reactive oxygen production. There-
fore, oxidative stress and related enzymes were investigated. Superoxide dismutase levels (SOD1 and
2) in whole cell lysates employed by western blot analyses were not changed by the high glucose and
insulin treatment (Figure 35; treatment described in 3.2.1.1.2). High levels of 4-HNE are attributed to
endogenous lipid peroxidation caused by oxidative stress,””” but no concentration change was ob-
served in our experiments. Investigating isolated mitochondria, however, lead to the indication of a

treatment effect more prominent on mitochondrial level.
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Figure 35: A: Representative western blot of four C2C12 lysates per group using antibodies against superoxide dismutases
(SOD1, SOD2) and 4-hydroxynonenal (4HNE) as oxidative stress marker. CON= control, IR= chronic insulin (1 pM), low=
5.5 mM glucose, high= 25 mM glucose; B-D: histograms show the sums of the densitometric quantifications of western
blots. Values are means * SD of at least 3 replicates.

Both hyperinsulinemia and glucose oversupply caused a decreased SOD activity in isolated mitochon-
dria (Figure 36 A). Western blot analyses of mitochondrial fractions showed also decreased SOD1
protein abundances under insulin treatment, not seen for SOD2 abundances (Figure 36 C+D). 4-
Hydroxynonenal protein levels (3.2.5) in isolated mitochondria were not changed between the groups

(data not shown).
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Figure 36: A: SOD activity in isolated mitochondria; B: Representative western blot of C2C12 mitochondrial fractions using
antibodies against ATP-Synthase 5 (ATP5) as mitochondrial marker, superoxide dismutases (SOD1, SOD2). C+D: histograms
show the sums of the densitometric quantifications of western blots. Values are means + SD of 3 replicates. CON= control,
IR= insulin (1 uM), low= 5.5 mM glucose, high= 25 mM glucose, SOD= superoxide dismutase. 2way ANOVA (significances
shown with “—"): *=significantly different for low to high glucose conditions, #=significantly different for CON to IR condi-
tions. Multi comparison significances shown with “r—".

Effects of IR induced by chronic exposure to high concentrations of insulin in combination with sub-
strate overflow through high glucose concentrations on skeletal muscle mitochondria were investi-
gated. Chronic insulin treatment was shown to be an effective inducer of insulin resistance in C2C12
cells. While not affecting oxidative capacity of mitochondria, IR reduced mitochondrial content in the
myotubes as well as SOD activity and SOD 1 protein abundance solely on mitochondrial levels. Inde-
pendently of the decreased mitochondrial content insulin treated cells had lower abundances of
complex 2 and complex 5 protein. Glucose oversupply reduced mitochondrial respiration probably
due to a decreased mitochondrial amount. Oxidative defence was also reduced under high glucose
conditions. Independently of the reduced mitochondrial amount, high glucose led to decreased com-

plex protein abundances of C2, C4 and C5.

4.2.2 Mouse experiments
4.2.2.1 Tissue-specific comparison: liver and skeletal muscle mitochondria

4.2.2.1.1 Mitochondria show tissue-specific characteristics in respiratory functional
analyses

High-resolution respirometry (HRR) of isolated mitochondria showed differing substrate preference
between liver and muscle mitochondria (Figure 37, murine). With octanoylcarnitine and malate pre-
sent, muscle mitochondria oxidised significantly larger amounts of the complex 1 substrate pyruvate
(Figure 37 A), whereas liver mitochondria respired more after addition of the complex 2 associated
substrate succinate (Figure 37 B). This finding was not only found in mice, but also detected when
human liver samples and human muscle biopsies were compared (Figure 37 human; Supplementary
Figure 3; protocol described in 3.2.8.2.4 and 3.2.8.2.5). Contribution of complex 2 associated sub-
strate oxidation to maximal respiration on complex 1 and 2 substrates was higher in liver (Figure 37
C). Liver and muscle mitochondria also differed in their respiratory profiles: in muscle mitochondria
ADP caused a higher increase of phosphorylating respiration compared to leak respiration in liver

mitochondria (Figure 37 D). The P/E-ratio (phosphorylating respiration relative to the maximal uncou-
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pled respiration) was not different between muscle and liver mitochondria (Figure 37 E). The P/E-ratio

takes coupling and limitations of OXPHOS capacities into account.
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Figure 37: Respiratory analyses of murine liver and skeletal muscle mitochondria and human liver and skeletal muscle fibres
on an Oxygraph-2k: A: increase of phosphorylating respiration after pyruvate (complex 1 substrate) injection; B: increase of
phosphorylating respiration after succinate (complex 2 substrate) injection; C: Ratio of maximal uncoupled complex 2 respi-
ration to total maximal uncoupled respiration with C1 and C2 substrates; D: Increase of respiration in % after ADP injection
in the presence of octanoylcarnitine and malate; E: P/E ratio: phosphorylating respiration (after ADP injection) relative to
uncoupled maximal respiration (titrated using the synthetic protonophore FCCP). High-resolution respirometry (HRR) of
skeletal muscle mitochondria was performed for 7 mice (n= 7) and for liver mitochondria for 5 mice (n=5). High-resolution
respirometry (HRR) of human skeletal muscle fibres was performed in n= 8" and for human liver tissue in n= 3. Student’s t-
test was performed.

Mitochondrial phospholipid content and composition have been shown to affect electron transport

71,72,92

chain activity and respiratory function. The relationship between mitochondrial function and

1 High-resolution respirometry of human skeletal muscle fibers was partially performed by Christoph Hoffmann
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mitochondrial lipid composition, particularly in tissue samples, still remains not completely under-

stood.

4.2.2.1.2 Comparative lipid profiling of mitochondria isolated from mouse skeletal

muscle and liver tissue

In total, 276 lipids from liver and 278 lipids from muscle from 16 (sub-)classes, 3 ceramide (CER), 24
cardiolipin (CL), 8 lyso-phosphatidylcholine (LPC), 8 lyso-phosphatidylethanolamine (LPE), 2 lyso-
phosphatidylinositol (LPI), 51 phosphatidylcholine (PC), 4 phosphatidylcholine plasmalogen (PC-P), 55
for liver/57 for muscle phosphatidylethanolamine (PE), 16 for liver/17 for muscle phosphatidyleth-
anolamine plasmalogen (PE-P), 19 for liver/17 for muscle phosphatidylglycerol (PG), 19 phosphatidyl-
inositol (P1), 13 phosphatidylserine (PS), 5 for liver/6 for muscle phosphatidylserine plasmalogen (PS-
P), 6 sphingomyelin (SM), 14 triacylglycerol (TAG) and 29 free fatty acid (FFA) species could be quanti-
fied (Figure 38).

The tissue had no major effect on the total number of detected lipid species in thereof isolated mito-
chondria. 2 PE, 1 PE-P, 1 PS-P species were solely detected in muscle mitochondria and 2 PG species

were solely detected in liver mitochondria.
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Figure 38: Experimental workflow from sample preparation to respiratory analyses, western blot and lipidomics analyses.
See methods section for further details. CER= ceramide, CL= cardiolipin, LPC= lysophosphatidylcholine, LPE= lysophosphati-
dylethanolamine, PC= phosphatidylcholine, PC-P = phosphatidylcholine plasmalogen, PE= phosphatidylethanolamine, PE-P=
phosphatidylethanolamine plasmalogen, PG= phosphatidylglycerol, LPI= lysophosphatidylinositol, Pl= phosphatidylinositol,
PS= phosphatidylserine, PS-P= phosphatidylserine plasmalogen, SM= sphingomyelin, TAG= triacylglycerol, FFA= free fatty
acids, MTBE= methyl tert-butyl ether; liver and muscle picture: Servier Medical Art.
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To gain an initial overview of the possible tissue differences in the lipid profiles, a multivariate princi-
pal component analysis (PCA, Figure 39; 3.2.13.5) was performed. In the direction of the first principal
component a pronounced separation of the clustered hepatic and skeletal muscle-derived mitochon-
drial samples could be seen. One liver sample was excluded as an outlier as observed in the PCA (Liver
40-13 in Figure 39).

t{Comp. 1t[Comp. 2]

Liver

12]

Figure 39: Principal Component Analysis (PCA) scores plot of the first two principal components based on all detected lipids
(relative standard deviation in the quality control samples <20% and after par scaling). The first component explains 59.3%
of the variation and the second one 17.6%. Each spot represents one mitochondrial sample isolated from mouse liver or
skeletal muscle using ultracentrifugation. L= liver, M= skeletal muscle; L40-13 (marked in red) was excluded as outlier.

4.2.2.1.3 Mitochondrial samples isolated from murine skeletal muscle tissue show

higher phospholipid levels than mitochondria from liver

To assess, how the lipid composition of the samples differed depending on their tissue origin, a
heatmap was generated using the summed amounts of the individual lipid classes (Figure 40). Data
were normalised by mean centring and scaled to unit variance. Heatmap analysis of the summed lipid
classes indicated that muscle mitochondria had a higher total lipid amount than liver mitochondria
(316+49 pmol/pg versus 221+39 pmol/ug total mitochondrial protein). In accordance with the PCA
analysis, the heatmap revealed that muscle and liver mitochondria show distinctly different levels of

lipids. Solely LPI and TG were lower in muscle-derived than in liver-derived mitochondria.
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Figure 40: Heatmap visualisation of the sums of the different lipid (sub-)classes in mitochondrial samples from murine liver
(n=7) and muscle (n=8). Each column represents an individual mitochondrial isolation. Values were centred to the mean of
the respective lipid class and scaled to unit variance. White colour shows values close to the mean of the lipid class and red-
and blue-coloured values are higher and lower, respectively, than the mean. CER= ceramides, CL= cardiolipins, LPC= lyso-
phosphatidylcholines, LPE= lysophosphatidylethanolamines, PC= phosphatidylcholines, PC-P= phosphatidylcholine plasmalo-
gens, PE= phosphatidylethanolamines, PE-P= phosphatidylethanolamine plasmalogens, PG= phosphatidylglycerols, LPI=
lysophosphatidylinositols, Pl= phosphatidylinositols, PS= phosphatidylserines, PS-P= phosphatidylserine plasmalogens, SM=
sphingomyelins, TAG= triacylglycerols, FFA= free fatty acids.

To assess membrane composition of liver and muscle mitochondria, data were normalised to total
phospholipid content due to the differences in total lipid amount. In skeletal muscle mitochondria the
relative amounts of cardiolipin (CL) and of the CL precursor phosphatidylglycerol (PG) were signifi-
cantly higher than in liver mitochondria after normalisation, also seen for phosphatidylethanolamines
(PE) and phospatidylserines (PS), but to a less distinct extent (Figure 41; A,C,F,H). In liver mitochondria
phosphatidylinositol (Pl) and phosphatidylcholine (PC) were significantly higher than in muscle mito-
chondria. This was also significant for for ceramide (CER) and the sum of PC and PE (85.5+0.3% in liv-
er, 76.5+0.3% in muscle, Figure 41; B,D,E,G), albeit with a lower p-value. PC and PE are the major
phospholipids in mitochondrial membranes accounting for about 80% of all phospholipids throughout
different tissues and cells.”®> The contribution of sphingomyelin to phospholipid content of mitochon-

dria derived from liver or muscle was equal (Figure 41; I).
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Figure 41: Cardiolipin (= CL), phosphatidylglycerol (= PG), phosphatidylcholine (= PC), phospatidylethanolamine (= PE),
ceramide (= CER), phosphatidylinositol (= PI), phosphatidylserine (= PS), sphingomyelin (= SM) levels in isolated mitochondria
from liver and muscle as percentage of the total phospholipid (= PL) amount. Student’s t-test was performed.

4.2.2.1.4 Mitochondrial samples isolated from murine skeletal muscle and liver
tissue show different acyl chain compositions throughout several
phospholipid classes including cardiolipins

Cardiolipin (CL) is the only signature lipid of mitochondria, it is a key player in the organisation of the
general mitochondria membrane structure and in the organisation of the essential electron transport
chain components into higher order assemblies being associated with higher oxidative phosphoryla-

tion in mitochondria, ®>%7,99101,102,240,241

Normalised to the sum of the lipid class, the relative amounts
of specific lipid species were shown in percent for CL and its precursor phosphatidylglycerol (PG, Fig-
ure 42). Longer acyl chains with a higher degree of unsaturation, especially 22:6, were incorporated in
muscle compared to liver mitochondria CLs. Interestingly, PGs containing 22:6 acyl chains were not

detected in muscle but in liver, indicating a possible channelling of these acyl chains directly into CLs.
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Figure 42: Cardiolipin (= CL) or phosphatidylglycerol (= PG) species as percentages of the total CL (left) or PG (right) amount.

False discovery rate (FDR) was applied for testing significance.

The most abundant fatty acyl chain in mitochondrial cardiolipin of muscle and liver was 18:2 with
47.27% and 55.24% of all acyl chains (Table 9). Cardiolipin from mitochondria derived from liver
showed higher amounts of mono-unsaturated fatty acids (MUFAs) whereas CL from muscle mito-
chondria contained more poly-unsaturated fatty acids (PUFAs). CL from liver mitochondria consisted
more often of medium chain fatty acids (12C) than skeletal muscle mitochondria. Muscle mitochon-
dria, however, contained predominantly long chain (15-21C) and very long chain fatty acids (>22C).
The highest enrichment in liver compared to muscle, however, was found for 20:4 acyl chains (5.45%
vs. 1.25%), whereas mitochondria derived from muscle showed higher abundances for 22:5 (1.69% vs.
0.04%), 22:6 (4.64% vs. 1.74%) and 20:0 (1.69% vs. 0.04%) (Table 9).
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Table 9: Acyl chain composition in percent of cardiolipins from mitochondria derived from mouse liver and muscle, FA= fatty
acid; FDR was applied for testing significance.

% FA Liver Muscle  adjusted p

20:4 5.45% 1.25% 0.003
20:2 0.57% 0.17% 0.003
22:2 2.48% 1.25% 0.003
16:0 1.09% 0.61% 0.003
20:3 2.87% 1.91% 0.003
12:0 3.88% 2.76% 0.011
15:0 3.88% 2.76% 0.011
18:1 10.73% 8.19% 0.003
16:1 8.15% 6.68% 0.010
18:2  47.27%  55.24% 0.011
23:2 0.12% 0.18% 0.015
22:6 1.74% 4.64% 0.003
20:0 0.04% 1.69% 0.003
22:5 0.04% 1.69% 0.003
20:5 4.62% 4.47% 0.209
20:1 0.54% 0.46% 0.227
22:1 1.09% 0.92% 0.227
21:0 0.18% 0.19% 0.515
18:0 5.24% 4.95% 0.643

The lipid species showing the largest differences in concentration between liver and muscle are phos-
phatidylethanolamines (PE). Their concentration was higher in muscle than in liver mitochondria. PE
and CL are functionally converging in mitochondria stressing their individual, but also concerted im-
portance for mitochondrial function,?*? especially with regard to their role in supporting oxidative

71,72,92,97,99,101,102,240241 gt rated fatty acids and MUFAs were significantly higher in PE

phosphorylation.
in liver mitochondria than in muscle mitochondria, whereas PUFAs were significantly higher in PEs
from muscle. Like similarly seen in CL, PEs from muscle contained prominently 22:6 acyl chains
(30.4£1.1%) whereas liver mitochondria the acyl chains 20:4 (34.0+1.7%). Both were seen to have

high abundances for 18:0 chains (27.6£0.6% for muscle and 24.3+1.5% for liver).

4.2.2.1.5 Protein abundances of mitochondria isolated from skeletal muscle and

liver

As a next step, we systematically compared mitochondria isolated from mouse liver and muscle on
protein level to investigate tissue-specific differences in protein abundances to gain deeper insights
into the tissue-specific mitochondrial differences possibly associated with functional varieties. Each

purification procedure was performed in eight replicates and compared to total cell lysate.

By employing western blot analysis, organelle-specific markers for mitochondria were investigated
(Figure 43). In addition, also potential contaminations of the isolated mitochondria preparations by
endoplasmic reticulum (ER) were controlled. Equal protein amounts (30 pg) of total cell lysates were
assessed as controls to determine the organelle-specific protein levels before mitochondrial isolation.

Signals were normalised to total protein abundance determined via stain-free TCE. Citrate synthase



Results 94

(CS) was used to confirm the presence of mitochondria in total cell lysates and to quantify their en-
richment in the isolated fractions (Figure 43 A). Citrate synthase protein abundance was significantly
higher in muscle mitochondria compared to liver mitochondria. Mitochondria derived from muscle
and liver did not show distinctly different abundances of Calnexin (calx), indicating no relevant differ-
ence in ER contamination (Figure 43 B). However, liver mitochondria had a much higher variability in
ER protein abundance in the mitochondrial fractions, probably due to inter-experimental variances of
the purification process. The densitometric data from the western blots of tissue lysates (Figure 43),
western blot of tissue lysates, first two lanes) showed a clearly higher concentration of calx as a
marker for ER in liver lysates compared to muscle samples. We ascribe this to a lower quantitative
precision in mitochondrial purification. Complex 3 protein abundance was not significantly different
between muscle and liver mitochondria (Figure 43 E). Muscle mitochondria showed significantly high-

er abundances of complex 1 and 2, Cox 4 and ATP Synthase (Figure 43 C, D, F, G).
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Figure 43: Analysis of specific proteins in mitochondrial fractions obtained by ultracentrifugation. A representative western
blot of 4 mitochondria isolations per tissue is shown. Equal protein amounts (30 ug) of total cell lysates were assessed as
controls on the mitochondrial blots to determine the protein levels before mitochondrial enrichment. A: Mitochondrial
citrate synthase (CS) was used as a marker for mitochondrial content. B: Calnexin (calx) was investigated for potential con-
taminations by endoplasmic reticulum (ER). C-F: For the detection of the electron transport chain complexes with the excep-
tion of complex 4 (COX4; F), an antibody cocktail was used against complex 1 (C1), complex 2 (C2), complex 3 (C3), complex
5 (ATP synthase; C5). Histograms show the sums of the densitometric quantifications of western blots (Mean of “muscle”

was set to 1, n= 8). Signals are normalised to total protein abundance. tP= total protein. Student’s t-test was performed.
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4.2.2.1.6 Tissue-specific protein abundances in total lysates of skeletal muscle and

liver

We further investigated (additionally to the tissue-specific mitochondrial protein equipment) the spe-
cific protein composition of tissue lysates from mouse liver and muscle determining the substrate
supply for mitochondrial oxidation. In western blot analysis CS was used as a marker for mitochondri-
al matrix content (Figure 44 A). CS abundance was observed to be significantly higher in muscle tissue
lysates compared to liver tissue lysates, indicating a higher mitochondrial content per unit protein.
Protein abundances were normalised to total protein amount. Respiratory data (previously described
in Section 4.2.2.1.1) showed that muscle mitochondria oxidised significantly more of the complex 1
substrate pyruvate in the presence of octanoylcarnitine/malate, whereas liver mitochondria respired
more after addition of the complex 2 associated substrate succinate. In consistency with these re-
sults, western blot analyses of liver samples indicated higher abundance of mitochondria-specific
proteins involved not only in gluconeogenesis but also in B-oxidation. Pyruvate carboxylase (PyC, Fig-
ure 44 B), medium-chain acyl-CoA dehydrogenase (MCAD, Figure 44 C) and hydroxyacyl-CoA dehy-
drogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional protein, HADHA, Figure 44 D)
showed significantly stronger signals for liver compared to muscle tissue lysates. Hepatic pyruvate

dehydrogenase (PDH, Figure 44 E) was significantly lower than in muscle tissue lysates.
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Figure 44: Analysis of specific proteins in tissue lysates of murine liver and skeletal muscle (left) and the densitometric quan-
tification histograms (right). A representative western blot of four tissue lysates per tissue is shown. Mitochondrial citrate
synthase (CS) was used as a marker for mitochondrial content. PyC= pyruvate carboxylase, MCAD= Medium-chain acyl-CoA
dehydrogenase, HADHA=hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (trifunctional pro-
tein), alpha subunit, PDH= pyruvate dehydrogenase. PyC and PDH were assessed to investigate pyruvate metabolism. MCAD
and HADHA were used to assess B-oxidation. Histograms show the sums of the densitometric quantifications of western
blots (Mean of “muscle” was set to 1, n=8). Signals are normalised to total protein abundance. tP= total protein. Student’s t-
test was performed.
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4222 Omics investigation of mitochondrial adaptions in liver and skeletal muscle to
excess energy intake and physical exercise: Control diet versus energy-rich

diet either with or without treadmill exercise

The goal of the study was to investigate mitochondrial adaptions to states of excess energy intake

complemented with training.

4.2.2.2.1 Method establishment: diet and training effectiveness in mice

Weight-matched mice were fed for 10 weeks with a high-energy diet (HED) or control diet (CON).
Diets were derived from Research Diets (Diets, New Brunswick, NJ, USA) and were customised to
match lipid composition (3.1.3.2.1). CON contained 10 kJ% fat, 20 k% protein and 70 k% carbohy-
drates, while HED was composed of 40 k% fat, 40 k% protein, 20 k% carbohydrates. Mice were kept
either sedentary (sed) or trained (run) on a treadmill five times a week for 30 min for 10 weeks. 4
mice were in each of the four groups (CON sed, CON run, HED sed, HED run). In the first week tread-
mill conditions were 9 m/min at 9° slope, which was increased in the second week to 12 m/min at 12°

slope for nine more weeks.
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Figure 45: Body weight over time shown as mean * SD, n= 4 for all time points (left). Final body weight in grams, fasting
glucose, glucose area under the curve (AUC) after intraperitoneal glucose tolerance test, and blood glucose over 120 min
after glucose bolus for glucose tolerance test (right). Intraperitoneal (i.p.) glucose tolerance tests (GTTs) were performed
following overnight fast (~16 hours) through injection of glucose at 2 g/kg of body weight and measurement of plasma glu-
cose concentration at the indicated time points (n=4). HED run group was excluded, because mice stopped running on the
treadmill before the intervention time was over. CON= control diet, HED= high-energy diet, sed= sedentary, run= treadmill
trained.

After 4 weeks, one mouse of the HED fed group stopped running and was therefore excluded. In week
five treadmill pace was decreased to keep the remaining HED mice running. After 7 weeks, all HED
mice stopped running and this group was excluded from further experiments. Pace and slope were
set back to previous conditions. After 10 weeks of diet and training neither body weights, fasting glu-
cose levels, area under the curve (AUC) of blood glucose levels after an intraperitoneal glucose toler-
ance test nor the blood glucose response to the glucose bolus were significantly different between
the three remaining groups (Figure 45). Respiratory analyses were performed with isolated mito-

chondria from liver using differential centrifugation as described in 3.2.2.1. No difference in oxidative
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capacities between the three groups was detected using the mitochondrial substrates succinate and
rotenone (Figure 46), pyruvate and palmitoylcarnitine plus malate (data not shown). Since training
and diet did not result in phenotypical metabolic differences, these pretest treatments were opti-
mised as described in 4.2.2.2.2. To ensure a consistent training and no drop-outs in all groups inter-
vention time was reduced from 10 weeks to 6 weeks. Additionally, training frequency was reduced
from 5 times a week to three times a week, but was performed 1 h instead of 30 min for compensa-
tion. Overall training intensity was kept comparable to the previous conditions, but pace was in-
creased more slowly and slope was slightly reduced over experiment time to ensure HED mice run-
ning until the end of the intervention phase. The treadmill conditions were in week one 10 m/min at
12° slope, in week two 11 m/min at 12° slope, in week three 12 m/min at 12° slope, in week four 12
m/min at 10° slope, in week five 12 m/min at 9° slope and in the last week 12 m/min at 8° slope. The
customised HED and CON leading to no difference in body weight after 10 weeks of feeding was re-
placed by a CON and HED combination with the CON composed of 10 kJ% fat, 20 k% protein and 70
kJ% carbohydrates and the HED of 45 kJ% fat, 20 kJ% protein and 35 k% carbohydrates. Both diets

were already published as being effective for obesity and diet-induced insulin resistance.”*****
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Figure 46: Respiratory measurement using a Seahorse XF96 performed with isolated liver mitochondria with palmito-
ylcarnitine and malate as substrates (=basal respiration), data not shown for other substrates, n= 4, CON= control diet, HED=
high-energy diet, sed= sedentary, run= treadmill training, OCR= oxygen consumption rate. Oxidative phosphorylation
(OXPHOS) was induced by ADP addition, proton leak was analysed after oligomycin and uncoupled respiration after FCCP
addition.

4.2.2.2.2 High-energy diet leads to increased bodyweight, higher fasting insulin

levels and an impaired glucose response, partially rescued by training

Weight-matched mice were fed for 6 weeks with a high energy diet (HED) or control diet (CON) and
were either sedentary (sed) or trained (run) on a treadmill three times a week to investigate mito-
chondrial adaptions to states of excess energy intake and training (as described in 3.2.2.3.2). HED led
to a significantly increased body weight in sedentary and trained mice. Weight gain by HED was signif-
icantly lower in trained mice compared to sedentary mice (Figure 47 A). An intraperitoneal glucose
tolerance test was performed to metabolically characterise the mice after 5 weeks of diet and train-
ing. Fasting insulin levels were significantly higher in untrained high-energy diet fed mice than in con-
trol diet fed mice fed control diet (Figure 47 B). Training slightly rescued HED-fed mice from signifi-
cantly increased fasting insulin levels. Same pattern was observed for the area under the curve (AUC)

of the blood glucose levels during the intraperitoneal glucose tolerance test (Figure 47 C).
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Figure 47: Mice body weights after 5 weeks of diet and training (A), fasting insulin levels (B) and blood glucose area under
the curve (AUC) after an intraperitoneal glucose tolerance test (C); CON=control diet, HED= high-energy diet, sed= seden-
tary, run= treadmill training; 2way ANOVA (significances shown with “__“): *=significantly different for CON to HED,
#=significantly different for sed to run conditions. Multi comparison significances shown with “r—".

42223 Mitochondrial content is increased by high-energy diet in muscle but not in
liver

Citrate synthase activity was measured to investigate mitochondrial content in tissue lysates from
mouse skeletal muscle and liver. The tissue used for these lysates was from the same tissue pool used
for mitochondrial isolation. Skeletal muscle tissue lysates derived from high-energy fed mice showed
a slight but significant increase in citrate synthase activity compared to control-fed animals (Figure 48
A), indicating an increased mitochondrial amount after HED. No difference in citrate synthase activity

was detected in liver tissue lysates (Figure 48 B).
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Figure 48: Citrate synthase activities of muscle (A) and liver lysates (B). Means + SD are given for n= 8. CON= control diet;
HED= high-energy diet; sed= no training; run= training CS activity muscle. 2way ANOVA (significances shown with “_—"): *=
significantly different for CON to HED.

As an additional measure to quantify mitochondrial content, the mitochondrial yield (by protein) after
UC isolation was calculated per mg wet weight of the tissue amount used for analysis. As already ob-
served in the citrate synthase activity assay, muscle mitochondrial yield was higher from tissues de-
rived from high-energy fed animals than from control-fed mice (Figure 49 A). In addition, the yield
from muscles of trained mice was higher than of sedentary mice. This was not seen for liver samples.
Solely, a training effect was seen under HED. The analysis of samples labelled “HED run” showed a

significantly higher mitochondrial yield per mg tissue compared to “HED sed” (Figure 49 B).
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Figure 49: Yield of UC-isolated mitochondria (by protein) per mg wet weight of the tissue amount used. A: muscle mitochon-
drial yield after UC isolation B: liver mitochondrial yield after UC isolation. The mean + SD is given for n= 8, 2way ANOVA
(significances shown with “_—"): *= significantly different for CON to HED, #= significantly different for sed vs. run condi-
tions. Multi comparison significances shown with “r——".

4.2.2.2.4 Skeletal muscle mitochondrial respiration is affected by diet and training

Mitochondria from skeletal muscle were isolated by differential centrifugation as described in 3.2.6.5.
High-resolution respirometry (HRR) of skeletal muscle mitochondria was performed for seven mice
out of every group. Overview of the whole measurement course is shown in Supplementary Figure 4.
When respiring on fatty acid oxidation substrates (octanoylcarnitine and malate) oxidative phos-
phorylation (after addition of ADP) was slightly higher in high-energy fed mice than in control fed
mice (p< 0.05; Figure 50 A). Additional to the C8 acyl chain fatty acid octanoylcarnitine, the longer
fatty acid chain palmitoylcarnitine (C16) was investigated as substrate for isolated mitochondria in a
Seahorse XF96. Mitochondria derived from HED-fed mice showed a significantly higher phosphory-
lating respiration compared to mitochondria derived from CON-fed mice (Figure 50 G). The following
pyruvate addition (complex 1 associated substrate), however, led to a significantly higher increase in
muscle mitochondria from control diet-fed mice compared to high-energy diet-fed mice (Figure 50 B).
In addition to the effect of high-energy diet on mitochondrial function in muscle, treadmill training led
to a slight but significant increase in mitochondrial oxidative capacity on substrates for fatty acid oxi-
dation (octanoylcarnitine and malate) and the complex 1 associated substrate pyruvate (Figure 50 C).
This was persistent as a trend also after addition of succinate, a complex 2 associated substrates
(Figure 50 D). After uncoupling the mitochondria with FCCP, muscle mitochondria derived from
trained mice again showed a significantly higher oxidative capacity (Figure 50 E). The P/E-ratio (phos-
phorylating respiration relative to the maximal uncoupled respiration) was not changed in muscle
mitochondria upon treatment (Figure 50 F). This ratio takes coupling and limitations of OXPHOS ca-

pacities into account.
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Figure 50: Normalised oxygen fluxes, flux increases in % and ratios of states in isolated muscle mitochondria (mean + SD, n=
7). Data were normalised for mitochondrial amount (by protein), dilution throughout the analysis and inter-day variances.
CON= control diet; HED= high-energy diet; run= trained; sed= sedentary. 2way ANOVA (significances shown with “—_"): *
=significantly different for CON to HED, #= significantly different for sed to run conditions. Multi comparison significances
shown with “r—". A: Percentaged change of oxygen flux after ADP injection, malate and octanoylcarnitine present. B:
Percentaged change of oxygen flux after pyruvate injection, ADP, malate and octanoylcarnitine present. C: Normalised oxi-
dative phosphorylation (malate, octanoylcarnitine, ADP, pyruvate present). D: Normalised oxidative phosphorylation (mal-
ate, octanoylcarnitine, ADP, pyruvate, succinate present). E: Uncoupled maximal respiration. F: Ratio of maximal coupled
respiration to uncoupled respiration. G: Normalised phosphorylating oxidative capacity using palmitoylcarnitine (PaCa) and
malate (M) as substrates in isolated skeletal muscle mitochondria using a Seahorse XF96.

4.2.2.2.5 Liver mitochondrial respiration is solely affected by diet and not by

training

HRR of liver mitochondria was performed for five mice from every group. The whole course of the
measurement is shown in Supplementary Figure 5. Liver mitochondria derived from high-energy diet-
fed mice showed significantly higher leak respiration with octanoylcarnitine and malate present than
mitochondria derived from control-fed animals (Figure 51 A). The same pattern was observed under

phosphorylating conditions and the additional complex 1 associated substrate pyruvate (Figure 51 B),
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as well as the additional complex 2 associated substrate succinate (Figure 51 C). The higher oxidative
capacity of mitochondria from high-energy-fed mice was also observed after uncoupling the electron
transport chain from ATP production with FCCP (Figure 51 D). The P/E-ratio (phosphorylating respira-
tion relative to the maximal uncoupled respiration) was not changed in liver mitochondria (Figure 51
E).
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Figure 51: Normalised oxygen fluxes, flux increases in % and ratios of states in isolated liver mitochondria (mean + SD, n=5).
Data was normalised for mitochondrial amount (by protein), dilution throughout the analysis and inter-day variances. CON=
control diet; HED= high-energy diet; run= trained; sed= sedentary. 2way ANOVA (significances shown with “_—"): *= signifi-
cantly different for CON to HED, #= significantly different for sed to run conditions. Multi comparison significances shown
with “r—". A: Leak respiration, malate and octanoylcarnitine present. B: Normalised oxidative phosphorylation (malate,
octanoylcarnitine, ADP, pyruvate present). C: Normalised oxidative phosphorylation (malate, octanoylcarnitine, ADP, py-
ruvate, succinate present). D: Uncoupled maximal respiration. E: Ratio of maximal coupled respiration to uncoupled respira-
tion.

To illustrate the effect of high-energy diet on mitochondrial respiration in liver, sedentary and trained
samples were taken together and diet effects are shown in Figure 52. Throughout the SUIT (substrate-
uncoupler-inhibitor-titration, 3.2.8.2) protocol HED mitochondria showed a significantly higher oxida-

tive capacity. The non-mitochondrial background (Amagox) was not different between the groups.
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Figure 52: Liver mitochondria respiration (normalised oxygen flux, mean + SD, n = 10): Control diet vs. high-energy diet. Data
were normalised for mitochondrial amount (by protein), dilution throughout the analysis and inter-day variances. CON=
control diet; HED= high energy diet; trained and sedentary were summed. *= significantly different between CON and HED,
Student’s t-test.

4.2.2.2.6 Diet associated effects dominate the mitochondrial lipid profile

To gain an initial overview of the possible intervention group differences in the lipid profiles, a multi-
variate principal component analysis (PCA, Figure 53, 3.2.13.6) was performed. In the direction of the
first principal component, a pronounced separation of the clustered hepatic and skeletal muscle-
derived mitochondrial samples could be seen as discussed in 4.2.2.1. However, in the direction of the
third and fourth principal component a pronounced separation of the mitochondria could be seen
due to the diet with no further separation of the training, indicating a much larger effect of diet on
the mitochondrial lipid profiles than of the training intervention. Although the lipid composition was
shown to be highly tissue-specific (Figure 39, first and second components of PCA explained 76.9% of
the variation leading to tissue-dependant separation), the high-energy diet (,HED“) had similar effects
on the lipid composition in both tissues. The third and fourth component of the PCA explained addi-

tional 8.9% of the variation leading to the separation of the mitochondria by diet.
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Figure 53: Principal Component Analysis (PCA) scores plot of the third and fourth principal components based on all ~300
detected lipids (relative standard deviation in the quality control samples < 20%, autotransformed). Each spot represents
one mitochondrial sample isolated from mouse liver or skeletal muscle using ultracentrifugation. CON= control diet; HED=
high-energy diet; run= trained; sed= sedentary. The third component explains 5.0% of the variation and the fourth compo-

nent explains 3.9%.

CL content of mitochondria was not different between the groups (Figure 54 A, C), the most promi-
nent cardiolipin, tetra-linoleoyl-CL (18:2/18:2/18:2/18:2), however, was higher abundant in liver mi-
tochondria from HED-fed than in CON-fed mice (Figure 54 D), not seen in muscle (Figure 54 B).
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Figure 54: Summed cardiolipin content in muscle mitochondria (A) and liver mitochondria (B) and tetra-linoleoyl-CL
(18:2/18:2/18:2/18:2) amount of muscle (B) and liver mitochondria (D). 2way ANOVA (significances shown with “—"): *=
significantly different for CON to HED.

4.2.2.2.7 Diet fatty acid composition does not reflect the fatty acid composition of

mitochondrial lipids

From data provided by the manufacturer high-energy diet contained more 16:0, 16:1 and 18:1 fatty
acids than CON diet (24.42% vs 17.25%, 2.84% vs 1.25%, 43.15% vs 32.5%). These fatty acids, howev-
er, were less abundant in the mitochondrial lipid profiles derived from HED-fed mice in cardiolipin

(CL), phosphatidylcholine (PC), phosphatidylethanolamine (PE), the cardiolipin precursor phosphati-
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dylglycerol (PG) and phosphatidylinositol (P1). In contrast, 18:0 fatty acid, which was higher in concen-
tration in HED diet than in CON diet (10.49% vs 7.75%), was found to be also elevated in PC, PE, PG
and Pl in mitochondria derived from HED-fed mice. 18:2 and 18:3 fatty acids, however, were lower in
the HED diet than in the CON diet (15.85% vs 35.75%, 1.68% vs 3.75%) and were also detected to be
lower in the lipid classes PC, PE and Pl in the mitochondria from HED-fed mice. 20:3 fatty acid was
significantly increased in CL in mitochondria from HED-fed mice compared to CON-fed in either tissue.
Higher energy diet led to a change in concentration of 56 lipid species in liver and 66 in muscle mito-

chondria, 32 of these were changed in both tissues. PS was not affected by HED.

4.2.2.2.8 The oxidative defence seems to be neither affected by high-energy diet nor

treadmill training

Since mitochondria are major sources of reactive oxygen species (ROS) in cells primarily through res-
piratory complexes I, Il and Ill, they are also a primarily affected target by ROS.”*”® Additionally, mito-
chondrial ROS production has been discussed in the context of skeletal muscle insulin resistance.?*>**®
But neither superoxide dismutase 1 (SOD1) nor SOD2 protein abundance was significantly affected by

HED or training in mitochondria from muscle and liver (Figure 55; A-F).
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Figure 55: SOD protein levels in isolated mitochondria; representative western blots of liver (A) and muscle (B) mitochondrial
fractions using antibodies against superoxide dismutases (SOD1, SOD2). Histograms (C to F) show the sums of the densito-
metric quantifications of western blots. Values are means + SD (n= 8). CON= control, HED= high-energy diet fed, sed= seden-
tary, run= treadmill trained, SOD= superoxide dismutase. 2way ANOVA.
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Since protein levels are not necessarily reflecting enzyme activities SOD activity was investigated in
liver mitochondria and liver tissue lysates (Figure 56). These assays were not performed with muscle

due to a more limited sample amount. SOD activity was not changed by HED or training neither in
mitochondria nor in total liver lysates.
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Figure 56: SOD activity in isolated hepatic mitochondria (A) and liver tissue lysates (B); Values are means + SD (n= 5-8). CON=
control, HED= high-energy diet fed, sed= sedentary, run= treadmill trained, SOD= superoxide dismutase. 2way ANOVA (sig-
nificances shown with “—"): *=significantly different for CON to HED.
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5 Discussion

5.1 Establishment of mitochondrial assays

5.1.1 Establishment and optimization of a reliable and precise mitochondria
isolation strategy in HEPG2 cells is a prerequisite for lipidomics

analyses

The yield of mitochondria is often the bottleneck when it comes to a limited sample amount availa-
ble, e.g. small tissue samples like biopsies or samples with a low mitochondrial density. So far, pub-

165 162,192 (by protein) of

lished lipidomics analyses covering CLs required and used 250 ug—” to 1.5 mg
mitochondria. Despite using as little as 100 pg, lipidomics analysis used in this thesis was sufficiently
sensitive to detect 32 cardiolipin species, whereas previous publications reported a detection of 100

VLIBA74192 compared to other lipid classes, the abundance of CL, a

species,96 28 species162 or less.
mitochondria-specific dimeric glycerophospholipid, is relatively low in whole cell lysates.”*’ UC-
purified mitochondria contained the highest relative amount, DC was intermediate and MACS showed
the lowest amount of CL (4.1.1.2.3). In addition to CL, mitochondria also synthesise its precursor PG.?
Thus, the elevated PG levels in UC samples further underpinned the higher mitochondria enrichment
by UC compared to the other isolation methods. Compared to UC, samples isolated by DC or MACS
contained significantly higher amounts of PS, PE-P, SM, and HexCER (4.1.1.2.3). Sphingolipids are
characteristically high in ER, lysosomes, Golgi apparatus and plasma membranes.”***® As the mito-
chondrial sphingolipid content is normally very low, high levels of SM and HexCER in mitochondrial
fractions can likely be attributed to contaminations by other organelles and membranes. Similarly,
the PS content was reported to be higher in ER, Golgi, lysosomes and the plasma membrane than in
mitochondria.”® Contaminations could result from co-sedimentation (mainly during DC), from orga-
nelle-mitochondria interactions, or from non-specific interactions with the antibody or the solid
phase during the MACS procedure. PE plasmalogens (PE-P) were significantly lower using UC than
using the other isolation methods. Mitochondria from heart, brain, kidney, adrenal cortex and spleen
are rich in PC and PE plasmalogens.?>**® While the liver is the major site for plasmalogen synthesis,**

20252 gince plasmalogens are also part of

PE-P are present only at low levels in liver mitochondria.
nuclear, ER and Golgi membranes,**** the higher PE-P in the DC- and MACS-samples might indicate
contaminations by these other organelles. MACS and, to a lower degree, DC samples had a signifi-
cantly higher TAG content. While TAGs are mainly stored in lipid droplets, neutral lipid cores sur-
rounded by a monolayer of phospholipids and associated proteins,®* the ER is the major site of their
production,”* pointing towards a relevant contamination of the samples isolated by MACS and DC
with ER membranes. Therefore, it was clearly shown that UC, but not DC or MACS, yielded a pure
mitochondrial fraction with little contamination by non-mitochondrial organelles. Different from
functional assays, which highly depend on mitochondrial integrity and viability, the validity of mito-

|ll

chondrial “omics” analyses is directly related to sample purity. Tests for contaminations or quality
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controls of mitochondrial enrichment are rarely reported. However, lipidomics studies performed on
DC- and MACS-isolated mitochondria may result in erroneous conclusions if the samples contain rele-
vant contaminations by ER and other organelles, as indicated in this study. In addition, the application
of different protocols with different degrees of contaminations might preclude comparison of results
from different studies. For example, published CL contents range between 10 to 20%>**° of total
phospholipids, which has been suggested to be caused not solely by different experimental condi-
tions, but also by varying degrees of purity of the mitochondrial samples.”® The strong correlation
between ATP5 protein and cardiolipin concentration was in line with previous observations in skeletal
muscle tissue that suggested CL to be a superior marker of mitochondrial content.?”? Since lipids other
than CL cannot be assigned to individual organelles, protein analyses are better suited to classify re-
sidual ER or other contaminants in mitochondrial samples. A purity examination by western blot
(Figure 12) or comparable assays in the early phase of an experiment to ensure the quality and relia-
bility of subsequent publications reporting lipidomics analyses of mitochondrial samples is strongly
recommended. Nevertheless, the higher sensitivity and the possibility to investigate contaminations
in a quantitative fashion make lipidomics an appropriate tool to assess the purity of mitochondrial

samples.

5.1.11 Conclusion

Mitochondria isolation by ultracentrifugation yielded the purest samples. Therefore, it is strongly
recommended for lipidomics analyses of mitochondria obtained from cell culture models. The two
other methods tested, DC and MACS, may result in misleading conclusions when isolating mitochon-
dria for "omics” analyses due contamination with other organelles. The lipidomics data obtained in
this study confirmed CL to be a potent marker for mitochondrial content, comparable or even superi-
or to purity controls by western blot analysis. In addition, it was demonstrated that elevated amounts
of PS, HexCER, SM, and TAG may indicate contaminations by other organelles. Thus, a careful analysis
of lipid profiles can be recommended as quality control of mitochondrial samples in analytical set-
tings. Subcellular profiling is becoming increasingly relevant for basic and translational research. The
implementation of valid, robust sample preparation strategies is one of the keys to success for these
sophisticated studies. Although DC and MACS are much faster and easier to perform, it is highly rec-
ommended to use purification by UC to achieve reliable results when performing mitochondrial lipid

profiling.

5.1.2 Establishment and optimisation of a valid mitochondrial oxysterol
profiling strategy in liver tissue and hepatic mitochondria (fresh/frozen
tissue, mitochondria isolation and oxysterol extraction fresh/frozen
+BHT)

Many reports about oxysterols in body fluids or tissues exist, but not in every analytical study, even in
recent ones, the ease of cholesterol autoxidation was taken into account.'® This is highly problemat-
ic, since some oxysterols formed enzymatically in vivo are identical to the products of autoxidation ex

vivo'™ and furthermore oxysterols formed by in vivo-reaction with ROS, have the same structure as



Discussion 108

those enzymatically produced in vivo or autoxidised ex vivo.”***’ As a consequence, the

230,234,235 113,129,236

presence or absence of an antioxidant like the synthetic commonly used butylated

hydroxytoluene (BHT), protecting cholesterol from ex vivo oxidation during sample handling and stor-

age, might lead to discrepant findings. Based on the pre-analytical inconsistency of the use®******** or

non-use'*'??%¢ of an antioxidant like BHT in oxysterol analyses, the effect of BHT on the oxysterol
pattern was compared methodically. Additionally, the use of frozen samples instead of fresh samples
was also addressed to simplify the overall experimental process. In liver, BHT addition did not change
oxysterol levels (4.1.3.1.1). This might be due to the fact that liver tissue samples, in contrast to the
isolation of mitochondria as discussed below, can be collected and processed very quickly (including
harvesting within 15 min before oxysterol extraction). Furthermore, also frozen tissue can be used
(4.1.3.1.1), since no significant effect on the oxysterol yield was detected in comparison to fresh tis-
sue, which opens up additional perspectives for the analysis of liver tissue samples by simplifying the

overall experimental procedure.

Quantitative data or protocols about mitochondrial oxysterols are pretty rare.*?**?° Studies so far
mainly focused on enzymatic equipment and conversion products in mitochondrial incubations with
oxysterols or cholesterol.'®?*® BHT addition during mitochondrial isolation changed oxysterol levels
significantly (4.1.3.1.2), making the multi-step time-consuming mitochondria isolation procedure the
most critical step. Summarised from these findings, the addition of BHT as early as possible at sample
processing (here: addition to the tissue before mitochondrial isolation and all subsequent steps) is
strongly recommended, since these data clearly showed that alterations in the oxysterol yield can be
prevented and no side effects of BHT on mitochondrial function could be detected. In absence of BHT,
the oxysterol yield could be falsely increased by further oxidation from cholesterol throughout sample
processing or falsely decreased by further decomposing of the oxysterol. Structural differences be-
tween the oxysterols might be the reason for the oxysterols being differently prone to the protection
by BHT in vital mitochondria. The primary hydroxyl group in 27-hydroxycholesterol for example can
easily be oxidised, whereas the ketone group at C;5 in 15-ketocholestene is more resistant to oxida-

tion.

As investigated in a kinetic experiment (4.1.3.1.3), autoxidation by oxygen from air cannot explain the
significantly changed mitochondrial oxysterol pattern when BHT was present during mitochondrial
isolation. Thus, BHT might either prevent the generation of reactive oxygen species and their reaction
with sterols or reduce the activity of sterol-oxidizing enzymes. BHT interferes with cytochrome P450
proteins (CYPs) as reported in microsomes.?’ In liver tissue many CYP species are involved in oxyster-
ol formation such as CYP46A1, CYP7A1, CYP3A4 and CYP27, some of which are even localised in mito-
chondria.™™® Enzymes can still be active during the whole mitochondrial isolation from liver harvesting,
homogenisation to purification and thereby probably change the oxysterol pattern due to the “stress”

situation during the long isolation procedure.

These findings might not only be important for oxysterol analyses of mitochondria, but also for gen-
eral lipid analyses of mitochondria. Analyses of oxidation-prone lipids like mitochondria-specific car-

diolipins might also be affected during the quite long mitochondrial isolation process by presence or
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absence of an antioxidant like BHT. So far to our knowledge in published protocols about lipid profil-

|130,162,163

ing of isolated mitochondria, BHT is, if at al , not added until the lipid extraction®®.

A mouse model for oxidative stress induced by injecting doxorubicin (4.1.3.1.4) was used as proof of
principle experiment for the methods established in Sections 4.1.3.1.1 and 4.1.3.1.2. This oxidative
stress model clearly illustrates that oxysterol profiles of tissue or cell lysate show distinct differences
in comparison to the oxysterol profile on the subcellular level, hence implicating the relevance to go
beyond the cellular level when profiling oxysterols. Especially the elevated mitochondrial levels of
7a/7B-hydroxycholesterol and 7-oxocholesterol might be a relevant finding for the pathogenesis of
doxorubicin toxicity, since they are associated with oxysterol-induced apoptosis via the mitochondrial
pathway.®*?° The functional investigations given showed a reduced respiration in mitochondria iso-
lated from the liver of doxorubicin-treated mice. This finding may possibly be due to an inhibitory
effect of DOX on some of the respiratory chain complexes.’®* Moreover, it can be explained by the
42% lower vyield of mitochondrial protein per mg liver tissue of the DOX-treated mice which is also
evident by the lower citrate synthase protein amount. These data suggest a reduced amount of mito-
chondria in the livers of DOX-treated mice as already described by Dirks-Naylor et al. (2014)*** This
reduction might contribute to the observed decrease in certain oxysterols in total liver tissue. Several
oxysterols showed a high abundance in mitochondria compared to total tissue (e.g. for 5B,6B-
epoxycholesterol: 4.13-8.65 ng/mg mitochondria versus 0.1-0.27 ng/mg liver; including CON and

DOX). Thus, a reduced mitochondrial content might result in reduced tissue level of these oxysterols.

5.1.21 Conclusion

Although BHT addition is recommended during oxysterol extraction from tissue or isolated mitochon-
dria to achieve high quality quantitative oxysterol results, quick processing without the addition of
BHT did not result in significant changes of the detected oxysterol profiles. Frozen liver tissue and
mitochondria were also shown to be suitable for oxysterol analyses. More importantly, for the inves-
tigation of oxysterol profiles in mitochondria the addition of BHT is highly recommended as early as
possible at long sample processing experiments (here: addition to the tissue before mitochondrial
isolation and all subsequent steps), since the presence of an antioxidant early in sample processing
does not influence mitochondrial function, but has significant impact on detected oxysterol levels.
Lastly, using doxorubicin-treated mice as a model, it was shown that tissue levels of oxysterols may
not reflect relevant changes in subcellular oxysterol pattern and important information about the

contribution of oxysterols to pathomechanisms may be missed.
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5.2 Skeletal muscle cell culture: Analysis of mitochondria from
cultured skeletal muscle cells challenged with substrate overflow
and insulin resistance: Insulin resistant murine C2C12 myotubes
under low/high glucose conditions

The C2C12 cell line is a widely used in vitro model for skeletal muscle, especially due to its special

feature of being capable to differentiate into muscle-like myotubes.”®*?%

This cell differentiation pro-
cess was controlled in this work not to be affected by treatment with chronically high insulin levels
and high glucose concentrations using the marker myosin heavy chain (MYH, Figure 31), which is a
typical marker for fully differentiated muscle cells.”® The treatment effectively induces insulin re-
sistance (Figure 30) as previously reported for L6 muscle cells®® and C2C12.%® Elevated glucose and
insulin levels are two characteristic hallmarks of type 2 diabetes exacerbating insulin resistance and
playing important roles in the pathogenesis of the disease.’®® Early in differentiation, murine my-
oblasts were reported to derive approximately 60% of their energy by lactate production from glu-

270

cose despite oxidisable fuels present in the medium.””* However, cells cultured in media with high

glucose amounts tend to be highly glycolytic. This is called “Crabtree effect”,”’* and should be kept in

22 confirmed the differ-

mind in metabolic investigations using such cell models. Mailloux et al. (2010)
ent phenotypes by showing higher amounts of lactic acid in the high glucose medium in C2C12 cells in
a similar experimental setup as applied in this thesis. L6 myotubes treated with high glucose and insu-
lin also showed a higher basal glucose uptake.?®” In this work both, citrate synthase activity and pro-
tein abundance were reduced by high glucose but also by chronic insulin treatment causing insulin
resistance (Figure 32). A lower mitochondrial mass due to cultivation in high glucose conditions was

reported for myotubes but not myoblasts.?”?

This decrease in mitochondrial mass seen under high
glucose conditions could be due to a more glycolytic phenotype of the cells not relying on oxidative
phosphorylation (OXPHQOS) for ATP production but on glycolysis. Insulin resistance had an additional
decreasing effect on the mitochondrial mass, which was also observed in skeletal muscle of type 2
diabetics, insulin resistant patients and even the offspring of type 2 diabetics.'” PGC-1a, a co-
activator of nuclear receptors, plays an important role in controlling mitochondrial biogenesis.”’* A
reduced expression of PGCla and related genes was reported in microarray studies in skeletal muscle

of type 2 diabetic patients,”’*>*’®

possibly leading to a reduced mitochondrial mass. Contrarily, human
myotubes derived from healthy participants showed an increase of mitochondrial mass due to culti-
vation in high glucose, whereas myotubes of patients with type 2 diabetes history lacked a response

after 7 days in high glucose differentiation medium.?”””®

A decreased mitochondrial content is discussed to play a role in the disruption of insulin signalling,
leading to a decreased oxidative metabolism, especially reduced fatty acid oxidation, and accumula-
tion of intracellular metabolites.’****"*11% | this context, oxidative metabolism was investigated in
permeabilised cells. Respiration on complex 1 linked substrates pyruvate with malate and glutamate
and with added succinate tended to be higher throughout all respiratory states in cells cultivated in
low glucose medium (Figure 33), probably due to a lower mitochondrial content in high glucose con-

ditions. However, also different substrate preferences were detected in this work: high glucose signif-
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icantly decreased the response of phosphorylating respiration on the complex 1 linked substrate py-
ruvate with malate compared to leak state, indicating that cells cultivated on low glucose levels have
a higher complex 1 linked respiratory capacity. In concordance to the higher complex 1 linked respira-
tion at low glucose concentrations, the contribution of complex 2 linked respiration to maximal respi-
ration (complex 1 and 2) was significantly lower under these conditions. Similar studies published
previously focused on other parameters such as different substrates for different phenotypes or

272,273,278
Con-

slightly different experimental setups, which make a direct comparison rather difficult.
sistent with our finding, but in intact cells, higher maximal O, consumption rates with glucose, I-
glutamine, and pyruvate as substrates were observed in C2C12 cells differentiated in low glucose

272

compared to high glucose medium.”’* This finding was explained by the more glycolytic phenotype of

the cells cultivated under high glucose conditions. In a similar setup, maximal respiration and spare

273 Taken all

respiratory capacity were also decreased in C2C12 differentiated in high glucose medium.
results together a decreased oxidative capacity was observed in myotubes cultivated in high glucose
conditions possibly due to the higher dependence on glycolysis for ATP generation. In addition, a low-
er mitochondrial mass was observed in these myotubes. High glucose conditions leading to less oxida-
tion of substrates and a higher reliance on glycolysis for ATP production, were further investigated by
characterising protein levels of electron transport chain complexes (Figure 34). Most of the complex-
es were less abundant due to high glucose conditions and insulin resistance, even after correction for
mitochondrial mass (citrate synthase protein). Additionally, these cells seem to rely less on complex 1
(NADH) and more on complex 2 linked electron transport chain substrates (succinate), maybe also
based on the higher glycolysis rate already providing the cell with NADH, produced during glycolysis.
These specific substrate differences do not solely point towards a general decrease of respiration, due
to the reasons mentioned above, but indicate a more specific alteration in mitochondria due to high

glucose treatment.

Since mitochondria are major sources of reactive oxygen species (ROS) in cells primarily through res-

%78 Mitochondrial ROS production
245,246

piratory complexes I, Il and lll, they are also a prime target of it.
has been discussed in the context of skeletal muscle insulin resistance and was propagated to
induce mitochondrial dysfunction due to mitochondrial DNA mutations.®* Oxidative stress quantified
via 4-hydroxynonenal (4HNE) protein, produced by ROS—lipid interaction, did not differ between the
groups (Figure 35). High glucose levels, however, were shown to increase ROS production in endothe-
lial cells even without insulin stimulus.?”® This could be due to lipid peroxidation as measure for ROS
production being a more long-term effect. SOD activity and SOD1 protein abundance in mitochondria
(Figure 36), but not in whole tissue lysates (Figure 35), were decreased by high glucose conditions and
by insulin resistance. The protein abundance was only decreased under high glucose conditions, indi-
cating an effect solely on mitochondrial level and not on the whole cell. SOD is an antioxidant enzyme
that catalyses the disproportionation of superoxide anion (O,"”) into molecular oxygen (0.) and hy-
drogen (H,0,).%® The SOD activity assay does not distinguish between SOD1 or 2, but since the assay
was performed in isolated mitochondria, it could be suggested that it is mainly the mitochondrial
SOD?2 activity that is decreased with high glucose and insulin resistance, although the protein abun-

dance is not changed. SOD1, however, the cytosolic SOD, is also debated to eventually translocate to
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mitochondria especially in context with amyotrophic lateral sclerosis.”®" In allonax-induced diabetes in
rats, SOD activity was also reduced over disease time in muscle.”®? Similar results were reported in a

8 |n retina tis-

high-fat diet rat model. The rats were preselected based on their low capacity to run.
sue of diabetic mice SOD activity was also reduced.®® A reduced SOD activity would likely lead to a
higher ROS exposure, which was linked to reduced insulin sensitivity,”*® but 4HNE levels remained
unchanged in this experimental setup. Since SOD2 activity is putatively controlled by PGC-10,%* de-
creased PGC-1a in insulin resistance as described above could be an explanation for the decreased

activity.

5.21 Conclusion

High glucose concentrations as also faced in hyperglycemia due to insulin resistance lead to a cell
phenotype that seems to rely more on glycolysis for ATP generation than on oxidative phosphoryla-
tion. Mitochondrial content is thereby decreased as cause or consequence of the more glycolytic than
OXPHOS oriented ATP generation under high glucose concentrations but also under chronic insulin
treatment. Probably due to this lower mitochondrial mass the overall respiratory capacity is lower
compared to the cells under normal glucose concentration. This is further underpinned by a lower
relative protein abundance of the ETC complexes (even after normalisation for the mitochondrial
marker protein citrate synthase). Lower respiration is usually associated with less ROS production.
These proposedly lower ROS levels, however, might be balanced by the observed decrease in oxida-
tive defense (SOD activity but also superoxide dismutase (SOD) 1 protein levels) in isolated mitochon-
dria from high glucose treated, but also insulin treated cells. A lower complex 1, but higher complex 2
linked respiration, additionally points towards a substrate shift for oxidative phosphorylation, which
relies less on NADH. Another possible aspect to be considered is the glycolytic phenotype. The fact
that not only the function of mitochondria is altered after 48 h of treatment, but also protein levels,
indicates a tight regulation and quick adjustment of mitochondria to external conditions. These data
suggest, that metabolic overflow in these cells downregulates down-stream pathways from glycolysis.
This might support the hypothesis of decreased mitochondrial oxidation leading to metabolite accu-

mulation resulting in an impairment of insulin signalling.

5.3 Tissue-specific comparison: liver and skeletal muscle

mitochondria

Mitochondria are the major sites of energy production through oxidative phosphorylation, but mito-
chondrial composition is tailored to the specific needs of different tissues. Transcriptional or post-

translational events finely adjust the mitochondrial proteins leading to an adaption to the specific

58,70,285

energy demand and environment of the tissue. Comparing tissue lysates and isolated mito-

chondria from murine skeletal muscle and liver, tissue-specific differences were detected on protein

and lipid level, but also on the function level.*?
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5.3.1 Muscle and liver mitochondria show distinct differences in substrate
preference for mitochondrial respiration

In high-resolution respirometry (HRR) of isolated mitochondria a significantly different substrate pref-
erence for oxidative phosphorylation was detected for liver vs. muscle mitochondria (Figure 37). With
octanoylcarnitine/malate present, muscle mitochondrial phosphorylating respiration increased signif-
icantly after the complex 1 linked substrate pyruvate was added while liver mitochondria did not re-
spond to pyruvate addition (Figure 37 A). This corroborates published data reporting almost a dou-
bled respiration on palmitoylcarnitine (PaCa) upon pyruvate addition compared to PaCa respiration
without pyruvate in muscle. The respiration of liver mitochondria does not change by the addition of
pyruvate to respiration on PaCa.?® Pyruvate is transported into the mitochondria via mitochondrial
pyruvate carrier (MCP1 and MCP2).%° Protein levels employed by western blot showed higher levels

of MPC protein in liver than in muscle,”®’

therefore not providing a limitation of pyruvate import into
liver compared to muscle explaining the non-response of liver mitochondria to pyruvate. However,
pyruvate offered to mitochondria could have different metabolic fates: (1) it could be metabolised to
acetyl-CoA by the pyruvate dehydrogenase complex (PDH), then be further metabolised in the TCA
cycle feeding electrons into the respiratory chain and finally leading to an increase in respiration de-
tectable in HRR. Indeed, PDH protein was found to be higher in tissue lysates from muscle compared
to liver (Figure 44) indicating a more prominent channelling of pyruvate towards acetyl-CoA into oxi-
dative phosphorylation. This potentially contributes to the higher muscular response to pyruvate.
Additionally or alternatively, the regulation of PDH can be different as PDH is inhibited by pyruvate
dehydrogenase kinase (PDK). Both muscle and liver express 3 isoforms of PDK (PDK1, 2 and 4), but all
of them are more strongly expressed in muscle than in liver,”® a finding which is inconsistent with the
findings in HRR. (2) The second possible fate of pyruvate, at least in gluconeogenic liver tissue, is its
metabolisation by pyruvate carboxylase (PyC) to oxaloacetate for gluconeogenesis. (3) A third option
is a direct shuffling into other anabolic pathways (e.g. ketogenesis) in the form of acetyl-CoA. Liver is
the main site for gluconeogenesis.®* PyC expression in muscle is reported controversially with- if at all-
relevance in muscle just to anaplerotically replenish the oxaloacetate in the TCA cycle.?®**! Western
blot analyses in this study revealed no detectable PyC protein in muscles samples, whereas it was
prominently detected in liver (Figure 44), supporting the hypothesis that exogenously added pyruvate
might be directly metabolised by PyC and channelled into oxaloacetate for gluconeogenesis in liver.

Accordingly, no increase in respiration would be observed after pyruvate addition.

A closer look at the specific protein equipment of isolated mitochondria from muscle and liver by
western blot analyses (Figure 43) revealed significantly lower levels of citrate synthase protein in liver
mitochondria compared to muscle. Citrate synthase as the enzyme of the first step of the TCA cycle
catalyses the condensation of acetyl-CoA with oxaloacetate to citrate. This finding together with the
fact that protein levels of all electron transport chain (ETC) complexes except of complex 3 were sig-
nificantly less abundant in liver mitochondria than in muscle, leads to the suggestion that muscle mi-
tochondria preferably feed the TCA cycle and thereby oxidative phosphorylation to generate ATP.

Liver mitochondria, however, provided with the glycolytic substrate pyruvate shuttle it into anabolic
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pathways, leading to a lower need of ETC protein equipment than in muscle. Lower abundances of
the ETC complex proteins of mitochondria in liver compared to muscle were reported previously.>
Another factor possibly contributing to the liver-specific mitochondrial non-response to pyruvate
might be the fact that the mitochondria are already respiring on a fatty acid as substrate before py-
ruvate is added. In addition, it is likely that the capacity for fatty acid vs. carbohydrate oxidation is
elevated in liver compared to muscle This is corroborated by the fact that muscle is mainly using car-
bohydrates (glucose) in postprandial states for ATP production, which is responsible for most of the

.”8% Thus, fatty acid oxidation might probably maximally feed the ETC via complex 1,

glucose disposa
with no further capacity or need for another complex 1 substrate. The significantly higher protein
abundances of hydroxylacyl-CoA dehydrogenase (HADHA) and medium-chain acyl-CoA dehydrogen-
ase (MCAD) detected in western blot analyses of whole tissue lysates underpin this higher capacity to

oxidise fatty acids in liver than in muscle (Figure 44).

With the onset of phosphorylating respiration with ADP, the absolute change from leak respiration on
octanoylcarnitine and malate (OctM; Figure 37 D) was significantly higher in mitochondria in muscle
than in liver. On the one hand this possibly indicates a higher capacity of muscle for oxidative phos-
phorylation to generate ATP generally needed due to the great energy demands during
exercise,®>**?*? put it could also reflect the possible tendency of liver mitochondria to not fully oxidise
the fuels, but instead transferring them continuously into anabolic processes as discussed above.
Additionally, citrate synthase protein, a mitochondrial mass marker, was significantly higher in abun-
dance in muscle lysates compared to liver lysates (Figure 44), indicating a higher mitochondrial con-
tent in muscle than in liver. This may also contribute to a much higher respiratory capacity due to high
ATP demands during training. Accordingly, Benard et al. (2006)> reported higher citrate synthase
activity in muscle than in liver. Additionally, the muscle is metabolically more flexible than the liver
and able to switch between carbon sources for ATP production.® This is another explanation for the
higher response of skeletal muscle mitochondria to the addition of another glycolytic substrate, while

already respiring on fatty acids.

Mitochondrial phosphorylating respiration of liver, however, showed a significantly higher increase
compared to muscle mitochondria when providing the complex 2-associated substrate succinate in
addition to the substrates OctM and pyruvate (Figure 37 B, see the SUIT protocol in Table 5). These
data likely indicate either a saturated ETC in the muscle mitochondria already achieved providing
OctM and pyruvate as substrates or a saturated complex 2 pathway by OctM oxidation, possibly ex-

plaining why the addition of a further complex 2 substrate did not further increase respiration.

In liver mitochondria, oxidative phosphorylation can still be increased after OctM and pyruvate via
feeding complex 2 with succinate (Figure 37 B), indicating no saturation of that pathway with fatty
acids. This higher capacity of complex 2 observed in liver mitochondria is also supported by the find-
ing of a significantly higher contribution of complex 2 respiration towards maximal respiration (un-
coupled) on complex 1 and 2 in liver mitochondria than in muscle (Figure 37 C). The observation of
complex 2 carrying out most of the maximal electron transport chain capacity in liver was also report-

ed by Holmstrom et al. (2012)™ Jorgensen et al. (2012)% reported that liver displays a much smaller



Discussion 115

succinate effect than muscle when respiring already on PaCa, but this finding was entitled as

“unexpected’.

Thus, taking all the results together, complex 2 activity was observed to be indicatively higher in liver
mitochondria than in muscle mitochondria. This could not be explained by higher complex 2 protein
abundance in liver, since all complexes except of complex 3 were higher abundant in muscle mito-
chondria as verified by western blot analysis. Accordingly, a saturation of the ETC as discussed above

is more likely.

5.3.2 Tissue-specific lipid composition of mitochondria

Mitochondrial phospholipid content and composition have been shown to also affect electron

71,72,92,97,99,101,102,240,241 5 g lipidomics data revealed,

transport chain activity and respiratory function.
cardiolipin (CL) levels, as well as their precursor phosphatidylglycerol (PG), were significantly higher in
skeletal muscle than in liver mitochondria (Figure 41). This might be due to a higher density of cristae,
since cardiolipins are mainly located in the inner membrane of mitochondria.”® Consistent with this

293294 cardiolipin syn-

explanation is, that CL may predominantly facilitate tight membrane folding.
thase expression was observed to be higher in skeletal muscle than in liver*®® according to the higher
CL levels detected. Cardiolipin, the signature lipid of mitochondria, has been shown to be a key player
in the organisation of the general mitochondria membrane structure and of the essential electron
transport chain components into higher order assemblies. High cardiolipin concentrations are associ-

92,97,99,101,102,240,241

ated with higher oxidative phosphorylation in mitochondria. In contrast, reduced CL

levels due to mutated tafazzin in Barth syndrome are associated with deficits in mitochondrial func-

% The lipidomics data determined in this thesis are in

tion in oxidative phosphorylation (OXPHOS).
line with the hypothesis that the significantly higher CL levels in skeletal muscle mitochondria (Figure
41) rely more on OXPHOS (as discussed above). A theory by Cheng et al. (2008)**’, who investigated
brain mitochondrial lipidomes, described the cardiolipin composition to be tailored to the metabolic
needs of the surrounding tissue. Accordingly, tissues with high mitochondrial activity like muscle and
liver are equipped with CL that are especially suited for supporting mitochondrial function, whereas
other tissues where mitochondrial function is of lower relevance, e.g. in brain, mostly rely on glucose.
These tissues have no need for specifically adapted tetra-linoleoyl-CL (18:2/18:2/18:2/18:2) and lipid
profiles can be expected to be much more diverse. To this extent, acyl chain composition of lipids,
especially of CL, were investigated (Figure 42). However, cardiolipin synthase is not specific for acyl

chains.?%%%%

Instead, the specificity for acyl chains stems from remodelling the cardiolipin. Tafazzin as
example, a phospholipid-lysophospholipid transacylase is one of the most important enzymes in-
volved in cardiolipin remodelling.® The mutated tafazzin in Barth syndrome patients mostly affects
heart and skeletal muscle leading to the assumption of a higher expression in these tissues. However,
expression levels of tafazzin were comparable between all tested tissues including heart, muscle but

also liver.>*

Additionally, higher enrichment of heart, skeletal muscle and liver CL with linoleic acid
was observed not to be due to increased tafazzin mRNA expression,* indicating that tafazzin expres-

sion does not reflect mature CL levels. Acyl-CoA:lysocardiolipin acyltransferase-1 (LCLAT1) catalyses
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another important step in CL remodelling, that is the acylation of lysocardiolipin (or in general poly-
glycerophospholipids) with acyl groups from linoleoyl-CoA or oleoyl-CoA back to cardiolipin, and con-
verts saturated CL into more unsaturated CL. ALCAT1 expression is increased in response to oxidative
stress. This would support the finding of more unsaturated fatty acids in muscle mitochondria,** the
organ confronted with peaks of oxidative stress by physical activity.**>*% However, LCLAT1 is more

306,307

highly expressed in liver than in muscle. Since expression levels not always reflect protein levels

or activity, the tissue-specific fatty acid specificity remains unclear.

The dominance of tetra-linoleoyl-CLs in the muscle and liver mitochondria is an example for the ex-
traordinary selectivity of the cardiolipin remodelling process. It is the most abundant PUFA-CL species
in liver and in muscle mitochondria as already published previously,*®**% but the relative amount is
higher in muscle (25.5% + 4.3%) than in liver mitochondria (13.6% * 3.2%), see Figure 42. Previously
published percentages of tetra-linoleoyl-CL in rat liver mitochondria were higher with 56.5% + 4.7%,
but concentrations in heart muscle mitochondria (probably comparable to skeletal muscle) were in
the same range as observed in this work (21.4% + 1.8%).3"° 18:2-CL is speculated to play an important
role in the response to high energy demands in tissue as described for the contractile function in
heart.>**'2 This could be an explanation of higher levels in muscle mitochondria than in liver. In skele-
tal muscle, the second most abundant PUFA was 22:6 in CL but also PE (4.2.2.1.4), which was even

33 In mouse

published to be the most abundant PUFA in summed phospholipids in muscle of mice.
heart, over 50% of all CL species contained 22:6 acyl chains.*'® In liver mitochondria 20:4 acyl chains
was the second most abundant PUFA (4.2.2.1.4), again being published to be the most abundant
PUFA in summed PLs of mouse liver.>** Cortie et al. (2015)313 however, failed to detect CLs, instead,
the acyl chain percentages were summed from PC, PE, PS, PG, PA. PEs were shown to consist of more
PUFA in muscle than liver (4.2.2.1.4). PE and CL make up for 32% of all phospholipids in liver mito-
chondria and for almost 40% in muscle, dominating overall phospholipid profiles. PE and CL are func-
tionally converging in mitochondria stressing their individual, but also combined importance for mito-

chondrial function.?*?

Mutant prokaryotic cells lacking the ability to synthesise phosphatidylserine,
the precursor of PE, and therefore devoid of PE, showed compensatory increased CL, PG and to a
lesser extent PA levels.*' This correlative relationship was also observed in yeast when PE or CL were

depleted.®”

A higher degree of unsaturation is associated with an increased susceptibility of membrane lipids to
peroxidise depending on the number of bisallylic methylene groups present in PUFA.**** CL contain-
ing 20:4 and 22:6 acyl chains are subject to passive CL oxidation (a non-selective process). CL is perox-
idised, leading to decreased activity of respiratory chain complexes (I, I, and IV) as well as decreased

318320 The oxidation to highly diverse unsaturated CLs is discussed as a

supercomplex assemblage.
source for lipid mediators.**! Selective CL oxidation is required for induction of apoptosis;*** but also
enzymatically regulated oxidation of phospholipids might play a role in signaling.>”® The degree of
polyunsaturation of the mitochondrial membrane was previously published to be positively correlat-

324-326
k.

ed with mitochondrial proton lea Therefore, the higher amount of PUFA in PE and CL of muscle

mitochondria than in liver mitochondria (4.2.2.1.4) are in concordance with the muscle mitochondrial
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proton leak being assumed to account for 17-21% of standard metabolic rate whereas liver mito-
chondrial proton leak accounts for only 3-5%.>? Leak respiration (OctM without exogenous ADP) in

this thesis cannot be directly compared due to normalisation of the data.

Longer and more unsaturated acyl chains, especially 22:6, in cardiolipin seem to be directly chan-
nelled from phosphatidylglycerol (PG), the precursor of CL, to CL in skeletal muscle mitochondria
(Figure 42). This might lead to a depletion of 22:6 acyl chains in muscle mitochondrial PG, whereas
PGs consisting of the same acyl chains are still abundant in liver. Thus, we raise the hypothesis that
these 22:6 acyl chain-enriched cardiolipins might be essential to provide the higher oxidative phos-
phorylation flexibility in muscle to cover higher ATP demands during exercise. This is supported by an
observed increase of these 22:6 acyl chains in phospholipids in the glycolytic EDL muscle of mice after
exercise.*”® Also in endurance trained men phospholipid 22:6 level were positively correlated with

32 The upregulation of selective incorporation of 22:6 acyl chains in PC and PE

330

type 1 oxidative fibres.
upon exercise was recently investigated by Valentine et al. (2017)*" suggesting lysophosphatidic acid
acyltransferase 3 as being responsible. A twelve week fish oil supplementation in men led to incorpo-
ration of 22:6 acyl chains in PC and PE in mitochondrial membranes, led to no change in respiration,
but increased mitochondrial ADP sensitivity and maximal mitochondrial ROS emission.*** However, an

increased remodelling of CL towards 22:6 acyl chains was also observed in diabetic mouse heart.?!

Among others, another possible explanation for the tissue-specific fatty acid profiles is the respon-
siveness of tissue to certain fatty acids. Significantly higher proportion of radiolabelled LDL (*H-
cholesteryl oleate tracer) enriched in DHA was found in heart, brown adipose and brain tissues rela-
tive to liver LDL.>** This higher accumulation of DHA in tissues, skeletal muscle, due to their myogenic
precursor,®***** could be indicative for a more efficient uptake of these fatty acids, probably providing
more 22:6 acyl chains for remodeling and synthesis of CL and PE. Isolated heart mitochondria of rats
contained higher amounts of tetra-linoleoyl-CLs and CLs containing 22:6 acyl chains after supplemen-
tation with docosahexaenoic and eicosapentaenoic acid,**> indicating an impact of dietary long-chain
PUFAs on mitochondrial phospholipid composition.**® Supplementation with 22:6 acyl chains was
reported to increase both 22:6 and 20:5 acyl chains and decrease 20:4 acyl chains in cardiac mito-

37 Since

chondrial phospholipids. This is discussed as a cardioprotective effect of these fatty acids.
22:6 acyl chain levels of the standard mouse diet were not provided, also precursor fatty acids may
preferably be taken up and synthesised to acyl chains 22:6. Another possible explanation is related to

liver being the major site of de novo lipogenesis.*

Of all detected lipid classes, the most distinctly different lipid species were within the lipid class of
phosphatidylethanolamine (PE) showing higher levels in muscle mitochondria compared to liver
(Figure 41). Previously published data showed that depletion of mitochondrial PE in cells led to defec-
tive ETC complexes and a decreased respiratory capacity.”” This is in conformity with a higher electron
transport chain activity and respiration of PE N-methyltransferase (PEMT) lacking cells accumulating
PE. Mice lacking PEMT accumulating PE in hepatic mitochondria shifted pyruvate metabolisation to-
wards decarboxylation and energy production instead of carboxylation and glucose production.” This

shift in pyruvate metabolisation by higher amounts of PE might also be relevant in the muscle and
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liver-specific mitochondrial response to pyruvate as discussed above. A higher increase of respiration
after pyruvate addition of muscle mitochondria and significantly higher levels of PE were detected in

muscle than in liver mitochondria.

Several pathways for PE synthesis exist. The CDP-ethanolamine pathway in the ER is the preferred
pathway in rat liver**® and hamster heart.>* This pathway was shown to result in PE species enriched
in mono- or di-unsaturated fatty acids in the sn-2 position, while the phosphatidylserine decarboxyla-
tion (Psd) pathway, residing in mitochondria, generates PE species with polyunsaturated fatty

340

acids.”™ CDP-ethanolamine pathway published to be dominant in rat liver could be a possible expla-

nation for the lower PUFA fatty acid composition in liver PE compared to muscle PE.

These tissue-specific differences in mitochondrial equipment and function could play a major role in
disease pathologies and form a basis for drug targeting. In skeletal muscle evidence points to either a

decreased mitochondrial function in diabetes at least in humans,**’13%141-143.275,276

or unchanged func-
tion.>*** This is in contrast to an increased mitochondrial function in liver of insulin resistant, diabet-
ic or non-alcoholic fatty liver disease (NAFLD) patients.”**3*¢3*® Much less data reporting a decreased
mitochondrial function in liver in diabetes exist,"*® being more strongly associated with a progression
towards nonalcoholic steatohepatitis (NASH).»>**** Thus, the results of this thesis are part of a more
comprehensive understanding of the molecular and functional differences of mitochondria between
tissues and provide new insights into tissue-specific mitochondrial contribution to disease develop-
ments and states, which might play an important aspect in targeting these organelles by drugs affect-

ing their function.

5.3.3 Conclusion

We established and optimised a reliable and comprehensive method to obtain tissue-specific lipid
profiles from pure muscle and liver mitochondria. We integrated this tool into a systems biological
analysis of isolated mitochondria covering not only lipidomics but also functional and mitochondrial

protein analyses.

The lack of response of liver but not muscle mitochondria to pyruvate addition detected in respiro-
metric analyses supports the hypothesis of mitochondria being tailored to specific tissue demands.
Thus, liver might shuttle added pyruvate directly into anabolic processes such as gluconeogenesis
instead of using it for ATP production via oxidative phosphorylation when fatty acids are also present.
Not only abundances of proteins involved in gluconeogenesis but also in B-oxidation were higher in
liver than in muscle lysates as employed by western blot, supporting a higher shuttling of added sub-
strates into anabolic processes. Muscle mitochondria seem to more strongly rely on oxidative phos-
phorylation. This finding is supported by a higher protein abundance of electron transport chain com-
plexes, a generally higher mitochondrial mass as well as higher amounts of lipids like cardiolipins and
phosphatidylethanolamines, which are associated with a higher electron transport chain activity, res-
piration and supercomplex assembly. Fatty acid composition was distinctly different between liver
and muscle mitochondria highlighting specific fatty acids. E.g. 20:6 acyl chains in CLs seem especially

important in supporting the tissue-specific function of muscle mitochondria, which seem to more
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strongly rely on OXPHOS. In contrast to that, 22:6 acyl chains were only detectable in liver in the CL

precursor PG, but not in CL itself.

These results may build the base for further investigations on mitochondrial specificities of liver and
skeletal muscle as two insulin target organs, responsible for endogenous glucose production and dis-
posal. They also help elucidating organ cross-talks in health (e.g. exercise) and disease. They might
lead to more target-specific treatments of mitochondrial dysfunctions associated with, for example,

insulin resistance and type 2 diabetes.

5.4 Omics investigation of mitochondrial adaptions in liver and
skeletal muscle to excess energy intake and physical exercise:
Control diet versus energy-rich diet either with or without
treadmill training

Training of the mice led to a significantly reduced weight gain induced by high-energy diet (Figure 47
A). This result is concomitant with slightly lower fasting insulin levels and a slightly lower area under
the curve (AUC) of the blood glucose levels during the intraperitoneal glucose tolerance test (Figure
47 B+C), indicating training-associated rescue effects of the insulin sensitivity in trained compared to
sedentary mice. In Goto-Kakizaki rats, which spontaneously develop T2Dm with age, the progression
of the disease was shown to differently affect muscle and liver mitochondria. Particularly, a reduced
complex 2 flux was only observed in liver (not in muscle), raising the hypothesis of a tissue-specific
involvement and role of mitochondria in T2Dm pathology.?® In high resolution respirometric (HRR)
and Seahorse XF96 measurements performed in this thesis the oxidative phosphorylation of fatty acid
oxidation substrates (octanoylcarnitine and malate, OctM and palmitoylcarnitine and malate, PaCaM)
was significantly higher in muscle mitochondria of high-energy fed mice than in control fed mice in-
dependent of training (Figure 50 A+G). Additionally to this higher fatty acid oxidation capacity, a high-
er citrate synthase activity in muscle lysates of HED fed mice was observed (Figure 48), a marker for

mitochondrial mass.>*?

The higher mitochondrial amount is supported by a higher mitochondrial yield
of mitochondria being isolated from HED muscle than from CON muscle (Figure 49). This is in con-
cordance with animal studies investigating insulin resistance and mitochondrial function, hereby re-
porting increased fatty acid oxidation capacity, increased mitochondrial content and increased oxida-

2148152 Thjs effect is discussed as compensatory effect to overcome excess sub-

tive protein activities.
strate flows at early stages of disease development.”>**°? Both rats with high capacity to run and
low capacity to run were reported also to increase fatty acid oxidation after high fat feeding.?®* How-
ever, high fat feeding of mice led to an increase of citrate synthase, HADHA and MCAD activity in

muscle, that was not observed in liver.*>*

Contrarily, in human studies, the relationship between insulin resistance, obesity and mitochondrial
function is discussed more controversially, suggesting that this compensatory effect could be specific

to the animal model chosen. Mice experiments in inbred strains however allow in a very controlled
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way to induce insulin resistance and to investigate underlying molecular mechanisms, whereas hu-
mans are much more heterogeneous.
Some research groups did not observe mitochondrial alterations like reduced oxidative capacity,®’**°

or the reduced mitochondrial content®’**

in obesity or insulin resistance in humans. In addition, con-
trary findings to our animal studies were reported, for example a lowered oxidative capacity in mus-
cle biopsy material from T2Dm patients or obese compared to healthy subjects.”****° This effect even
remained after the commonly applied normalisation to mitochondrial content (mtDNA, CS activity)

except for one study,” and was also confirmed in isolated mitochondria.***

Since the animal study reported in this thesis is in accordance with previously published animal stud-
ies, but only with some of the studies in humans, it can be speculated that this observed discrepancy
is species-dependent. The differences observed in respiration between mitochondria derived from
CON-fed and HED-fed mice are not explicable by differences in mitochondrial mass, since mass was
even increased in HED. Additionally an apparent substrate switch of respiration was observed in this
thesis. Pyruvate addition (complex 1-associated substrate) to mitochondria respiring on OctM led to a
significantly higher increase in muscle mitochondria from control diet-fed mice compared to high-
energy diet fed mice (Figure 50 B). A saturation of the electron transport chain (ETC) being fed with
electrons into complex 1 and 2 from fatty acid oxidation, can be reasoned as this would not cause a
further increase in respiration by an additional complex 1 substrate. Another explanation could be
upregulated pyruvate dehydrogenase kinase (PDK) isoforms in skeletal muscle as reported due to
high-fat feeding in rats.>>® PDK upregulation could lower pyruvate dehydrogenase activity and thus
metabolisation of the added pyruvate. In addition to the effect of high-energy diet on mitochondrial
function in muscle, treadmill training led to a significantly increased mitochondrial oxidative capacity
on substrates for fatty acid oxidation (OctM) combined with the complex 1-associated substrate py-
ruvate (Figure 50 C). This trend was persistent after addition of succinate, a complex 2-associated
substrate, causing the electron transport chain to be fully activated under phosphorylating (ATP gen-
erating) conditions (Figure 50 D). Similarly, after 6 weeks of training ATP production in humans was

34 After uncoupling the electron transport chain

observed to be enhanced by 92% in skeletal muscle.
from ATP production in mitochondria using the protonophore FCCP, muscle mitochondria derived
from trained mice showed the significantly higher maximal oxidative capacity again (Figure 50 E). The

395,358 \was shown to be in-

activity of cytochrome oxidase (COX) proposed to be rate-limiting in ETC
creased in rat muscle after 12 weeks of running.**’ Likewise, ten weeks of aerobic training of healthy
and diabetic men increased mitochondrial respiration.®*® This higher oxidative capacity could be due
to a compensatory increase to cover a lower mitochondrial mass. In contrast, citrate synthase activity
in muscle of these individuals was not changed by training in this study. Citrate synthase was dis-
cussed to be regulated acutely rather than by chronic exercise in humans questioning its role as a
marker in exercise studies.****®° This leads to the assumption that citrate synthase protein might be a
better measure. However, a training effect was not observed on citrate synthase protein level (data
not shown). However, it was even possible to obtain a higher amount of mitochondria from trained

mouse muscle than from untrained muscle, indicating a higher mitochondrial mass although not be-
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ing reflected on citrate synthase level (Figure 49 A). Training did not show an effect on mitochondrial
function of liver mitochondria, proposing a distinct tissue-specific difference between the training
responses of mitochondria. High-energy diet, however, affected liver mitochondrial respiration. Given
the different responses to the same stimulus in muscle and liver mitochondria, mitochondria seem to
be tailored to the specific energy demands of the specific tissue as discussed in 5.3. Liver mitochon-
dria from HED-fed mice showed a higher oxidative capacity than CON-fed mice (Figure 52). This pat-
tern was observed under phosphorylating conditions respiring on fatty acids, but also with the addi-
tional complex 1-associated substrate pyruvate and with the additional complex 2-associated sub-
strate succinate (Figure 51, Figure 52). The higher oxidative capacity of mitochondria from HED fed
mice was also observed after uncoupling the electron transport chain from ATP production with FCCP
(Figure 51, Figure 52). This corroborates previously published observations of higher oxidative capaci-
ty in isolated liver mitochondria in an obese mouse model compared with its obese-resistant congenic
strain.>*! Accordingly, liver biopsies of obese insulin resistant humans with and without non-alcoholic
fatty liver (NAFL) but not steatohepatitis (NASH) were observed to have higher oxidative capacity in

154

whole liver tissue, as well as in isolated mitochondria.™" This finding was independent of an increased

mitochondrial mass, which is in conformity with results in this thesis showing no differences in citrate

synthase activity in liver, the mitochondrial mass marker, between the interventions (Figure 48 B).

The higher oxidative capacity was also seen in indirect methods to assess hepatic mitochondria.”>**°

A previous study revealed higher fatty acid oxidation of obese (ob/ob) mice compared to lean, but

also reported higher citrate synthase levels.*®* Contrarily, in humans there is also evidence of a nor-

mal oxidative phosphorylation in T2Dm compared to lean and obese patients assessed by HRR."’

158,159
d,

Even an impaired hepatic mitochondrial function in T2Dm in humans was describe also seen in

180 | jver mitochondria derived from mice fed with high-energy

diabetic rats after high-caloric feeding.
diet showed significantly higher leak respiration with octanoylcarnitine and malate present than mi-
tochondria derived from control-fed animals (Figure 51 A). This could be due to a stronger uncoupling
by protein 2 activity (UCP2), which uncouples respiration from oxidative phosphorylation. UCP2

383384 This decrease of efficiency in

MRNA and protein was shown to be induced in obese (ob/ob) mice.
ATP production is currently discussed as a mechanism to cope with excess substrate supply and

thereby to avoid too much reactive oxygen species (ROS) production by an overload of the ETC.

To investigate the oxidative defence and ROS load, SOD activity and protein content in isolated mito-
chondria and tissue lysates were investigated (4.2.2.2.8). The activity of mitochondrial superoxide
dismutase is putatively controlled by PGC-1a,%* a co-activator of nuclear receptors, which plays an
important role in controlling mitochondrial biogenesis.”’* Although oxidative capacity (ETC complexes

7478) and mitochondrial mass was increased at least in muscle due to diet

are the major source for ROS
and training, the oxidative defence by superoxide dismutase (SOD) was unchanged both on activity
and on protein level for muscle and liver. A reduced SOD activity would likely lead to a higher ROS

303305 \which is associated

exposure. Exercise was previously published to promote generation of ROS,
with insulin sensitising. The latter may stem from the upregulation of ROS-sensitive transcriptional

regulators of insulin sensitivity and increased antioxidative defence e.g. by SOD.**>*® Due to this link
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of ROS to positive effects of exercise,>***® but evidently also to reduced insulin sensitivity,?*® the role

of ROS still remains paradoxical.

Availability of certain fatty acids was speculated to form the limiting factor determining mitochondrial
lipid composition, since investigated cardiolipins were built from acyl groups dominant in the respec-
tive tissue.”® This is supported by higher amounts of tetra-linoleoyl-CLs and CLs containing 22:6 acyl
chains in isolated heart mitochondria of rats after supplementation with docosahexaenoic and
eicosapentaenoic acid.?* This indicates dietary long-chain PUFAs to have an effect on mitochondrial
phospholipid composition.**® This hypothesis can also be supported by the results for high-energy diet
where similar changes in liver and muscle mitochondrial lipid composition were induced, although
their lipid composition was highly tissue-specific (Figure 53). Mitochondrial membranes are discussed
to adapt to the lipid composition provided by the diet.”* Fatty acid composition of the mitochondrial
lipids, however, did not completely reflect the fatty acid composition provided by the high-energy
diet, indicating regulating or limiting factors beyond the availability of certain fatty acids (4.2.2.2.7).

Higher amounts of cardiolipin (CL) the signature lipid of mitochondria, which has been shown to be a
key player in the organisation of the general mitochondria membrane structure and in the organisa-
tion of the essential electron transport chain components into higher order assemblies were associat-

92,97,99,101,102,240,241

ed with higher oxidative phosphorylation in mitochondria. Defective CL remodelling

was discussed in both type 1 and 2 diabetes.****%

It was shown that at a very early stage of patholog-
ical development in a diabetic mouse, CL in heart is abnormally remodelled. CL content is decreased
and the usual prime tetra-linoleoyl-CL is depleted and replaced by longer and more unsaturated fatty

331

acids.”™" A decreased level of unsaturation of human skeletal muscle phospholipids was directly relat-

369 Absolute CL content of mitochondria was not observed to be differ-

ed to impaired insulin action.
ent between CON-fed mice and HED-fed mice in this work, and tetra-linoleoyl-CL was significantly
increased solely in liver, but not in muscle, due to HED (Figure 54), which led to reduced insulin sensi-
tivity (Figure 47). Absence of CL was shown to be partially compensated in respiratory chain activity
by its precursor PG in mitochondria.*”® Furthermore, absolute PG levels remained the same in the
groups in this work, indicating no elevation of PG to compensate the lower tetra-linoleoyl-CL levels in

liver mitochondria of CON-fed mice.

Stearoyl-CoA desaturase-1 (SCD1) is located in the ER and catalyses the formation of MUFAs from
saturated fatty acids, especially the major components of membrane phospholipids oleate and pal-
mitoleate from stearoyl-CoA and palmitoyl-CoA.>”* Insulin-resistant muscle of ZDF mice showed in-

372

creased SCD1 levels,””” indicating a possible role of SCD1 in insulin resistance development. Reversely,

pure deficiency of insulin action present in muscle-specific insulin receptor knockout (MIRKO) mice

373

results in downregulation of SCD1.>”" The possible role of SCD1 and its contribution to insulin re-

sistance makes it an interesting feature in follow-up experiments.

Eight weeks of regular treadmill training were previously reported to significantly increase the peroxi-
dative stress (measured as hydroperoxide amount) in liver mitochondrial membranes of rats fed a
diet enriched in olive or sunflower oil. The same was observed in muscle mitochondria upon olive oil

diet.** Treadmill training was hypothesised to increase peroxidative stress by increased PUFA
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amounts in liver mitochondria seen under sunflower oil diet and for muscle mitochondria under olive
oil enriched diet.** Due to the almost 6 fold lower amounts of hydroperoxide levels reported in mus-
cle compared to liver, Mataix et al. (1998)* speculated muscle to be more resistant to oxidative stress
induced by a high degree of unsaturated fatty acids in the diet. This was based on the increase of
mitochondrial oxidative defence (measured via SOD activity) with training.>’* The same working group
published higher amounts of saturated fatty acids, lower amounts of MUFA and higher amounts of
PUFA levels in liver mitochondria due to exercise in rats and lower PUFAs in muscle mitochondria.”!
The lower amount of MUFAs solely seen in liver, was discussed to be due to the higher metabolic rate
of this tissue.”! Another study from this working group revealed, that rats fed with a diet enriched in
sun flower oil showed increased SFA, MUFA and PUFA (n-6) percentages in liver but not in muscle

mitochondrial lipids after 8 weeks of submaximal training.*?

Summarizing, the positive health effect of exercise might be rather subtle at least on lipid levels, since
only little data, and partly inconclusive ones, are available on the effect of exercise on mitochondrial

21,41,42

lipid composition in liver or muscle. This hypothesis is supported by the observed effects of ex-

ercise on the mitochondrial lipid profile which were much lower than the impact of the high-energy

diet in this work, as also described for skeletal muscle phospholipids.*”®

54.1 Conclusion

A higher mitochondrial mass in high-energy fed mice in muscle but not in liver does not only support
the hypothesis of a tissue-specific involvement in disease pathology, but also the hypothesis of a
compensatorily increased mitochondrial function in insulin resistance to overcome excess substrate
supply. This was often observed in animal models in muscle. Muscle oxidative capacity was affected
by both diet and training, while liver was solely and greatly affected by diet, leading to the assump-
tion that the training effects might only influence mitochondrial respiratory function of the trained
muscle, but not liver. Since muscle insulin resistance plays a role in the early development of T2Dm,
the positive impact of training on muscle mitochondrial function might cause the slightly improved
insulin sensitivity in trained HED-fed mice. Although function of muscle and liver mitochondria was
affected differently by training and high-energy diet feeding, diet had a much greater impact on lipid
composition of the mitochondria than training. Interestingly, although having highly tissue-specific
lipid compositions muscle and liver mitochondria were affected similarly facing the high-energy diet.
However, the fact that the dietary fatty acid composition did not always reflect the mitochondrial
fatty acid composition of the detected lipids, raises the hypothesis of mitochondrial lipid composition
not necessarily being randomly determined just by the provided lipid pool, pointing towards a selec-

tive process for lipids being incorporated into mitochondria.
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6 Summary

Dysfunctional mitochondria are widely discussed to be involved in the pathophysiology of human
diseases such as cancer or diabetes. However, it is still unclear whether metabolic overflow leads to
disturbances in mitochondrial substrate utilisation and, consequently, to insulin resistance or if mito-
chondrial dysfunction is a consequence of impaired insulin signalling. This work aimed at elucidating
this controversially discussed role of mitochondrial dysfunction in the etiology of insulin resistance
and diabetes. In this context, mitochondrial adaptions to excess energy intake, insulin resistance and
exercise were addressed on multiple levels using systems biological analyses of isolated mitochondria
from cell culture and tissues from mouse models and humans. The applied techniques covered sam-
ple preparation, lipidomics approaches and also protein and functional analyses including enzymatic

assays and high-resolution respirometry.

Changes in lipid homeostasis are very likely to affect mitochondrial membrane composition which, in
turn, regulates mitochondrial structure and function. Since most lipids are not specific for individual
organelles and therefore challenging to quantify in cell or tissue lysates in a mitochondria-specific
fashion, an accurate, comprehensive lipid profiling strategy which first enriches mitochondria and
minimises contaminations by membranes from other organelles was established and published in the
context of this thesis as a prerequisite to investigate the contribution of individual lipids to mitochon-
drial (dys-)function (Kappler et al. (2016)"*°). Mitochondria isolation by ultracentrifugation yielded the
purest samples and was used for further lipidomics analyses of mitochondria obtained from cell cul-
ture models and mouse tissues in this thesis. The two other methods tested in this work, differential
centrifugation and an antibody coupled-magnetic bead assisted method, revealed more contamina-
tions from other organelles. Therefore, they may result in misleading conclusions when isolating only
impure mitochondria for “omics” analyses. The established lipidomics approach was further modified
by adding the antioxidant butylated hydroxytoluene for analyses of a special class of oxidised lipids,

the oxysterols.

To study the hypothesis that skeletal muscle insulin resistance is the primary defect that is evident
decades before B-cell failure and hyperglycemia develops, isolated mitochondria of a murine skeletal
muscle cell line were investigated after induction of insulin resistance by chronic hyperinsulinemia
and in the absence or presence of high glucose conditions. In this thesis it is shown, that chronic high
glucose and insulin stimulation led to a decrease of mitochondrial mass in the C2C12 myotubes. This
could be caused by the lower reliance on oxidative phosphorylation for ATP generation supported by
the observed lower oxidative respiratory capacity. This hypothesis is further underlined by a concomi-
tant switch in electron transport chain substrate preference. Hence, the cell culture findings of this
thesis support the hypothesis that insulin resistance can be the cause of decreased or incomplete
mitochondrial oxidation leading to metabolite accumulation, further impairing insulin signalling. Addi-
tionally, this thesis reveals that both hyperinsulinemia and glucose oversupply caused decreased su-

peroxide dismutase (SOD) activity and SOD 1 protein abundance on a mitochondria-specific level,
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since it was observed solely in isolated mitochondria, but not whole cell lysates. Mitochondria are the
major sites for reactive oxygen species (ROS) production and increasing evidence suggests that oxida-
tive stress plays a major role in the pathogenesis of type 2 diabetes mellitus. The observed change in
antioxidative defence and its impact on ROS levels are an interesting finding worthwhile to be further

investigated.

To gain further comprehensive understanding of the molecular changes underlying the alterations in
mitochondrial function and metabolic control induced by an energy-rich western diet and additionally
to unravel the mechanisms by which exercise compensates overnutrition and prevents mitochondrial
dysfunction, a high energy diet feeding mouse experiment including regular treadmill exercise train-
ing with subsequent lipidomics and functional investigations was employed. Whereas the higher fatty
acid oxidation capacity observed under high-energy feeding was concomitant with an increased mito-
chondrial mass in skeletal muscle, this was not observed in liver. A higher mitochondrial oxidative
capacity in high-energy-fed mice could be due to a compensatory increased mitochondrial function in
insulin resistance to overcome excess substrate supply. The fact that this is mainly observed in skele-
tal muscles of animal models, makes it a probable rodent-specific phenomenon and therefore rele-
vance for humans remains inconclusive. Muscle oxidative capacity was affected by both diet and
training, while liver was solely and greatly affected by diet. Although function of muscle and liver mi-
tochondria was affected differently by training and high-energy diet feeding, diet had a much greater
impact on the lipid composition of the mitochondria in both tissues than training. The highly tissue-
specific lipid compositions of muscle and liver mitochondria, as shown in this thesis, were affected
similarly facing the high-energy diet. Training adaptions on lipid level seem to be rather subtle. Quan-
titative proteomics analyses, that are currently performed might further elucidate tissue-specific mi-
tochondrial adaptations and a tissue-specific contribution to disease pathologies. Notably, mitochon-
drial fatty acid composition of the detected lipid classes did not always reflect the dietary fatty acid

composition. This points to a selective process for lipid incorporation into mitochondria.

Besides differences in the adaptation to diet and exercise, the comparison of liver and muscle mito-
chondria revealed clear differences in lipid composition, enzyme abundance and respiration. Contrary
to muscle, isolated hepatic mitochondria did not show an increase in respiration after adding py-
ruvate as an additional substrate to fatty acids. This detected “non-response” to pyruvate in respira-
tion of isolated liver, but not muscle mitochondria supports the hypothesis of mitochondria being
tailored to specific tissue demands. When fatty acids are already present, the findings of this thesis
suggest that externally provided pyruvate is directly shuttled into anabolic processes such as glucone-
ogenesis or ketogenesis. Pyruvate is thus not used for ATP production via oxidative phosphorylation.
In contrast, in muscle mitochondria, pyruvate can be used for oxidative phosphorylation even in the
presence of fatty acids to react to the great changes in energy demand in this tissue for example dur-
ing exercise. This was not only supported by a higher protein abundance of electron transport chain
complexes and in general a higher mitochondrial mass, but also by a higher amount of lipids like car-
diolipins and phosphatidylethanolamines, all associated with a higher electron transport chain activi-

ty, respiration and supercomplex assembly. Investigations on mitochondrial specificities of liver and
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skeletal muscle as two insulin target organs, responsible for endogenous glucose production and dis-
posal, could help to elucidate the tissue-specific role in health (e.g. exercise) and disease and might
lead to more target-specific treatments of mitochondrial dysfunctions associated with for example

insulin resistance and type 2 diabetes.

A further broadening of the knowledge about the mitochondrial role in development and prevention
of type 2 diabetes is needed. A special focus should be on ruling out the controversy of published
data, probably also caused by many different functional approaches applied in the studies all referring
to the broad and general term “mitochondrial function”. This may be achieved by highly comparable
and standardised experiments (e.g. suitable surrogate markers for mitochondrial mass) taking into
account species and tissue specific mitochondrial differences. The methodology developed in this

thesis can form a basis for future standardisation.
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7  Zusammenfassung

Mitochondriale Dysfunktion wird wegen ihrer zentralen Rolle im Stoffwechsel oft in Zusammenhang
mit der Pathophysiologie von humanen Krankheiten wie zum Beispiel Diabetes und Krebs gebracht. Es
ist jedoch noch ungeklart, ob eine erhéhte Energieaufnahme und damit Angebot an Metaboliten zu
einer gestorten mitochondrialen Substratoxidation mit resultierender Insulinresistenz fiihrt, oder ob
eine mitochondriale Dysfunktion Folge einer gestorten Insulinsignalkaskade ist. Das Ziel dieser Arbeit
war die kontroverse Rolle der mitochondrialen Dysfunktion in der Atiologie von Insulinresistenz und
Diabetes zu untersuchen. Zu diesem Zweck wurden mitochondriale Verdanderungen infolge von tber-
schissiger Energieaufnahme, Insulinresistenz und Sport mittels systembiologischer Analysen in iso-
lierten Mitochondrien aus Zellkultur, murinen und humanen Geweben untersucht. Die angewendeten
Techniken umfassten die Probenvorbereitung, Lipidomics-Analysen, aber auch Protein- und Funkti-

onsanalysen sowie enzymatische Tests und hochaufldsende Atmungsmessungen.

Veranderungen in der Lipidhomeostase beeinflussen sehr wahrscheinlich die Zusammensetzung der
mitochondrialen Membranen mit Folgen fiir die Mitochondrienstruktur und -funktion. Da die meisten
Lipide nicht spezifisch fir einzelne Zellorganellen sind, ist es eine Herausforderung, Mitochondrien-
spezifische Lipide in Zell- oder Gewebelysaten zu quantifizieren. Um den Beitrag einzelner Lipide zur
mitochondrialen Funktion/Dysfunktion untersuchen zu kénnen wurde eine prazise und umfassende
Methode zur Analyse von Mitochondrien-spezifischen Lipiden als Teil dieser Doktorarbeit etabliert
und bereits publiziert (Kappler et al. (2016)"°).Die Isolierung von Mitochondrien mittels Ultrazentri-
fugation flhrte zur besten Aufreinigung und wurde daher fir die Lipidanalysen von Mitochondrien
aus Zellkultur und Gewebe in dieser Doktorarbeit verwendet. Zur Mitochondrienisolation wurden
auch die differentielle Zentrifugation und ein Ansatz basierend auf Beads mit gekoppeltem Antikérper
in dieser Doktorarbeit getestet. Beide Methoden fiihrten zu mehr Verunreinigungen mit anderen
Organellen und die Aufreinigung von unreinen Mitochondrien kénnte daher moglicherweise eine
Missinterpretation von Ergebnissen in OMICS-Analysen nach sich ziehen. Die etablierte Methode zur
Lipidanalyse wurde durch die Zugabe von dem antioxidativen butyliertem Hydroxytoluen modifiziert,

um oxidierte Lipide, die sogenannten Oxysterole analysieren zu kbnnen.

Basierend auf der Hypothese, dass sich die Insulinresistenz im Skelettmuskel schon Jahrzehnte vor
dem B-Zellversagen und der Hyperglykdmie manifestiert, wurden Mitochondrien einer murinen Ske-
lettmuskelzelllinie nach Induktion von Insulinresistenz mit chronischer Hyperinsulindmie in der An-
oder Abwesenheit von Hyperglykdamie isoliert und untersucht. In dieser Doktorarbeit konnte gezeigt
werden, dass chronisch hohe Glukose- und Insulinkonzentrationen zu einer erniedrigten Mitochond-
rienmasse in C2C12 Myotuben fiihrten. Dies kénnte durch eine geringere Abhangigkeit der Zellen von
der oxidativen Phosphorylierung zur ATP Produktion bedingt sein. Dafiir spricht auch die ebenfalls
beobachtete verringerte oxidative Kapazitdt und eine gednderte Substratpraferenz der Elektro-
nentranportkette. Somit unterstiitzen die Ergebnisse dieser Doktorarbeit die Hypothese, dass Insulin-

resistenz zu einer verminderten oder inkompletten mitochondriale Oxidation flihren kénnte, wodurch
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Metabolite akkumulieren, die die Insulinsignalkaskade weiter beeintrachtigen. Zusatzlich konnte in
dieser Doktorarbeit gezeigt werden, dass sowohl Hyperinsulindmie als auch ein Uberangebot an Glu-
kose eine reduzierte Superoxid Dismutase (SOD) Enzymaktivitdit und SOD1 Proteinabundanz aus-
schlieBlich in Mitochondrien hervorrufen, da diese Verdnderungen nur in isolierten Mitochondrien
nicht jedoch im Gesamtzelllysat beobachtet wurden. Mitochondrien sind die Hauptquelle fir die Bil-
dung von Sauerstoffradikalen (ROS) und es gibt zunehmend Hinweise, dass oxidativer Stress eine
wichtige Rolle in der Pathogenese des Typ 2 Diabetes spielt. Die beobachteten Veranderungen in der
antioxidativen Abwehr und deren Auswirkungen auf die ROS Level sind ein interessanter Befund und

werden weiter untersucht.

Um ein umfassenderes Verstandnis fir die molekularen Veranderungen der Mitochondrien durch
funktionelle und metabolische Adaptionen an eine Hoch-Energie-Diat und Ausdauertraining zu erlan-
gen wurde ein Mausexperiment durchgefiihrt. Zusatzlich wurden Lipidomics und funktionelle Analy-
sen durchgefiihrt, um die Mechanismen von Ausdauertraining aufzuklaren, welche die Folgen von
Uberernihrung kompensieren und eine mitochondriale Dysfunktion verhindern. Hoch-Energie-Diat
erhohte nicht nur die Fettsdureoxidation im Muskel, sondern auch die Mitochondrienmenge. Dies
wurde in der Leber nicht beobachtet. Die erh6hte oxidative Kapazitat unter Hoch-Energie-Didt kdnnte
einen Kompensationsmechanismus der Mitochondrien darstellen, um dem Uberangebot an Substra-
ten in der Insulinresistenz entgegenzuwirken. Die Tatsache, dass dies hauptsachlich im Skelettmuskel
von Tiermodellen beobachtet wurde legt die Vermutung nahe, dass es sich hierbei um ein spezifisches
Phanomen im Nager handeln kdnnte und die Relevanz fiir den Menschen daher fraglich ist. Die oxida-
tive Kapazitat im Muskel wurde durch Didt und Training beeinflusst, wohingegen in Leber nur ein Ein-
fluss der Diat zu beobachten war. Obwohl die Funktion von Mitochondrien aus Muskel und Leberge-
webe durch Training und Hoch-Energie-Didt unterschiedlich beeinflusst wurde, hatte die Diat einen
bedeutend groReren Einfluss auf die Lipidkomposition der Mitochondrien in beiden Geweben. In die-
ser Doktorarbeit konnte gezeigt werden, dass die Lipidzusammensetzung von Mitochondrien in Mus-
kel und Leber duRerst Gewebe-spezifisch ist, aber in dhnlicher Weise durch die Hoch-Energie-Diat
beeinflusst wurde. Die Effekte von Ausdauertraining auf Lipide der Mitochondrien scheinen eher ge-
ring zu sein. Quantitative Proteomanalysen, die momentan durchgefiihrt werden, kdnnten helfen die
gewebespezifischen mitochondriellen Adaptionen und ihren Beitrag zur Krankheitsentwicklung aufzu-
klaren. Bemerkenswerterweise spiegelte die mitochondriale Fettsaurezusammensetzung in den de-
tektieren Lipidklassen nicht immer die Fettsdaurezusammensetzung der Didten wieder. Dies deutet

darauf hin, dass die Lipidaufnahme in Mitochondrien ein selektiver Prozess ist.

Abgesehen von einer unterschiedlichen Adaption an Diat und Training, zeigte der Vergleich von Le-
ber- und Muskelmitochondrien auch klare Unterschiede in der Lipidzusammensetzung, Enzyma-
bundanz und mitochondrialer Respiration. Im Gegensatz zu isolierten Mitochondrien aus Muskel,
zeigten Mitochondrien aus Leber keinen Anstieg in der Respiration nach Zugabe von Pyruvat als zu-
satzliches Atmungskettensubstrat neben Fettsdauren. Dieses Nichtansprechen von isolierten Lebermi-
tochondrien, aber nicht von Muskelmitochondrien, auf Pyruvat in Atmungsmessungen, unterstitzt

die Hypothese, dass Mitochondrien auf die Anspriiche des jeweiligen Gewebes zugeschnitten und
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angepasst sind. Die Ergebnisse dieser Doktorarbeit deuten darauf hin, dass wenn Fettsduren bereits
anwesend sind, extern zugefiihrtes Pyruvat in Lebermitochondrien direkt in anabole Prozesse wie
Gluconeogenese oder Ketogenese Uberflihrt wird und daher nicht zur ATP Produktion (ber die oxida-
tive Phosphorylierung verwendet wird. In Muskelmitochondrien hingegen, wird Pyruvat selbst in der
Anwesenheit von Fettsduren der oxidativen Phosphorylierung zugefiihrt, um die groBen Schwankun-
gen im Energiebedarf des Muskels zum Beispiel bei Sport erfiillen zu kdnnen. Die Hypothese wird
weiter unterstlitzt durch eine héhere Abundanz der Elektronentransportkettenproteine, einer gene-
rell hoheren Menge an Mitochondrien und auch durch eine hohere Menge an Lipiden wie Cardiolipin
und Phosphatidylenthanolamin, die mit einer héheren Elektronentransportkettenaktivitdt, Atmung

und Superkomplexbildung assoziiert werden.

Untersuchungen beziiglich der Spezifitdten von Mitochondrien aus insulinempfindlichen Organen wie
Skelettmuskel und Lebe, welche fiir die endogene Glukoseproduktion und —abbau verantwortlich
sind, kdnnten dabei helfen eine gewebespezifische Rolle der Mitochondrien bei zum Beispiel Sport
und Krankheiten zu ermitteln. Dies konnte zu einer mehr zielgerichteten Behandlung von mitochond-
rialer Dysfunktion fihren, welche im Zusammenhang mit Insulinresistenz und Diabetes diskutiert

wird.

Die Beteiligung von Mitochondrien an der Entwicklung und Pravention von Typ 2 Diabetes muss noch
weiter untersucht werden. Hierbei sollte ein besonderer Fokus darauf liegen, die kontroverse Daten-
lage bereits publizierter Studien zu klaren. Diese beruht wahrscheinlich teilweise darauf, dass unter
dem sehr breiten und allgemeinen Begriff der ,,Mitochondrienfunktion” diverse verschiedene experi-
mentelle Ansidtze angewendet und publiziert werden. Eine Standardisierung der Experimente unter
Einbeziehung von Speziesunterschieden und Gewebeunterschieden wie auch die Einfihrung von ver-
einheitlichten Parametern wie zum Beispiel zur Quantifizierung von Mitochondrien kénnten helfen.
Die Methodik welche in dieser Doktorarbeit entwickelt wurde kann zur weiteren Standardisierung

beitragen.
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9 Abbreviations

ACN acetonitrile

ADP adenosine diphosphate

ATP adenosine triphosphate

BCA bicinchoninic acid

BCAA branched-chain amino acids

BHT butylated hydroxytoluene

Cc1 complex 1: NADH dehydrogenase
C2 complex 2: succinate dehydrogenase
C2C12 skeletal muscle cell line

C3 complex 3: cytochrome c reductase
ca complex 4: cytochrome c oxidase
C5 complex 5: ATP synthase

Calx calnexin

CE cholesteryl ester

CER ceramide

CL cardiolipin

CON control group

COX cytochrome c oxidase

CoQ ubiquinone

CS citrate synthase

DAG diacylglycerol

DC differential centrifugation

DCM dichlormethane

DOX doxorubicin

DTNB 5,5’-dithiobis-(2-nitrobenzoic acid)
ER endoplasmic reticulum

ESI electrospray ionisation
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ETC
ETF
ETS
FAD

FAO

FCCP

FCS
FDR
FFA
FT-MS

Gluc

HADHA

HED
HEK
HEPG2
HexCER
HRR
IPA

IR

IRS

J(0,)

LC
LPC
LPE

LPI

MACS

electron transport chain

electron transferring flavoprotein
electron transfer system

flavine adenine dinucleotide
fatty acid oxidation (R-oxidation)

carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone

fetal calf serum

false discovery rate

free fatty acids

Fourier transform-based mass spectrometers
glucose

hydroxyacyl-CoA dehydrogenase/3-ketoacyl-
CoA thiolase/enoyl-CoA hydratase (trifunc-

tional prot ein), alpha subunit
high energy diet

human embryonic kidney cells
human hepatocellular carcinoma cells
hexosyl-ceramide
high-resolution respirometry
isopropyl alcohol

insulin resistant

insulin receptor substrate
oxygen flux

LEAK respiration

liquid chromatography
lyso-phosphatidylcholine
lyso-phosphatidylethanolamine
lyso-phosphatidylinositol

magnetic cell isolation and separation, here:

magnetic-bead assisted mitochondria isolation



Abbreviations

156

MCAD
MeOH
MPC
MS
MTBE
MUFA
NAD(H)
NAFL
NASH
OCR
OctM
Ol
oMM
OXPHOS
P

Pa
PaCa
PBS
PC
PCA
PDH
PDK
PDP
PE
PE-P
PG

PI

PKC
PS

PUFA

medium-chain acyl-CoA dehydrogenase
methanol

mitochondrial pyruvate carrier

mass spectrometry

methyl tert-butyl ether
mono-unsaturated fatty acids
nicotinamide adenine dinucleotide
non-alcoholic fatty liver

non-alcoholic steatohepatitis

oxygen consumption rate
octanoylcarnitine and malate

oleate

outer mitochondrial membrane
oxidative phosphorylation

OXPHOS capacity

palmitate

palmitoylcarnitine

phosphate buffered saline
phosphatidylcholine

principal component analysis
pyruvate dehydrogenase

pyruvate dehydrogenase kinase
pyruvate dehydrogenase phosphatase
phosphatidylethanolamine
phosphatidylethanolamine plasmalogen
phosphatidylglycerol
phosphatidylinositol

protein kinase C

phosphatidylserine

polyunsaturated fatty acids
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PyC pyruvate carboxylase

R ROUTINE respiration

RC respiratory chain

ROX residual oxygen consumption
ROS reactive oxygen species

RP reverse phase

RT room temperature

run training

SD standard deviation

sodium dodecyl sulfate polyacrylamide gel

SDS-PAGE
electrophoresis
sed sedentary
SOD superoxide dismutase
SM sphingomyelin
SUIT substrate-uncoupler-inhibitor titration
T2Dm diabetes mellitus type 2
TAG triacylglycerol
TCA tricarboxylic acid
TCE 2,2,2-trichloroethanol
TMPD N,N,N’,N’-tetramethyl-p-phenylenediamine
TNB 2-nitro-5-thiobenzoate
tP total protein
uc ultracentrifugation
ucp uncoupling protein
U(H)PLC ultra high performance liquid chromatography
ultra-pure water water prepared with Milli Q system
VDAC voltage-dependent anion channel
VS. versus

WHO World Health Organization
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FIGURE 1: MAIN FUNCTIONS AND METABOLIC PROCESSES IN MITOCHONDRIA IN LIVER AND MUSCLE. B-Ox= B-OXIDATION, BCAA=
BRANCHED-CHAIN AMINO ACIDS, ROS= REACTIVE OXYGEN SPECIES, TCA CYCLE= TRICARBOXYLIC ACID CYCLE, OXPHOS=
OXIDATIVE PHOSPHORYLATION, PYC= PYRUVATE CARBOXYLASE, PDH= PYRUVATE DEHYDROGENASE COMPLEX, HADHA=
HYDROXYLACYL-COA DEHYDROGENASE, MCAD= MEDIUM CHAIN ACYL-COA DEHYDROGENASE, SOD= SUPEROXIDE DISMUTASE,
ATP= ADENOSINE TRIPHOSPHATE, FA= FATTY ACYL. 1tttttteuteeesreeeeasreeeessueeeesssseesassseeessssnesssssesessseessssseessssesssnsssessssenen 5

FIGURE 2: COMPLEX 1 LINKED SUBSTRATES FOR ELECTRON TRANSPORT CHAIN. AFTER CROSSING OUTER MITOCHONDRIAL MEMBRANE
(OMM) via VDAC, PYRUVATE IS TRANSPORTED INTO THE MATRIX BY MITOCHONDRIAL PYRUVATE CARRIER (MPC). PYRUVATE
CAN EITHER BE OXIDIZED TO ACETYL-COA BY PYRUVATE DEHYDROGENASE COMPLEX (PDH) OR CARBOXYLATED TO
OXALOACETATE BY PYRUVATE CARBOXYLASE (PYC) (ONLY IN GLUCONEOGENIC TISSUES). GLUTAMATE IS TRANSPORTED INTO
MITOCHONDRIA AND OXIDIZED BY GLUTAMATE DEHYDROGENASE TO 2-OXOGLUTARATE. ETC= ELECTRON TRANSPORT CHAIN. 10

FIGURE 3: COMPLEX 1 AND 2 LINKED SUBSTRATES FOR ELECTRON TRANSPORT CHAIN. IMPORTED FATTY ACIDS ARE BROKEN DOWN VIA
B-OXIDATION (B-OX) TO ACETYL-COA (FURTHER METABOLISED IN THE TCA cYCLE), NADH (ELECTRON TRANSFER TO COMPLEX
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FIGURE 4: TREATMENT SCHEME OF CULTURED C2C12 MYOTUBES. PA= PALMITATE, OL= OLEATE, GLUC= GLUCOSE, IR= INSULIN
RESISTANT, CON= CONTROL (NO CHRONIC INSULIN TREATMENT), HIGH= 25 MM GLUCOSE, LOW= 5.5 MM GLUCOSE, D= DAYS35

FIGURE 5: EXPERIMENTAL WORKFLOW FROM SAMPLE PREPARATION TO WESTERN BLOT AND LIPIDOMICS ANALYSES WITH SUBCLASSES
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PHOSPHATIDYLCHOLINE; LPE= LYSO-PHOSPHATIDYLETHANOLAMINE; LPI= LYSO-PHOSPHATIDYLINOSITOL; PC=
PHOSPHATIDYLCHOLINE; PE, PHOSPHATIDYLETHANOLAMINE; PE-P, PHOSPHATIDYLETHANOLAMINE PLASMALOGEN; PG,
PHOSPHATIDYLGLYCEROL; PI, PHOSPHATIDYLINOSITOL; PS= PHOSPHATIDYLSERINE; SM= SPHINGOMYELIN; TAG=
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FIGURE 6: PRINCIPLE OF THE SOD ASSAY. WST-1= DOJINDO’S TETRAZOLIUM SALT, XO= XANTHINE OXIDASE, SOD= SUPEROXIDE
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FIGURE 7: ANALYSIS OF ORGANELLE-SPECIFIC PROTEINS IN TOTAL C2C12 CELL LYSATES AND IN MITOCHONDRIAL FRACTIONS OBTAINED
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FIGURE 8: ANALYSIS OF ORGANELLE-SPECIFIC PROTEINS IN HEPG2 (LEFT) AND C2C12 (RIGHT) CELL LYSATES AND IN MITOCHONDRIAL
FRACTIONS OBTAINED AFTER HOMOGENISATION OF CELL SUSPENSIONS FROM A DIFFERENT AMOUNT OF CELL PLATES WITH

DIFFERENT STROKE NUMBERS. MITOCHONDRIAL MEMBRANE ATP SYNTHASE 5 (ATP5) WAS USED AS A MARKER FOR
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MITOCHONDRIA. FOR THE DETECTION OF POTENTIAL CONTAMINATIONS, ANTIBODIES AGAINST HISTONE H3 AND GFAT WERE
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PHOSPHATIDYLETHANOLAMINES; PE-P= PHOSPHATIDYLETHANOLAMINE PLASMALOGENS; PG= PHOSPHATIDYLGLYCEROLS; PI=
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IN RESPIRATION WITH EXOGENOUSLY ADDED CYTOCHROME C IS OBSERVED IF THE OUTER MITOCHONDRIAL MEMBRANE IS
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MITOCHONDRIA EXTRACTED WITH AND WITHOUT BHT (RELATIVE DATA, W/ BHT SET TO 100%); FRESH AND FROZEN TISSUE AND
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DOX ON OXYSTEROL YIELD — RELATIVE OXYSTEROL LEVELS OF MITOCHONDRIA ISOLATED FROM DOX-TREATED AND CONTROL
MICE (CON SET TO 100%), C: FUNCTIONAL ANALYSES OF MITOCHONDRIA - EFFECT OF DOX TREATMENT ON MITOCHONDRIAL
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APPLIED FOR TESTING SIGNIFICANCE. C, D: STUDENT’S T-TEST; CON= CONTROL, DOX= DOXORUBICIN, UC=
ULTRACENTRIFUGATION, BHT= BUTYLATED HYDROXYTOLUENE, SNAP-FROZEN= EXTRACTION AFTER ONE FREEZE-THAW-CYCLE.79
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INVESTIGATE INSULIN SIGNALLING. AFTER STARVING THE CELLS FOR 3 H FROM FCS, INSULIN SIGNALLING WAS ACTIVATED BY
ACUTE INSULIN STIMULATION WITH 100 NM INSULIN FOR 15 MIN (SEE 3.2.1.1.2). CON= CONTROL, IR= CHRONIC INSULIN (1
uM), Low= 5.5 MM GLUCOSE, HIGH= 25 MM GLUCOSE; GAPDH WAS USED AS A HOUSEKEEPER. RIGHT: THE HISTOGRAM
SHOWS THE SUMS OF PAKT473/AKT RATIO AFTER DENSITOMETRIC QUANTIFICATION OF WESTERN BLOTS. VVALUES ARE MEANS
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CHAIN FAST ISOFORM (MYHFAST) AS DIFFERENTIATION CONTROL. CON= CONTROL, IR= CHRONIC INSULIN (1 uM), Low= 5.5
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FIGURE 33: MITOCHONDRIAL RESPIRATION ANALYSES IN DIGITONISED C2C12 MYOTUBES USING AN OXYGRAPH-2K CON= CONTROL,
IR= CHRONIC INSULIN (1 uM), Low= 5.5 MM GLUCOSE, HIGH= 25 MM GLUCOSE; A: O,FLUX PER MG CELL LYSATE PROTEIN
OVER THE MEASUREMENT COURSE, PM= PYRUVATE AND MALATE, DIG= DIGITONIN, D= ADP, C= CYTOCHROME C, G=
GLUTAMATE, S= SUCCINATE, U= FCCP TITRATION TO UNCOUPLE RESPIRATION, ROT= ROTENONE, CORRECTED FOR NON-
MITOCHONDRIAL BACKGROUND. B: PERCENTAGED INCREASE OF RESPIRATION AFTER ADP ADDITION WITH OCTANOYLCARNITINE
AND MALATE PRESENT AS SUBSTRATES. C: CONTRIBUTION OF C2-ASSOCIATED RESPIRATION TOWARDS MAXIMAL C1- AND C2-
ASSOCIATED MAXIMAL RESPIRATION. * SIGNIFICANTLY DIFFERENT BETWEEN LOW GLUCOSE AND HIGH GLUCOSE CONDITION,
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GLUCOSE, HIGH= 25 MM GLUCOSE; HISTOGRAMS SHOW THE SUMS OF THE DENSITOMETRIC QUANTIFICATIONS OF WESTERN
BLOTS. VALUES ARE MEANS % SD OF 8 REPLICATES. 2WAY ANOVA (SIGNIFICANCES SHOWN WITH “—“): ¥*=SIGNIFICANTLY
DIFFERENT FOR LOW TO HIGH GLUCOSE CONDITIONS, #=SIGNIFICANTLY DIFFERENT FOR CON TO IR CONDITIONS. MULTI
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DISMUTASES (SOD1, SOD2) AND 4-HYDROXYNONENAL (4HNE) AS OXIDATIVE STRESS MARKER. CON= CONTROL, IR=
CHRONIC INSULIN (1 uM), Low= 5.5 MM GLUCOSE, HIGH= 25 MM GLUCOSE; B-D: HISTOGRAMS SHOW THE SUMS OF THE
DENSITOMETRIC QUANTIFICATIONS OF WESTERN BLOTS. VALUES ARE MEANS  SD OF AT LEAST 3 REPLICATES. ..eeevveeeveennne 85
FIGURE 36: A: SOD ACTIVITY IN ISOLATED MITOCHONDRIA; B: REPRESENTATIVE WESTERN BLOT OF C2C12 MITOCHONDRIAL
FRACTIONS USING ANTIBODIES AGAINST ATP-SYNTHASE 5 (ATP5) AS MITOCHONDRIAL MARKER, SUPEROXIDE DISMUTASES
(SOD1, SOD2). C+D: HISTOGRAMS SHOW THE SUMS OF THE DENSITOMETRIC QUANTIFICATIONS OF WESTERN BLOTS. VALUES
ARE MEANS % SD OF 3 REPLICATES. CON= CONTROL, IR=INSULIN (1 uM), Low= 5.5 MM GLUCOSE, HIGH= 25 MM GLUCOSE,
SOD= SUPEROXIDE DISMUTASE. 2WAY ANOVA (SIGNIFICANCES SHOWN WITH “—"): ¥*=SIGNIFICANTLY DIFFERENT FOR LOW
TO HIGH GLUCOSE CONDITIONS, #=SIGNIFICANTLY DIFFERENT FOR CON TO IR CONDITIONS. MULTI COMPARISON SIGNIFICANCES
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FIGURE 37: RESPIRATORY ANALYSES OF MURINE LIVER AND SKELETAL MUSCLE MITOCHONDRIA AND HUMAN LIVER AND SKELETAL
MUSCLE FIBRES ON AN OXYGRAPH-2K: A: INCREASE OF PHOSPHORYLATING RESPIRATION AFTER PYRUVATE (COMPLEX 1
SUBSTRATE) INJECTION; B: INCREASE OF PHOSPHORYLATING RESPIRATION AFTER SUCCINATE (COMPLEX 2 SUBSTRATE) INJECTION;
C: RATIO OF MAXIMAL UNCOUPLED COMPLEX 2 RESPIRATION TO TOTAL MAXIMAL UNCOUPLED RESPIRATION WITH C1 AND C2
SUBSTRATES; D: INCREASE OF RESPIRATION IN % AFTER ADP INJECTION IN THE PRESENCE OF OCTANOYLCARNITINE AND MALATE;
E: P/E RATIO: PHOSPHORYLATING RESPIRATION (AFTER ADP INJECTION) RELATIVE TO UNCOUPLED MAXIMAL RESPIRATION
(TITRATED USING THE SYNTHETIC PROTONOPHORE FCCP). HIGH-RESOLUTION RESPIROMETRY (HRR) OF SKELETAL MUSCLE
MITOCHONDRIA WAS PERFORMED FOR 7 MICE (N=7) AND FOR LIVER MITOCHONDRIA FOR 5 MICE (N=5). HIGH-RESOLUTION
RESPIROMETRY (HRR) OF HUMAN SKELETAL MUSCLE FIBRES WAS PERFORMED IN N= 8 AND FOR HUMAN LIVER TISSUE IN N= 3.
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FIGURE 38: EXPERIMENTAL WORKFLOW FROM SAMPLE PREPARATION TO RESPIRATORY ANALYSES, WESTERN BLOT AND LIPIDOMICS
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LYSOPHOSPHATIDYLCHOLINE, LPE= LYSOPHOSPHATIDYLETHANOLAMINE, PC= PHOSPHATIDYLCHOLINE, PC-P =
PHOSPHATIDYLCHOLINE PLASMALOGEN, PE= PHOSPHATIDYLETHANOLAMINE, PE-P= PHOSPHATIDYLETHANOLAMINE
PLASMALOGEN, PG= PHOSPHATIDYLGLYCEROL, LPI= LYSOPHOSPHATIDYLINOSITOL, Pl= PHOSPHATIDYLINOSITOL, PS=
PHOSPHATIDYLSERINE, PS-P= PHOSPHATIDYLSERINE PLASMALOGEN, SM= SPHINGOMYELIN, TAG= TRIACYLGLYCEROL, FFA=
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FIGURE 39: PRINCIPAL COMPONENT ANALYSIS (PCA) SCORES PLOT OF THE FIRST TWO PRINCIPAL COMPONENTS BASED ON ALL
DETECTED LIPIDS (RELATIVE STANDARD DEVIATION IN THE QUALITY CONTROL SAMPLES <20% AND AFTER PAR SCALING). THE
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FIRST COMPONENT EXPLAINS 59.3% OF THE VARIATION AND THE SECOND ONE 17.6%. EACH SPOT REPRESENTS ONE
MITOCHONDRIAL SAMPLE ISOLATED FROM MOUSE LIVER OR SKELETAL MUSCLE USING ULTRACENTRIFUGATION. L= LIVER, M=
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THE MEAN. CER= CERAMIDES, CL= CARDIOLIPINS, LPC= LYSOPHOSPHATIDYLCHOLINES, LPE=
LYSOPHOSPHATIDYLETHANOLAMINES, PC= PHOSPHATIDYLCHOLINES, PC-P= PHOSPHATIDYLCHOLINE PLASMALOGENS, PE=
PHOSPHATIDYLETHANOLAMINES, PE-P= PHOSPHATIDYLETHANOLAMINE PLASMALOGENS, PG= PHOSPHATIDYLGLYCEROLS, LPI=
LYSOPHOSPHATIDYLINOSITOLS, Pl= PHOSPHATIDYLINOSITOLS, PS= PHOSPHATIDYLSERINES, PS-P= PHOSPHATIDYLSERINE
PLASMALOGENS, SM= SPHINGOMYELINS, TAG= TRIACYLGLYCEROLS, FFA= FREE FATTY ACIDS. ..eevvuuueererererrrnnniereeeeeeesennnns 90
FIGURE 41: CARDIOLIPIN (= CL), PHOSPHATIDYLGLYCEROL (= PG), PHOSPHATIDYLCHOLINE (= PC), PHOSPATIDYLETHANOLAMINE (=
PE), CERAMIDE (= CER), PHOSPHATIDYLINOSITOL (= PI), PHOSPHATIDYLSERINE (= PS), SPHINGOMYELIN (= SM) LEVELS IN
ISOLATED MITOCHONDRIA FROM LIVER AND MUSCLE AS PERCENTAGE OF THE TOTAL PHOSPHOLIPID (= PL) AMOUNT. STUDENT’S
T-TEST WAS PERFORMED. 1..uvteeutveeueesuseeaseessseesseessseesssesssssansassssesssessssessssesnsssssssssnsssessssesseesnsessnsesssessnsessnsesns sses 91
FIGURE 42: CARDIOLIPIN (= CL) OR PHOSPHATIDYLGLYCEROL (= PG) SPECIES AS PERCENTAGES OF THE TOTAL CL (LEFT) OR PG (RIGHT)
AMOUNT. FALSE DISCOVERY RATE (FDR) WAS APPLIED FOR TESTING SIGNIFICANCE ... .veeveerreeeeeesireeseeesaeeesseesseesssnesnsens 92
FIGURE 43: ANALYSIS OF SPECIFIC PROTEINS IN MITOCHONDRIAL FRACTIONS OBTAINED BY ULTRACENTRIFUGATION. A REPRESENTATIVE
WESTERN BLOT OF 4 MITOCHONDRIA ISOLATIONS PER TISSUE IS SHOWN. EQUAL PROTEIN AMOUNTS (30 uG) OF TOTAL CELL
LYSATES WERE ASSESSED AS CONTROLS ON THE MITOCHONDRIAL BLOTS TO DETERMINE THE PROTEIN LEVELS BEFORE
MITOCHONDRIAL ENRICHMENT. A: MITOCHONDRIAL CITRATE SYNTHASE (CS) WAS USED AS A MARKER FOR MITOCHONDRIAL
CONTENT. B: CALNEXIN (CALX) WAS INVESTIGATED FOR POTENTIAL CONTAMINATIONS BY ENDOPLASMIC RETICULUM (ER). C-F:
FOR THE DETECTION OF THE ELECTRON TRANSPORT CHAIN COMPLEXES WITH THE EXCEPTION OF COMPLEX 4 (COX4; F), AN
ANTIBODY COCKTAIL WAS USED AGAINST COMPLEX 1 (C1), COMPLEX 2 (C2), COMPLEX 3 (C3), COMPLEX 5 (ATP SYNTHASE;
C5). HISTOGRAMS SHOW THE SUMS OF THE DENSITOMETRIC QUANTIFICATIONS OF WESTERN BLOTS (MEAN OF “MUSCLE” WAS
SETTO 1, N=8). SIGNALS ARE NORMALISED TO TOTAL PROTEIN ABUNDANCE. TP=TOTAL PROTEIN. STUDENT’S T-TEST WAS
PERFORIMED. ..teeuvttenttesuteeeseesuseesseesuseesuseesseesssessseesaseesaseesaseessseesssessssssnssesnsessnsessnsessssessssesssseessee aesnseesseesnseesns 94
FIGURE 44: ANALYSIS OF SPECIFIC PROTEINS IN TISSUE LYSATES OF MURINE LIVER AND SKELETAL MUSCLE (LEFT) AND THE
DENSITOMETRIC QUANTIFICATION HISTOGRAMS (RIGHT). A REPRESENTATIVE WESTERN BLOT OF FOUR TISSUE LYSATES PER TISSUE
IS SHOWN. MITOCHONDRIAL CITRATE SYNTHASE (CS) WAS USED AS A MARKER FOR MITOCHONDRIAL CONTENT. PYC= PYRUVATE
CARBOXYLASE, MCAD= MEDIUM-CHAIN ACYL-COA DEHYDROGENASE, HADHA=HYDROXYACYL-COA DEHYDROGENASE/3-
KETOACYL-COA THIOLASE/ENOYL-COA HYDRATASE (TRIFUNCTIONAL PROTEIN), ALPHA SUBUNIT, PDH= PYRUVATE
DEHYDROGENASE. PYC AND PDH WERE ASSESSED TO INVESTIGATE PYRUVATE METABOLISM. MCAD AND HADHA WERE USED
TO ASSESS B-OXIDATION. HISTOGRAMS SHOW THE SUMS OF THE DENSITOMETRIC QUANTIFICATIONS OF WESTERN BLOTS (MEAN
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FASTING GLUCOSE, GLUCOSE AREA UNDER THE CURVE (AUC) AFTER INTRAPERITONEAL GLUCOSE TOLERANCE TEST, AND BLOOD
GLUCOSE OVER 120 MIN AFTER GLUCOSE BOLUS FOR GLUCOSE TOLERANCE TEST (RIGHT). INTRAPERITONEAL (I.P.) GLUCOSE
TOLERANCE TESTS (GTTS) WERE PERFORMED FOLLOWING OVERNIGHT FAST (~16 HOURS) THROUGH INJECTION OF GLUCOSE AT
2 G/KG OF BODY WEIGHT AND MEASUREMENT OF PLASMA GLUCOSE CONCENTRATION AT THE INDICATED TIME POINTS (N= 4).
HED RUN GROUP WAS EXCLUDED, BECAUSE MICE STOPPED RUNNING ON THE TREADMILL BEFORE THE INTERVENTION TIME WAS
OVER. CON= CONTROL DIET, HED= HIGH-ENERGY DIET, SED= SEDENTARY, RUN= TREADMILL TRAINED. ....vveerurerrreenurerness 96
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Supplementary Table 2: Conditions tested during mitochondria isolation using MACS, hMT= human myotubes, HEK=human embryonic kidney cells, C2C12=mouse skeletal muscle cells,

human liver hepatoma cells. Conditions used in Section 4.1.1.2 are highlighted in grey.

Cell Dounce Syringe Syringe Plate no N, homogenisa- Gradient Centrifuga-  Other
type strokes strokes tion tion
hMT 5,10, 20 2,4,6 20 bar, 40 bar Filtered before column,
. centrifuged before col-
(5 min, 20 ml)
umn
HEPG2 | 5, 10, 15, | 27,75 G, | 15,20 1.5 Sucrose 10 000 g
20, 40 30G (~1x10’ after isola-
cells) tion
Supplementary Table 3: Conditions tested during mitochondria isolation using tissue
Dounce Gentle macs Amount Amount MACS Gradient Enzymatic Digestion time
strokes DC+UC [mg] digestions
Muscle various following manufactur- | 700, 2 000 1 gastrocnemius Percoll:2/ 3 layer, | Colla- 2.5, 3,3.5min
er’s recommendations continuos genase,
protease
type 8
Liver various following manufactur- | 150, 300 100 mg Percoll: 2/3 layer,
er’s recommendations continuos
BAT various various

HEPG2s=
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Supplementary Figure 1: Correlation of the sum of cardiolipins (CL) with the content of mitochondrial ATP synthase 5 (ATP5)
protein as determined by western blot analysis (r= 0.79, p< 0.0001).
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Supplementary Figure 2: PLIN 2 blot (predicted size 50 kDa), a strong PLIN2 band was clearly visible in liver lysate and puri-
fied lipid droplets. In 90 pg of total cell lysate, a faint PLIN2 band was visible that was not present in any of the mitochondrial
fractions independent of the purification procedure. However, since this band was not visible for 30 pg of total lysate, this
PLIN2 blot was not shown in Figure 12.
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Supplementary Figure 3: Top two graphs: Mouse muscle and liver; Bottom two graphs: Human muscle and liver. Results of a
representative Oxygraph-2k measurement with permeabilised muscle fibres and isolated liver mitochondria. Human liver
derived from a healthy organ transplant. Dark red (murine)/blue line (human): O, concentration [nmol/ml]; blue line (mu-
rine)/red line(human): O, flux [pmol/(s*ml)]. Malate and octanoylcarnitine (M, Oct) were injected to induce fatty acid oxida-
tion (FAO). LEAK respiration is the oxygen consumption under non-phosphorylating conditions due to the proton leak. ADP
was added to induce oxidative phosphorylation (OXPHOS). Pyruvate was used as complex 1-associated substrate (C1/Cl) and
succinate as mainly complex 2-linked substrate (C2/CIl). FCCP, a synthetic uncoupler, was titrated to uncouple the electron
transport chain activity from ATP production and determine the maximal oxidative capacity of the electron transport chain
(ETS= electron transfer system capacity). Complex 1 was inhibited by rotenone to solely investigate complex 2-associated
respiration. The non-mitochondrial background respiration or residual oxygen consumption (ROX) were determined by
addition of antimycin A to inhibit the cytochrome c reductase (C3/CllI).
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Supplementary Figure 4: Normalised oxygen flux (n= 7; mean + SD) in isolated mouse muscle mitochondria. Normalised for:
mitochondrial amount (by protein), mitochondrial concentration changes, mean inter-day differences. CON= control diet;
HED= high-energy diet; run= trained; sed= sedentary. States are explained in Table 5.
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Supplementary Figure 5: Normalised oxygen flux (n= 5; mean + SD) in isolated mouse liver mitochondria. Normalised for:
mitochondrial amount (by protein), mitochondrial concentration changes, mean inter-day differences. CON= control diet;
HED= high-energy diet; run= trained; sed= sedentary. States are explained in Table 5.





