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SUMMARY

SUMMARY

Obesity is not only accompanied by the expansion of adipose tissue, but also by adipocyte
dysregulation. This dysregulation is considered to promote metabolic disorders such as type
2 diabetes mellitus (T2DM). Within the last years, it has been recognized that obesity is also
associated with an impairment of mitochondrial function within adipocytes, and that this
might be involved in the progression of adipocyte dysregulation. Furthermore, particularly
obese subjects suffering from T2DM were suggested to exhibit disturbances within their

adipocyte mitochondrial function.

Therefore, the objective of the present work was to gain further knowledge about
mitochondrial function in adipocytes in relation to body mass index (BMI) and the relevance
of the diabetic status. Moreover, mechanisms underlying an impaired mitochondrial function
in adipocytes of obese subjects were investigated as well as implications of impaired
mitochondrial function on adipocyte energy metabolism. In addition, comparisons of results

between subcutaneous and visceral adipocytes were performed.

Oxygen uptake measurements of isolated adipocytes as well as in isolated mitochondria of
the subcutaneous, but not within the visceral depot, showed impairments within the
respiratory capacity with increasing BMI of the donors. Focusing on T2DM, the current study
did not reveal any association between impaired mitochondrial respiration in adipocytes and
deteriorations of glucose homeostasis. Furthermore, the diabetic status was not found to be
influencing the association between donor’'s BMI and mitochondrial oxygen uptake.
Additionally, in subcutaneous adipocytes, mitochondrial content was inversely associated
with donor’s BMI. Therefore, the study clearly points to disturbances in subcutaneous

adipocyte mitochondrial function in obesity independent from the diabetic status.

Protein expression analysis of the present study suggests that especially impairments of the
electron transport chain complex IV might be responsible for the BMI dependent decline in
mitochondrial respiratory capacity, although this was not yet confirmed by an enzymatic

activity assay.

The study revealed that the inhibition of mitochondrial ATP production is leading to a doubling
in lactate release in adipocytes of both investigated depots. Moreover, lactate levels were

found to be elevated with increasing BMI in both depots. Therefore, it can be concluded that
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SUMMARY

glycolysis is compensating for impairments of mitochondrial function in obesity. However, the
present work was not able to show a significant link between mitochondrial respiratory
capacity and the release of lactate in a smaller subsample. Furthermore, it could be suggested
that adipocytes do not meet their ATP demands primarily by mitochondrial respiration, but
rather by glycolysis. Therefore, the study is emphasizing the importance of glycolytic ATP
production in contrast to mitochondrial ATP production in adipocytes. In line with this,
adipocyte ATP levels were neither in visceral nor in subcutaneous adipocytes reduced with

increasing BMI.

Another objective of the study was to determine differences of adipocytes derived from the
visceral and the subcutaneous depot. Hereby, it was evident that distinctions between the
depots are BMI dependent. Investigating mitochondrial respiration, subcutaneous adipocytes
showed a trend towards higher oxygen consumption rates compared with visceral adipocytes
in subjects with BMI values below 30 kg/m?2. Whereas in obese individuals the reverse finding
was detected. Subjects with BMI values above or equal to 30 kg/m? showed significantly lower
oxygen uptake rates in visceral adipocytes. Investigating lactate release, it was shown that
subcutaneous adipocytes released significantly higher amounts of lactate, whereas after
dividing the cohort according to their BMI, this finding only remained to be statistically
significant in the group including obese individuals. Basal ATP levels were significantly higher

only in subcutaneous adipocytes of subjects with BMI values below 30 kg/m?.

In conclusion, obesity is accompanied by decreased subcutaneous adipocyte mitochondrial
respiratory capacity which is not linked to the diabetic status. Therefore, the investigation
suggests that adipocyte mitochondrial dysfunction is not relevant for the progression of
T2DM. Overall, it still needs to be confirmed that impairments within adipocyte mitochondrial
function is contributing to adipocyte dysfunction as seen in obesity and, therefore influencing

the health status of obese subjects.

Vi
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ZUSAMMENFASSUNG

Adipositas ist neben der Zunahme von Fettmasse auch durch eine gesteigerte Fehlregulation
der Adipozyten gekennzeichnet. Die Entwicklung Adipositas-abhdangiger metabolischer
Storungen, zu denen unter anderem der Typ 2 Diabetes mellitus gehort (T2DM), ist hiermit
assoziiert. Welche Faktoren ursachlich fiir diese Fehlregulation sind ist jedoch noch nicht
vollstandig geklart. In den vergangenen Jahren deuten Studien vermehrt darauf hin, dass
Adipositas mit einer Beeintrachtigung der Mitochondrien-Funktion in Adipozyten einhergeht
und diese zu einer Fehlregulation von Adipozyten bei Adipositas beitragen kénnte. Zudem gibt
es Hinweise, dass hiervon insbesondere adipdse Patienten betroffen sind, die gleichzeitig an

T2DM erkrankt sind.

Ziel der vorliegenden Arbeit war es daher, die Mitochondrien-Funktion in Adipozyten in
Abhédngigkeit des Body-Mass-Index (BMI) zu bestimmen und dariber hinaus die Bedeutung
des Diabetesstatus zu untersuchen. Ferner sollten Erkenntnisse gewonnen werden, welche
Mechanismen einer gestorten Mitochondrien-Funktion bei Adipositas zu Grunde liegen und
inwiefern hierdurch der Energiestatus der Fettzelle beeintrachtigt ist. Zusatzlich wurde eine

Gegenliberstellung von Ergebnissen subkutaner und viszeraler Adipozyten vorgenommen.

In permeabilisierten isolierten Adipozyten sowie in isolierten Mitochondrien konnte gezeigt
werden, dass die Atmungskapazitat humaner subkutaner Mitochondrien mit zunehmendem
BMI vermindert ist. Bei isolierten Adipozyten viszeralen Ursprungs konnte dieser
Zusammenhang hingegen nicht gezeigt werden. Uberdies deutete die Quantifizierung
mitochondrialer Marker auf eine Reduktion der Anzahl an Mitochondrien in subkutanen
Adipozyten mit zunehmendem BMI hin. Die mitochondriale Atmung von Adipozyten beider
Fettdepots wiesen keinen Unterschied zwischen adipésen Probanden mit und ohne
beeintrachtigter Glukosehomdostase auf. Ferner hatte der Diabetesstatus keinen Einfluss auf
den Zusammenhang zwischen der mitochondrialen Respiration und dem BMI. Die vorliegende
Arbeit konnte somit deutlich zeigen, dass Adipositas unabhangig vom Diabetesstatus mit einer

beeintrachtigten Mitochondrien-Funktion in subkutanen Adipozyten einhergeht.

Ergebnisse von Proteinexpressionanalysen deuteten darauf hin, dass insbesondere eine
Beeintrachtigung des Atmungskettenkomplexes IV zu einer BMI-abhangigen Abnahme der

mitochondrialen Atmungskapazitat beitragt. Diese Beobachtung konnte jedoch durch eine

Vil



ZUSAMMENFASSUNG

Komplex IV-Aktivitatsanalyse noch nicht bestatigt werden.

Die Hemmung der oxidativen ATP Produktion resultierte in subkutanen und viszeralen
Adipozyten in einer Verdopplung der Laktatfreisetzung. Mit zunehmendem BMI konnte
aulRerdem ein Anstieg der Laktatausscheidung von Adipozyten beider Depots gezeigt werden.
Folglich kann eine Kompensation der beeintrachtigten Mitochondrien-Funktion mit
zunehmendem Ubergewicht durch eine gesteigerte Glykolyse angenommen werden. Einen
Zusammenhang zwischen der mitochondrialen Atmung sowie den Laktatkonzentrationen
konnte hingegen nicht beobachtet werden. Ferner deuten die Ergebnisse der vorliegenden
Arbeit daraufhin, dass Adipozyten ihren ATP-Bedarf Gberwiegend liber den glykolytischen
Weg und nicht durch die mitochondriale oxidative Phorsphorylierung decken.
Dementsprechend konnte weder in viszeralen noch in subkutanen Adipozyten ein Abfall der

zellularen ATP Spiegel mit zunehmendem BMI beobachtet werden.

Gegenstand der vorliegenden Arbeit war aullerdem die Untersuchung der Unterschiede
zwischen subkutanen und viszeralen Adipozyten. Hierbei konnte allgemein gezeigt werden,
dass diese maRgeblich vom BMI der Probanden abhéangig sind. Probanden mit einem BMI
kleiner 30 kg/m? zeigten in subkutanen Adipozyten im Vergleich zu viszeralen tendenziell
hoéhere Atmungsraten. In adipdsen Probanden hingegen konnten signifikant niedrigere
Sauerstoffverbrauchsraten von subkutanen verglichen mit viszeralen Adipozyten beobachtet
werden. Die Freisetzung von Laktat zeigte ebenfalls BMI-abhdngige Unterschiede. Bei
Probanden mit einem BMI kleiner als 30 kg/m? unterschied sich die Laktatfreisetzung zwischen
Fettzellen der beiden Depots nicht. In der Gruppe, die nur adipdse Probanden einschloss,
zeigten sich hingegen signifikant hohere Laktatwerte bei subkutanen Adipozyten im Vergleich
zu denen von viszeralen. Uberdies konnten nur in Probanden mit einem BMI kleiner 30 kg/m?
in subkutanen Adipozyten verglichen mit viszeralen signifikant hohere basale ATP
Konzentrationen ermittelt werden. Bei einem Vergleich der basalen ATP Konzentrationen von

adiposen Probanden zeigte sich hingegen kein Unterschied zwischen den beiden Depots.

Insgesamt konnte die vorliegende Arbeit zeigen, dass eine Zunahme des BMI mit einer
verminderten mitochondrialen Atmungskapazitdt in subkutanen Adipozyten einhergeht
welche jedoch vom Diabetesstatus unabhéangig ist. Demzufolge scheint eine eingeschrankte
Mitochondrien-Funktion in subkutanen Fettzellen keinen Beitrag zur Entwicklung eines T2DM

zu leisten. Eine abschlieBRende Aussage, ob die Beeintrachtigung der Mitochondrien-Funktion
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in subkutanen Adipozyten ungiinstige Auswirkungen auf die Fettzelle selbst und somit auf den
Gesundheitszustand adiposer Personen hat, kann basierend auf den vorliegenden Daten noch

nicht getroffen werden.
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INTRODUCTION

1 INTRODUCTION

1.1 Obesity, a worldwide challenge

According to the World Health Organization (WHO), the worldwide prevalence of obesity has
more than doubled since 1980. In the year 2014 from 1.9 billion overweight adults, 600 million
were actually obese (World Health Organization, 2015). In Germany, the prevalence for
overweight reached 58 % between 2007 and 2008, whereas 21 % of these persons were
classified as obese (Max Rubner-Institut, 2008). Due to its simplicity and availability the body
mass index (BMI; kg/m?) is usually applied for assessing overweight and obesity, although
misclassification e.g. of athletics is possible (Khosla and Lowe, 1967, World Health
Organization, 2000). The classification in accordance to the WHO (shown in Table 1) is based
primarily on the link between BMI and mortality (World Health Organization, 2000). As obesity
is accompanied by several health issues, and it is also linked to economic costs, obesity is
considered a world health problem with increasing relevance (World Health Organization,

2000). Therefore, research in this field is of increasing importance.

Table 1: The WHO Classification of adult underweight, overweight and obesity according to the BMI

Classification BMI (kg/m?)
Underweight <18.50
Normal range 18.5 - 24.99
Overweight 2 25.00
Pre-obese 25.00 - 29.99
Obese 230.00
Obese class | 30.00 - 34.99
Obese class Il 35.00 -39.99
Obese class llI >40.00

Adapted from WHO (World Health Organization, 2000).

1.2 Adipocyte biology in obesity

In general, obesity is characterized by an increase in fat mass. While lean male adults show
15-20 % adipose tissue of total body composition, in obesity the fat mass composition can

actually exceed 40 % (Schuster, 2009; Trayhurn, 2013).
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Adipose tissue is an organ incorporating blood vessels and nerves as well as connective tissue.
It is constituted of different cell types. The predominant fraction is mature adipocytes, but
there is also the stromal-vascular fraction, which includes precursor cells of adipocytes,
preadipocytes but also macrophages, mast cells, lymphocytes, or fibroblasts (Cryer and Van,

1985).

The main function of white adipose tissue is the storage of energy in a compact manner (Wang
et al., 2008). Whereas fat pad formation starts between the 14" and 23™ week of gestation
(Poissonnet et al.,, 1983), the number of adipocytes are defined during childhood and
adolescence (Spalding et al., 2008). In obese subjects, an increase in fat mass is mostly
developed by hypertrophy (increase of adipocyte size) (Spalding et al., 2008). But it is also
indicated that hyperplasia might take place in obese subjects during a higher age (Bjorntorp
and Sjostrom, 1971; Hirsch and Batchelor, 1976). Nevertheless, during weight loss the number
of adipocytes does not decrease (Spalding et al., 2008). Independent of weight gain or
reduction, 10 % of adipocytes are replaced annually (Spalding et al., 2008). However, the
exclusive role of adipose tissue as an organ to store energy has shifted towards an organ with
secretory functions. Besides the secretion of free fatty acids (FFAs) during fasting, proteins are
also secreted from adipose tissue (Wang et al., 2008). One milestone occurred in 1994 with
the discovery of the adipokine leptin which highlighted the role played by adipose tissue as a
secretory organ (Zhang et al., 1994). With the enlargement of adipose tissue, the secretion of
many inflammatory cytokines is increased, and therefore, contributes considerably to an
inflammatory status in obesity (Hauner, 2005). In comparison, the secretion of the adipokine
adiponectin, is inversely related to the amount of adipose tissue (Cnop et al., 2003) and the
BMI (Arita et al., 1999). Moreover, serum levels of adiponectin are higher in insulin sensitive
subjects (Kern et al., 2003). In turn, the release of pro-inflammatory cytokines is increased
with hypertrophy of adipocytes (Bliher et al., 2004; Skurk et al., 2007a). Besides the increase
in fat mass and adipocyte hypertrophy also fat distribution contributes to the inflammatory
phenotype commonly seen in obesity. In comparison to the subcutaneous depot, the pattern
of secreted factors of the visceral depot is more pronounced as pro-inflammatory (Fried et al.,
1998; Bruun et al., 2005; Harman-Boehm et al., 2007). Also the secretion of leptin is distinct
between the subcutaneous and the visceral depot. However, a higher secretion of leptin
occurs in the subcutaneous depot. As the secretion of leptin correlates to fat cell size and
adipocytes are larger in the subcutaneous depot (Goldrick and McLoughlin, 1970), a reduced

2
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secretion of leptin, seen in the visceral depot, could be due to the size of adipocytes (van
Harmelen et al., 1998). Moreover, it has been shown that the adiponectin secretion also
differs within the subcutaneous and the visceral depots. The visceral depot shows higher
secretion rates of adiponectin and is, furthermore, influenced by the treatment with insulin
or rosiglitazone, whereas the subcutaneous secretion is unaffected. Therefore, it had been
suggested that the visceral depot is responsible for declining adipokine levels, observed with

an increasing BMI (Motoshima et al., 2002).

A proposed mechanism for adipose tissue dysfunction associated with increasing adiposity is
adipose tissue hypoxia. If an increase of fat mass and adipocyte size in obesity is not followed
by an adequate vascularization, this is increasing the distance for oxygen diffusion and could
therefore trigger adipose tissue hypoxia (Trayhurn, 2013). Evidence from animal models
indicates that obesity is accompanied by adipose tissue hypoxia (Hosogai et al., 2007; Ye et
al., 2007; Rausch et al., 2008). Furthermore, human adipose tissue of obese compared with
lean subjects was also found to be hypoxic (Blaak et al., 1995; Pasarica et al., 2009). But the
situation is not as clear as in animal models; in contrast, there are studies which failed to show
a metabolic signature of hypoxia in adipose tissue in obese subjects (Hodson et al., 2013), and
even hyperoxia had been reported (Goossens et al., 2011). Nevertheless, hypoxia had been
repeatedly described to contribute to the switch towards an inflammatory profile of adipose
tissue as seen in obesity (Wang et al., 2007; Ye et al., 2007; Wood et al., 2011; Goossens et al.,
2011). A hypoxic state has also been connected to an increase in the release of lactate which
is a product of glycolysis (Priyanka et al., 2014). Beside the oxidative phosphorylation
(OXPHQOS) process, glycolysis is another source for adenosine triphosphate (ATP) (Alberts et
al., 1994). In adipocyte cell models an increase in lactate production had been observed after
a decrease in oxygen tension (Pérez de Heredia et al., 2010; Wood et al., 2011). Findings from
the human Simpson-Golabi-Behmel Syndrome (SGBS) preadipocyte cell strain even suggest
that adipocytes only switch to mitochondrial ATP production, when glycolysis cannot fulfill the
actual need for ATP (Keuper et al., 2014). Circulating levels of lactate were found to be higher
in obese, compared to lean subjects (DiGirolamo et al., 1989). Furthermore, in vivo
measurements of lactate release from subcutaneous adipose tissue showed proportionality
between the fat mass and the release of lactate and was therefore found to be higher in obese
compared to lean subjects (Jansson et al., 1994). Studies with rats showed a higher basal
lactate release from the mesenteric depot (Newby et al., 1988; Newby et al., 1990; King and

3
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DiGirolamo, 1998). However, this was not the case anymore in the response to insulin (King
and DiGirolamo, 1998). Microarray analysis revealed that genes encoding key glycolysis
enzymes are differentially expressed in adipose tissue of obese and lean subjects and
therefore suggest that not only fat mass accounts for differences in lactate production

between lean and obese subjects (Baranova et al., 2005).

1.3 Adipose tissue and impaired glucose homeostasis

Type 2 diabetes mellitus (T2DM) is an obesity associated comorbidity. With the progression
of T2DM, chronic hyperglycemia, can have severe long-term effects on different organs;
especially the heart, blood vessels, kidneys, nerves, and eyes (American Diabetes Association,
2013; World Health Organization, 2016). Between 1980 and 2014, the worldwide prevalence
for diabetes among adults rose from 4.7 % to 8.8 % and has, therefore, nearly doubled. The
majority of diabetic patients are suffering from T2DM (World Health Organization, 2016). In
contrast to Type 1 diabetes, where auto-immune destruction of pancreatic B-cells leads to an
insufficient insulin production, resulting in the total absence of insulin, the pathogenesis of
T2DM is started with insulin resistance (American Diabetes Association, 2013). As T2DM
progresses, B cell failure occurs which leads to an impaired insulin secretion. This failure of B
cells is partially caused by the attempt to compensate for insulin resistance (Prentki and Nolan,
2006). Early stages of T2DM and insulin resistance are often undiagnosed, as the disease is
not severe enough for the patients to be recognized in the initial phase (American Diabetes
Association, 2013). Individuals with impaired fasting glucose and/or impaired glucose
tolerance, but not yet diagnosed as diabetic patients, are referred to as pre-diabetic (American

Diabetes Association, 2013).

Insulin resistance is characterized by an impaired signal cascade of the insulin receptor
substrate 1 (IRS-1)/ phosphoinositide 3-kinase (PI3K)/Akt signal pathway, followed by an
insufficient glucose transporter type 4 (GLUT4) translocation, and thus, an impaired transport

of glucose into muscle cells (Choi and Kim, 2010).

Dysregulated adipose tissue is thought to be acting as a contributor to the onset of T2DM. A
decrease in storage capacity of adipose tissue leads to an increase in the release of FFAs
(Lionetti et al., 2009). Increased levels of circulating FFAs in turn have been linked to insulin
resistance and T2DM (Boden and Chen, 1995; Paolisso et al., 1995; Roden et al., 1996).

Glucose uptake is inhibited by FFAs (Roden et al., 1996) through the inhibition of the IRS-1
4
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tyrosine phosphorylation (Griffin et al., 1999; Yu et al., 2002) and IRS-1 associated PI3K
activity, which is responsible for the transport of glucose into muscle cells (Dresner et al.,
1999; Griffinetal., 1999; Yu et al., 2002). Furthermore, the switch towards a pro-inflammatory
secretory profile is promoting insulin resistance. Thereby, adiponectin, which is considered as
anti-inflammatory (Ouchi and Walsh, 2007), has been proposed to function as an anti-diabetic
adipokine. In obese subjects, levels are higher in healthy compared to diabetic patients (Hotta
et al.,, 2000; Kléting et al., 2010). Moreover, circulating adiponectin levels are inversely
correlated to glucose levels as well as fasting plasma insulin (Hotta et al., 2000; Weyer et al.,
2001). Studies with rodents imply that the antidiabetic action of adiponectin is mediated by
the suppression of the hepatic glucose production. Therefore, basal glucose levels are
decreasing (Berg et al., 2001) as well as the muscle and liver triglycerides content due to an
increased skeletal muscle fatty-acid combustion and dissipation of energy (Yamauchi et al.,

2001).

The anti-inflammatory adipokine adiponectin is negatively associated to disturbances in
glucose metabolism, whereas the number of macrophages in adipose tissue is increasing with
insulin resistance (Harman-Boehm et al., 2007; Kl6ting et al., 2010). Hereby, the release of
pro-inflammatory cytokines like tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6)
by macrophages, are thought to play a key role in the genesis of T2DM (Harford et al., 2011).
During the treatment of T2DM, the improvement of the subject’s glucose homeostasis goes

along with a reduction of systemic inflammation markers (Larsen et al., 2007).

The mentioned aspects are further supported by an unfavorable distribution of adipose tissue
in favor of an increase in the visceral fat, as the infiltration of adipose tissue with macrophages
is higher in omental adipose tissue compared to the subcutaneous depot (Cancello et al.,
2006). Moreover, the surgically removal of intra-abdominal fat has beneficial effects on the
subject’s glucose metabolism in comparison to the subcutaneous depot (Thorne et al., 2002;
Klein et al., 2004; Dillard et al., 2013). In addition, there are associations between an impaired
glucose homeostasis and the amount of visceral adipose tissue mass (Basat et al., 2006). On
the contrary, it has also been shown that there is a strong correlation between the
subcutaneous abdominal depot and insulin resistance after adjusting for the visceral depot.
However, this correlation was not seen any more for visceral fat mass after adjustment for the
subcutaneous fat mass (Goodpaster et al.,, 1997). Taken additionally into account that

subcutaneous adipose tissue represents 80 % of the total body fat (Spalding et al., 2008), the
5
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investigation of subcutaneous adipose tissue is a crucial part in the research of obesity and

T2DM.

Besides adipose tissue distribution, also adipoyte hypertrophy has been linked to the
development of T2DM, as the release of pro-inflammatory cytokines is increased with the size
of adipocytes (Bliiher et al., 2004; Skurk et al., 2007a). Furthermore, it has been reported, that
there is an association between fat cell size and T2DM (Weyer et al., 2000; Dubois et al., 2006),
and that a favorable glucose homeostasis is linked to adipose tissue hyperplasia rather than
to hypertrophy (Hoffstedt et al., 2010). It even has been proposed an adipocyte size threshold,
which increases the risk for T2DM (Cotillard et al., 2014).

The degree of which hypoxic adipose tissue in obesity is contributing to T2DM is
controversially discussed, as there are studies with contrary findings (Kl6ting et al., 2010;
Lecoultre et al., 2013). The cellular adaptive response to hypoxia is regulated by the hypoxia-
inducible-factor 1 (HIF1), consisting of the oxygen labile subunit HIF-1a and the constitutively
expressed subunit HIF-1B. Under normoxia the alpha subunit is degraded (Giaccia et al., 2004;
Semenza, 2011). The knockout of HIF-1p in adipose tissue retains high fat fed mice from the
development of obesity and glucose intolerance, accompanied by small adipocytes and
reduced visceral fat mass (Lee et al., 2011). Analogously, the overexpression of HIF-1a is
followed by an increase in adipose tissue inflammation and a decrease in glucose tolerance
(Halberg et al., 2009). Nevertheless, a chronic exposure of mice to hypoxia showed beneficial
effects on body weight, adipocyte size and adiponectin expression (van den Borst et al., 2013).
Moreover, the exposure of humans to hypoxia during night was followed by a decrease in the
partial pressure of oxygen (pOz) and an increase in insulin sensitivity (Lecoultre et al., 2013).
However, also human studies suggest that low adipose tissue pO; drives inflammation
(Pasarica et al., 2009) and that there might be a link between the hypoxia signal cascade and
insulin resistance (Regazzetti et al., 2009; Kloéting et al., 2010). Moreover, an inverse
association between circulating lactate levels and the degree of insulin sensitivity has been
observed (Lovejoy et al., 1992). As mentioned before, in adipocyte cell models, a decrease in
oxygen tension was found to result into an increase in lactate production (Pérez de Heredia

et al., 2010; Wood et al., 2011).
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1.4 Cellular mitochondrial function

Mitochondria are cellular organelles with their own double-stranded circular deoxyribonucleic
acid (dsDNA). They are composed of an outer membrane, surrounding the mitochondrion, an
intermembrane space between outer and inner membrane and the mitochondrial matrix
embraced by the inner mitochondrial membrane. The surface of the inner mitochondrial
membrane, which incorporates the respiratory chain complexes, is increased by the formation
of cristae structures (Alberts et al., 1994; Scheffler, 2001; McBride et al., 2006). According to
the endosymbiotic theory, mitochondria descend from bacteria, which where endocytosed
about two billion years ago, presumably, after oxygen entered the atmosphere (Alberts et al.,
1994; Archibald, 2015). Although mitochondria are often depicted as static organelles, it is
widely accepted that mitochondria are highly flexible organelles which constantly undergo
fusion and fission and can built complex networks (Wiesner et al., 1992; Bereiter-Hahn and
Voth, 1994). The main function of mitochondria is recognized as the “powerhouse of the cell”,
as energy is produced through the oxidative phosphorylation process, where electrons are
passed along the electron transport chain. The mitochondrial generated ATP meets, under
normal conditions, 80 % of the cellular energy demand. Electrons are transferred via the
different complexes to its final acceptor oxygen at complex IV (or cytochrome c oxidase).
Hereby, a proton gradient across the membrane is built. Electrons from nicotinamide adenine
dinucleotide (NADH), originated from the oxidation of nutrients, enter the electron transport
chain via complex | (or NADH-ubiquinone oxidoreductase). Thereby, NADH is oxidized to NAD?,
protons are pumped into the intermembrane space, and electrons are transferred to
ubiquinone. Complex Il (or succinate-ubiquinone reductase) which is a part of the tricarboxylic
acid cycle (TCA), passes electrons from succinate to the ubiquinone pool, but without pumping
protons across the inner mitochondrial membrane. By complex Ill (or ubiquinone-cytochrome
c oxidoreductase), electrons are transferred from ubiquinol to cytochrome c, and protons are
transported via the inner membrane. Complex IV in turn, is using cytochrome c as a substrate.
Cytochrome c is oxidized and the final electron acceptor oxygen is reduced into two H;O
molecules and again, protons are pumped across the membrane. The production of ATP from
adenosine diphosphate (ADP) and phosphate through complex V (or ATP-synthase) is driven
by the proton motive force through the flow of protons from the intermembrane space back

to the mitochondrial matrix (see Figure 1) (Saraste, 1999; Papa et al., 2012).
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Figure 1: lllustration of the oxidative phosphorylation at the inner mitochondrial membrane

Electrons are transferred via the complexes to its final acceptor oxygen at complex IV. Thereby protons are
pumped across the inner mitochondrial membrane by complex I, 1ll and IV. Using the built proton motive force,
ATP is synthesized by complex V through the return of protons to the mitochondrial matrix (adapted from
Saraste, 1999 and Kanehisa et al., 2016).

Beside the OXPHOS process, there are further functions which can be attributed to
mitochondria. As brought up before, also the TCA is localized in the mitochondrion; so the
matrix comprises enzymes involved in the TCA (Alberts et al., 1994; Scheffler, 2008).
Furthermore, the final degradation of fatty acids to acetyl-CoA within the beta-oxidation takes
place within the mitochondrion and is than fed into the TCA (Houten and Wanders, 2010).
Additionally, mitochondria are involved in the cellular calcium regulation (Dupont, 2014), the
synthesis of heme and Fe-S-clusters, the degradation of amino acids by the urea cycle
(Scheffler, 2008), and in the intrinsic apoptotic pathway — the process of programmed cell

death (ElImore, 2007; Li and Dewson, 2015).

Even though mitochondria have their own DNA, consisting of 16,569 base pairs; the majority
of mitochondrial proteins are encoded by the nuclear DNA. Only 13 of the 37 mitochondrial
genes encode for proteins of the OXPHOS system: seven subunits of complex I, one of complex
ll, three of complex IV, and two of complex V (Anderson et al., 1981). The copy numbers of
mitochondrial DNA (mtDNA) per mitochondrion are thought to be almost constant in different
mammalian cell types, but the number of mitochondria differs (Robin and Wong, 1988;
D'Erchia et al., 2015). It is assumed that mtDNA is equally distributed over mitochondria within
one cell, as mitochondrial fusion allows complementation of mtDNA between different

mitochondria (Hayashi et al., 1994; Chan, 2006).
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1.5 Mitochondria in adipocytes of white adipose tissue

Compared with beige and brown adipocytes, white adipocytes show fewer numbers of
mitochondria (Park et al., 2014). Furthermore, mitochondria in beige and brown adipocytes
differ in their function as they dissipate energy by non-shivering thermogenesis. Thereby,
protons are translocated from the intermembrane space back into the mitochondrial matrix
via uncoupling proteins (UCP), heat is produced and ATP-synthase is eluded (Peirce et al.,
2014). Furthermore, human white adipose tissue revealed an average of mtDNA copy number
of 350 to 2,000 per adipocyte (Gahan et al., 2001; Bogacka et al., 2005; Kaaman et al., 2007,
Lindinger et al., 2010). Therefore, mtDNA content in human white adipose tissue is in the

lower third compared to mtDNA content in other human tissues (D'Erchia et al., 2015).

Due to the formation of glycerol 3-phosphate and the activation of FFAs mitochondria are
thought to be important for lipogenesis in adipocytes. This is further supported by a strong
association between the mtDNA copy number and adipocyte lipogenesis in cell models
(Kaaman et al., 2007; Pauw et al., 2009). Moreover, lipolysis can be linked to mitochondria in
adipocytes, as the oxidation of fatty acids by B-oxidation takes place in the mitochondrial
matrix, and lipolysis is inhibited by a decrease in ATP levels and the activation of the 5'
adenosine monophosphate-activated protein kinase (AMPK) (Pauw et al., 2009). In addition
to lipogenesis and lipolysis, specifically in adipocytes, mitochondria are suggested to play an
important role in adipocyte differentiation (Lu et al., 2010; Kajimoto et al., 2005). Concerning
adipokine secretion, cell culture models suggest that mitochondrial function in adipocytes is

essential for adiponectin synthesis (Chevillotte et al., 2007; Koh et al., 2007).

1.6 Mitochondria in white adipose tissue adipocytes of obese subject

Evidence of impaired adipocyte mitochondria in the context of obesity was revealed from
mice models first. It was shown that genes encoding for mitochondrial proteins are
downregulated in obese mice (Wilson-Fritch et al., 2004). The attempt to ascertain gene
expression in human adipocytes in dependency on obesity led to controversial results.
Whereas upon the FinnTwinl6 study, where obese and lean co-twins were compared, a
downregulation of genes involved in the electron transport chain in the abdominal
subcutaneous adipose tissue (Mustelin et al., 2008) as well as diminished mitochondrial

oxidative pathways in the obese twins were found (Heinonen et al., 2015), other groups
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couldn’t find a difference in the visceral or the subcutaneous depot between obese and non-
obese subjects (Dahlman et al., 2006; Kaaman et al., 2007; Yehuda-Shnaidman et al., 2010).
Even more controversial data were presented investigating the mtDNA copy number in
adipocytes of obese and lean subjects. There are results showing a decreased mtDNA content
in subcutaneous adipocytes of obese subjects (Kaaman et al., 2007; Heinonen et al., 2015),
but no influence due to weight loss (Kaaman et al., 2007), whereas Yin et al. (2014) only found
a trend towards a lesser mtDNA copy number in adipocytes of obese subjects, but no
statistically significant difference between lean and obese subjects in visceral or subcutaneous
adipocytes (Yin et al., 2014). Lindinger and colleagues even observed an increased mtDNA

copy number in omental adipocytes with an increase in BMI values (Lindinger et al., 2010).

Aside from results regarding gene expression and mtDNA content, there is also literature
presenting data of functional mitochondrial measurements in human adipocytes. Already in
1989 the observation was made that basal oxygen consumption of subcutaneous and omental
adipose tissue is negatively related to the donor’s degree of obesity (Hallgren et al., 1989).
Differentiated subcutaneous preadipocytes showed no differences in their basal oxygen
consumption rates with regard to the donor’s BMI, but after the induction with isoproterenol,
oxygen consumption rates were found to be lower in adipocytes from obese subjects (Yehuda-
Shnaidman et al., 2010). In contrast to that, another study revealed that oxygen consumption
rates of isolated mitochondria from omental and abdominal subcutaneous mature adipocytes
differed between obese and lean subjects. Additional findings of the same study population
were that mitochondria from small and large adipocytes do not differ in their oxygen uptakes,
and that there is no difference in mitochondrial respiration between the subcutaneous and
the visceral depot within the same subject (Yin et al., 2014). This result is not supported by
measurements of whole visceral adipose tissue samples derived from obese subjects, which
showed higher oxygen consumption per mtDNA compared with the subcutaneous depot
(Kraunsge et al., 2010). Looking at the activity of complex | and Il measured in isolated
mitochondria from omental adipose tissue, no link to obesity could be drawn. Only the activity
as well as protein levels of the mitochondrial key enzyme citrate synthase (CS) had been found
to be reduced in mitochondria from omental adipose tissue of obese subjects (Christe et al.,

2013).
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1.7 Mitochondria in white adipose tissue adipocytes of subjects with impaired
glucose homeostasis

Hansen and colleagues (2015) found lower mtDNA copy numbers in subcutaneous adipocytes
of subjects with T2DM compared with only obese subjects. Upon respiratory measurements
of whole adipose tissue pieces, the calculated respiratory rates per adipocytes were lower in
the group of diabetic subjects. But there was no difference between the two groups when the

respiratory rates were expressed per adipose tissue mass or per mtDNA (Hansen et al., 2015).

Independent of the obese state, Dahlman and group (2006) found a downregulation of
electron transport chain genes in visceral and subcutaneous adipose tissue of women

suffering from T2DM (Dahlman et al., 2006).

Regarding mtDNA content, lower amounts were found in subcutaneous adipose tissue of
T2DM compared to control subjects (Bogacka et al., 2005), and also in visceral adipose tissue
a trend towards a lower mtDNA content in women with T2DM was reported (Lindinger et al.,
2010). Additionally, the treatment with the antidiabetic drug pioglitazone led to an increase
in mtDNA copy number as well as factors involved in mitochondrial biogenesis in
subcutaneous adipose tissue (Bogacka et al., 2005). Further evidence for a link between T2DM
and a reduced mtDNA content in adipose tissue was found in a study published by Heinonen
et al. (2015), where the amount of mtDNA in subcutaneous adipose tissue was inversely
related to the homeostatic model assessment (HOMA), an index for insulin resistance

(Heinonen et al., 2015).
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2 AIM OF THE WORK

Frequently, an increase in obesity goes along with a progression in adipocyte dysregulation.
Furthermore, in many cases this is followed by metabolic consequences such as T2DM.
Although several responsible aspects in this context had been revealed, the overall reason for
a dysregulated adipose tissue in obese subjects is not fully understood yet. Different aspects,
including macrophage infiltration, adipocyte hypertrophy, hypoxia and other factors, had
been referred to a progression in adipose tissue impairment. As there had also been found
indications for dysfunctional adipocyte mitochondria within obesity, this is investigated in the
present thesis, with the attempt to gain further knowledge of adipose tissue biology in the

context of obesity.

Therefore, the main mitochondrial function, the oxidative phosphorylation process, in
dependency on the subjects BMI, was investigated within two different models. Furthermore,
the role of the mitochondria’s fat depot origin (subcutaneous, visceral) as well as the
occurrence of a diagnosed T2DM or a pre-diabetic state had been taken into account. In order
to reveal differences within the single complexes of the mitochondrial electron transport
chain, protein expression analysis had been performed. Moreover, the consequences of an
impaired mitochondrial respiration regarding ATP levels had been determined, as well as a

possible compensatory role of glycolysis in this context.
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3 MATERIAL AND METHODS

3.1 Subjects

Adipose tissue was obtained from patients who underwent either elective abdominal or
visceral surgery. All patients were free of infectious diseases or malignancy. Written informed
consent was provided by each subject. The study protocol had been approved by the ethical

committee of the Technical University of Munich (project number: 5716/13).

Subjects who underwent visceral abdominal surgery were grouped according to their glucose
homeostasis as follows: Subjects without any disturbances in their glucose metabolism where
referred to as “no recognized disturbances within the glucose homeostasis” (ND). As C-
peptide is reflecting endogenous insulin secretion and therefore, increasing with an over
secretion of insulin (Saisho, 2016) and recently also C-peptide is now also taken into account
when the state of impaired glucose homeostasis is estimated (Lee et al., 2017; Zachariah et
al., 2016), the prerequisites for the ND group were: fasting plasma glucose levels < 110 mg/d|,
glycated hemoglobin Aic (HbA1c) < 5.7 % and C-peptide < 4.4 ng/ml. Subjects with diagnosed
diabetes were referred to as diabetic. Subjects with no diagnosed T2DM, but HbA;. values
above 5.7 % (American Diabetes Association, 2013), or a recognized insulin resistance by
HOMA-Index, where referred to as pre-diabetic. The diagnosis of diabetes, as well as the
determination of the HbAi. values, plasma glucose, C-peptide and insulin resistance was

measured by the attending physician.

3.1.1 Plastic surgery

Subcutaneous adipose tissue was obtained from healthy female patients who underwent
abdominoplasty or abdominal liposuction. The tissue was transported in a sterile container
with Dulbecco’s Modified Eagle medium: Nutrient Mixture F12 (DMEM/F12; Gibco®
ThermoFisher Scientific, USA) containing 1 % Penicillin-Streptomycin (Pen-Strep; Sigma-

Aldrich, USA) to the laboratory. Adipocytes had been isolated within the same day.

3.1.2 Visceral abdominal surgery

Small amounts of subcutaneous and visceral adipose tissue (approx. 1 to 10 g) were obtained
from subjects who underwent visceral abdominal laparoscopic surgery (e.g. sleeve

gastrectomy, fundoplication, appendectomy). Therefore, the surgeon removed visceral
13
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adipose tissue in the proximity of the angel of His. The subcutaneous adipose tissue was taken
from beneath the skin, after the trocar has been taken out and before suturing the incision.
The tissue was transferred to sterile 50 ml tubes containing DMEM/F12 with 1 % Pen-Strep
and transported to the laboratory. There it was immediately transferred to a T25 cell culture
flask (TPP, Switzerland) with DMEM/F12 1 % Pen-Strep and stored in an incubator (5 % CO;

atmosphere; 37 °C) over night.

All available data of the patients concerning anthropometric data, laboratory tests,

comorbidities, medication, and smoking habits were collected from the medical file.

3.2 Adipocyte culture

3.2.1 Adipocyte isolation

Human primary adipocytes were isolated like previously described (Skurk et al., 2007b). In
short, blood vessels and connective tissue was removed from the adipose tissue. Subsequently
the tissue was minced with scissors in a 50 ml tube and 5 ml of Krebs-Ringer phosphate buffer
(KRP) +4 % bovine serum albumin (BSA, Sigma-Aldrich) containing 0.2 units collagenase
(Biochrom, Germany) per g adipose tissue was added. The 50 ml tubes with adipose tissue and
collagenase solution was incubated for one hour (h) under agitation in a water bath at 37 °C.
After collagenase digestion the sample were initially filtered through a nylon mesh (VWR, USA)
with a pore size of 2,000 uM. Thereafter, adipocytes were filtered together with KRP buffer +
0.1 % BSA through nylon mesh (VWR) pores with the size of 200 um. The filtering steps were
followed by washing steps with KRP + 0.1 % BSA until the supernatant appeared to be clear.
Between the washing steps, the adipocytes floated for five minutes (min), to avoid washing
away small adipocytes. Subsequently, adipocytes were depending on the received amount
transferred into cell culture flasks (TPP) or cell culture plates (TPP) with DMEM F12 + 1 % Pen-

Strep in the dilution 1:4 (see also Figure 2).
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Figure 2: Isolation of adipocytes from visceral abdominal surgery

(A) Adipose tissue specimen in a T25 cell culture flask with DMEM/F12 + 1 % Pen-Strep. (B) Minced adipose
tissue. (C) Minced adipose tissue with KRP +4 % BSA containing 0.2 units collagenase. (D) Adipocytes after
filtering steps. (E) Washed adipocytes with clear supernatant. (F) 12-well culture plate with adipocytes in
DMEM/F12 + 1 % Pen-Strep.

KRP buffer
(12.35 mM KCl, 4.9 mM CaCly, 1.25 mM MgS0ax7 H,0, 1.23 mM NaH2POxH,0; pH 7.4)

3.2.2 Size determination

For cell size determination, 10 pl adipocytes were transferred on an object slide with KRP +
0.1 % BSA (see also Figure 3). The diameter of 100 adipocytes was determined under a light

microscope (Leica, Germany) with included scale. Adipocyte volume was calculated by:

4
Volume = §*n * 73

Figure 3: Exemplary microscope images of isolated adipocytes

Adipocytes were isolated from adipose tissue and transferred to an object slide for cell size determination. Two
images of visceral adipocytes and varying magnification are shown exemplary.
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3.2.3 Fractionation

Isolated adipocytes from lean and obese subcutaneous abdominal tissue (n=5) were
separated into very small cells (fraction I; FI) and very large cells (fraction IV; FIV) based on
their buoyancy in a 100 ml separating funnel. Therefore, 10 to 20 ml of a total cell suspension
and 50 ml of KRP + 0.1 % BSA buffer were gently mixed. After cells were allowed to float for
45 seconds (sec), 30 ml of cell suspension was collected to obtain FI (small cells). Intermediate-
sized cells were collected and discarded after floating for 15 sec. Cells that remained in the
funnel were defined as FIV. To determine cell size of each fraction, size was determined in
accordance to 3.2.2. Experiments on fractionated adipocytes were conducted with the

cooperation of Christina Schempp.

3.2.4 LDH activity

The enzyme lactate dehydrogenase (LDH), which is located in the cytoplasm of cells, was used
as a marker for cellular stress. As also experiments were performed were adipocytes were
permeabilized, hereby measurements of LDH activity levels can give additional information
about the degree of permeabilization (Smolen et al., 1986; Boon and Zammit, 1988). LDH is
converting pyruvate to L-lactate with NADH as a cofactor, whereby NAHD is oxidized to NAD".
NADH is absorbing ultraviolet (UV) light at 339 nm. Therefore, the activity of LDH can be
determined indirectly by a plate-reader (Infinite® 200 PRO, Tecan, Switzerland) measuring the
absorbance at 339 nm photometrically over a time period of 10 min. Supernatants from
adipocytes before and after permeabilization were taken and stored for maximal 24 h at 4 °C.
After pipetting NADH (156 pl; Sigma-Aldrich) diluted in Tris/NaCl (0.24 mM NADH) in each
well, a sample (6 pul) was added in duplicates. 31 pl of pyruvate (9.72 mM) diluted in Tris/NaCl

was automatically added by the Tecan injector.

To reveal if cellular stress as well as the degree of permeabilization is associated to donor’s
BMI values and might therefore biasing the findings of the study, adipocyte LDH activity before
and after permeabilization was correlated to BMI values. Both analyses showed no association
between LDH activity before and after permeabilization and donor’s BMI values (Appendix:
Table 27). Furthermore, LDH activity of subjects with and without disturbances of glucose
homeostasis was compared. This comparison also did not exhibit any statistically significant

differences between the two groups (Appendix: Table 28).
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Tris/NaCl
(81.22 mM Tris, 200 mM NaCl, pH 7.2)

3.3 Respiration measurements

3.3.1 Isolated mitochondria

For the isolation of mitochondria, adipocytes were disrupted mechanically by a glass-Teflon
Potter homogenizer in the presence of STE buffer +4 % BSA (fatty acid free; faf; ROTH,
Germany) at 4 °C. The homogenate was transferred to a 50 ml tube and was centrifuged
(800 x g, 10 min, 4 °C) to separate the mitochondria-suspension from fat and to pellet the cell
debris. Subsequently, the supernatant with mitochondria was ultracentrifuged (10,000 x g,
10 min, 4 °C). The supernatant was discarded and the pellet containing mitochondria was
washed with KHE buffer. After another centrifugation step (10,000 x g, 10 min, 4 °C) and
discarding the supernatant, the pellet was carefully resuspended with the help of a brush and
in a small volume of KHE buffer and was subsequently transferred to a 1.5 ml reaction tube.

Resuspended mitochondria were stored on ice for the following measurements.

Before respiratory analyses were performed, mitochondrial protein was measured using a
BCA Protein Assay Kit (ThermoFisher Scientific), which is based on the biuret reaction and

measures the absorbance of the formed bicinchoninic acid copper(l)-complex at 562 nm.

Oxygen consumption of isolated mitochondria was determined within a Clark-type oxygen
electrode (Digital Model 10; Rank Brothers, UK). The Clark electrode is constituted of a
platinum cathode and a silver anode which are in contact by a 3 M potassium chloride
solution. The electrodes are separated from the measuring chamber by an oxygen permeable
Teflon membrane. Therefore, oxygen diffuses from the incubation chamber towards the
cathode through the membrane, its partial pressure respectively. The incubation chamber is
separated from atmosphere with a plunger that only has a small hole for injections. The
content in the incubation chamber has to be continuously stirred to ensure that partial
pressure of Oz is equilibrated in the complete test medium, thus a stable signal can be
measured. To ensure a constant temperature of 37 °C the incubation chamber is surrounded
by a warming-water outlet. As a polarization voltage of -0.6 V is applied to the platinum
cathode, oxygen is reduced to a hydroxide ion with the aid of water. For every reduction

reaction, an oxidation at the silver anode takes place. Hereby, silver and chloride become
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oxidized. In total, the following electrochemical process occurs:
4Ag + Oy + 2H,0 + 4ClI" — 4AgCl + 40H"

The resulting current between the two electrodes is proportional to the oxygen partial
pressure within the incubation chamber (Rank Brothers Ltd, 2002). By the Lab-Chart 6
software (ADInstruments, New Zealand) the measured voltage is simultaneously displayed as

percentage saturation per second.

Oxygen consumption [nmol O] ~ %/ min * nmol O/ml buffer

min * mg protein 100 * mg protein/ml

KHE +0.4 % BSA (faf) + 2 mM MgCl, (1 ml, air saturated) had been used as respiration buffer.
To assess oxygen consumption rates, mitochondria (300 ug) were added to the respiration
buffer and stirred during analysis at 550 rounds per minute (rpm). To prevent reverse electron
transfer and therefore reactive oxygen species (ROS) production, rotenone (6 uM) as a
complex | inhibitor was added at the beginning of respiration measurements (Hinkle et al.,
1967). Succinate (4 mM) was injected as a substrate for complex Il, ADP (300 puM) for initiating
ATP production, and oligomycin (1 pug/ml) to inhibit ATP-synthase (all from Sigma-Aldrich). The
complex Il substrate succinate was used to obtain higher oxygen consumption rates than with
NADH-based substrates to unravel even small differences in respiration. Respiratory
measurements of isolated mitochondria were in part conducted with the cooperation of

Christina Schempp.

STE buffer
(250 mM sucrose, 5 mM Tris, 2 mM EGTA, pH 7.4)

KHE buffer
(120 mM KCl, 5 mM KH2PO4 3 mM Hepes, 1 mM EGTA, pH 7.2)

3.3.2 Isolated adipocytes

Oxygen uptake of isolated adipocytes was measured by high-resolution respirometry
(Oxygraph-2k, OROBOROS® INSTRUMENTS, Austria). Hereby, oxygen concentration is
measured in two glass chambers by a Clark type polarographic oxygen sensor. The sensor

consists of a gold cathode (2 mm), a silver/silverchloride anode and a KCl electrolyte reservoir,
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separated from the sample by a 25 um O, permeable membrane. Sensor calibration is
performed by a two-point calibration using air-saturated media and sodium dithionite for zero
oxygen concentration. As the sensitivity of polarographic oxygen sensors is a function of
cathode area and the drift at zero oxygen decreases and the signal to noise ratio increases
with cathode diameter, the relatively large cathode in the Oxygraph-2k, is increasing
respirometric sensitivity (Gnaiger and Forstner, 1983). Furthermore, oxygen-tight materials,
Petlier-temperature control, and a continuous background-correction of oxygen flux are
determining for high-resolution respirometry (Gnaiger, 2008). Before adipocytes were
transferred to the Oxygraph-2k glass chamber, mitochondrial respiration medium 05 (MIRO05;
oxygen solubility factor = 0.92) (Gnaiger et al.) was added and equilibrated with air. Thereafter
200 pl of packed adipocytes were transferred to the glass chamber and fully closed with the
stopper. The adipocyte-buffer suspension was stirred during analysis at 750 rom. Adipocytes
were permeabilized by adding digitonin (2 uM, Sigma-Aldrich). To apply physiological
conditions for measuring oxygen consumption rates during maximal oxidative
phosphorylation (OXPHOS) capacity in permeabilized adipocytes, a convergent supply of
complex | (pyruvate + malate) and Il substrates (succinate) was chosen (Gnaiger, 2009).
Therefore, malate (5 mM; Sigma-Aldrich) and pyruvate (5 mM; Sigma-Aldrich) were added,
followed by ADP (5 mM) and succinate (5 mM). To examine leak respiration (also referred to
as state4o), oligomycin (1 pug/ml) was added as an ATP-synthase inhibitor. Uncoupled
respiration was determined by the titration of the ionophore Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP; 0.5 uM steps; Sigma-Aldrich). The complex Il
inhibitor antimycin A (2.5 uM, Sigma-Aldrich) was added to assess non mitochondrial
respiration, which was then subtracted from all other respiratory states (see representative
respiration measurement Figure 4). Subsequently, the cell suspension was transferred to a

reaction tube and frozen at -80°C until DNA isolation.
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Figure 4: Representative oxygen consumption measurement in isolated adipocytes with Oxygraph-2k

Oxygen concentration (nmol/ml) is represented by the blue line, oxygen flux (pmol/s*ml) by the red line. Vertical
green lines, shown on the x axes [h:min], indicate events where cells or chemicals were added to the glass
chamber. Short interruptions or overshoots of the oxygen flux after injection of chemicals are due to different
oxygen solubility’s of the chemicals in comparison to the applied respiration medium MIRO5.

MIRO5
(120 mM sucrose, 60 mM potassium lactobionate, 0.5 mM EGTA, 3 mM MgCl,*6H,0, 20 mM
taurine, 10 mM KH2PO4, 20 mM HEPES, 1 g/l BSA (faf), pH 7.2)

3.4 Protein expression

Protein expression was determined by Western blot analysis. Therefore, adipocytes were
stored in radioimmunoprecipitation assay buffer (RIPA with phosphatase (phosSTOP; Roche,
Basel, Switzerland) and protease inhibitors (cOmplete; Roche)) at -80 °C until protein
extraction. Samples were thaw on ice and homogenized with zirconium/glass-Beads®
(¢ 0.5 mm; ROTH) in a high-speed benchtop homogenizer (max. speed, 5x 25 s; FastPrep®-24
Instrument, MP Biomedicals, USA). After centrifugation (20,000 x g, 4°C, 15 min), the fatty
supernatant was removed, and protein concentrations were determined using a BCA Protein
Assay Kit (ThermoFisher Scientific). Following, 15 ug of protein was diluted in Laemmli buffer
(5x), heated (55°C, 5 min) and subsequently loaded onto a 15 % acrylamide gel. In addition to
the protein samples 3 ul of a dual colored protein standard (BIO-RAD, Germany) was loaded
as a reference. After SDS-PAGE with running buffer, proteins were transferred to a
nitrocellulose membrane (Whatman, GE Healthcare, UK) via wet blot for 2 h (150 mA) in
transfer buffer. Odyssey blocking buffer (LI-COR, USA) diluted in phosphate buffered saline
(PBS; 1:2) was used for blocking the membrane. Antibodies were diluted in blocking buffer
with 0.15 % Tween® 20 (Sigma-Aldrich) and 0.015 % SDS (AppliChem, Germany) (see also

Table 2). The membrane was incubated with primary antibodies directed against CS (Abcam,
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UK), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Ambion, ThermoFisher Scientific)
and with an antibody mixture for different subunits of respiratory chain complexes (MS601;
Abcam). The antibodies in this mixture were directed against NDUFB8 of complex |, SDHB of
complex Il, subunit core 2 of complex lll, MT-CO2 of complex IV, and F1 of complex V.
Subsequently, the membrane was washed with PBS-T (4 times for 5 min each). After reacting
with infrared fluorescence IRDye secondary antibodies (LI-COR) the membrane was washed
again with PBS-T (4 times for 5 min each) and PBS (5 min). Protein bands were detected using

an infrared imaging system (Odyssey; LI-COR).

Table 2: Applied antibodies for Western blot analysis

Secondary

B — Dilution Incubation

Primary Antibody  Dilution Incubation

Citrate synthase 1:200 1h, RT Donkey anti-rabbit

11 i
(rabbit) IRDye800CW >000 45 min, RT

Donkey anti-rabbit

GAPDH (rabbit) 1:1500 Overnight, 4 °C IRDye800CW

1:15000 45 min, RT

Total OxPhos
Complex Kit 1:200 1, hRT
(mouse)

Donkey anti-mouse

IRDye680 1:15000 45 min, RT

RIPA buffer
50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.2 % Sodium dodecyl sulfate (SDS), 1 % Nonidet P-40,
0.5 % deoxycholate, 1 mM Phenylmethanesulfonylfluoride (PMSF)

Laemmli buffer
(310 mM Tris, 50 mM DTT, 2.5 mM EDTA, 25 % glycerin, 5% SDS, 5% bromophenol blue,
pH 6.8)

Running buffer
(250 mM Tris, 1M glycin, 1 % SDS, pH 8.3)

Transfer buffer
(20 mM Tris, 150 mM glycin, 20 % methanol, 0.02 % SDS, pH 8.4)
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PBS-T
(PBS; 0.1% Tween® 20)

3.5 Complex IV activity

During the OXPHOS process, oxygen is reduced to water at the complex IV (cytochrome c
oxidase), by the transfer of electrons from cytochrome c to oxygen. Within the applied activity
assay, the O, uptake of complex IV can be assessed independent from the OXPHOS process,
as complex IV is solubilized from the inner mitochondrial membrane. Therefore, 1 ml frozen
adipocytes where homogenized, using a 5 ml potter with 500 pl isolation buffer. After further
disruption by an ultrasonic probe (2x 5 sec, 80 % power), the homogenate was centrifuged
(16.000 x g, 2 min), and the intermediate layer was transferred to a new reaction tube. Protein
concentration of the sample was determined by a BCA Protein Assay Kit (ThermoFisher
Scientific). Using 250 pg of protein, complex IV activity was assessed by measuring oxygen
consumption in a Clarke electrode in 1.5 ml air saturated assay buffer. The buffer additionally
included ascorbic acid (20 mM; pH 7, Sigma-Aldrich), as a reducing agent, ADP (5 mM), as an
allosteric activator of complex IV, oligomycin as a complex V inhibitor, and cytochrome c
(Sigma-Aldrich) as an electron donator. Cytochrome c was titrated in the following steps (UM):
5, 10, 50, 100, 130, 150, 160, 190, and 200. For analysis, maximal oxygen uptake and mean

oxygen uptake of the different cytochrome ¢ concentrations were used.

Isolation buffer
(10 MM HEPES, 40 mM KCI, 2 mM EGTA, 10 mM KF, 2 uM oligomycin, 1 mM PMSF, 1%
Tween® 20; pH 7.4)

Assay buffer
(50 mM KH2PQO4, 2 mM EGTA, 1 % Tween® 20, 2 uM oligomycin, pH 7.4)

3.6 ATP determination

ATP levels in adipocytes were determined using the CellTiter-Glo®Luminescent Cell Viability
Assay (Promega, Germany). After centrifugation (200 x g, 2 min), 25 pl packed adipocytes
were transferred to a 1.5 ml reaction tube containing 100 ul DMEM/F12 + 1 %Pen-Strep.

Depending on the amount of available adipose tissue, adipocytes were additionally incubated
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with media containing oligomycin (1 pg/ml), 2-deoxy-D-glucose (2-deoxy-D-glc, 100 mM;
Sigma-Aldrich) or the combination of both substances. Until the measurement was
performed, the adipocytes were stored for 2.5 h in an incubator (5 % CO; atmosphere; 37 °C;
Binder, Germany). In order to the manufacturer’s protocol, the required buffers, an ATP
standard series, and the samples had to be equilibrate to room temperature (RT) for 30 min.
The ATP standard was transferred to a transparent 96-well plate (Greiner bio-one, Austria). A
volume of CellTiter-Glo® Reagent, equal to the volume of ATP standard and samples, was
added and incubated under agitation (900 rpm, 12 min) for inducing cell lysis and stabilizing
luminescence signal. The reaction tube containing the lyzed adipocytes were centrifuged
(400 x g, 3 min). Subsequently, 100 ul of the supernatant was transferred to the 96-well plate
as well and the luminescence signal of the samples and the ATP standard were measured
(Infinite® 200 PRO, Tecan). The ATP concentrations of the unknown samples were calculated
by a standard curve referring to the known ATP concentrations. The remaining adipocyte

lysate was stored at -80 °C until DNA isolation.

3.7 Lactate determination

For measuring glycolysis in isolated adipocytes, lactate release to the cell culture media was
determined. Therefore, L-lactate was measured indirectly by NADH + H* which is formed by
the conversion of L-lactate to pyruvate by the enzyme LDH with NAD* as a cofactor. NADH+
H* is absorbing ultraviolet (UV) light at 339 nm and thus, can be measured

spectrophotometrically.

Adipocytes were seeded 1:4 diluted in DMEM/F12 + 1 % Pen-Strep. Depending on the amount
of available adipose tissue, adipocytes were also incubated with media containing oligomycin
(1 pg/ml). After 24 h, adipocytes were removed and frozen at -80°C until DNA isolation. To
remove cellular LDH, the supernatant was initially deproteinized by a spin filter with a
molecular weight cutoff at 10 kDa (Vivaspin, GE Healthcare). For storage, samples were kept
at -80 °C. Samples where thaw on ice. For precipitation of the remaining proteins, 20 pl of the
samples were diluted (1:2) with 6 % perchloric acid (Sigma-Aldrich). After vortexing, samples
were centrifuged (3000 x g, 15 min). Duplicates of 10 ul of the supernatant were transferred
to a transparent 96-Well plate (Greiner bio-one, Austria) and 100 pl reagent mix, containing
NAD* (Sigma-Aldrich) and LDH (Sigma-Aldrich), was added. Samples were incubated for 30 min

at RT and absorbance was measured at 399 nm subsequently (Infinite® 200 PRO, Tecan). As
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the obtained optical density is proportional to the lactate present in the sample, the amounts

of lactate were calculated referring to a lactate standard series.

Hydrazine buffer
(6.8 mM EDTA, 100 mM hydrazine sulphate, 500 mM hydrazine hydrate; pH 9)

Reagent mix per well

100 ul hydrazine buffer, 0.2 mg NAD*, 1 ul LDH

3.8 DNA isolation and quantification

3.8.1 Mitochondrial DNA quantification

DNA isolation from isolated adipocytes was conducted by a silica- and spin column-based DNA
purification Kit (DNeasy Blood & Tissue Kit; Qiagen, Germany). To quantify mtDNA copy
number in subjects with different BMI, probe-based quantitative real time PCR was performed
on a LightCycler (LightCycler 480; Roche). The applied primers were directed against targets
in the mitochondrial (forward 5’-TTC TGG CCA CAG CAC TTA AA-3’, reverse 5-TGG TTA GGC
TGG TGT TAG GG-3’) and nuclear genome (forward 5-GCA GGC ATT CCT GGA AGA G-3’,
reverse 5'-TGT GTG CCC TAC ACA ATG C-3’). The nuclear primer pair amplifies a 78 bp
fragment of chromosome 12 (713,966 — 714,043) with no annotated genes within > 30 kb in
either direction. The mitochondrial primer pair amplifies a 71 bp fragment of the
mitochondrial genome (318 — 388) close to the origin of replication and 257 bp upstream of
the phenylalanine tRNA gene (human genome build GRCh38/hg18) (Genome Bioinformatics
Group, 2017). With respect to both primer pairs, binding outside their respective unique
target region with special attention to the multiple nuclear copies of mitochondrial genome
fragments was excluded (Primer pairs designed by Dr. Tobias Fromme). Every sample was
measured in triplicates. Prior to plot mtDNA copy numbers against donor’s BMI values, the

ratio of mtDNA to nuclear DNA was calculated (mtDNA/nDNA).

3.8.2 Total DNA quantification

For normalization purposes, adipocytes used for respiratory, ATP, and lactate determination,
were frozen at -80 °C. Samples were thawed on ice and vortexed vigorously. 400 ul of lysis

buffer was added to adipocytes originated from ATP, and lactate measurements. Duplicates
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of 100 pl adipocyte suspension were diluted 1:5 in lysis buffer with proteinase K (Qiagen).
After digestion for 1 h (65 °C, 1,000 rpm) and proteinase K inactivation for 10 min (95 °C, 1,000
rpm), samples were put on ice and 1,125 ul of phenol:chloroform:isoamyl alcohol (25:24:1;
ROTH) was added. Samples were vortexed and centrifuged for phase separation (16,000 x g,
5 min). Hydrophilic phase was transferred to a new reaction tube. DNA concentrations were
determined in duplicates using Quant-iT™ PicoGreen® dsDNA Assay Kit (ThermoFisher
Scientific) and calculated referring to an adipocyte human genomic DNA standard series of
known concentrations. The PicoGreen® reagent contains fluorophores that become
fluorescent through binding to dsDNA and can be measured at 520 nm (Infinite® 200 PRO,

Tecan).

Lysis buffer
(10 mM Tris HCl pH 8.3, 50 mM KCl, 0.45 % Nonidet P-40, 0.45 % Tween® 20, 0.2 mg/ml

proteinase K)

3.9 Statistical analysis

Statistical analyses were performed with GraphPad Prims version 4 (GraphPad Software, La
Jolla, USA) and R Studio (RStudio, Inc. Boston; USA). Boxplots are defined as follows: the
vertical line indicates the median; the inter quartile range (IQR) determines the width of the
box; the upper and lower quartile (UQ, LQ) margins the box; the whiskers indicate values
within 1.5*IQR; outliers are plotted individually, when the values are greater than

UQ+1.5*IQR, or lower than the LQ-1.5*IQR.
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4 RESULTS

4.1 Oxygen uptake of isolated adipocytes

In order to characterize adipocyte mitochondrial respiration, adipocytes from the
subcutaneous and the visceral depot were isolated, and oxygen consumption rates were
determined by high-resolution respirometry during different respiratory states. The cohort
included subjects with a wide range of BMI values, different ages, as well as individuals with
different diabetic states including also individuals with no signs for any disturbances within
the glucose homeostasis. The baseline characteristics of the included subjects are summarized

in Subject’s details Table 26 (Appendix).

4.1.1 Oxygen uptake of isolated adipocytes in association to donor’s BMI

All values reflecting oxygen uptake were normalized to the corresponding DNA amount of the
measured adipocytes, and therefore, express oxygen uptake per cell. Furthermore, within the
regression analysis, data were adjusted for age, that had been found to be associated with
mitochondrial dysfunction (Chistiakov et al., 2014), particularly in adipose tissue (Hallgren et
al., 1989). OXPHOS capacity (also called state3 respiration) was assessed by adding the
complex | substrates malate and pyruvate, the complex Il substrate succinate, as well as ADP
in excess. Therefore, oxygen uptake is depending on the capacity of the OXPHOS process
(Chance and Williams, 1955; Gnaiger, 2014). In subcutaneous adipocytes oxygen uptake
limited by OXPHOS capacity was significantly negatively associated to donor’s BMI (p < 0.05;
Figure 5A, Table 3). Although in visceral adipocytes the estimated coefficient for BMI was
negative as well, no significant association was observed between OXPHOS capacity and BMI
(Table 3). LEAK respiration (also called state4o respiration), which was measured adding the
ATP-synthase inhibitor oligomycin, neither was in subcutaneous nor in visceral adipocytes
associated with donor’s BMI (Figure 5B, Table 3). The ratio of oxygen uptake during OXPHOS
capacity to LEAK respiration indicates the respiratory control ratio (RCR). High values of RCR
are linked to a high capacity to oxidize substrates as well as ATP turnover and an intact inner
mitochondrial membrane. Although there are no absolute values for RCR which indicates
mitochondrial dysfunction, changes concerning the OXPHOS process, potentially conduce
alterations in the RCR (Brand and Nicholls, 2011). Similar to the results of LEAK respiration, no

statistically significant association of the RCR and donor’s BMI were found in visceral and
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subcutaneous adipocytes (Figure 5C; Table 3). Free OXPHOS capacity (Gnaiger, 2014) (also
stated as ATP-linked respiration) was calculated by subtracting oxygen consumption during
LEAK respiration from oxygen consumption during OXPHOS capacity. Again, a negative
association between BMI and free OXPHQOS capacity was only seen in adipocytes derived from
the subcutaneous (p < 0.05; Figure 5D; Table 3), but not in those from the visceral depot (Table
3). To determine oxygen consumption rates exclusiveley depending on the electron transfer
system (ETS), mitochondrial respiration was uncoupled from complex V by titration of the
ionophore FCCP, which enables the transport of protons across the inner mitochondrial
membrane. In addition, oxygen uptake limited by ETS capacity was inversely associated with
donor’s BMI values of subcutaneous adipocytes (p < 0.029; Figure 5E; Table 3) but not with

those of visceral adipocytes (Table 3).

In summary, the results suggest that with increasing BMI values, the OXPHOS capacity, free
OXPHOS capacity, as well as the ETS capacity are decreasing per cell within subcutaneous, but

not visceral adipocytes.

Table 3: Multiple regression analysis: Adipocyte oxygen consumption and donor’s BMI values adjusted for age

respiratory state fat depot (n) coefficient BMI R? p-value

vc (47) -0.142 0.01 n.s. 0.629
OXPHOS capacity

sc (40) -0.577 0.18 * 0.027

vc (47) -0.022 0.02 n.s. 0.841
LEAK respiration

sc (40) -0.113 0.11 n.s. 0.367

ve (47) -0.018 0.02 n.s. 0.393
RCR

sC (40) -0.009 0.15 n.s. 0.294

vc (47) -0.120 0.01 n.s. 0.594
free OXPHOS capacity

sc (40) -0.465 0.16 * 0.017

vc (47) -0.081 0.05 n.s. 0.743
ETS capacity

sc (40) -0.486 0.21 * 0.029

A multiple regression analysis with donor’s BMI values and respiratory states of adipocytes, adjusted for age, and
separated in accordance to the adipose tissue depot of origin, was performed. Estimated coefficients for donor’s
BMI and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal to
zero. Not significant (n.s.); ¥*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5: Oxygen uptake of subcutaneous adipocytes during different respiratory states in subjects with
varying BMI

Adipocytes were isolated from subcutaneous adipose tissue and permeabilized with digitonin. Oxygen uptake
was measured by high-resolution respirometry. Oxygen uptake per s and ng DNA was plotted against donor’s
BMI. OXPHOS capacity was assessed by adding the complex | and Il substrates malate, pyruvate and succinate,
as well as ADP in excess (n =40; A). LEAK respiration was determined by adding the ATP synthase inhibitor
oligomycin (n =40; B). RCR was calculated by the ratio of OXPHOS capacity to LEAK respiration (n = 40; C). LEAK
respiration values subtracted from OXPHOS capacity values indicate free OXPHOS capacity. (n =40; D). ETS
capacity was monitored by the titration with the uncoupling agent FCCP (n =40; E). P-values originate from
multiple regression analysis, adjusted for donor’s age.
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4.1.2 Adipocyte oxygen consumption rates of subjects with disturbed glucose
homeostasis

Oxygen consumption rates were distinguished between subjects without any disturbances
within their glucose homeostasis, and subjects with diabetes or prediabetes, as stated before
(see 3.1). Toincrease the statistical power, pre-diabetic and diabetic individuals were included
in the same group, stated as subjects with “disturbances in the glucose homeostasis” (DiGH).
Subjects without any impairments within their glucose homeostasis where referred to as “no
recognized disturbances within the glucose homeostasis” (ND). To elucidate the role of the
diabetic status on oxygen consumption rates of isolated adipocytes in relation to BMI, the
impact of the subject’s affiliation to DiGH or ND on the association between BMI and oxygen
consumption during the different respiratory states was added as an interaction term within
a regression analysis adjusted for donor’s age. Except for free OXPHOS capacity in visceral
adipocytes, no interaction between the diabetic state and the association between BMI values
and rates of oxygen uptake could be observed (Table 4). As there was statistically significant
evidence that the diabetic status influences the association between BMI and free OXPHOS
(p <0.05, Table 4), a linear regression model which included the diabetic status and the
subjects age was performed. This analysis did not reveal a significant interaction of the
diabetic status with the oxygen uptake during free OXPHOS capacity in visceral adipocytes
(p=0.83).
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Table 4: Interaction of the diabetic state on the association between adipocyte oxygen consumption and
donor’s BMI adjusted for age

. fat depot L .
respiratory state (n ND; n DiGH) coefficient interaction p-value
vc (25; 14) 1.18 n.s. 0.150
OXPHOS capacity
sc (20; 14) 0.22 n.s. 0.715
vc (25; 14) -0.04 n.s. 0.894
LEAK respiration
sc (20; 14) 0.03 n.s. 0.933
vc (25; 14) 0.05 n.s. 0.407
RCR
sc (20; 14) 0.01 n.s. 0.690
vc (25; 14) 1.22 * 0.049
free OXPHOS capacity
sc (20; 14) 0.19 n.s. 0.673
vc (24; 14) 0.99 n.s. 0.600
ETS capacity
sc (20; 14) 0.27 n.s. 0.143

A multiple regression analysis for respiratory states and donor’s BMI adjusted for age and the interaction term
diabetic status (ND or DiGH) was performed. The results are separated according to the corresponding adipose
tissue depot. Estimated coefficients for the interaction terms are given. Asterisks indicate a statistically significant
influence from the diabetic status (ND or DiGH) on the association between the respiratory states and the donor’s
BMI: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

To further explore if there are differences in oxygen consumption rates with regard to the
diabetic status, but to be sure to exclude effects from different BMI values, only subjects with
BMI values above 35 kg/m? were compared. Therefore, a regression analysis adjusted for the
subject’s ages was applied. No statistically significant difference for any respiratory state was

observed between the ND and DiGH group (Table 5; Figure 6; Figure 7).
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Table 5: Multiple regression analysis
different diabetic states

: Adipocyte oxygen consumption of subjects with BMI = 35 kg/m?and

fat depot
. coefficient diabetic
respiratory state . p-value
(n ND; n DiGH) state

vc (10; 13) 2.44 n.s. 0.824
OXPHOS capacity

sc(11;12) -11.29 n.s. 0.132

vc (10; 13) -3.58 n.s. 0.337
LEAK respiration

sc(11;12) -6.65 n.s. 0.219

vc (10; 13) 0.38 n.s. 0.315
RCR

sc (11; 12) 0.17 n.s. 0.636

vc (10; 13) 6.03 n.s. 0.489
free OXPHOS capacity

sc(11;12) -6.64 n.s. 0.371

vc (10; 13) -0.58 n.s. 0.951
ETS capacity

sc (11; 12) -5.01 n.s. 0.422

A multiple regression analysis for respiratory states and the diabetic state (ND or DiGH) adjusted for age was

performed for subjects with BMI > 35 kg/m?2. The results are separated according to the corresponding adipose

tissue depot. Estimated coefficients for donor’s diabetic states and multiple R? of the model are given. Asterisks

indicate a statistically significant influence from the diabetic state (ND or DiGH) on the association between the

respiratory states and the donor’s BMI: Not significant (n.s.); *p <0.05; **p < 0.01; ***p < 0.001.

Boxplots of the two groups for the different respiratory states are shown in Figure 6 for the

visceral depot and in Figure 7 for the subcutaneous depot. From these analyzes no differences

between the respiratory measurements of the group including subjects with prediabetes or

diagnosed/manifest diabetes compared to the group including subjects without any

disturbances within their glucose homeostasis can be deduced.
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Figure 6: Comparison of visceral adipocytes respiratory states of subjects with different diabetic status

A multiple regression analysis for respiratory states, adjusted for age, and the diabetic status (ND or DiGH) was
performed for visceral adipocytes of subjects with BMI > 35 kg/m? (ND: n = 10; DiGH: n = 13). Asterisks indicate
statistically significant differences between the two groups (ND vs. DiGH): Not significant (n.s.); *p < 0.05;
**p <0.01; ***p <0.001.
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Figure 7: Comparison of subcutaneous adipocytes respiratory states of subjects with different diabetic status
A multiple regression analysis for respiratory states, adjusted for age, and the diabetic status (ND or DiGH) was
performed for visceral adipocytes of subjects with BMI > 35 kg/m? (ND: n = 11; DiGH: n = 12). Asterisks indicate
statistically significant differences between the two groups (ND vs. DiGH): Not significant (n.s.); *p < 0.05;
**p <0.01; ***p < 0.001.
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4.1.3 Adipocyte oxygen uptake with special regard on the adipose tissue depot
of origin
With the attempt to analyze if there is an association between oxygen uptake of adipocytes
from the subcutaneous and the visceral depot within one subject, Pearson's product-moment
correlation was performed. Except for the RCR (Figure 8C), a statistically significant correlation
between adipocytes of the two depots was found for all other determined respiratory states
within the same subject (Figure 8A, B, D, E). The strongest correlation between the
subcutaneous and the visceral depot was found for oxygen uptake during LEAK respiration

(r=0.71; p < 0.001, Figure 7B).
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Figure 8: Association between visceral and subcutaneous adipocyte oxygen uptake during different respiratory
states

Pearson's product-moment correlation was performed for analyzing the association between subcutaneous and
visceral adipocyte oxygen uptake during different respiratory states within the same subject (n = 30).
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Besides the examination of the link between oxygen consumption rates of adipocytes from
the two depots, also differences between the rates were analyzed. Therefore, a paired
Student’s t-test was performed. Hereby, a significant difference has only been observed
between oxygen uptake of visceral and subcutaneous adipocytes during LEAK respiration
(p = 0.002; Figure 9B). All other respiratory states did not exhibit differences between the two
depots (Figure 9A, C-E; Table 6).
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Figure 9: Comparison of respiratory states of visceral and subcutaneous adipocytes

Differences between oxygen consumption rates of visceral and subcutaneous adipocytes were determined using
Student’s paired t-test (n = 30). Asterisks indicate significant differences between the two depots (vc vs. sc): Not
significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 6: Comparison of oxygen uptake between visceral and subcutaneous adipocytes

respiratory state (n) mean vc mean sc p-value

OXPHOS capacity (30) 66.12 (£26.56) 60.68 (+24.98) n.s. 0.233
LEAK respiration (30) 22.57 (£ 8.78) 18.67 (+ 7.73) *E 0.002
RCR (30) 2.99 (£0.79) 3.31 (£0.79) n.s. 0.068
free OXPHOS capacity (30) 43.55 (+20.26) 42.01 (+18.27) n.s. 0.844
ETS capacity (30) 60.25 (+24.00) 53.34(£21.57) n.s. 0.085

Differences between oxygen consumption rates of visceral and subcutaneous adipocytes were analyzed using
Student’s paired t-test (n = 30). Values are expressed as means (+SD). Only LEAK respiration differed statistically
significant between the two depots. Asterisks indicate significant differences between the two depots (vc vs. sc):
Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

In order to gain further insights into the effect of donor’s BMI on adipocyte bioenergetics, the
cohort was divided into one group including lean and overweight subjects with BMI values
< 30 kg/m?, and another group with obese subjects referring to their BMI values > 30 kg/m?.
Following this, differences between adipocytes from subcutaneous and visceral adipose tissue
depot were compared again. OXPHOS, free OXPHOS and ETS capacity show opposite behavior
of visceral and subcutaneous adipocytes between the two groups (Table 7, Figure 10A, D, and
E). Except for the determined RCR, obese subjects showed lower oxygen consumption rates
within the determined respiratory states (Figure 10A, B, D, and E). Subjects with a BMI below
30 kg/m?, showed higher oxygen consumption rates for adipocytes from the subcutaneous
depot, except for LEAK respiration (Figure 10B). Although these differences were only
statistically significant for the RCR, also OXPHOS capacity (p =0.091) and free OXPHOS

capacity (p = 0.051) showed trends towards higher subcutaneous oxygen uptake rates.
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Figure 10: Comparison of oxygen uptake of visceral and subcutaneous adipocytes separated by donor’s BMI
Subjects were divided into two groups according to their BMI. Data are shown as boxplots. White boxplots
indicate subjects with BMI < 30 kg/m? (n = 8); grey boxplots subjects with BMI > 30 kg/m? (n = 22). Differences
between oxygen consumption rates of visceral and subcutaneous adipocytes were analyzed using Student’s
paired t-test or Wilcoxon signed-rank tests, if variances were not equal. Asterisks indicate statistically significant
differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 7: Comparison of oxygen uptake of visceral and subcutaneous adipocytes, separated by the donor’s BMI

respiratory state BMI < 30 p-value BM > 30 kg/m? p-value
(n BM I< 30; n BMI 2 30)

mean vc (xSD) mean sc (£SD) mean vc (xSD) mean sc (£SD)
OXPHOS capacity (8; 22) 67.69 (+28.91) 84.50 (+28.74) n.s. 0.091 65.55 (+26.39) 52.02 (+17.08) * 0.004
LEAK respiration (8; 22) 25.50 (+11.82) 24.14 (+ 8.38) n.s. 0.680 21.51 (+ 7.45) 16.60 (+ 6.60) *%% < 0,001
RCR 2.70 (+0.60) 3.47 (+0.46) * 0.020 3.11 (+0.83) 3.24 (+0.76) n.s. 0.507
free OXPHOS capacity (8; 22) 42.18 (+19.90) 60.37 (£21.38) n.s. 0.051 44.05 (+20.83) 35.33 (£11.55) * 0.046
ETS capacity (8; 22) 60.21 (£29.20) 73.96 (£25.59) n.s. 0.167 60.27 (£22.60) 45.84(+14.26) ***  <0.001

Subjects were divided into two groups according to their BMI. Differences between oxygen consumption rates of visceral and subcutaneous adipocytes were performed using
the Student’s paired t-test or the Wilcoxon signed-rank tests, if variances were not equal. Values are expressed as means (+SD). Asterisks indicate statistically significant
differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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4.2 Oxygen uptake of isolated mitochondria in association to donor’s BM|

To gain further insights into mitochondrial function of white adipose tissue in obesity, without
potential interference of mitochondrial number and adipocyte size, also oxygen uptake of
isolated mitochondria was investigated. Therefore, mitochondria were isolated from
subcutaneous adipocytes of female donor’s with a wide range of BMI values (Appendix: Table
26). Oxygen uptake of isolated mitochondria was measured in a Clarke-Electrode. To evaluate
the association between BMI and oxygen uptake during the different respiratory states, a

multiple linear regression analysis adjusted for the donor’s age was performed (see Table 8).

During OXPHOS capacity, with succinate as a substrate, oxygen uptake was significant
inversely correlated to the donor’s BMI (p < 0.01; Figure 11A, Table 8). LEAK respiration (also
stated as state 40) was examined by adding oligomycin to inhibit complex V. In contrast to
respiration during OXPHOS capacity, there was no correlation between oxygen uptake during
LEAK respiration and the corresponding BMI values (Figure 11B), which is indicating that
membrane integrity does not differ between adipocyte mitochondria derived from lean and
obese subjects. To detect free OXPHOS capacity, which is only linked to ATP production, LEAK
respiration values were subtracted from OXPHOS capacity values. The association of
respiration during free OXPHOS capacity and BMI exhibited a highly significant inverse
association (p < 0.001; Figure 11C; Table 8). RCR, assessed by the ratio of respiration during
OXPHOS capacity to LEAK respiration, also showed an inverse relation to donor’'s BMI
(p < 0.05; Figure 11D; Table 8), even though the correlation was not as clear as for OXPHOS
and free OXPHOS capacity.

Table 8: Multiple regression analyses: Oxygen consumption rates of isolated mitochondria and donor’s BMI
adjusted for age

respiratory state (n) coefficient BMI R? p-value
OXPHOS capacity (16) -4.39 0.42 * 0.026
LEAK respiration (13) -0.36 0.18 n.s. 0.262
free OXPHOS capacity (log) (13) -0.18 0.66 *kx <0.001
RCR (16) -0.38 0.53 * 0.035

A linear multiple regression analysis with donor’s BMI and respiratory states was performed. Estimated
coefficient for donor’s BMI and multiple R? of the model are given. Asterisks indicate if the corresponding
coefficient is not equal to zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 11: Mitochondrial respiration in association to donor’s BMI

Mitochondria were isolated from subcutaneous adipocytes derived from female subjects. Oxygen uptake was
measured using a Clark-type oxygen electrode. Oxygen uptake per min and mg mitochondrial protein was plotted
against donor’s BMI. OXPHOS capacity was assessed by adding the complex Il substrate succinate and ADP in
excess (n = 16; A). LEAK respiration was monitored by adding the ATP synthase inhibitor oligomycin (n = 13; B).
LEAK respiration values subtracted from OXPHOS capacity values indicated free OXPHOS capacity (n = 13; C). The
ratio of OXPHOS capacity to LEAK respiration indicated the RCR (n =13; D). Due to technical issues, oxygen
consumption rates during LEAK respiration were available only for 13 of 16 subjects. P-values originate from
multiple regression analysis, adjusted for age.

4.3 Subcutaneous adipocyte OXPHOS protein expression in obese and non-
obese subjects

In order to screen respiratory chain complexes with regard to the subjects BMI, the amounts
of single respiratory chain complex subunits were evaluated by Western blot analysis.
Therefore, whole adipocyte protein lysates from obese (mean BMI=32.38+4.2; n=9) and
non-obese (mean BMI =22.58 + 2.3; n = 11) female subjects were analyzed. The amounts of
respiratory chain complex proteins were detected simultaneously and normalized using
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GAPDH as a loading control and CS as an indicator for the mitochondrial content. The
detection of complex | revealed significantly higher protein amounts in adipocytes of control
subjects (NDUFBS, p < 0.05; Figure 12A). Furthermore, protein expression of Complex IV was
reduced in obese subjects (MTCO2, p < 0.05; Figure 12D). Even though the median protein
amounts of complexes Il, 1ll, and V were consistently lower in adipocytes from obese

compared with those from control subjects, the differences were not statistically significant

(Figure 12B, Cand E).
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Figure 12: Comparison of protein amounts of respiratory chain complexes between control and obese subjects

Proteins were isolated from human adipocytes from obese (BMI = 26 kg/m?; n = 11) and control (BMI < 26 kg/m?;
n = 9) female subjects. Via Western blot analysis respiratory chain complexes were simultaneously detected A-
E: fband intensities of detected complexes were normalized to GAPDH and CS. Differences between protein
amounts were analyzed using a two-tailed unpaired Mann-Whitney test. F: representative Western blot.

Arbitrary units (AU). Lines represent medians. Asterisks indicate statistically significant differences between the
two groups: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.4 Subcutaneous adipocyte complex IV activity

Western blot analysis revealed lower protein abundance of the complex IV subunit MT-CO2.
To obtain further insights into the basis of an impaired mitochondrial respiration with
increasing BMI values also the activity of complex IV in subcutaneous adipocytes was

investigated. Therefore, the oxygen consumption rates of complex IV, solubilized from the
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inner mitochondrial membrane and independent from the OXPHOS process, with cytochrome
c as a substrate were assessed by a Clarke electrode. For analysis, the mean complex IV activity
as well as the maximal complex IV activity was determined. Through maximal activity also
differences within the spare complex IV activity in subjects with different BMIs were
addressed. Mean as well as maximal complex IV activity per mg total protein did not show an
association with the donor’s BMI (n = 20; Figure 13A and B). Whereas the complex IV activity
normalized to CS, and therefore to mitochondrial content, showed for mean (p = 0.01, n = 20;
Figure 13 C) and maximal complex IV activity (p = 0.03, n = 20; Figure 13D) a significant positive
association to the subjects BMI. To further explore a possible compensatory action of complex
IV, its activity was associated with its protein abundance revealed from Western blot analysis
within the same subject. No association of mean or maximal complex IV activity and the
corresponding complex IV protein abundance was detected (n = 20; Figure 13E and F). Taken
these results together, an increased subcutaneous adipose tissue complex IV activity per
mitochondrion with increasing BMI can be hypothesized, although lower protein levels of
complex IV are not accompanied by an increase in complex IV activity. Furthermore, spare
activity and mean activity show the same relation to donor’s BMI values and complex IV

protein abundance (Figure 13).
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Figure 13: Complex IV activity in subcutaneous adipocytes of subjects with different BMI

Complex IV (CIV) of isolated subcutaneous adipocytes (n = 20) was solubilized from the inner mitochondrial
membrane. A total of 250 pg protein was transferred to a Clarke electrode. Oxygen consumption was measured
in the presence of ascorbic acid, ADP, Oligomycin and different concentrations cytochrome c. Multiple regression
analyses were performed using the mean oxygen consumption during different cytochrome c concentrations
(between 5 and 200 uM; A, C, E), and the maximal oxygen consumption of each sample (B, D, F). A-B: Mean and
maximal CIV activity was plotted agianst donor’s BMI. C-D: Mean and maximal CIV activity was normalized to CS
protein abundance and plotted against donor’s BMI. E-F: Abundance of CIV, determined by Western blot analysis
(see also chapter 4.3), was plotted against mean and maximal CIV activity within the same subject.
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Table 9: Multiple regression analyses: complex IV activity

model coefficient R2 p-value
mean CIV activity -3.08e-03 0.13 n.s. 0.43
oM mean CIV activity/CS 2.42e-04 0.33 * 0.01
CIV protein abundance | mean CIV activity 5.43e-03 0.11 n.s. 0.67
maximal CIV activity -5.90e-03 0.10 n.s. 0.33
oMl maximal CIV activity/CS 3.01e-04 0.24 * 0.03
CIV protein abundance | maximal CIV activity 1.88e-03 0.05 n.s. 0.93

A linear multiple regression analysis with donor’s BMI or complex IV protein abundance and complex IV activity
in isolated subcutuaneous adipocytes adiadjusted for donor’s age was performed (n = 20). Estimated coefficient
for BMI or complex IV abundance and multiple R? of the are given. Asterisks indicate if the corresponding
coefficient is not equal to zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.5 Markers for mitochondrial content in subcutaneous adipocytes are
associated to subject’s BMI

To investigate whether there are not only differences in mitochondrial function in relation to
donor’s BMI, but also in mitochondrial content per se, CS protein expression and the mtDNA
content were examined. Therefore, nDNA and mtDNA copy numbers were determined with
probe-based quantitative real time PCR. MtDNA copy numbers were normalized to the
corresponding nDNA copy numbers. The correlation analysis of mtDNA with BMI
demonstrated a significantly inverse relationship (r = -0.59; p <0.05; n=17 Figure 14A).
According to that, also CS protein expression of whole adipocyte protein lysate, normalized to
GAPDH as a loading control, resulted in an inverse association to the donor’s BMI (r = -0.45;
p < 0.05; n = 20; Figure 14B). The amount of mtDNA and CS was not associated to the donor’s

age (data not shown).

46



RESULTS

A B
Mitochondrial DNA Citrate synthase
60
0.8 r=-0.5875 r = -0.4509
< S e p= 0.0131 . p= 004860
& _ oo . T 0] .
S . L o S
£ e e . o= . .
(m] 0.4+ - & ..
"é' . o 1) 204 .
* . ° . M } .
0.24 i . . . .
T T T T T 1
20 30 40 20 30 40
BMI [kg/r?] BMI [kg/m?]

Figure 14: Markers for mitochondrial content in adipocytes of subjects with different BMI

Pearson's product-moment correlation was performed for analyzing the association between parameters of
mitochondrial content and donor’s BMI. Individual donors are represented by dots. DNA was isolated from
adipocytes. mtDNA and nDNA was quantified using probe-based real-time PCR. A: The ratio of mtDNA and nDNA
was plotted against donor’s BMI (n =17). B: CS protein amounts of adipocytes whole protein lysates were
detected via Western blot analysis and plotted against donor’s BMI (n = 20).

4.6 Mitochondrial yield and respiratory control ratio of small and large
subcutaneous adipocytes

Obesity goes along with adipocyte hypertrophy. Thus, differences in mitochondria derived
from large compared to small adipocytes were examined. Therefore, mitochondria were
isolated from five female subjects with different BMI values (21.8, 22.6, 26.7, 33.1, 36.3
kg/m?). Cell size determination of the isolated adipocytes showed a median diameter of 92 um
[27,151] for the TF, 81 um [22, 135] for Fl, and 113 um [43, 184] for FIV. Mitochondrial yield
(pg/cell) was significantly higher in large adipocytes (FIV; mean: 306 + 135 pg/cell) compared
to small adipocytes (Fl; 52+ 21 pg/cell) or the TF (99+ 18 pg/cell), which indicates that
mitochondrial content rises with the size of adipocytes. The mitochondrial yield of small
adipocytes (Fl) appeared to be lower compared to the TF, but this difference was not
statistically significant (Figure 15A). In terms of RCR values, no difference between
mitochondria of the three was observed (Figure 15B). Along with that, the RCR values of Fl
and FIV where clearly associated to each other within the same subject (r = 1.00; p < 0.05;
Table 15B) which indicates a similar mitochondrial function across adipocytes independently

from adipocytes sizes.
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Figure 15: RCR values of mitochondria from the total fraction, fraction | and IV

Mitochondria were isolated from adipocytes of the TF, FI, and FIV. RCR values (calculated by the ratio of OXPHOS
capacity to LEAK respiration) were determined by a Clark-type oxygen electrode. Differences between TF, Fl, and
FIV were analyzed using a one-way ANOVA. A: Comparison of mitochondrial yield per cell. B: Comparison of RCR
values. C: RCR values of Fl and FIV within the same subjects were correlated and analyzed by Spearman’s rank
correlation coefficient. Asterisks indicate statistically significant differences between the different fractions: Not
significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.7 Lactate release of isolated adipocytes

In order to gain further knowledge about the bioenergetics of human adipocytes in the
context of obesity and with regard to the subcutaneous and the visceral depot, lactate release

was determined to draw conclusions about the role of glycolysis.

4.7.1 Lactate release is increasing after the inhibition of the OXPHOS process

Lactate release of visceral and subcutaneous adipocytes were measured in a basal state and
after the incubation with oligomycin. As oligomycin is inhibiting complex V, ATP cannot be
synthesized by OXPHOS anymore. Consequently, both depots show a statistically significant
increase of lactate release (p < 0.01; Figure 16; Table 10) after the incubation with oligomycin
compared to the basal lactate release, indicating a compensatory ATP production by

glycolysis.
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Figure 16: Lactate release of visceral and

subcutaneous adipocytes: basal and after

the inhibition of the ATP-synthase with
ok oligomycin

. Lactate release of visceral (n=9) and
8 I subcutaneous (n=10) adipocytes was
. measured after the incubation with and
6 - without the  ATP-synthase inhibitor
: - oligomycin for 24 h. Lactate was measured
5 1 ‘ indirectly by NADH + H* which is formed by
E L the conversion of L-lactate to pyruvate.

NADH+ H* is absorbing ultraviolet (UV) light
at 339 nm and thus, can be measured

lactate [MM/ng DNA]

: : spectrophotometrically. Differences were
ve ve sC sc analyzed by Student’s paired t-test. Asterisks
oligomycin [1 pg/ml] - + - + indicate statistically significant differences
between the two conditions: Not significant
(n.s.); *p <0.05; **p < 0.01; ***p < 0.001.

Table 10: Lactate release of visceral and subcutaneous adipocytes: basal and after the inhibition of the ATP-
synthase

lactate basal lactate + oligomycin
fat depot (n) (nM/DNA) (nM/DNA) p-value
mean (xSD) mean sc (£SD)
vc (9) 2.32(+1.18) 4.61 (+1.83) *k 0.004
sc (10) 2.91 (£1.24) 6.58 (+2.41) *ox 0.002

Differences between adipocyte lactate release with and without oligomycin-treatment were assessed using a
Wilcoxon signed-rank test. Values are expressed as means (+SD). Asterisks indicate statistically significant
differences between the two treatments: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.7.2 Adipocyte lactate release in association to donor’s BMI

Adipocytes response to an impaired OXPHOS process with an increase in lactate release
(shown in 4.7.1), and therefore, an increase of ATP production by glycolysis. As OXPHOS
capacity is decreased with increasing BMI values at least in subcutaneous adipocytes (see 4.1.1
and 4.5), a multiple regression analysis, adjusted for age, including BMI and lactate release
was performed. Hereby, a link between BMI and basal lactate release (vc: p =0.04; sc:
p =0.01; Figure 17A and B; Table 11), as well as for lactate release of oligomycin treated
adipocytes (vc: p = 0.002; sc: p = 0.01; Figure 17C and D; Table 11) was demonstated. Lactate
concentration during the incubation with oligomycin, subtracted from basal lactate
concentration (delta lactate release) indicate to which extent glycolysis is increased above
basal lactate release when mitochondrial ATP production is inhibited, and therefore, indicates

the “spare capacity” of glycolysis. Hereby, only delta lactate release of subcutaneous
49



RESULTS

adipocytes was linked to donor’s BMI (p =0.02; Figure 17F; Table 11), whereas the link
between delta lactate release of visceral adipocytes and BMI was not statistically significant
(p=0.11; Figure 17E; Table 11). Taken together, these results indicate that basal and
oligomycin treated adipocyte’s lactate release, and therefore ATP production from the
process of glycolysis, is increasing with increasing BMI values, irrespective of adipocytes depot
origin. Whereas, the capability to increase adipocyte lactate release after the inhibition of

mitochondrial ATP production is only associated with BMI values in subcutaneous adipocytes.
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Figure 17: Lactate release of visceral and subcutaneous adipocytes in association to donor’s BMI

Lactate release of visceral and subcutaneous adipocytes was plotted against donr’s BMI. Lactate release was

determined with and without adding the ATP-synthase inhibitor oligomycin (A-D; n = 9-18). Delta lactate was

determined by subtracting the oligomycin treated adipocyte’s lactate release from basal lactate release into the

media and indicates the individual increase in lactate release after inhibiting OXPHOS (E, F; n = 9-10). P values

originate from multiple regression analysis, adjusted for age.
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Table 11: Multiple regression analysis: lactate release and donor’s BMI adjusted for age

condition fat depot (n) coefficient BMI R? p-value
*
basal lactate vc (18) 0.033 0.26 0.040
sc (17) 0.047 0.39 * 0.010
. . vc (9) 0.096 0.81 *¥ 0.002
lactate + oligomycin
sc (10) 0.095 0.70 * 0.011
vc (9) 0.045 0.37 n.s. 0.113
delta lactate
sc (10) 0.049 0.75 * 0.016

A multiple regression analysis with donor’s BMI and lactate release, adjusted for age and separated in accordance
to the adipose tissue depot of origin, was performed. Estimated coefficient for donor’s BMI and multiple R? of
the model are given. Asterisks indicate if the corresponding coefficient is not equal to zero. Not significant (n.s.);
*p < 0.05; **p <0.01; ***p < 0.001.

4.7.3 Adipocyte lactate release in association to OXPHOS capacities

An increase in BMI was found to be accompanied by a decrease of subcutaneous adipocyte
mitochondrial respiration (4.1.1 and 4.2). In 4.7.2 it has further been shown that an increase
in BMI is associated with an increase in lactate release. Thus, it was also examined if there is
a direct link between OXPHOS and lactate release. Hereby, a multiple regression analysis,
adjusted for age, with basal lactate release, lactate release with oligomycin, and delta lactate
release for OXPHOS capacity and free OXPHOS capacity was applied. Except from basal lactate
release of visceral adipocytes, all estimated coefficients were negative within the model
including OXPHOS capacity and hence, imply an inverse link between lactate release rates and
oxygen uptake limited by OXPHOS capacity. However, the associations within these models
showed only borderline significance for an inverse association between subcutaneous
OXPHOS capacity and lactate release after the treatment with oligomycin (p = 0.08; Figure
18D; Table 12).

52



RESULTS

visceral adipocytes subcutaneous adipocytes

A B
p =0.62 p=0.32

basal lactate
lactate[mM/ng DNA]
lactate [mM/ng DNA]

0 20 40 60 80 100 120 0 20 40 60 80 100 120
c Oxygen uptake [pmol/ (s*ng DNA)] D Oxygen uptake [pmol/ (s*ng DNA)]

" | p=0.54 | p=0.08

lactate +oligomycin
lactate [mM/ng DNA]
lactate [mM/ng DNA]

0 20 40 € 8 100 120 6 20 40 60 8 100 120
E Oxygen uptake [pmol/ (s*ng DNA)] F Oxygen uptake [pmol/ (s*ng DNA)]

p =0.24 p=0.21

A lactate
A lactate [mM/ng DNA]
4
A lactate [mM/ng DNA]
4

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Oxygen uptake [pmol/ (s*ng DNA)] Oxygen uptake [pmol/ (s*ng DNA)]

Figure 18: Lactate release of adipocytes and OXPHOS capacity

Oxygen uptake, limited by OXPHOS capacity, was plotted against basal lactate release (A, n =12 and B, n = 10),
lactate release under oligomycin (C, n =5 and D n = 8) and delta lactate release (E, n =5 and F, n = 8). OXPHOS
capacity was assessed by adding the complex | and Il substrate malate, pyruvate and succinate as well as ADP in
excess. P-values originate from multiple regression analysis, adjusted for age.
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Similar results were observed for the models that included free OXPHOS capacity. Also hereby,
only visceral basal lactate release resulted in a positive coefficient within a model for free
OXPHOS capacity. All other coefficients determined were negative. However, only for the
inverse association within subcutaneous adipocytes between lactate release after the
inhibition of mitochondrial ATP production and free OXPHOS capacity borderline significance
was observed (p =0.08; Figure 19D; Table 12) all other models were not statistically

significant.
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Figure 19: Adipocyte lactate release and free OXPHOS capacity

Oxygen uptake, limited by free OXPHOS capacity, was plotted against basal lactate release (A, n=12 and B,
n = 10), lactate release under oligomycin (C, n=5 and D n =8) and delta lactate (E, n=5 and F, n =8). Free
OXPHOS capacity was assessed by subtracting oxygen uptake during LEAK respiration from oxygen uptake limited
by OXPHOS capacity. P-values originate from multiple regression analysis adjusted for age.

55



RESULTS

Table 12: Multiple regression analysis: Adipocyte lactate release and OXPHOS

fat depot coefficient
respiratory state condition (n)p respiratory R2 p-value
state
vc (12) 0.01 0.11 n.s. 0.62
basal lactate
sc (10) -0.03 0.14 n.s. 0.32
vc (5) -0.05 0.26 n.s. 0.54
OXPHOS capacity I;?ctate +
oligomycin sc (8) -0.09 058 | ns.  0.08
vc (5) -0.06 0.59 n.s. 0.24
delta lactate
sc (8) -0.03 0.66 n.s. 0.21
vc (12) 0.02 0.16 n.s. 0.40
basal lactate
sc (10) -0.04 0.18 n.s. 0.26
free OXPHOS lactate + VvC (5) -0.04 0.14 n.s. 0.71
capacity oligomycin sc (8) -0.11 0.57 ns.  0.08
vc (5) -0.10 0.69 n.s. 0.17
delta lactate
sc (8) -0.04 0.66 n.s. 0.21

A multiple regression analysis with adipocyte lactate release depending on oxygen uptake limited by OXPHOS
capacity and free OXPHOS capacity adjusted for age and separated in accordance to the adipose tissue depot of
origin was performed. Estimated coefficient for donor’s oxygen uptake of the corresponding respiratory state
and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal to zero.
Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

Taken together, the models did not show any statistically significant associations between
lactate release and the determined oxygen uptake during OXPHOS and free OXPHOS capacity.
Nevertheless, borderline significance was found when associating lactate release after the
inhibition of mitochondrial ATP production by oligomycin and oxygen uptake limited by

OXPHOS and free OXPHOS capacity.

4.7.4 Adipocyte lactate release with special regard on the adipose tissue depot
of origin

With the attempt to determine whether there are differences between lactate release of

visceral and subcutaneous adipocytes, Student’s paired t-test was performed. Hereby,

significantly higher released levels of lactate were found in subcutaneous compared with

visceral adipocytes, when all subjects were included in the analysis (Figure 20; Table 13).
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Figure 20: Lactate release of visceral and subcutaneous adipocytes

Differences between lactate release of visceral and subcutaneous adipocytes were analyzed using Student’s
paired t-test (n = 9-16). Asterisks indicate statistically significant differences between the two depots (vc vs. sc):
Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

Table 13: Comparison of visceral and subcutaneous lactate release

condition (n) mean vc (£SD) mean sc (£SD) p-value

lactate basal (16) 2.40 (+0.97) 3.28 (#1.08) ok 0.004
lactate with oligomycin (9) 4.61 (+1.83) 6.90 (+2.31) ok 0.002
delta lactate (9) 2.29 (+1.30) 3.81 (+1.47) ok 0.007

Differences between lactate release of visceral and subcutaneous adipocytes were assessed using Student’s
paired t-test (n=9-16). Values are expressed as means (+SD). Asterisks indicate statistically significant
differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

When the cohort was divided according to the BMI, the observed difference between the
visceral and the subcutaneous depot only persisted in obese subjects with BMI values of
30 kg/m? or greater. Nevertheless, also lactate release of subjects with BMI values below
30 kg/m? showed consistently higher lactate release of subcutaneous compared with visceral

adipocytes, although those differences were not statistically significant (Figure 18; Table 12).
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Figure 21: Lactate release of visceral and subcutaneous adipocytes separated by donor’s BMI

Subjects were divided into two groups according to their BMI (n =4-11). Differences between visceral and
subcutaneous lactate release was analyzed by the Student’s paired t-test. Asterisks indicate statistically
significant differences between the two depots (vc vs. sc): Not significant (n.s.); *p <0.05; **p < 0.01;
***p <0.001.
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Table 14: Comparison of visceral and subcutaneous lactate release separated by donor’s BMI

BMI < 30 kg/m?

BM = 30 kg/m?

condition (n) mean vc (£SD) mean sc (£SD) p-value mean vc (xSD) mean sc (£SD) p-value

lactate basal (5; 11) 1.50 (+0.58) 2.52 (+1.28) n.s. 0.119 2.81 (+0.82) 3.62 (+0.83) * 0.026
lactate with oligomycin (4; 5) 3.34 (£1.07) 5.75 (£2.60) n.s. 0.086 5.65 (£1.71) 7.83 (£1.79) * 0.017
delta lactate (4; 5) 2.05 (+0.92) 3.39 (+1.37) n.s. 0.087 2.48 (+1.62) 4.15 (+1.61) n.s. 0.066

Subjects were divided into two groups according to their BMI. Differences of visceral and subcutaneous lactate release were analyzed by Student’s paired t-test. Asterisks
indicate statistically significant differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Further insights into lactate release of subcutaneous and visceral adipocytes where drawn
from Pearson's product-moment correlation analysis. Hereby, only lactate release with
oligomycin showed a significant correlation between visceral and subcutaneous adipocytes
(r=0.77; p=0.02; Figure 22A). However, also basal lactate release (r = 0.49; p = 0.05; Figure
22B) and delta lactate release (r = 0.59; p = 0.09; Figure 22C) showed borderline significance

for a link between adipocytes from the visceral and the subcutaneous depot within the same

subject.
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Figure 22: Association between visceral and subcutaneous lactate release

Pearson's product-moment correlation was performed for analyzing the association between subcutaneous and
visceral adipocyte basal lactate release, lactate release with the addition of oligomycin, and delta lactate release
(basal lactate release — lactate release under oligomycin) within the same subject (A:n=17; Band C: n =9).

Taken together, in comparison with visceral adipocytes, these results suggest higher lactate
release of subcutaneous adipocytes in obese subjects not only of basal release, but also after
the inhibition of mitochondrial ATP production with oligomycin and the capacity to increase
lactate release after the treatment with oligomycin (stated as delta lactate release).
Moreover, a link between subcutaneous and visceral adipocyte lactate release can be only
demonstrated when lactate release upon oligomycin treatment is correlated. But due to
borderline significance also basal lactate as well as the capacity to increase lactate release

might be correlated between adipocytes of the two depots.

4.8 ATP levels of isolated adipocytes

With the attempt to further investigate, if impairments in adipocyte mitochondrial respiration
go along with changes in the cellular energy balance and to what degree OXPHOS and

glycolysis contribute to ATP concentrations, adipocyte ATP levels were determined during
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different conditions.

4.8.1 Basal ATP levels of isolated adipocytes in association to donor’s BMI

Basal cellular ATP levels were measured luminometrically after the incubation of adipocytes

in DMEM/F12 for 2.5 h. Measured ATP levels were associated to donor’s BMI. A multiple

regression analysis, adjusted for age, revealed a slightly but statistically significant link

between BMI and ATP levels in visceral adipocytes (p = 0.02; Figure 23A; Table 15). In contrast

to that, a negative estimated coefficient was observed for the association between BMI and

ATP levels in subcutaneous adipocytes. However, this links was not statistically significant

(p =0.99; Figure 23B; Table 15).
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Figure 23: Basal ATP levels in visceral and subcutaneous adipocytes and donor’s BMI

Luminometrically determined ATP levels normalized to DNA were plotted against donor’s BMI (vc: n =29; sc:
n = 32). P-values originate from multiple regression analysis and are adjusted for donor’s age.
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Table 15: Multiple regression analysis of ATP levels and donor’s BMI adjusted for age

model fat depot (n) coefficient BMI R? p-value

vc (29) 0.13 0.19 * 0.02
ATP basal

sc (32) -0.001 0.01 n.s. 0.99

A multiple regression analysis with donor’s BMI and ATP levels adjusted for age and separated in accordance to
the adipose tissue depot of origin was performed. Estimated coefficient for donor’s BMI and multiple R? of the
model are given. Asterisks indicate if the corresponding coefficient is not equal to zero. Not significant (n.s.);
*p < 0.05; **p <0.01; ***p < 0.001.

4.8.2 Basal ATP levels in association to OXPHOS

A multiple regression analysis, adjusted for the donor’s age was performed to reveal if the
determined ATP levels are directly associated to the measured mitochondrial OXPHOS and
free OXPHOS capacity. As free OXPHOS capacity is adjusted for LEAK respiration and,
therefore, only depicts respiration which is linked to ATP production, it could be assumed that
the association between ATP levels and free OXPHOS capacity might be stronger than for
OXPHOS capacity. However, no link between OXPHOS capacity and cellular ATP levels was
observed in visceral (p =0.23; Figure 24A; Table 16) or subcutaneous adipocytes (p = 0.42;
Figure 24B; Table 16). Although a link between oxygen uptake limited by free OXPHOS capacity
and ATP levels was assumed, no statistically significant association was found in visceral

(p =0.18; Figure 24C; Table 16) or subcutaneous adipocytes (p = 0.40; Figure 24D; Table 16).
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Figure 24: ATP levels and OXPHOS capacity in visceral and subcutaneous adipocytes

Luminometrically determined ATP levels per DNA of visceral and subcutaneous adipocytes were plotted against
oxygen uptake limited by OXPHOS capacity (A: n =22 and B: n = 20) and free OXPHOS capacity (C: n =22 and D:
n = 20). P-values originate from multiple regression analysis and are adjusted for donor’s age.
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Table 16: Multiple regression analysis: ATP levels and OXPHOS capacity in subcutaneous and visceral

adipocytes
. coefficient )
respiratory state fat depot (n) . R p-value
OXPHOS capacity vc (22) 0.05 0.08 n.s. 0.23
sc (20) 0.02 0.04 n.s. 0.42
free OXPHOS capacity vc (22) 0.07 0.10 n.s. 0.18
sc (20) 0.03 0.04 n.s. 0.40

A multiple regression analysis with oxygen uptake rates limited by OXPHOS capacity and free OXPHOS capacity
and ATP levels adjusted for age, separated in accordance to the adipose tissue depot of origin was performed.
Estimated coefficient for oxygen uptake and multiple R? of the model are given. Asterisks indicate if the
corresponding coefficient is not equal to zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.8.3 Basal ATP levels in association to lactate release

Beside the mitochondrial OXPHOS process, also glycolysis is a source for ATP levels. Therefore,
also the link between lactate release and cellular ATP concentrations was determined. In
visceral as well as subcutaneous adipocytes, the multiple regression analysis revealed a
slightly positive but statistically not significant coefficient for basal lactate concentrations
(Figure 25; Table 17). Therefore, in the investigated model subcutaneous and visceral

adipocyte ATP levels are not linked to basal lactate release.
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Figure 25: ATP levels and basal lactate release in visceral and subcutaneous adipocytes

Luminometrically determined cellular ATP concentrations per DNA were plotted against basal released lactate
levels (vc: n =15; sc: n = 15). P values originate from multiple regression analysis and are adjusted for donor’s
age.
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Table 17: Multiple regression analysis: ATP levels and basal lactate release in subcutaneous and visceral
adipocytes

model fat depot (n) coefficient lactate R? p-value

vc (15) 0.73 0.04 n.s. 0.48
basal lactate release

sc (15) 0.57 0.25 n.s. 0.24

A multiple regression analysis with basal released lactate levels and cellular ATP concentrations adjusted for age
and separated in accordance to the adipose tissue depot of origin was performed. Estimated coefficient for basal
lactate release and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not
equal to zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

4.8.4 Origin of ATP levels in isolated adipocytes

With the attempt to gain further insights into the origin of adipocyte ATP levels, ATP was also
measured under the conditions of a suppressed mitochondrial ATP-synthase (oligomycin)
and/or glycolysis (2-deoxy-D-glc). All ATP levels within the following analysis were background
corrected with ATP levels gained from the combined incubation of oligomycin and 2-deoxy-D-
glc, in order to distinguish between ATP origination without any disturbances of preexisting

ATP production.

The analysis of visceral adipocytes revealed that ATP levels are significantly decreased after
the inhibition of glycolysis with 2-deoxy-D-glc (p < 0.001; Figure 26; Table 18). Compared to
basal ATP levels the decrease equals to approx. 92 %. In contrast to that, the inhibition of the
mitochondrial ATP production with oligomycin, only led to a reduction of 7 % in comparison
to basal ATP levels. Furthermore, this reduction was not found to be statistically significant
(p =0.32; Figure 26; Table 18). In subcutaneous adipocytes, the inhibition of glycolytic, as well
as of mitochondrial ATP production led to a statistically significant decrease of ATP levels
compared with basal ATP levels. Nevertheless, the decrease of ATP levels followed by the
treatment with 2-deoxy-D-glc accounted for approx. 92 % (p < 0.001; Figure 26; Table 18), and
was therefore evidently more pronounced as the reduction of ATP levels after the incubation
with oligomycin, which accounted for a reduction by around 17 % (p < 0.001; Figure 26; Table
18). In summary, these results suggest that adipocyte ATP production is predominantly
achieved be glycolysis rather than OXPHOS. Furthermore, this seems to be even more

pronounced in visceral adipocytes.
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Figure 26: Visceral and subcutaneous adipocyte ATP levels of different origin

Cellular ATP levels normalized to DNA with and without the addition of oligomycin [1 pg/ml] and 2-deoxy-D-glc

[100 mM] were determined luminometrically. All ATP levels were corrected with ATP levels gained from the

combined incubation of oligomycin and 2-deoxy-D-glc. Asterisks indicate statistically significant differences
between the different conditions: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 18: Visceral and subcutaneous ATP levels of different origin

— ATP basal ATP from ATP from ATP basal vs. ATP from ATP basal vs. ATP from ATP from OXPHOS vs. ATP
P OXPHOS glycolysis OXPHOS glycolysis from glycolysis
mean (xSD) mean (xSD) mean (xSD) p-value p-value p-value
vc (14) 7.15 (£3.07) 0.57(%0.47) 6.66 (+3.48) *dx <0.001 n.s. 0.32 *dx <0.001
sc (13) 8.52 (+1.72) 0.70 (+0.60) 7.10 (¥1.99) *dx <0.001 *kk <0.001 *kx <0.001

Cellular ATP levels per DNA with and without the addition of oligomycin [1 pg/ml] and 2-deoxy-D-glc [100 mM] were determined luminometrically. All ATP levels were

corrected with ATP levels gained from the combined incubation of oligomycin and 2-deoxy-D-glc. Differences between different treatments of visceral and subcutaneous

adipocytes were performed using the Student’s paired t-test or the Wilcoxon signed-rank tests, if variances were not equal. Values are expressed as means (+SD). Asterisks

indicate statistically significant differences between the different conditions: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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4.8.4.1 ATP from OXPHOS and glycolysis in association to donor’s BMI

Beside the investigation of an association of adipocyte basal ATP levels and BMI, also the link
between BMI and ATP levels originated from either OXPHOS or glycolysis were analyzed using
multiple regression analysis. As OXPHOS as well as free OXPHOS capacity were found to be
decreased with increasing BMI values, at least in subcutaneous adipocytes (4.1.1 and 4.2), a
decrease of ATP from OXPHOS and an increase of ATP from glycolysis could be expected.
However, ATP from OXPHOS did not show an association with donor’s BMI in subcutaneous
as well as visceral adipocytes (Figure 27A and B; Table 19). The same was seen for ATP levels
derived from glycolysis, when OXPHOS was inhibited by the treatment with oligomycin. A link
to donor’s BMI was not detected in subcutaneous or visceral adipocytes (Figure 27C and D;

Table 19).
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Figure 27: ATP from OXPHOS and glycolysis in association to BMI

Luminometrically determined cellular ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc [100 mM] A: n = 13 and
B: n = 14) and from glycolysis (+ oligomycin [1 ug/ml]) C: n = 14 and D: n = 15) were plotted against donor’s BMI.
P-values originate from multiple regression analysis and are adjusted for donor’s age.

Table 19: Multiple regression analysis: ATP of different origin and donor’s BMI

ATP origin fat depot (n) coefficient BMI R2 p-value

vc (13) 0.007 0.21 n.s. 0.52
ATP from OXPHOS

sc (14) 0.008 0.09 n.s. 0.41

vc (14) 0.001 0.22 n.s. 0.99
ATP from glycolysis

sc (15) -0.001 0.08 n.s. 0.98

A multiple regression analysis with donor’s BMI and ATP levels from OXPHOS or glycolysis, adjusted for age, and
separated in accordance to the adipose tissue depot of origin, was performed. Estimated coefficients for donor’s

BMI values and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal
to zero: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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In summary, ATP levels of subcutaneous and visceral adipocytes either derived from OXPHOS

or from glycolysis were not associated with donor’s BMI.

4.8.4.2 ATP levels in association to OXPHOS capacities

If ATP originates from mitochondrial OXPHOS, a link to the determined corresponding
OXPHOS as well as free OXPHOS capacity can be assumed. Moreover, glycolytic ATP
production might take over, when mitochondrial ATP production from OXPHQOS is comprised.
Therefore, ATP from glycolysis might be inversely correlated to OXPHOS and free OXPHOS
capacity. To test those assumptions, a multiple regression analysis was performed. Hereby, no
association between oxygen uptake limited by OXPHOS capacity and ATP levels derived from
OXPHOS was observed in visceral adipocytes (p = 0.84; Figure 28A; Table 20). In contrast to
that and to the previously made assumptions, a statistically significant inverse association
between ATP from OXPHOS and oxygen consumption limited by OXPHOS capacity was
observed within subcutaneous adipocytes (p = 0.01; Figure 28B; Table 20). However, when
removing the outlier which is lying at the O, consumption rate of approx. 100 (Figure 28B),
this link is not significant anymore, and even changes from an inverse association (Coefficient:
-0.02, Table 20) towards a positive association (Coefficient: 0.003; R%: 0.67; p = 0.75), although
this association was not statistically significant. Analyzing the association between ATP from
glycolysis and oxygen uptake limited by OXPHOS capacity, no link either in visceral (p = 0.12;
Figure 28C; Table 20), or in subcutaneous adipocytes (p = 0.41; Figure 28D; Table 20 ) was

detected.
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Figure 28: OXPHOS capacity and ATP levels of different origin

Luminometrically determined cellular ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc [100 mM] A: n = 10 and
B: n =10) and glycolysis (+ oligomycin [1 pg/ml] C: n =10 and D: n = 10) were plotted against oxygen uptake
limited by OXPHOS capacity. P-values originate from multiple regression analysis and are adjusted for donor’s
age.

In visceral adipocytes, there was no link between ATP from OXPHOS and oxygen consumption
rates during free OXPHOS capacity observed (p = 0.02; Figure 29A; Table 20). Whereas, in
subcutaneous adipocytes, again a significantly inverse association between ATP from OXPHOS
and oxygen uptake, limited by free OXPHOS capacity, could be shown (p = 0.02; Figure 29B;
Table 20). Again, this was no longer the case, if the outlier, which is located at the O,
consumption rate of approx. 80 (Figure 29B), was excluded from the regression analysis.
Furthermore, the link is also changing from an inverse association (Coefficient: -0.023, Table

19) towards a positive association (Coefficient: 0.003; R%: 0.67; p = 0.77). Investigating ATP
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derived from glycolysis and the association with oxygen uptake limited by free OXPHOS

capacity, neither in visceral (p = 0.25; Figure 29C; Table 20), nor in subcutaneous adipocytes

(p = 0.54; Figure 29D; Table 20), a significant link was revealed.
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Figure 29: Free OXPHOS capacity and ATP of different origin

Luminometrically determined cellular ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc [100 mM] A: n = 10 and
B: n =10) and glycolysis (+ oligomycin [1 pg/ml] C: n =10 and D: n = 10) were plotted against oxygen uptake
limited by free OXPHOS capacity. P values originate from multiple regression analysis and are adjusted for

donor’s age.
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Table 20: Multiple regression analysis: OXPHOS and free OXPHOS capacity and ATP levels of different origin

. ATP fat depot coefflClent 2
respiratory state s respiratory R p-value
origination (n)
state
ATP from vc (10) 0.008 0.38 n.s. 0.20
OXPHOS sc (10) -0.020 0.62 * 0.01
OXPHOS capacity
ATP from vc (10) 0.062 0.50 n.s. 0.12
glycolysis sc (10) -0.035 0.15 ns. 041
ATP from vc (10) 0.010 0.34 n.s. 0.27
OXPHOS sc (10) -0.023 0.57 * 0.02
free OXPHOS capacity
ATP from vc (10) 0.068 0.40 n.s. 0.25
glycolysis sc (10) -0.032 0.05 ns.  0.54

A multiple regression analysis with ATP levels from OXPHOS or glycolysis and oxygen consumption limited by
OXPHOS capacity or free OXPHOS capacity, adjusted for age, and separated in accordance to the adipose tissue
depot of origin, was performed. Estimated coefficients for oxygen uptake during the respective respiratory state
and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal to zero:
Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

Taken together, no clear association between mitochondrial or glycolytic ATP levels and

oxygen uptake limited by OXPHOS or free OXPHOS capacity was observed.

4.8.4.3 ATP levels in relation to lactate release

Lactate release which represents the rate of glycolysis might therefore be positively associated
to ATP from glycolysis. Analog to ATP from glycolysis and OXPHOS capacities (chapter 4.8.4.2),
ATP from OXPHOS might be inversely associated to the determined lactate release. To verify
those assumptions, multiple regression analyzes were performed. Hereby, no link between
ATP from OXPHOS or glycolysis and basal lactate release, neither in visceral (ATP from
OXPHOS: p = 0.41; Figure 30A; Table 20; ATP from glycolysis: p = 0.25; Figure 30C; Table 20),
nor in subcutaneous adipocytes (ATP from OXPHOS: p = 0.85; Figure 30B; Table 20; ATP from
glycolysis: p = 0.92; Figure 30D; Table 20) were observed. The multiple regression analysis
including ATP from glycolysis and lactate release revealed a negative estimated coefficient
(Coefficient: -1.21, Table 21) which is changing towards a positive estimated coefficient
(Coefficient: 0.83; R?: 0.29; p = 0.21) if the outlier, which is lying at the lactate release rate of
4 mM/ng DNA (Figure 30C). The associations though were also not found to be statistically

significant.
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Figure 30: ATP of different origin and basal lactate release

Luminometrically determined cellular ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc [100 mM] A: n = 8 and
B: n =9) and from glycolysis (+ oligomycin [1 ug/ml] C: n =9 and D: n = 10) were plotted against basal lactate
release. P values originate from multiple regression analysis and are adjusted for donor’s age.

Table 21: Multiple regression analysis: Basal lactate release and ATP levels of different origin

model fat depot (n) | coefficient lactate R2 p-value

vc (8) 0.282 0.20 n.s. 0.41
ATP from OXPHOS

sc (9) 0.197 0.29 n.s. 0.17

vc (9) -1.207 0.22 n.s. 0.25
ATP from glycolysis

sc (10) -0.068 0.12 n.s. 0.92

A multiple regression analysis with cellular ATP levels from OXPHOS or glycolysis and basal lactate release,
adjusted for age, and separated in accordance to the adipose tissue depot of origin, was performed. Estimated
coefficients for lactate release and multiple R? of the model are given. Asterisks indicate if the corresponding
coefficient is not equal to zero: Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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To further investigate if there might be rather a link between the lactate release after the
inhibition of OXPHOS with oligomycin as well as the capacity to increase lactate release after
the treatment with oligomycin (delta lactate) with ATP from OXPHOS and glycolysis, another
multiple regression analysis including those variables were performed. None of the
investigated links were statistically significant. Unexpectedly, the analyses including ATP from
OXPHOS showed positive coefficients, whereas ATP from glycolysis showed consistently

negative coefficients (Table 22; Appendix: Figure 38; Figure 39).

Table 22: Multiple regression analysis: Lactate release after the treatment with oligomycin and ATP levels of
different origin.

fat depot | coefficient
model lactate P R? p-value
(n) lactate
, ve (5) 0.156 0.73 n.s. 0.16
lactate with
oligomycin sc (9) 0.086 0.21 n.s. 0.26
ATP from OXPHOS
ve (5) 0.190 0.66 n.s. 0.20
delta lactate sc (9) 0.131 0.13 ns. 040
, ve (5) 0.862 0.65 n.s. 0.19
lactate with
oligomycin sc (9) -0.184 0.15 n.s. 0.61
ATP from glycolysis ve (9) 0.386 0.09 ns. 072
delta lactate sc (9) -0.632 024 | ns. 036

A multiple regression analysis with ATP levels from OXPHOS or glycolysis and lactate release after the addition
of oligomycin, as well as delta lactate, adjusted for age, and separated in accordance to the adipose tissue depot
of origin, was performed. Estimated coefficients for lactate release and multiple R? of the model are given.
Asterisks indicate if the corresponding coefficient is not equal to zero: Not significant (n.s.); *p < 0.05; **p < 0.01;
***p < 0.001.

To sum up, there was no evidence that ATP levels of OXPHOS or glycolysis are linked to either
basal lactate release, lactate release when OXPHOS was inhibited or the capacity to increase

lactate release as a consequence of the inhibition of mitochondrial ATP production.

4.8.5 Adipocyte ATP levels with special regard on the adipose tissue depot of
origin

To further investigate if there are depot specific differences in adipocyte ATP production, basal

ATP levels, ATP from OXPHOS, and ATP from glycolysis were compared between the

subcutaneous and the visceral depot. Although mean ATP levels were higher in subcutaneous

adipocytes during all different treatments, no statistically significant differences were

observed (Figure 31; Table 23). Only the difference between basal ATP levels of visceral and
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subcutaneous adipocytes reached borderline significance (p = 0.09; Figure 31; Table 23).
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Figure 31 Comparison of visceral and subcutaneous adipocyte ATP production of different origin

Differences between basal, mitochondrial and glycolytic ATP levels of visceral and subcutaneous adipocytes were
analyzed using Student’s paired t-test (n = 10-12). Asterisks indicate statistically significant differences between

the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001

Table 23: Comparison of visceral and subcutaneous adipocyte ATP production of different origin

condition (n) mean vc (£SD) mean sc (£SD) p-value

ATP basal (12) 7.09 (+2.48) 8.47 (+1.65) n.s. 0.09
ATP from OXPHOS (10) 0.52 (+0.48) 0.58 (+0.64) n.s. 0.60
ATP from glycolysis (10) 6.34 (+3.15) 6.98 (+1.95) n.s. 0.38

Differences between ATP levels of visceral and subcutaneous adipocytes were assessed using Student’s paired t-
test. Values are expressed as means (£SD). Asterisks indicate statistically significant differences between the two

depots (vc vs. sc): Not significant (n.s.); ¥*p < 0.05; **p < 0.01; ***p < 0.001.

After dividing subjects into two groups according to their BMI (< 30 vs. = 30 kg/m?), different

results were observed than comparing ATP levels of subcutaneous and visceral adipocytes of

the total cohort. Basal ATP levels of subcutaneous adipocytes originated from lean and

overweight subjects were significantly higher compared with those from visceral adipocytes
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(p < 0.05; Figure 32; Table 24). Although not statistically significant, in subjects of this group,
ATP levels from glycolysis were lower in visceral compared with subcutaneous adipocytes
(p =0.051; Figure 32; Table 24). No differences were observed comparing ATP from OXPHOS
in both groups as well as basal ATP and ATP from glycolysis in the group including only obese

subjects (Figure 32; Table 24).
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Figure 32: Comparison of visceral and subcutaneous adipocyte ATP production of different origin separated by
donor’s BMI values

Subjects were divided into two groups according to their BMI values (n = 4-8). Differences between visceral and
subcutaneous lactate release were analyzed by Student’s paired t-test. Asterisks indicate statistically significant
differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 24: Comparison of visceral and subcutaneous adipocyte ATP production of different origin separated by donor’s BMI

BMI < 30 kg/m?

BM > 30 kg/m?

condition (n) mean vc (+SD) mean sc (+SD) p-value mean vc (+SD) mean sc (+SD) p-value

ATP basal (4; 8) 5.04 (+0.99) 8.00 (+2.09) * 0.042 8.12 (+2.34) 8.711 (+1.50) n.s. 0.496
ATP from OXPHOS (4; 6) 0.24 (+0.30) 0.34 (+0.40) n.s. 0.577 0.70 (+0.51) 0.75 (+0.74) n.s. 0.811
ATP from glycolysis (4; 6) 3.89 (+0.75) 6.81 (+2.08) n.s. 0.051 7.98 (+3.08) 7.09 (+2.06) n.s. 0.534

Subjects were divided into two groups according to their BMI (n = 4-8). Differences between ATP levels of visceral and subcutaneous adipocytes were assessed using Student’s

paired t-test (n = 10-12). Values are expressed as means (+SD). Asterisks indicate statistically significant differences between the two depots (vc vs. sc): Not significant (n.s.);

*p < 0.05; **p <0.01; ***p < 0.001.
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Furthermore, the association between ATP levels of the two depots within the same subject
was determined, performing a Pearson's product-moment correlation. A significant
correlation between ATP production of visceral and subcutaneous adipocytes was detected,
when ATP levels derived from OXPHOS (r = 0.75; p = 0.01; Figure 33). Basal ATP levels and ATP
levels from glycolysis did not show a statistically significant association between the

subcutaneous and the visceral adipose tissue depot (Figure 33).
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Figure 33: Association between visceral and subcutaneous ATP levels

Pearson's product-moment correlation was performed for analyzing the association between subcutaneous and
visceral adipocyte ATP levels of different origins within the same subject. Only the association between visceral
and subcutaneous adipocytes of ATP from OXPHOS was statistically significant (A: n = 12; B and C: n = 10).

It can be summed up that, even though there is no significant difference between ATP
production independent of origin, between subcutaneous and visceral adipocytes, only ATP

levels originated from OXPHOS correlate significantly between adipocytes from the two

depots.
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5 DISCUSSION

5.1 Adipocyte mitochondrial respiration in association to subject’s BMI

Evidence from literature suggests that mitochondria are impaired in adipocytes of obese
subjects. Some findings are based on gene expression analyses (Mustelin et al., 2008;
Heinonen et al., 2015), but also functional investigations indicate that adipocyte mitochondria
show lower respiratory rates when BMI is increasing (Yehuda-Shnaidman et al., 2010; Yin et
al., 2014). In the present study, in isolated mitochondria, as well as isolated adipocytes, it was
clearly showed that oxygen consumption of subcutaneous mitochondria is decreasing with
increasing BMI. This was not due to changes in the mitochondrial membrane integrity, as LEAK
respiration was not associated to the donor’s BMI in both models. The results of the present
work show for the first time an inverse association between BMI and oxygen consumption
rates in subcutaneous adipocytes limited by OXPHOS, free OXPHQOS, as well as ETS capacity,
respiring on substrates for Cl and Cll. The measurement of mitochondrial oxygen consumption
rates of adipocytes rather than isolated mitochondria is holding the chance to measure
mitochondria within their cellular context including mitochondrial fusion and fission (Youle

and van der Bliek, 2012; Brand and Nicholls, 2011).

The results from measuring adipocyte oxygen uptake represent mitochondrial capacity per
cell and are therefore also dependent on mitochondrial abundance. In contrast to that, RCR is
a measure for mitochondrial capacity independent from cellular mitochondrial abundance, as
it is calculated by the ratio of OXPHOS capacity to LEAK respiration (Brand and Nicholls, 2011).
As values of the cellular RCR were not significantly inverse associated with donor’s BMI, the
other respiratory states, which were decreased with increasing BMI, might be substantiated
in a decreased mitochondrial content. Therefore, to further compare mitochondrial function,
also normalized to mitochondrial content, and without a potential influence of different
adipocyte sizes incorporating different numbers of mitochondria, measuring of isolated
mitochondria is a suitable method. In contrast to measurements within isolated subcutaneous
adipocytes, the RCR of isolated mitochondria was significantly reduced with increasing BMI.
Whereas the other respiratory states determined in isolated subcutaneous mitochondria
further confirmed the previous findings derived from subcutaneous adipocytes. LEAK
respiration was also not found to be significantly associated with donor’s BMI. Furthermore,

also oxygen uptake during OXPHOS as well as free OXPHOS capacity was found to be reduced
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with increasing BMI. Therefore, a reduced adipocyte mitochondrial respiration per cell is not
only due to lower mitochondrial abundance, but might also be resulting from a reduced
mitochondrial capacity per se. Differences of the obtained RCR in relation to donor’s BMI could
be due to the different approaches. Beside the difference of measuring mitochondrial
respiration within their cellular context and isolated mitochondria, isolated mitochondria
were only respiring on Cll substrates and exclusively derived from female subjects. The
substantiation for the deviating study protocol is firstly, that adipose tissue, where
mitochondria were isolated from, derived from plastic surgery. As this surgery procedure is
mainly recognized by women, it was only possible to include female subjects in this analysis.
Secondly, the respiration rates of isolated adipocyte mitochondria are very low. Therefore,
succinate was applied as a substrate, as hereby higher oxygen consumption rates can be
achieved compared with NADH-based substrates, due to the prediction that with every pair
of electrons of complex | driven respiration 10 protons are pumped into the inner membrane
space whereas only 6 protons are pumped across the inner membrane with succinate as
substrate. Thus, P/O ratio is lower with succinate as substrate than with NADH-based
substrates (Nath, 2008; Brand and Nicholls, 2011). Higher oxygen consumption rates again
allow to unravel even small differences in respiration. However, succinate as a substrate,
measuring oxygen uptake of isolated mitochondria, is known to produce high levels of ROS by
reverse electron transfer (Azzone et al., 1963). Therefore, rotenone was added, which

prevents reverse electron transfer (Hinkle et al., 1967).

Reduced isoproterenol induced oxygen uptake rates has also been demonstrated in
differentiated preadipocytes derived from obese compared with those from lean subjects
(Yehuda-Shnaidman et al., 2010). Moreover, findings of the current study are in accordance
with results of Yin and colleagues (Yin et al., 2014). Hereby, mitochondria were isolated from
small and large subcutaneous adipocytes and oxygen consumption was expressed per cell or
mitochondrial protein. Independent of the chosen normalization, as well as of adipocyte size,
the authors found an inverse correlation between oxygen consumption and the donor’s BMI
in mitochondria from subcutaneous adipocytes. Divergent from the current study, no
different respiratory states were assessed from Yin et al. (2014). Therefore, the distinctions of
respiratory states, which give further implications on mitochondrial function, create unique
value in addition to the study of Yin et al. (Yin et al., 2014).

Analog to the assessment of subcutaneous mitochondria, also oxygen uptake of isolated
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omental adipocyte mitochondria was investigated in the study of Yin and colleagues (Yin et
al., 2014). In contrast to the present study, also a significant inverse relation to the donor’s
BMI was found. This difference to our results might be founded within variations of the study
design. As the present work did only measure oxygen uptake of visceral adipocytes rather than
isolated mitochondria, this could possibly lead to deviating results. Furthermore, there are
differences in the depot origin. Whereas Yin et al. (2014) investigated omental adipose tissue
from the greater omentum; the adipose tissue samples of the current study originated from
the proximity of the angel of His. It has been demonstrated before, that visceral adipose tissue
is not homogenous, and gene expression is differently regulated between omental and
mesenteric adipose tissue (Tchkonia et al., 2007). Moreover, although oxygen uptake is also
expressed per cell in the publication of Yin and colleagues (2014), they determined cell
number by cell counting whereas oxygen uptake in the current study is expressed per DNA
amount (Yin et al.,, 2014). It is obvious that several metabolic processes may influence
mitochondrial function. It is indeed suggested that physical activity is associated with impaired
expression of adipose tissue OXPHOS genes (Mustelin et al., 2008). As the current study could
not provide information concerning the subject’s physical activity, this is a limitation of various
studies dealing with mitochondrial function in adipose tissue and could, therefore, further

explain differences within the study population and therefore varying results (Yin et al., 2014).

5.2 OXPHOS protein expression in obese and non-obese subjects

The results of the current study suggest that disturbances within the electron transport chain
might be responsible for BMI-dependent impairments of the subcutaneous adipocyte
mitochondrial respiratory capacity. To determine the molecular background for this
diminished respiratory capacity, the amounts of defined single respiratory chain complex
proteins were measured in subcutaneous adipocytes. To control for quantitative differences
in the amounts of mitochondria in adipocyte proteins, CS protein was chosen for
normalization. Significantly reduced amounts of NDUFB8 (subunit of complex I) and MT-CO2
(subunit of complex IV) were found in obese compared with non-obese subjects. These data
were confirmed by a recently published study by Heinonen et al. (2016), investigating OXPHOS
protein expression (NDUFB8 and MT-CO2) in subcutaneous adipocytes from lean and obese
co-twins. They found significantly higher complex | levels and at least a trend (p =0.08)

towards higher complex IV levels per mitochondria in subcutaneous adipocytes from the
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leaner co-twins (Heinonen et al., 2016). Results of the current study are further supported by
an animal model, where caloric restriction lead to an increase in complex IV gene expression
in white adipose tissue (WAT) of rats (Song et al., 2014). However, in the present study as well
as in the study from Heinonen and colleagues (2016), protein amounts of selected subunits of
the three other complexes were also demonstrated to be lower in obese compared with lean
individuals, although these reductions were not statistically different (Heinonen et al., 2016).
MT-CO2, which was found to be significantly reduced in obese subjects, is one of the three
catalytic core subunits encoded for by mitochondrial DNA and is rate-limiting for electron
transport (Capaldi, 1990). As at least in isolated mitochondria of subcutaneous adipocytes
respiration was measured irrespective of complex |, only the reduced amounts of MT-CO2
might be able to partially explain the diminished mitochondrial respiratory capacity of
adipocytes from obese subjects in the current study. Although all respiratory complexes were
monitored, a limitation of the present study in this regard might be that only a small spectrum
of subunits could be analyzed. Nevertheless, the data indicate that a qualitative change in
complex composition and/or abundance could explain the differences in respiratory
capacities. To further scrutinize the relevance of the lower complex IV levels in obese subjects,

also complex IV activity was investigated, which is subsequently discussed in chapter 5.3.

5.3 Complex IV activity in association to subject’s BMI

Results from OXPHOS protein expression (chapter 4.3) suggested impairments within
complex | and complex IV in subcutaneous adipocytes in obesity. But in our hands a reduced
protein expression of complex | cannot explain a reduced respiratory capacity with increasing
BMI in the current study, due to the measurements of isolated mitochondria where complex
| was inhibited by rotenone, only the activity of complex IV was further investigated. At
complex IV, oxygen is the final acceptor for electrons that are transferred via the electron
transport chain, and is finally reduced to water (Saraste, 1999). Therefore, a reduction of
complex IV activity could be a limiting factor for mitochondrial oxygen consumption rates and

hereby OXPHOS capacity.

Contrary to these expectations, the current study illustrated that mean as well as maximal
complex IV activity normalized to protein is not related to donor’s BMIl. However, upon
normalizing the determined activity levels to CS and therefore mitochondrial content,

complex IV activity was increasing with increasing BMI. This implies that the observed
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decrease in complex IV protein expression in obese subjects does not coincide with a decrease
in complex IV activity. Furthermore, the statement of increased complex IV activity might
compensate for reduced protein expression levels could not be confirmed, as complex IV
activity and protein expression were not associated to each other. Therefore, it is more likely
that the link, which was observed after normalizing to CS, can be reduced to a decrease of CS

with increasing BMI.

So far, not much is known about the activity of adipocyte complex IV and its effect on
mitochondrial respiration. Furthermore, also conflicting data exist. In a mice knockout model,
created by Deepa et al. (2013), complex IV activity and complex IV assembly was impaired in
WAT, which was associated with longevity, increased insulin sensitivity and lower body
weight. These findings imply a beneficial rather than an unfavorable effect of reduced complex
IV activity (Deepa et al., 2013). In contrast to that Soro-Arnaiz et al. (2016) suggested from
mouse experiments that a reduced activity of complex IV in visceral WAT plays a role in age-
dependent obesity and enables adipocyte expansion (Soro-Arnaiz et al., 2016). Besides the
distinction that these are investigations in mice and not in humans, also the investigation of
omental adipose tissue is in discrepancy to our study. In the current study only complex IV
activity in subcutaneous adipose tissue was investigated. Therefore, it is unknown if there are
differences in adipocytes derived from the visceral depot. However, the data of the present
study clearly showed that a reduced protein expression, even of a rate-limiting subunit of
complex IV, such as MTCO2 (Capaldi, 1990), it not necessarily accompanied by a reduced
activity of the whole protein complex. Also a compensatory activity was not observed.
Therefore, results of protein expression of single subunits must be interpreted cautiously and
the mechanisms related to the decreased mitochondrial respiratory capacity in obese subjects

remain elusive.

5.4 Mitochondrial content in subcutaneous adipocytes

Transmission electron microscopy is considered as the golden standard for measuring
mitochondrial content. As access to electron microscopy is restricted, several more easily
accessible markers were applied as a measure for mitochondrial content in the past (e.g.
mtDNA copy number, VDAC, CS activity). For muscle tissue, some biomarkers for
mitochondrial content have been evaluated. In detail, Larsen and colleagues (2012)

determined the association of commonly used biochemical measures to the mitochondrial
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abundance, defined by electron microscopy, in human skeletal muscle. Although mtDNA is a
widely used marker for mitochondrial content, Larsen et al. could not find an association
between mtDNA and the visible mitochondrial content, whereas cardiolipin and CS activity
showed a strong association (Larsen et al., 2012). Although differences between skeletal
muscle and adipose tissue are conceivable, in this thesis, CS protein expression was
additionally used as a marker for mitochondrial content beside mtDNA copy numbers.
Furthermore, within the protein determination of respiratory chain complex subunits (see
chapter 4.3 and 4.4) CS protein abundance was also used as an indicator for the mitochondrial
content. With regard to the results from Larsen and colleagues (2012), measured mtDNA copy
numbers in adipocytes according to the donor’s BMI values might be interpreted as reduced
mtDNA content, rather than as reduced mitochondrial content, along with an increase in BMI.
However, other studies have shown that mtDNA copy number is proportional to the
transcription of mitochondrial genes (Malik and Czajka, 2013). As the present study provides
combined results of a decreased mtDNA copy number as well as a reduced CS content with
increasing donor’s BMI, it can be considered that mitochondrial content per se is reduced in
subcutaneous adipocytes of obese individuals. Studies from other groups, investigating
omental adipose tissue, found similarities to findings in the subcutaneous depot (Christe et
al., 2013; Lindinger et al., 2015). As in our study a decrease of visceral adipocyte respiratory
capacity in obese subjects was not observed, it can be speculated that visceral mitochondria

are capable of compensating these reduced amounts.

5.5 Adipocyte mitochondrial respiration in the context of T2DM

Adipocyte mitochondrial dysfunction accompanied by a decrease in mitochondrial OXPHOS
has been repeatedly suggested to be involved the pathogenesis of T2DM. A link between
mitochondrial dysfunction and T2DM is supported by studies with insulin sensitizing drugs.
The treatment with pioglitazone leads to an increase in mtDNA in human subcutaneous
adipose tissue (Bogacka et al., 2005). Furthermore, the treatment of obese mice with
rosiglitazone was followed by an increase in adipocyte mitochondrial mass as well as an
increase in adipocyte oxygen consumption rates (Wilson-Fritch et al., 2004). Impaired
adipocyte mitochondrial function in T2DM independent of obesity was suggested by Dahiman
and colleagues (2006), as they observed genes encoding for electron transport chain proteins

to be downregulated in subcutaneous and even more pronounced in visceral adipose tissue

85



DISCUSSION

of diabetic women independent of obesity (Dahlman et al.,, 2006). Evidence from human
studies, showing that mitochondrial OXPHOS capacity is reduced in T2DM is rare. Therefore,
the current study investigated adipocyte mitochondrial respiration in diabetic and pre-
diabetic subjects. The present study could not find an influence of the diabetic status on the
relation between BMI and oxygen uptake during the different respiratory states in visceral or
subcutaneous adipocytes. Moreover, also oxygen consumption rates of obese subjects with
or without disturbances within their glucose homeostasis did not differ. To investigate the
relationship between the diabetic status and oxygen consumption rates, probands were
divided into groups referring to their glucose metabolism. Subjects were only referred to the
control group (ND) when fasting blood glucose levels were < 110 mg/dl, HbAi.< 5.7, and C-
peptide < 4.4 mg/dl. Whereas fasting blood glucose levels as well as HbA1¢ values are used as
parameters for the diagnosis of T2DM or pre-diabetes, C-peptide is not recognized as a
diagnostic tool (American Diabetes Association, 2013). However, C-peptide has been given
attention as an early marker for T2DM (Saisho, 2016). Therefore, to avoid the inclusion of
individuals with the onset of pre-diabetes, individuals with increased C-peptide levels were
excluded from the control group. Although it was thoroughly differentiated between the two
groups, there is still the possibility of subjects with disturbances within their glucose
homeostasis being included in the control group, as there was no oral glucose tolerance test
available for every subject. The possibility of errors in assigning subjects to the different
groups could be one reason for the varying results found from Hansen and colleagues (2015).
They showed that by measuring respiratory capacity of subcutaneous adipose tissue pieces,
the respiratory flux, expressed per cell, was higher in obese compared with diabetic individuals
(Hansen et al., 2015). In contrast to these observations, the present study could not find an
influence of the diabetic status on respiratory outcomes per adipocyte. Measuring whole
adipose tissue pieces involves the chance to bias the oxygen consumption rates by other cell
types, present in the adipose tissue (Carswell et al., 2012). Therefore, it can be hypothesized
that this might be also a reason for diverging results. Interestingly, another study also
investigating lean subjects suffering from T2DM revealed that the activity of subcutaneous
adipose tissue electron transport chains was not reduced in diabetic probands. However, the
determined electron transport chain activities were found to be significantly lowered in obese
compared with lean subjects and further decreased in obese subjects with T2DM

(Chattopadhyay et al., 2011). In contrast to the current study where probands had BMI values
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above 35 kg/m?, mean BMI of overweight subjects in the study of Chattopadhyay et al. (2011)
were between 28 and 29 kg/m?. Consequently, it might be possible that differences between
individuals with and without T2DM diminishe with the onset of obesity (BMI values above 30
kg/m?) (World Health Organization, 2000). This, in turn, is suggesting that obesity is the main

determining factor for adipocyte mitochondrial respiration rather than the diabetic status.

To further investigate if adipocyte mitochondrial respiration is linked to T2DM independent
from the group assignments, also characteristics of impairments within the glucose
homeostasis and adipocyte mitochondrial respiration were analyzed. HbA1c levels as well as
fasting blood glucose levels of obese subjects (BMI > 35 kg/m?) were not found to be
associated with the determined mitochondrial respiratory states within a multiple regression
analysis (Appendix: Table 33, Table 34). In summary, none of the results gained from the
current study were indicating that mitochondrial respiration is particularly affected in
adipocytes of obese diabetic or pre-diabetic compared with obese individuals without any

disturbances in their glucose homeostasis.

In literature, it has been hypothesized that ATP depletion as a consequence of adipocyte
mitochondrial dysfunction is an underlying mechanism of T2DM. In detail, it had been
proposed that a decrease in adipocyte fatty acid oxidation as well as lipogenesis contribute to
anincrease in circulating FFA (Pauw et al., 2009). Furthermore, synthesizing and secreting the
antidiabetic adipokine adiponectin require ATP, which is also supplied by mitochondrial
OXPHOS (Szkudelski et al., 2011; Komai et al., 2014). In order to explore the hypothesis that
disturbances of ATP levels might affect adipocytes in an unfavorable way and thus promote
T2DM, also ATP levels were compared between the control group (ND) and the group
including diabetic as well as pre-diabetic subjects (Appendix: Figure 35). No difference was
observed between the two groups. Therefore, the current study is not indicating that
adipocyte ATP levels are decreased in diabetic or pre-diabetic subjects. However, further
insights into adipocyte energy homeostasis could be gained from investigating adenosine
monophosphate (AMP) as well as levels of activated AMPK, a regulator of the cellular energy

homeostasis. Therefore, a limitation of this study is that only ATP levels were determined.

Apart from ATP levels and mitochondrial respiration, other mitochondrial functions might be
impaired within adipocytes of diabetic subject. For example, it was suggested that the

dysregulation of calcium flux is associated with impaired mitochondrial biogenesis and this
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could promote insulin resistance (Cedikova et al., 2016). This hypothesis is further supported
by decreased mtDNA copy numbers in subcutaneous (Bogacka et al., 2005) and visceral
adipose tissue (Lindinger et al., 2010) of diabetic subjects. If the impairment of other
mitochondrial functions, apart from mitochondrial respiration, is linked with T2DM has

therefore to be further investigated by future studies.

5.6 Adipocyte lactate release

In cell models it has been shown that inhibition of mitochondrial respiration is followed by an
increase in lactate release (Gonzéalez-Barroso et al., 2012). Data of the current study are
confirming these results also in human subcutaneous as well as visceral adipocytes. When
adipocytes where treated with oligomycin in order to inhibit mitochondrial ATP production,
the amount of the released lactate was doubled in both depots compared with basal lactate
release. Hence, human adipocytes seem to compensate for impaired mitochondrial

respiration with an increase in glycolysis.

Furthermore, we found a positive association for BMI and basal adipocyte lactate release
normalized to DNA in both investigated depots. As, at least from animal models, it is also
known that adipocyte size correlates with lactate release (reviewed in DiGirolamo et al.,
1992), we also expressed lactate release per adipocyte volume instead of DNA. Contrary to
what we found before, when expressing lactate release per cell, lactate release normalized to
adipocyte volume did not reveal an association to donor’s BMI (Appendix: Table 29). This
finding is indicating that lactate release per cell is rising with increasing BMI which mainly can
be explained by enlarged adipocytes. In total, the results are also in accordance with other
studies, where it was already shown that obesity is accompanied by higher circulating blood
lactate levels and, that those higher levels are referred to an increase of adipose tissue mass

(Lovejoy et al., 1990; DiGirolamo et al., 1989; Jansson et al., 1994).

Increased lactate production from anaerobe glycolysis seen in large adipocytes, might be due
to a lack of oxygen as the diffusion distance of oxygen in tissues amounts only to
approximately 100-200 uM (Brahimi-Horn and Pouysségur, 2007). It is possible that hypoxic
conditions may partially explain the increased lactate levels in our experiment, as we found
adipocytes larger than 200 uM diameter. On the other hand, mitochondria in adipocytes are
not centrally located, but rather surround the lipid droplet (Cinti, 2005). Hence, particularly in

cultured isolated adipocytes, the distance for the diffusion of oxygen to reach mitochondria
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are not equal to adipocyte diameters. However, with the increase of adipose tissue mass in
vivo, vascularization is not growing in the same manner. Especially the capillary density was
found to be decreased in subcutaneous adipose tissue of obese subjects (Pasarica et al., 2009;
Spencer et al., 2011). Hence, a lack of vascularization and growing size of adipocytes could
account for hypoxia in adipose tissue and therefore lead to an increased lactate production,
as already suggested in literature (Pérez de Heredia et al., 2010; Lolmede et al., 2003). As
vascularization is decreasing in subcutaneous adipose tissue of obese subjects but not in the
visceral depot, that could contribute to the differences between visceral and subcutaneous
adipocytes with regard to the link between the spare glycolytic capacity per cell and the

donor’s BMI (Gealekman et al., 2011).

The current work is the first report where it has been investigated if an impaired respiration
is accompanied by a compensatory increase in glycolysis, and therefore, lactate release in
human adipocytes. Although, except from basal lactate release in the visceral depot, all
models showed a negative coefficient, and thus, implying that lactate release is increasing
with decreased oxygen uptake, no statistically significant associations with mitochondrial
respiration were observed. As this analysis was only performed in a smaller subpopulation, a
rather small statistical power could be responsible for a missing link. Furthermore, it has to be
noted that the conditions of respiratory measurements and lactate determination were not
identical. To create best possible conditions for the oxygen uptake measurements, a
respiration buffer (MIR05) was applied. For cell culture and lactate release, cell culture media
(DMEM F12), which was approved to provide optimal conditions for isolated human mature
adipocytes, was used. Furthermore, oxygen uptake was determined of permeabilized cells to
gain better insights into different mitochondrial respiratory states. Moreover, adipocytes
might behave differently when stored in an incubator or in a measuring chamber stirred at
750 rpm. Furthermore, there is the possibility that already released lactate is reabsorbed again
by the adipocytes (Hajduch et al., 2000). This was not determined in our model and could
therefore be a confounding variable. Nevertheless, especially in oligomycin treated cells the
reabsorption of lactate might not be relevant, as pyruvate, which is supposed to be converted
by the LDH from lactate, cannot be used as a substrate for mitochondrial respiration (Vergnes

and Reue, 2014).

Although evidence for an inverse relation between mitochondrial respiration and lactate

release was not provided, data of the current study indicate that adipocyte mitochondrial
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respiration and lactate production is linked, especially when the marked effect of inhibiting
mitochondrial ATP production on lactate release is taken into consideration. To what extent
adipose tissue hypoxia in obese subjects is influencing mitochondrial respiration, therefore,

has to be object of further investigations.

5.7 Adipocyte ATP levels

5.7.1 Assignment of ATP to mitochondrial OXPHOS or glycolysis

From literature it is known that under normal conditions 80 % of the mammalian cellular ATP
demand is produced by the mitochondrial OXPHOS process, which is also substantiated, as
this is the more efficient way of ATP production compared with glycolysis (Papa et al., 2012).
Exploring the proportion of mitochondrial and glycolytic ATP production, the current study is,
for the first time, providing results where adipocytes of two adipose tissue depots were
investigated. Irrespective of adipocyte depot origin, the mitochondrial ATP production was
not able to compensate the inhibition of glycolysis. Moreover, the data of the present study
showed that inhibition of OXPHOS by oligomycin is only leading to a slight decrease of cellular
ATP levels, indicating that glycolysis in adipocytes is, again irrespective of depot origin, more
relevant for ATP production than mitochondrial OXPHOS. In detail, the study is suggesting that
visceral adipocytes are more capable of compensating mitochondrial dysfunction by
glycolysis, compared with subcutaneous adipocytes. In general, the data of the present study
are in line with results from a mouse adipocyte model (3T3-L1 adipocytes), where it has been
shown that ATP levels did not change after inhibiting mitochondrial biogenesis as glycolysis
was compensating (Nie and Wong, 2009). Keuper et al. (2014) suggested from studying the
human SGBS adipocytes that glycolysis is the preferred energy-producing pathway as
mitochondrial ATP production was decreased after supplying glucose as a substrate.
Furthermore, the authors observed that mitochondrial respiration was able to compensate a
reduction of ATP production by glycolysis (Keuper et al., 2014). Although the current study is
also highlighting the importance of glycolysis in adipocyte ATP production and the results are
supporting the idea that glycolysis is the preferred source of ATP production, isolated human
adipocytes were evidently not able to compensate glycolytic ATP output by mitochondrial ATP
production. One reason for this divergent observation could be that 2-deoxy-D-glc is also
indirectly inhibiting OXPHOS, as pyruvate converted from glucose cannot be used within the

citrate cycle. Pyruvate, present in cell culture media (0.5 mM), might not be sufficient to fulfil
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the substrate demand for mitochondrial ATP production, as in contrast, for mitochondrial
respiration protocols a concentration of 5 mM has been established to enable a partially
noncarrier-mediated pyruvate transport across the mitochondrial membrane (Gnaiger, 2014).
Therefore, a limitation of our model is that to the applied media no additional pyruvate was

added to ensure a pyruvate saturated environment.

5.7.2 ATP levels in in association to donor’s BM|

Multiple regression analysis of the current study revealed a slight, but significantly positive
relationship between donor’s BMI and basal ATP levels in visceral adipocytes. In contrast to
that, we did not find a link between ATP originated from OXPHOS or glycolysis and BMI in
visceral adipocytes, which is in line with our previous findings that lactate release as well as
OXPHOS capacity is not changed during obesity. Hence, the association of basal ATP levels and
BMI in visceral adipocytes cannot be clearly deducted from deviations in ATP levels derived
from OXPHOS or glycolysis in association to BMI. On the other hand, the determined ATP from
OXPHOS and glycolysis might rather provide information concerning a compensatory capacity
than being absolute values. Under this premise, our data are indicating that visceral adipocyte
ATP levels are increasing with increasing BMI, but not the capacity of mitochondrial or
glycolytic ATP production to take over if the other pathway is switched off. In a study from
Christe et al. (2013), ATP production of isolated mitochondria from human omental adipocyte
was measured and, hence, is comparable to our measurement of ATP from OXPHOS. In line
with our results, the authors of this study did not find an association between mitochondrial

ATP production and obesity (Christe et al., 2013).

In contrast to visceral adipocytes, no link between the amount of basal cellular ATP and
donor’s BMI in subcutaneous adipocytes was observed. With regard to our previous results
this could be explained as in subcutaneous adipocytes an inverse relationship between BMI
and OXPHOS capacity, as well as a positive association between lactate release and BMI was
found. Consequently, it could be speculated that the two effects might annul each other.
However, this would suggest that ATP levels separated in its origin would be associated to the
donor’s BMI, but this was not confirmed when investigating ATP levels, as no link in
subcutaneous adipocytes between ATP from OXPHOS or glycolysis was observed. Equivalent
to visceral, also for subcutaneous adipocytes the limitation of the study is that the measured
levels of ATP from OXPHOS and glycolysis could be seen rather as capacities than the actual
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contribution to cellular ATP levels. Furthermore, as stated before, the contribution of ATP
from OXPHOS might be underestimated as the supplied pyruvate concentration of 0.5 mM

might not be sufficient (Gnaiger, 2014).

Our study is not indicating that impairments within adipocyte mitochondrial respiration is
leading to ATP depletion which could be followed by the inhibition of fatty acid re-
esterification (Gaidhu and Ceddia, 2011) or a decrease of adiponectin secretion (Szkudelski et
al., 2011; Komai et al., 2014). Nevertheless, ATP consuming processes might be shut down in
order to keep cellular ATP levels to be stable. To test this assumption, further measurements
targeting the ratio of AMP to ATP as well as the activation of AMPK are necessary to clarify

adipocyte energy status in obese subjects.

5.7.3 ATP levels in association to mitochondrial OXPHOS capacities and lactate
release
To the best of our knowledge, the present study analyzed for the first time if measurements
of adipocyte mitochondrial respiration (OXPHOS and free OXPHOS capacity) as well as
adipocyte glycolysis (lactate release), are associated to actual adipocyte ATP levels. The
preceding hypothesis of this analysis was firstly that ATP levels and the corresponding
measured pathway of origin is correlating directly with each other, and secondly that there
exists an inverse relationship between the activity of one metabolic pathway of ATP
production and actual ATP levels gained from the other metabolic pathway of ATP production,
which would indicate a complementary regulation. This hypothesis was not confirmed by the
current study, as no evidence for correlations between oxygen uptake rates during OXPHOS
and free OXPHOS capacity and adipocyte ATP levels was observed. Although a significant
inverse association between ATP from OXPHOS and OXPHOS as well as free OXPHOS capacity
was determined, this was not significant as well as inverse anymore, when an outlier was
excluded from the analysis. Analog to those results, no evidence was found for an association
between any determined lactate release rates and the measured cellular ATP levels either.
The divergence between the measurement of actual ATP levels and the corresponding
measured metabolic pathway of ATP production might be due to unknown varying cellular
ATP consuming processes in this model. To get better insights into the energy status of the
cells, the ratio of AMP to ATP, as well as the activation of AMPK might be the objective of

further studies. Apart from this biological aspect, also limitations of the applied model could

92



DISCUSSION

account for a missing link. Indeed, the conditions during ATP determination were different
from those during the measurement of oxygen uptake, which was already discussed in 5.6. It
is worth noting that also the applied substrates were differing such as pyruvate. Furthermore,
also the conditions during lactate release differed from those during measuring cellular ATP
concentrations, as the incubation time was for ATP determination 2.5 h and for lactate
determination 24 h. These time points were chosen, as ATP measurement took place in a
similar time frame as oxygen uptake measurements, but sensitivity of the lactate assay was
best after the incubation of 24 h. As a consequence of the different time points of harvesting,
the energy status of the analyzed adipocytes might be different, concnerning changes of
media composition (secreted substances accumulate and substrates run short) (Carswell et
al., 2012). Additionally, it has to be noted, that in the current study ATP from OXPHOS and ATP
from glycolysis were determined during the complete inhibition of the other metabolic
pathway of ATP production. Therefore, the gained ATP levels might rather represent the
capacity to increase ATP production than the actual contribution to ATP levels under
physiological conditions. In conclusion, this analysis has to be interpreted very cautiously, also
due to the small number of included subjects (n = 5-10). Hence, further investigations are
planned to follow, especially to increase the statistical power, as well as to exclude differences

within the compared models.

5.8 Adipose tissue depot specific outcomes

5.8.1 Oxygen consumption rates of visceral and subcutaneous adipocytes

When analyzing the difference between oxygen uptake during different respiratory states of
visceral and subcutaneous adipocytes, a first analysis only revealed significant lower oxygen
consumption rates during LEAK respiration in subcutaneous adipocytes, whereas the
remaining respiratory states did not differ between the two depots. After dividing the cohort
in one group with BMI values less than 30 kg/m? and another group with BMI values greater
or equal to 30 kg/m?, deviating results were found. Hereby, the group, which included subjects
with BMI values below 30 kg /m?, inclined to have higher oxygen uptake rates in subcutaneous
adipocytes during OXPHOS, free OXPHOS and ETS capacity, but not during LEAK respiration.
Indeed, RCR was significantly higher in subcutaneous adipocytes. Although not all of these
differences were statistically significant, they are opposite from findings within the group

exclusively including subjects with BMI values greater or equal to 30 kg/m?. In this group, no
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significant difference was observed between RCR values of visceral and subcutaneous
adipocytes. Moreover, all other oxygen consumption rates investigated were consistently and
significantly lower in subcutaneous compared with visceral adipocytes. Therefore, although
RCR was not statistically significantly related to donor’s BMI values, an alteration with obesity
limited to the subcutaneous depot is indicated. These findings are partially in accordance with
results from Kraunsge et al. (2010), where higher oxygen consumption rates during state 3
(OXPHOS capacity) as well as uncoupled respiration (ETS capacity) per mg visceral adipose
tissue compared with subcutaneous adipose tissue were found in subjects with BMI values
greater than 30 kg/m?2. However, when these oxygen uptake rates were expressed per cell,
oxygen uptake of subcutaneous adipocytes was higher compared with visceral adipocytes. As
hereby whole adipose tissue pieces instead of isolated adipocytes were measured, this could
account for the observed difference (Kraunsge et al., 2010). Yin and colleagues (2014), who
studied isolated mitochondria from subcutaneous and omental adipose tissue, did not find a
difference in oxygen uptake rates with regard to adipose tissue origin. Therefore, the results
are in line with findings of the present study regarding subject with BMI values less than
30 kg/m?2. Interestingly, when oxygen consumption rates were divided into obese and lean
subjects, as well as small and large adipocytes, the results revealed consistently higher oxygen
uptake rates in subcutaneous adipocytes of lean individuals (irrespective of adipocyte size),
but lower in subcutaneous adipocytes of obese individuals. Although these findings from Yin
et al. (2010) were not statistically significant, the results are following the same trend as the
results of the current study (Yin et al., 2014). Differences between respiratory measurements
of the two adipose tissue depots might therefore be a matter of the subjects BMI and should
be taken into consideration, when investigating differences between the two depots. Oxygen
uptake during LEAK respiration was not assessed within the studies of Yin et al. (2014) and
Kraunsge et al. (2010). Surprisingly, LEAK respiration, which was not altered with increasing
BMI in all other analysis of the current study, was found to be lower in subcutaneous
compared with visceral adipocytes of obese subjects. LEAK respiration can be based on basal
proton conductance and regulated inducible proton conductance by uncoupling proteins
(Divakaruni and Brand, 2011). In our model, LEAK respiration due to uncoupling proteins might
be insignificant, as uncoupling proteins were not induced. Nevertheless, there are
physiological implications of LEAK respiration. One theory is that LEAK respiration is lowering

mitochondrial superoxide production due to decreasing the proton motif force (Rolfe and
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Brand, 1997; Divakaruni and Brand, 2011). Therefore, the current study is indicating that in
obese subjects ROS production in subcutaneous adipocytes might be higher compared with
visceral adipocytes. Again, this result is also supporting the main suggestion of the current
study that impairments within adipocyte mitochondria in obese subjects are more relevant in

the subcutaneous adipose tissue depot.

It is suggested that adipocytes of varying adipose tissue depots are genetically programmed
in a different way (Gesta et al., 2006; Tchkonia et al.,, 2007). Therefore, physiological
differences between adipocytes from distinct adipose tissue depots, as found in the current
study in obese subjects, are likely to occur and have been reported frequently (Hube et al.,
1996; Zierath et al., 1998; Dusserre et al., 2000). Nevertheless, despite differences of oxygen
uptake rates between the two fat depots, oxygen uptake during every determined respiratory
state significantly correlated between the two adipose tissue depots within the same subject.
These observations are suggesting that although there are differences between visceral and
subcutaneous adipocytes, especially in obese subjects, adipocyte mitochondrial respiration

might be controlled similarly in the two adipose tissue depots.

5.8.2 Lactate release of visceral and subcutaneous adipocytes

The comparison of subcutaneous and visceral adipocyte lactate release, including all subjects,
revealed consistently lower levels in the visceral depot. Whereas, if the cohort was divided in
one group with lean and overweight individuals (BMI < 30 kg/m?) and another group with
obese individuals (BMI =30 kg/m?), this finding remained only statistically significant for obese
subjects. Nevertheless, also within the group incorporating subjects with BMI < 30 kg/m?,
there was a trend towards lower lactate levels within visceral adipocytes. As it is suggested
that the sizes of adipocytes have significant influence on lactate release (DiGirolamo et al.,
1992) also an analysis per volume rather than DNA was performed. Hereby, in the total cohort,

including subjects with all BMI values, no significant differences were observed (Appendix:

Table 30). Also when only obese individuals were included (BMI > 30 kg/m?), the statistically
significant differences between the two depots were diminished. Only in lean and overweight
subjects (BMI < 30 kg/m?) subcutaneous adipocyte lactate release after the addition of
oligomycin was significantly higher compared with visceral adipocytes (Appendix: Table 31).
This finding might indicate that subcutaneous adipocytes of these subjects are more capable

to increase glycolysis, when mitochondrial OXPHOS is blocked. However, as delta lactate
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release was not significantly different between the two depots, the observed difference might
rather be substantiated in an additive effect of a greater basal lactate release of subcutaneous
adipocytes, as in a greater capacity of subcutaneous adipocytes to increase glycolysis. In total,
the results of the current study are suggesting that the difference between the lactate release
of subcutaneous and visceral adipocytes per cell is due to smaller adipocytes of the visceral
depot (Appendix: Figure 36). However, also in lean and overweight subjects, visceral
adipocytes are smaller compared with subcutaneous adipocytes. That the difference between
the two depots in these individuals was not statistically significant could be substantiated in a
low statistical power due to a low number of subjects included in this group. Furthermore,
also the potential of vascularization, which is only decreasing with obesity in the subcutaneous
depot (Gealekman et al., 2011) could account for the finding that subcutaneous adipocyte
lactate release and the capacity to increase lactate production after the inhibition of
mitochondrial ATP production per cell was only significantly higher in obese subjects. In
contrast to the present study, subcutaneous adipocytes from fasted rats showed lower levels
of basal lactate production per cell compared with adipocytes from the mesenteric,
epididymal, or retroperitoneal depot (Newby et al., 1988). These contrary findings could be
substantiated in a different body fat distribution of subcutaneous and intra-abdominal
adipose tissue in humans and rodents (Fried et al., 2015). Also, in mice an increase in
vascularization of the subcutaneous depot with increasing BMI was found (Gealekman et al.,
2008), which is contrary to what was observed in studying human adipose tissue (Gealekman

et al., 2011).

Apart from differences between the two depots, especially lactate release per cell after the
treatment with the complex V inhibitor oligomycin showed the strongest and most significant
association between adipocytes of the visceral and the subcutaneous depot. The correlation
between basal lactate release as well as the capacity to increase lactate release of
subcutaneous and visceral adipocytes at least reached borderline significance. After
expressing lactate release per volume, the correlation analysis between the two depots
revealed varying results. In detail, the borderline significant association between basal lactate
release of subcutaneous and visceral adipocytes disappeared, as well as the significant
correlation of lactate levels between the two depots under the treatment with oligomycin.
Only the link of the capacity to increase lactate release, was close to be significant (Appendix:
Table 32). Therefore, it can be speculated that the correlation of lactate release between the
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two depots might occur especially due to cell size, which is also correlating between the two
depots within one subject (Appendix: Figure 37). Again, differences between lactate release
and therefore a missing correlation between the two depots might be substantiated in
different rates of vascularization of the two depots (Gealekman et al., 2011). However, the
control of the capacity for increasing the rate of glycolysis, and thus, lactate release might be
not only controlled locally, e.g. by the size of adipocyte, but also central regulatory mechanism

might have an influence, as also found for mitochondrial respiration (5.8.1).

5.8.3 ATP levels in visceral and subcutaneous adipocytes

When comparing subcutaneous with visceral adipocyte ATP levels including all subjects
irrespective of BMI, no difference was observed between the depots. After dividing the
subjects into two groups referring to their BMI, the results differed. In the group including
obese subjects there was still no difference in ATP levels between the two depots, which is
also in line with previous findings from Vikman and colleagues (1995) (Vikman et al., 1995).
Whereas subjects with BMI values below 30 kg/m? showed significantly lower visceral ATP
levels compared with subcutaneous adipocytes. Furthermore, compared with subcutaneous
adipocytes also visceral ATP levels derived from glycolysis were lower although this only
reached borderline significance. Therefore, differences in basal ATP levels might occur rather
due to higher glycolytic ATP levels in subcutaneous adipocytes, as there was no difference in
ATP from OXPHOS. This is surprising as subjects with BMI values above 30 kg/m? showed a
lower subcutaneous lactate release, whereas in subjects with BMI values below 30 kg/m? no
difference between lactate release of subcutaneous and visceral adipocytes was observed in
the present study. One reason for the deviating results could be that the uptake of lactate
from subcutaneous and visceral adipocytes is differently. However, as discussed before,
especially for oligomycin treated cells, this is not very likely (5.6). Additionally, the timeframe
of incubations between adipocytes used for ATP determination and adipocytes used for
measuring lactate release was not equal and could therefore bias the direct comparison of
ATP levels and lactate release. Another reason for the discordant finding might be found in
different energy demands of the two depots. In obese individuals, glycolytic rates are higher
in visceral adipocytes. In lean and overweight individuals there is no difference between the
two depots. Following the assumption of different energy requirements, the observed

significantly lower ATP levels in subjects with BMI values below 30 kg/m? and the missing
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difference between the two depots in adipocytes of obese subjects is leading to the
speculation of higher energy requirements of visceral adipocytes irrespective of the subject’s
BMI. As subcutaneous adipocytes show lower adiponectin secretion rates compared with
visceral adipocytes (Motoshima et al., 2002), and as the secretion of adiponectin requires ATP
(Szkudelski et al., 2011; Komai et al., 2014), this could contribute to higher energy demands
of visceral adipocytes. Energy requirements of visceral and subcutaneous adipocytes were not
objective of published studies so far. However, further indications from the current study,
supporting this hypothesis, were gained from correlation analysis of ATP levels between the
subcutaneous and the visceral depot. Although the determined OXPHOS capacities as well as
basal lactate release and lactate release following mitochondrial inhibition was correlated
between the two depots, investigating cellular ATP levels a correlation was only found for ATP
levels derived from OXPHOS. ATP derived from glycolysis as well as basal ATP levels, though,
did not correlate between adipocytes of the two depots. Therefore, the results are suggesting
that the required ATP might be different between the two depots. To prove this hypothesis,
also AMP as well as the activation of AMPK should be determined in future studies. Hereby,
more insights about energy requirements and consumption rates of visceral and

subcutaneous adipocytes could be gained.
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6 CONCLUSION AND OUTLOOK

The current study showed that mitochondrial respiratory capacity of human subcutaneous
adipocytes is decreasing with increasing BMI. Moreover, mtDNA and CS protein expression,
as indicators for mitochondrial abundance, were decreasing in subcutaneous adipocytes with
increasing subject’s BMI. As also isolated mitochondria of subcutaneous adipocytes showed
lower respiratory rates with increasing obesity, it can be concluded that impairments within
subcutaneous adipocyte mitochondrial respiration occurs independently of mitochondrial

content.

Although several studies emphasize the negative impact particularly of visceral adipose tissue
on metabolic comorbidities in obeity, the present work did not find a significantly inverse
relation of visceral adipocyte mitochondrial respiration and subject’s BMI value. Still, for the
first time it was shown that mitochondrial oxygen uptake of neither isolated subcutaneous
nor visceral adipocytes is particularly impaired in obese subjects showing deteriorations
within their glucose homeostasis. Therefore, impaired subcutaneous adipocyte mitochondrial
respiration seems to be rather linked to obesity itself than to T2DM, and thus, might not
contribute to the pathogenesis of T2DM. As previous publications found adipocyte
mitochondria to be altered in individuals suffering from T2DM, other mitochondrial functions,
rather than mitochondrial respiration, might be impaired in adipocytes of diabetic subjects

and have to be further investigated.

Protein expression analyses of subcutaneous adipocytes suggested that a reduced amount of
the electron transport chain complex IV could be responsible for the BMI dependent decline
in mitochondrial respiration. However, this was not confirmed by activity measurements of
complex IV. Therefore, further efforts should be made to unravel the molecular background

of an impaired mitochondrial function in subcutaneous adipocytes of obese subjects.

Particularly respiratory capacity linked to ATP production (free OXPHOS capacity) was found
to be reduced in subcutaneous adipocytes with increasing BMI. However, this finding was not
accompanied by a parallel decrease of adipocyte ATP levels. Nevertheless, an impaired
mitochondrial respiration could lead to an altered ratio of AMP to ATP followed by the
activation of AMPK. As a consequence, ATP consuming pathways might be downregulated in

order to keep cellular ATP levels to be stable. Therefore, the activation of AMPK as well as the
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ratio of AMP to ATP should be investigated in future studies to gain further knowledge about
consequences of mitochondrial respiration for the energy status of adipocytes. Additionally,
the results of the study implied that glycolysis is the main source of ATP in human adipocytes
and that adipocyte lactate release is increasing with increasing BMI due to the parallel
enlargement of adipocytes. Hence, ATP levels are not altered, as glycolysis is able to
compensate for an impaired mitochondrial ATP production. Due to these results, and to the
fact that several studies suggest a hypoxic state in adipose tissue of obese individuals, future
investigations should also focus on hypoxia as a potential underlying cause of impaired

mitochondrial respiration in subcutaneous adipocytes of obese individuals.
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7 APPENDIX

7.1 Applied chemicals

Table 25: List of applied chemicals

Chemicals

Supplier, Country

2-deoxy-D-glucose

Sigma-Aldrich, Germany

ADP

Sigma-Aldrich, Germany

Antimycin A

Sigma-Aldrich, Germany

Ascorbic acid

Sigma-Aldrich, Germany

Bromophenol blue

VWR, Germany

BSA Sigma-Aldrich, Germany
BSA faf Carl Roth, Germany
CaCl, Carl Roth, Germany

Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone

Sigma-Aldrich, Germany

Collagenase

Biochrom, Germany

cOmplete

Roche, Switzerland

Cytochrome c from equine heart

Sigma-Aldrich, Germany

Deoxycholate

Sigma-Aldrich, Germany

Digitonin Sigma-Aldrich, Germany
DMEM/F12 ThermoFisher Scientific, USA
DTT Omnilab, Germany

EDTA Merck, Germany

EGTA Sigma-Aldrich, Germany
Glycerin Merck, Germany

Glycin Merck, Germany

HCI Carl Roth, Germany

Hepes Sigma-Aldrich, Germany

Hydrazine hydrate

Sigma-Aldrich, Germany

Hydrazine sulphate

Sigma-Aldrich, Germany

KCl Carl Roth, Germany
KH2POq4 Carl Roth, Germany
Lactatedehydrogenase Sigma-Aldrich, Germany
Malate Sigma-Aldrich, Germany
Methanol Sigma-Aldrich, Germany
MgCl,*6H,0 Carl Roth, Germany
MgS0.x7 H,0 Merck, Germany

NacCl Carl Roth, Germany
NAD+ Sigma-Aldrich, Germany
NADH Sigma-Aldrich, Germany
NaH;P0O4xH,0 Merck, Germany

NaOH J.T.Baker, Netherlands
Nonidet P-40 Sigma-Aldrich, Germany
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Chemicals Supplier, Country
Nylon mesh 2,000 uM VWR, USA

Nylon mesh 200 uM VWR, USA
Object slide VWR, USA
Odyssey® blocking buffer LI-COR, USA

Oligomycin Sigma-Aldrich, Germany
PBS Biochrom, Germany
Pen-Strep Sigma-Aldrich, Germany

Phenol:chloroform:isoamyl alcohol

Carl Roth, Germany

Phenylmethanesulfonylfluoride (PMSF)

Sigma-Aldrich, Germany

PhosSTOP

Roche, Switzerland

Potassium lactobionate

Sigma-Aldrich, Germany

Proteinase K

Qiagen, Germany

Pyruvate Sigma-Aldrich, Germany
SDS AppliChem, Germany
Succinate Sigma-Aldrich, Germany
Sucrose Carl Roth, Germany
Taurin Sigma-Aldrich, Germany
Tris Sigma-Aldrich, Germany
Tween® 20 Sigma-Aldrich, Germany

Zirconium/glass-Beads® (¢ 0.5 mm)

Carl Roth, Germany
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7.2 Subject’s details

Table 26: Subject’s details

Isolated Isolated Western blot | mtDNA/ sC vC sC VC sC vC
mitochondrialmitochondrial| analysis and nDNA adipocyte | adipocyte | ATP levels | ATP levels lactate lactate
respiration | respiration CIV activity respiration | respiration secrection release
based on cell
size
n=16 n=>5 n=20 n=17 n=40 n=47 n=32 n=29 n=17 n=18
BMI 255 2816 276 2816 44 £ 14 42 £ 14 41+ 14 41+13 41+ 15 42 +£14
[kg/m?] [18; 36] [22; 36] [19; 41] [19; 41] [21,;70] [21,;70] [19; 66] [21;61] [19; 66] [21; 66]
41 +13
g6 [27; 68] 41 +£10 43 +13 44 + 13 46 + 13 49+ 13 48 + 13 48 + 14 48 + 15 49+ 15
& (n ! 13) [31; 56] [23; 65] [23; 65] [18;70] [18;74] [18; 73] [18;73] [19; 77] [19; 77]
female 16 5 20 17 27 27 23 21 13 13
male - - - - 13 20 9 8 4 5
T2DM - - - - 10 10 5 3 2 2
pre-
- - - - 4 4 4 5 4 4
diabetes

Values for BMI and age are expressed as means +SD [minimum, maximum]. Subject’s age of respiratory measurements of isolated mitochondria was only available for 13

subjects.
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7.3 Additional results

Table 27: LDH activity and donor's BMI

time point of measurement (n) coefficient LDH R? p-value
Before permeabilization (77) 0.060 0.009 n.s. 0.41
After permeabilization (72) 0.018 0.032 n.s. 0.13

LDH activity was determined indirectly by measuring NAD*, which is originating from the conversion of pyruvate
to L-lactate with NADH as a cofactor. LDH activity before permeabilization was measured in the media where
adipocytes were diluted 1:2. LDH activity after permeabilization was determined in MIRO5 buffer after
permeabilization with digitonin and the determination of oxygen consumption rates by high-resolution
respirometry. Hereby adipocytes were diluted 1:10. Therefore, LDH activity after permeabilization was multiplied
by five in order to gain the same proportion of LDH activity before and after permeabilization. A multiple
regression analysis with donor’s BMI and LDH activity was performed. Estimated coefficient for donor’s LDH
activity and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal to
zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

Table 28: LDH activity in subjects with different diabetic status

time point of measurement (n) mean ND (£SD) mean DiGH p-value
(£SD)

Before permeabilization (16; 14) 28.4 (£27.6) 22.8 (£14.5) n.s. 0.44

After permeabilization (16; 14) 212.8 (¥191.8) 164.6 (+152.1) n.s. 0.41

LDH activity was determined indirectly by measuring NAD*, which is originating from the conversion of pyruvate
to L-lactate with NADH as a cofactor. LDH activity before permeabilization was measured in the media where
adipocytes were diluted 1:2. LDH activity after permeabilization was determined in MIRO5 buffer after
permeabilization with digitonin and the determination of oxygen consumption rates by high-resolution
respirometry. Hereby adipocytes were diluted 1:10. Therefore, LDH activity after permeabilization was multiplied
by five in order to gain the same proportion of LDH activity before and after permeabilization. Differences
between the LDH activity of subjects with different diabetic status (ND vs. DiGH were assessed using Student’s
paired t-test (n = 14-16). Values are expressed as means (+SD). Asterisks indicate statistically significant
differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.

o Figure 34: Mitochondrial yield per volume in
E 107 ns fractionated adipocytes

% 0.8 — Mitochondria were isolated from adipocytes of the TF,
E-: 064 ns. n-S. . FI and FIV. Differences between TF, Fl, and FIV were
%’,% . analyzed using a one-way ANOVA. No significant
g = o4y . — difference was detected between the mitochondrial
é 0.2 % o* * yield per volume (pl) of the TF, FI, and FIV. Asterisks
_§ ¢ o. ¢ indicate statistically significant differences between
= 00 TF Fl F IV the two conditions: Not significant (n.s.); ¥*p <0.05; **p

<0.01; ***p < 0.001.
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Table 29: Multiple regression analysis: lactate release per volume adipocytes and donor’s BMI adjusted for age

condition fat z:ine)pot coeéf'i;ilent R? p-value

vc basal lactate vc (18) 0.001 0.05 n.s. 0.43
sc basal lactate sc(17) -0.0004 0.03 n.s. 0.72
vc lactate +oligomycin vc (9) 0.002 0.19 n.s. 0.47
sc lactate +oligomycin sc (10) -0.0005 0.28 n.s. 0.84
vc delta lactate vc (9) 0.0003 0.08 n.s. 0.92
sc delta lactate sc (10 -0.0009 0.44 n.s. 0.58

A multiple regression analysis with donor’s BMI and adipocyte lactate release per volume, adjusted for age and

separated in accordance to the adipose tissue depot of origin was performed. Estimated coefficient for donor’s

BMI and multiple R? of the model are given. Asterisks indicate if the corresponding coefficient is not equal to
zero. Not significant (n.s.); ¥*p < 0.05; **p < 0.01; ***p < 0.001.

Table 30: Comparison of visceral and subcutaneous lactate release per volume

condition (n) mean vc (£SD) mean sc (xSD) p-value
Lactate basal (16) 0.22 (+0.07) 0.22 (+0.07) n.s. 0.80
Lactate with oligomycin (9) 0.42 (+0.14) 0.50 (+0.15) n.s 0.15
delta lactate (9) 0.22 (+0.13) 0.28 (+0.10) n.s 0.14

Differences between lactate release of visceral and subcutaneous adipocytes per volume were assessed using

Student’s paired t-test (n = 9-16). Values are expressed as means (+SD). Asterisks indicate statistically significant

differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 31: Comparison of visceral and subcutaneous lactate release per volume adipocytes separated by donor’s BMI

BMI < 30 kg/m?

BM > 30 kg/m?

condition (n) m(e;;g;/c m(iz;g)sc p-value mean ve (£5D) mean sc (£5D) p-value
lactate basal (5; 11) 0.19 (+0.08) | 0.24 (+0.10) n.s. 0.09 0.24 (+0.07) 0.21 (+0.05) n.s. 0.23
lactate with oligomycin (4; 5) 0.43 (£0.20) 0.54(+0.14) * 0.0498 0.42 (+0.09) 0.46 (£0.15) n.s. 0.63
Delta lactate (4; 5) 0.27 (£0.16) 0.32 (+0.08) n.s. 0.39 0.18 (+0.10) 0.24 (£0.12) n.s. 0.31

Subjects were divided into two groups according to their BMI. Differences of visceral and subcutaneous lactate release per volume adipocytes were analyzed by the Student’s
paired t-test. Only in lean subjects, statistically significant higher lactate concentrations after the addition of oligomycin were observed compared with visceral adipocytes.

Asterisks indicate statistically significant differences between the two depots (vc vs. sc): Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 32: Correlation between visceral and subcutaneous adipocyte lactate release per volume

condition r p-value n
basal lactate 0.17 n.s. 0.52 17
lactate+oligomycin 0.54 n.s. 0.13 9
delta lactate 0.65 n.s. 0.057 9

Pearson's product-moment correlation was performed for analyzing the association between subcutaneous and
visceral adipocyte basal lactate release, lactate release with the addition of oligomycin, and delta lactate release
(basal lactate release - lactate release under oligomycin) within the same subject. Asterisks indicate if the lactate
releases of visceral and subcutaneous adipocytes significantly correlate with each other. Not significant (n.s.); *p
<0.05; **p <0.01; ***p <0.001.

Table 33: Adipocyte oxygen consumption and donor’s HbAi. (%) levels adjusted for age

. fat depot | coefficient )
respiratory state (n) HbA, R p-value
. vc (23) -0.38 0.93 n.s. 0.93
OXPHOS capacity
sc (20) -2.75 0.13 n.s. 0.64
L vc (23) -0.12 0.01 n.s. 0.94
LEAK respiration
sc (20) -1.30 0.04 n.s. 0.56
. vc (23) -0.26 0.02 n.s. 0.94
free OXPHOS capacity
sc (20) -1.44 0.19 n.s. 0.72
. vc (23) -1.08 0.01 n.s. 0.78
ETS capacity
sc (20) -1.00 0.11 n.s. 0.84

A multiple regression analysis with donor’s HbA1c (%) levels and respiratory states of adipocytes adjusted for age
and separated in accordance to the adipose tissue depot of origin was performed. Estimated coefficient for
donor’s HbA1c (%) values and multiple R? of the model are given. Asterisks indicate if the corresponding
coefficient is not equal to zero. Not significant (n.s.); *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 34: Adipocyte oxygen consumption and donor’s fasting plasma glucose concentrations adjusted for age

fat depot coefficient
respiratory state (n)p blood R2 p-value
glucose
. vc (22) 0.04 0.01 n.s. 0.72
OXPHOS capacity
sc (20) -0.03 0.12 n.s. 0.92
L vc (22) 0.01 0.01 n.s. 0.90
LEAK respiration
sc (20) 0.01 0.02 n.s. 0.84
. vc (22) 0.03 0.02 n.s. 0.70
free OXPHOS capacity
sc (20) -0.04 0.20 n.s. 0.64
. vc (22) 0.01 0.003 n.s. 0.94
ETS capacity
sc (20) 0.03 0.11 n.s. 0.78

A multiple regression analysis with donor’s fasting plasma glucose concentrations and respiratory states of
adipocytes adjusted for age and separated in accordance to the adipose tissue depot of origin was performed.
Estimated coefficient for donor’s fasting plasma glucose concentrations and multiple R? of the model are given.
Asterisks indicate if the corresponding coefficient is not equal to zero. Not significant (n.s.); *p <0.05; **p < 0.01;
**%n <0.001

vc ATP sc ATP

ns. n.s.

15

ATP [UM/ng DNA)]
10
ATP [uM/ng DNA]

15

ND DIGH ' ND DIGH

Figure 35: Comparison of ATP levels of subjects with BMI values 2 35 kg/m? and different diabetic status
A multiple regression analysis for ATP, adjusted for age, and the diabetic state (ND or DiGH) was performed for
adipocytes of subjects with BMI > 35 kg/m?2. The results are separated according to the corresponding adipose
tissue depot. Vc ND: n =14; vc DiGH: n = 16; sc ND: n =14; sc DiGH: n = 15. Asterisks indicate statistically significant
differences between the two groups (ND vs. DiGH): Not significant (n.s.); *p <0.05; **p < 0.01; ***p <0.001
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Figure 36: Comparison of visceral and subcutaneous adipocyte volume and diameter

Differences between the mean volume and mean diameter of visceral and subcutaneous adipocytes were
assessed using Student’s paired t-test (n = 49).
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Figure 37: Correlation of visceral and subcutaneous adipocytes volume and diameter

Pearson's product-moment correlation was performed for analyzing the association between subcutaneous and
visceral adipocytes volume (A) and diameter (B) within the same subject. Both cell size indicators correlated
statistically significant between the two depots (n = 49).

109




APPENDIX

ATP from OXPHOS

ATP from glycolysis
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Figure 38: ATP of different origin and lactate release after the inhibition of mitochondrial ATP production

Luminometrically determined ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc (100 mM) A: n =5and B: n =9)
and from glycolysis (+ oligomycin (1 pg/ml) C: n =5 and D: n = 9) were plotted against lactate release after the
incubation with oligomycin. p values originate from multiple regression analysis and are adjusted for donor’s age.
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Figure 39: ATP of different origin and capacity of increasing lactate release when mitochondrial ATP production
is inhibited

Luminometrically determined ATP levels per DNA from OXPHOS (+ 2-deoxy-D-glc (100 mM) A:n=5and B:n=9)
and from glycolysis (+ oligomycin (1 ug/ml) C: n =5 and D: n = 9) were plotted against delta lactate release after
the incubation with oligomycin. p values originate from multiple regression analysis and are adjusted for subject’s
age.
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7.4 Applied R codes

Name of dataset: dat

F Test for equality of variances:

var.test(datSvc.variable,datSsc.variable)

Student’s t-test:

t.test(datSvc.variable,datSsc.variable,
alternative = "two.sided",

paired =T,

var.equal = TRUE)

Wilcoxon signed rank test:

wilcox.test(datSvc.variable,datSsc.variable,
alternative = "two.sided",
paired =T)

Pearson's product-moment correlation:

cor.test(datSvc.variable,datSsc.variable)

Mean and standard deviation:

mean(datSvc.variable[lis.na(datSsc.variable)&is.na(datSvc.variable)==F])
sd(datSvc.variable[lis.na(datSsc.variable)&is.na(datSvc.variable)==F])

Multiple regression analyses:

model.name=Im(variable.A~variable.B+age, data=dat)
summary(model.name)

Exclusion of subjects with BMI values < 35 kg/m?

dat_subpopulation=dat[is.na(datSBMI)==FALSE&datSBMI>35,]

Division in healthstatus:

healthstatus=factor(,levels=c("ND","DiGH"))
healthstatus[datSND=="x"]="ND"
healthstatus[datSDiGH=="x"]="DiGH"

Interaction term analysis:

model.name=Im(variable~¥BMI*healthstatus,data=dat)
summary(model.name)
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Figures:

boxplot((datSvc.variable[lis.na(datSsc.variable)&is.na(datSvc.variable)==F]),(datSsc.variable[lis.na(dat
Svc.variable)&is.na(datSsc.variable)==F]),

plot(

col ="lightgrey",
ylim=c(from, to),
ylab=(“name"),
border = "black",
cex.main=2.75,
cex.axis=1.9,
cex.lab=2.25,
cex=1.5,

names=c("vc","sc"),

main="Title")

datSvariable.B,
dat$S variable.A,
xlab=("variable.A"),
ylab=("variable.B"),
ylim=c(from, to),
xlim=c((from, to),
pch=(17),
col=("black"),
main="Title",
font.main=("20"),
cex.main=2.75,
cex.axis=1.9,
cex.lab=2.25,
cex=1.5,
box(lwd=1.5, col="black"))
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