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Zusammenfassung

Diabetes mellitus Typ 2 (T2D) ist durch eine zunehmende periphere Insulinresistenz und eine
unzureichende kompensatorische Insulinsekretion charakterisiert. Eine gestorte Funktion des
Fettgewebes scheint eine wichtige Rolle in der Entstehung der Insulinresistenz zu spielen. Sowohl die
Zunahme der Fettmasse bei Adipositas als auch die Verringerung der Fettmasse bei Lipodystrophie
konnen eine Insulinresistenz bewirken. Beiden Erkrankungen ist die Beeintrichtigung der
Lipidspeicherung im Fettgewebe gemeinsam, die zu gesteigerten Lipolyseraten und damit zu erhéhter
systemischer Lipidverfiigbarkeit und Insulinresistenz in peripheren Geweben fithren kann. Es gibt
Hinweise aus klinischen Studien und priklinischen Modellen, dass die Rezeptoren fiir freie Fettsduren
(FFAR) 2 und 4 sowie die Stearoyl-Coenzym A-Desaturase-1 (SCD1), ein Schliisselenzym der Synthese
von Fettsduren im Fettgewebe, an der Pathogenese von Insulinresistenz und gestorter Beta-Zell-
Funktion (BCF) beteiligt sind. Ihre Relevanz fiir die Entstehung des T2D ist jedoch unklar. Wahrend in
der Skelettmuskulatur und der Leber die Storung der Mitochondrien-Funktion zur Insulinresistenz und
Abnahme der BCF beitrégt, ist die Rolle des Energiestoffwechsels im weillen Fettgewebe fiir die
Glukosehomoostase nicht geklart.

Diese Arbeiten hatten zum Ziel, die Relevanz der FFAR2/4, der SCD1 und des Energiestoffwechsels
im subkutanen Fettgewebe (SAT) fiir die Glukosehomdostase bei T2D zu untersuchen. Die Analysen
wurden im Rahmen der Deutschen Diabetes-Studie (German Diabetes Study, GDS) durchgefiihrt, die
Menschen mit kiirzlich diagnostiziertem Diabetes prospektiv untersucht. Die erste Studie untersuchte
die Rolle von FFAR2/4 und SCD1 im SAT fiir die Insulinsensitivitit und BCF in Menschen mit neu
diagnostiziertem T2D. Die zweite Studie untersuchte die Relevanz des Energiestoffwechsels in
verschiedenen Schichten des SAT fiir die gewebespezifische Insulinresistenz bei neu diagnostizierten
Patienten mit T2D.

Die erste Studie zeigte, dass Personen mit neu diagnostiziertem T2D im Vergleich zu glukosetoleranten
Menschen (CON) eine geringere SCD1-, aber unverdnderte FFAR2- oder 4-Expression im SAT
aufweisen. Jedoch korrelierte nur die FFAR2-Expression negativ mit der BCF in CON und kénnte daher
durch eine verringerte Insulinsekretion einen negativen Einfluss auf die Glukosehomd&ostase haben. Die
Ergebnisse deuten darauf hin, dass die SCD1-Expression an der frithen Entwicklung des T2D beteiligt
sein konnte, aber die BCF nicht so effektiv wie FFAR2 beeinflussen kann. Die zweite Studie zeigte,
dass das SAT bei T2D eine gestorte mitochondriale Effizienz, Stérung der Kopplung der Atmungskette,
Insulinresistenz und Vergroferung seiner tiefen Schicht aufweist.

Die Ergebnisse dieser Studien deuten darauf hin, dass Storungen des Lipid- und Energiestoffwechsels
im SAT von Patienten mit kiirzlich diagnostiziertem T2D die systemische Insulinresistenz und die
ektope Lipidspeicherung begilinstigen. Diese Ergebnisse konnen sowohl fiir praventive als auch fiir
therapeutische Strategien des T2D relevant sein und konnten als Grundlage fiir die Entwicklung

neuartiger Insulin-sensibilisierender Medikamente dienen.



Summary

Type 2 diabetes (T2D) is characterized by increasing peripheral insulin resistance and insufficient
compensatory insulin secretion. Impaired adipose tissue function is suggested to be involved in the
development of T2D. Expansion of adipose tissue in obesity, but also decreased adipose tissue mass in
lipodystrophy contribute to insulin resistance. Both conditions feature impaired lipid storage in adipose
tissue, leading to increased systemic lipid availability, which can cause insulin resistance in peripheral
tissues. Studies in animal models and humans suggest that free fatty acid receptors (FFAR) 2 and 4 as
well as stearoyl-coenzyme A desaturase-1 (SCD1), a key enzyme in fatty acid metabolism, are relevant
in the pathogenesis of insulin resistance and impaired beta-cell function (BCF), but their relevance for
the development of T2D is less clear. Although in skeletal muscle and liver, abnormal mitochondrial
function contributes to insulin resistance and impaired BCF, the role of energy metabolism of white
adipose tissue for glucose homeostasis is not fully understood.

The aim of this thesis was to clarify the role of FFAR2/4, SCD1 and energy metabolism in adipose tissue
for systemic glucose metabolism in T2D. Both enclosed studies were based on the observational German
Diabetes Study (GDS) which prospectively includes patients with recently diagnosed diabetes. The first
study elucidated the relevance of FFAR2/4 and SCD1 for insulin sensitivity and BCF in subcutaneous
adipose tissue (SAT) of patients with recent-onset T2D. The second study examined the role of energy
metabolism in distinct compartments of SAT for tissue-specific insulin resistance in patients with newly
diagnosed T2D.

The first study showed that compared to glucose-tolerant humans (CON), patients with recent-onset
T2D feature lower SCD1, but similar FFAR2 or 4 expression in SAT. Furthermore, FFAR2 expression
correlated negatively with BCF in CON and may therefore negatively influence glucose homeostasis by
decreasing insulin secretion. These findings imply that SCD1 expression could be important in early
development of T2D, but is not as effective in modulating BCF as FFAR2. The second study showed
that SAT of patients with T2D exhibit impaired mitochondrial coupling and efficiency, insulin resistance
and increased expansion of its deep layer.

The findings of these studies imply that abnormalities of lipid and energy metabolism in SAT of patients
with recent-onset T2D promote systemic insulin resistance and ectopic lipid deposition. These findings
may be relevant for both preventive and therapeutic strategies of T2D and might help to identify possible

targets for the development of novel insulin sensitizing drugs.
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1. Introduction

Increasing prevalence of obesity is a major global health problem in the industrialized world and its
treatment and prevention represent one of the biggest challenges for the modern healthcare system.
Overnutrition and reduced physical activity leading to excessive body fat accumulation results in
imbalance of whole-body energy metabolism and glucose homeostasis (1, 2). In parallel with advancing
obesity, the risk for cardiovascular diseases and type 2 diabetes mellitus (T2D) is increasing (3, 4).
Nevertheless, humans with white adipose tissue deprivation or perturbation (e. g. lipodystrophy) are also
characterized by insulin resistance (5). Although adipose tissue mass affects metabolic fluxes and
participates in inter-organ crosstalk, the role of energy metabolism within white adipose tissue for

insulin resistance is less clear.

1.1. Type 2 diabetes mellitus

1.1.1. Definition and description

Diabetes mellitus is defined by an increase in blood glucose levels (hyperglycemia) and can be
subdivided in type 1 (T1D), T2D, gestational diabetes mellitus and other specific types of diabetes due
to other causes, such as monogenic forms of diabetes (e. g. maturity-onset diabetes of the young and
neonatal diabetes), diseases of the exocrine pancreas and chemical- or drug-induced diabetes (6).

According to the American Diabetes Association (6) and German Diabetes Society (Deutsche Diabetes
Gesellschaft) (7) several diagnostic criteria define the diagnosis of diabetes and fulfilling one of the

listed criteria below is sufficient for the diagnosis of diabetes:

(1) Hyperglycemia related symptoms (polydipsia, polyuria and unexplained weight loss) and
plasma glucose > 200 mg/dl (11.1 mmol/l)

(2) Fasting (defined by caloric restriction for at last 8 hours) plasma glucose > 126 mg/dl (7.0
mmol/I)

(3) During an standardized 75-g oral glucose tolerance test (OGTT) 2-h plasma glucose > 200 mg/dl
(11.1 mmol/1) (6)

(4) glycated hemoglobin Ai. (HbAic) > 6.5 % (General requirements for laboratory analysis of
HbA:: Method certified by the National Glycohemoglobin Standardization Program and

standardized by the assay according to the Diabetes Control and Complications Trial)

Of note, ‘prediabetes’ is defined by fasting plasma glucose levels between 100-125 mg/dl (5.6-6.9
mmol/l) and/or a HbAlc level between 5.7-6.4% and/or 2-h plasma glucose levels between 140-199
9



mg/dl (7.8-11.0 mmol/l) during an standardized 75-g OGTT (6, 7). T1D is characterized by autoimmune
beta-cell destruction, which usually results in absolute insulin deficiency (6). T2D is characterized by
insufficient insulin secretion from human beta-cells to compensate for peripheral insulin resistance (8).
Usually the early period of T2D is characterized by insulin resistance and impaired first-phase insulin
secretion and results in postprandial hyperglycemia. This is followed by abnormal second-phase beta-
cell function (BCF). Together with insulin resistance this leads to persistent hyperglycemia in the fasting
state. Gestational diabetes mellitus is characterized by diagnosis during the second or third trimester of
pregnancy without overt diabetes prior to gestation (6).

Recent studies identified new subtypes (clusters) of diabetes mellitus, which are characterized by distinct
clinical features and suggest that the traditional diabetes classification may call for revision (9, 10).
Within this new classification patients can be classified in five clusters, of whom two feature mild -
mainly obesity-related (MOD) and age-related (MARD) metabolic abnormalities, while the others
consist of more severe alteration such as severe insulin-deficient diabetes (SIDD), a severe insulin-
resistant diabetes (SIRD) or autoimmune diabetes (SAID). The SIRD cluster specifically associates with
a higher prevalence of nonalcoholic fatty liver disease (NAFLD) and members of this cluster were more
frequently carriers of the rs738409(G) variant in the patatin-like phospholipase domain—containing 3,
which associates with increased risk and progression of NAFLD (11). Of note, NAFLD is characterized
by excessive hepatocellular lipid (HCL) accumulation and is defined by >5% of lipid load in hepatocytes
in liver biopsies (12) and as HCL >5.56% when measured by proton based magnetic resonance
spectroscopy (MRS) (13). Furthermore, the SIRD cluster associates with surrogate markers of hepatic
fibrosis (10) as well as with increased cardiovascular risk (14). The SIDD cluster features early decline
of BCF and occurrence of diabetes-related complications and is associated with the need of early
intensified treatment (9, 10). However, studies on the early BCF failure in these patients are lacking.
Low prevalence of this cluster leads to underestimation of the risk for complications in this subtype.
Detailed pathophysiological molecular mechanisms for the development and progression for these
specific subtypes of patients and the role of adipose tissue mass and adipose tissue insulin resistance

still remains to be investigated.

1.1.2. Epidemiology

According to the International Diabetes Federation in 2019 one in eleven adults (approximately 463
million adults) worldwide were estimated to have diabetes, thus almost 50 million more than in 2015
(15). More than 59 million in Europe and more than 9 million people in Germany are affected by the
disease (15). If these trends continue, nearly 700 million humans worldwide will develop diabetes by
the year 2045 (15). Due to the demographic of increasing aging in Germany, estimates for elderly
humans are of particular interest. Indeed, one in five humans, aged >65 years, has diabetes

(approximately 6 million elderly persons) (15). Behind China, USA and India, Germany ranks fourth
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worldwide in this group of age (15). Thus, diabetes will continue to be one of the most important global
health problems in the upcoming decades. Moreover, more than half of all patients with diabetes are
currently undiagnosed (approximately 232 million) and the prevalence of undiagnosed diabetes could
be comparable with the prevalence of diagnosed diabetes (15, 16). Most of these undiagnosed cases can
be attributed to T2D, because symptoms during early manifestation are often not recognized as being
related to this disease (17). Hence, patients with T2D are often only diagnosed when complications
related to heart, kidneys, eyes, nerve system, specifically the diabetic foot syndrome with sensorimotor
polyneuropathy or a combination of neural and vascular disorders occur (15, 18). Approximately 90%
of all diabetes patients have T2D and 374 million humans more are estimated to have an increased risk
of developing the disease (15). Especially early diagnosis and initiation of lifestyle modification as well
as specific drug therapies are effective in preventing diabetes manifestation. Thus, the necessity to
provide diabetes screening for patients with increased risk for diabetes is one of the biggest challenges
for future healthcare systems. Along these lines, targeted strategies to manage hyperglycemia,
dyslipidemia, hypertension and insulin resistance and diabetes-related complications are constantly
updated to account for the changes in patients’ phenotypes and clinical features (19). Despite optimized
therapeutic options, cardiovascular mortality can only be moderately reduced - especially in young
patients with T2D (20). In 2019, approximately 12% of global health care expenditure (760 billion
dollar) was spent on diabetes and approximately 79% of adults with diabetes diagnosis currently live in
countries with low and middle income (15). The enormous costs for care and treatment of these patients

furthermore cause extreme financial burdens on present and even more on future society.

1.1.3. Risk factors

Multiple modifiable and non-modifiable factors increase the risk of T2D. The main non-modifiable risk
factors are advanced age and specific genetic predisposition (21). Higher risk for T2D in elderly humans
was explained by aging-related decrease of insulin sensitivity (22, 23). Mitochondrial oxidative capacity
ex vivo (23) and mitochondrial activity in vivo (22) were impaired in elderly persons and partially
accompanied by higher hepatic and intra-myocellular lipid contents (22) or increased whole-body
adipose tissue mass (23). Despite age-related effects on mitochondrial deoxyribonucleic acid (mtDNA)
abundance and nuclear transcription factor expressions and mitochondrial protein, endurance exercise
can almost normalize age-related impairment in mitochondrial function (24). A positive family history
for T2D was shown to be associated with increased risk for T2D (25) and ‘prediabetes’ (26). The risk
for T2D onset was almost doubled in humans with a positive family history of diabetes, defined as
diabetes in one or both natural parents (25). Ethnicity is associated with various genetic features, which
determine the individual risk for T2D development. T2D prevalence was higher in South-Asian and
African compared to European humans (27, 28) and higher in Hispanic than in non-Hispanic white

persons (29). In addition, sex differences have been reported for diabetes prevalence. A previous study

11



showed that middle-aged European men are diagnosed with T2D at lower levels of body mass index
(BMI) compared to women (30). Likewise, males have a higher risk for T2D (31, 32). In women, the
polycystic ovary syndrome is associated with increased insulin resistance and impaired BCF ultimately
increasing the risk for development of T2D (33). As another non-modifiable risk factor, gestational
diabetes increases the risk for the mother and the unborn child to develop T2D (34). Furthermore, low
birth weight of infants associated with increased risk for insulin resistance and T2D (35). Genome-wide
association studies have increased the knowledge on genetic predisposition and helped to identify
multiple genomic regions that associate with higher risk for T2D (36, 37). Although individual genetic
variants only have a modest effect on the risk for T2D development, when combined into a polygenic
score, they offer increasing accuracy to capture patterns of the disease predisposition. Polygenic scores
may capture aspects of the etiological and clinical heterogeneity that contribute to variable clinical
outcomes in patients with T2D and may help to predict individual disease progression, complication
risk and response to pharmacological and behavioral interventions. A recent study found five novel
clusters of genetic loci for T2D, three related to insulin resistance and two related to insulin deficiency
(38). These genetic clusters seemed to overlap with clusters of clinical measures (9, 38). Specifically,
one of the clusters encompassed a subgroup of insulin resistance-related variants mirroring
lipodystrophy (38). This cluster was associated with increased fasting insulin levels and triacylglycerol
(TAGQG) levels but decreased high-density lipoprotein cholesterol, adiponectin, and BMI (38). A study in
Danish twins suggested that genetic predisposition is associated with the development of impaired
glucose tolerance (39). Of note, both non-genetic and modifiable risk factors were shown to control if a
genetic predisposition progresses to overt T2D (39). Furthermore, T2D is affected by both genetic and
environmental determinants. Previous studies identified epigenetic factors in the pathogenesis of T2D,
which link modifiable and non-modifiable at the gene regulatory level (40).

The most important modifiable risk factors for development of T2D are sedentary lifestyle and obesity
(defined by a BMI > 30 kg/m?) (21). Especially because excess body weight, physical inactivity and
inadequate nutrition are increasing in parallel with economic development and increasing urbanization,
T2D is the most common type of diabetes. Apart from rare genetic predisposition, obesity results from
energy surplus due to increased food intake and low physical activity. While the dietary intake of
nutritional components with high glycemic index, saturated fatty acids (FA), red and processed meat
increase the risk of T2D, a balanced diet with vegetables, fiber-rich foods and coffee were shown to
decrease the risk of T2D (41-43). Cardiorespiratory fitness is reduced in patients with recent-onset T2D
(44). Vice versa, higher physical activity was associated with reduced risk for T2D, cardiovascular
disease and all-cause mortality (45). The main effect of increased physical activity on lowering T2D
risk may be explained by improved skeletal muscle insulin action resulting in increased insulin
sensitivity (46).

Obesity is characterized by increased whole-body fat mass and associates with both development of

insulin resistance and impaired BCF (47). Nevertheless, the distribution of adipose tissue depots are
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even more important than the total body fat mass for the risk of insulin resistance and T2D (48).
Particularly, visceral adipose tissue (VAT), which includes mesenteric and omental adipose tissue,
associates with increased risk for development of insulin resistance and T2D (49). In contrast to central
fat accumulation, storage of fat in peripheral compartments (e. g. hips and thighs) was suggested to have
rather protective effects on development of T2D (50, 51).

Lipid accumulation in non-adipose tissues and organs (i. e. in liver, skeletal muscle, heart) due to
impaired lipid storage in adipose tissue cause insulin resistance [2]. The liver has a key role in interorgan
metabolic crosstalk and integrative biology of insulin resistance and development of T2D (1, 52). The
liver integrates peripheral signals from adipose tissue, gut, muscle and endothelial cells and affects
systemic and hepatocyte-specific signaling pathways, cell growth and death (1, 52, 53). NAFLD
promotes the development of hepatic insulin resistance and ultimately increases the risk for T2D and
cardiovascular disease (54, 55). Vice versa, insulin resistance was suggested to be an underlying
mechanism for development of NAFLD even in non-obese humans without diabetes (56, 57). In humans
with recently diagnosed T2D, hepatic steatosis associated with cardiovascular autonomic neuropathy
ultimately increasing the risk of mortality in patients with diabetes (58). Of note, insulin resistance was
suggested to contribute to cardiac autonomic nervous system activity by early cardiovagal suppression
rather than sympathetic predominance in both T1D and T2D (59). Ectopic lipid accumulation usually
associates with both systemic and tissue-specific insulin sensitivity, but genetic susceptibility, family
history of T2D, oxidative capacity and total fat mass influence this relationship (60, 61). Moreover,
lipotoxic lipid species accumulation - such as ceramides and diacylglycerols (DAG) - inhibit insulin
signaling in skeletal muscle (62, 63), liver (64) and the heart (65). Of note, differences in the subcellular
distribution affect their inhibitory properties (66).

The incidence of T2D and its complications can be reduced via non-pharmacological and
pharmacological interventions. Prognostic models and score-systems of all above mentioned risk factors
to predict the individual risk for the development of T2D have been suggested (67-70). In addition to
advances in genomics, other new prognostic factors from -omics technologies (e. g. metabolomics,
lipidomics, proteomics, transcriptomics or epigenetic changes) have gained growing attention to identify
novel associations between phenotypes, disease pathways and treatment response (71). Further advances
in this area of research may have the potential to predict responses to preventive or therapeutic strategies.
However, an optimized framework incorporating such —omics data into clinic records for evaluation of
the validity, efficacy and cost-effectiveness of clinical testing as well as sufficient training and education
of clinicians on how to use these data appropriately is required (72).

In addition, more research efforts are required to build the level of clinical evidence necessary for
achieving consensus and developing guidelines (73) in the pursuit of precision medicine for making a
comprehensive map of T2D-related risk factors. Precise diagnosis and correct classification of patients
are essential for tailored treatment since metabolic characteristics differ between diabetes (sub)types

(74). Precision medicine for T2D, therefore, will require even more accurate profiling of individuals
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belonging to a given phenotype, by integrating genetic and -omics data and clinical monitoring. Of note,
distinct metabolic phenotypes in patients with diabetes were recently found to have differential risk for
diabetes complications at early stages of the disease (10). Targeted prevention and treatment for
individualized precision medicine for diabetes and its comorbidities may characterize future therapy for
diabetes (75). The prevalence of unhealthy lifestyle - accompanied by overweight, obesity and
subsequently T2D as well as associated cardiovascular and neural co-morbidities - is increasing (76),
but studies still failed to clarify whether distinct genetic and metabolic phenotypes can be attributed to

a different pathogenesis.

1.2. Role of adipose tissue in type 2 diabetes

Already approximately 3000 years ago Hippocrates declared that a healthy diet can not only maintain
good health but also prevent from sudden death, as observed more frequently in obese than in lean
humans (77). The relevance of adipose tissue for whole-body energy metabolism was neglected for a
long time and considered as a metabolically inert storage compartment for TAG. This notion changed
at the latest in the late 1980s when a study showed that adipocytes are able to secrete proteins affecting
systemic lipid and energy metabolism (78). The discovery of leptin, an adipokine that mainly regulates
energy homeostasis by inhibiting hunger, almost one decade later ultimately recognized white adipose
tissue as the biggest endocrine gland in humans (79, 80). Various adipokines are secreted directly from
adipocytes or via extracellular vesicles, also known as exosomes, which include nucleic acids, lipids
and proteins (81). Exosomes can regulate gene expression in distant tissues and modulate insulin
sensitivity (82, 83). A recent study showed that exosome-specific proteins from adipocytes are mainly
assigned to membrane-mediated processes and signaling pathways, thereby affecting interorgan
crosstalk (84).

As an endocrine organ, the white adipose tissue has a central role by regulating systemic lipid and energy
metabolism and controlling circulating levels of free fatty acids (FFA), glycerols and glucose (85). The
main function of white adipose tissue is the storage of energy rich substrates in states of energy surplus.
Vice versa, during scarcity of energy, adipose tissue supplies energy via TAG breakdown (86). During
long periods of fasting, not glucose, but FFA from adipose tissue are the main energy source for whole-
body energy metabolism. Impaired adipose tissue function is suggested to be involved in the
development of T2D. Expansion of adipose tissue in obesity, caused by inadequate physical activity and
chronic overnutrition (2, 87), but also decreased adipose tissue mass in lipodystrophy result in marked
insulin resistance (5). Both conditions feature impaired lipid storage of neutral TAG in adipose tissue,
leading to increased systemic lipid availability. This causes ectopic lipid deposition, perturbed insulin
signaling (88, 89), oxidative stress (90, 91) and impaired mitochondrial function (92) leading to insulin
resistance in distant tissues due to lipotoxic effects of specific lipid species (52) and thereby contribute

to the onset of T2D (52, 93, 94). Vice versa, in a mouse model with enhanced hepatic lipogenesis, mice
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only were protected from systemic insulin resistance when adipose tissue lipid storage capacity was
preserved (95).

Expansion of adipose tissue in obesity not only associates with insulin resistance but also with
progressive immune cell infiltration and low-grade inflammation in this tissue (2). Pro-inflammatory
cytokines activate lipolysis (96) resulting in dyslipidemia (97). Increased lipolysis raises systemic
availability of lipids, which cause insulin resistance in distant tissues (52), impaired BCF (98) and beta-
cell apoptosis via lipotoxic effects of specific lipid species (99, 100). Furthermore, consistently high
levels of circulating FFA that are also present in obesity resulted in impaired endothelial function in
both lean and obese humans (101) and were suggested to promote atherosclerosis and cardiovascular
disease (102) (Figure 1). Of note, approximately two-thirds of FFA used for TAG synthesis in the liver
derive from adipose tissue (103). Thus, it is not surprising that the risk for diabetes and cardiovascular
disease are increasing in parallel with progressive obesity (104). Previous studies showed that both an
intravenous lipid infusion and even a single oral fat load induce insulin resistance (105, 106). Vice versa,
pharmacological reduction of FFA levels improves insulin sensitivity in the skeletal muscle, pancreatic

beta cells and the liver (107, 108).
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Figure 1
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The role of adipose tissue in development of type 2 diabetes. Adipose tissue crosstalk model of lipotoxicity-
induced type 2 diabetes. Adipocyte hypertrophy and hypoxia, as well as inflammatory pathways resulting in
enhanced lipolysis and increased release of free fatty acids (FFA) and cytokines (interleukin-1f (IL-15) and tumor-
necrosis factor a (TNFa)) to distant tissues such as skeletal muscle, pancreatic beta cells and liver as well as to
the vascular bed ultimately leading to peripheral insulin resistance, impaired insulin secretion from beta cells and
increased risk for cardiovascular diseases. In obesity, exosomes secreted by adipose tissue macrophages transfer

miRNAs to insulin target cells and cause insulin resistance in skeletal muscle and liver.

Body weight loss and especially the reduction of whole-body fat mass leading to reversal of obesity both
due to lifestyle intervention or bariatric surgery have been shown to have the strongest effects on
glycemic control and even normalize blood glucose levels in patients with recently diagnosed T2D
(109). The extent of body fat loss, duration of T2D and residual BCF were suggested to determine the
response to remission strategies (110). While the beta cell recovery should be the major factor for
restoration of normal glucose tolerance, impairment of adipose tissue function in recent-onset - yet

reversible - T2D has gained growing interest.
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White adipose tissue not only facilitates lipid storage by FA uptake or de novo lipogenesis (DNL), but
also circulating FFA availability by lipolysis. FA can serve as substrates for energy metabolism via beta-
oxidation in mitochondria. Mitochondria in turn generate energy, in the form of adenosine triphosphate
(ATP) for a wide range of cellular processes, like cell growth, differentiation and signaling (111). As
another kind of adipocytes, brown adipose tissue represents a quantitatively negligibly small amount in
adult humans, but comprises more mitochondria than white adipose tissue. However, the rediscovery of
brown adipocytes also in human adults has gained growing pharmacological attention for targeted
induction of white adipose tissue, which may convert white into ‘beige’ adipocytes. These adipocytes
feature similar characteristics as brown adipocytes and promote adaptive thermogenesis and energy
expenditure and were suggested to be a potential target in anti-obesity treatment (112). Of note, although
experimental induction of brown adipose tissue was associated with lower body weight and improved
glycemic control (113), at present no evidence exist in humans for modification of brown adipose tissue
mass or function under common physiological and pathophysiological conditions (114).

In summary, the development of tissue-specific insulin resistance in T2D could be explained by (i)
generation and activation of intracellular lipotoxic lipid species (e. g. DAG, ceramides) (ii), by

inflammatory processes (iii) by chronic energy overflow and (iv) impaired mitochondrial function (1).

1.2.1. Assessment of adipose tissue insulin resistance

In vivo, the current gold-standard methods for quantification of insulin resistance in human adipose
tissue are tracer-dilution techniques using stable isotope-labeled FA or glycerol tracers during an
intravenous insulin infusion (115). Higher systemic FFA or glycerol appearance in plasma reflect
deteriorated insulin-mediated suppression of lipolysis and thus reflects adipose tissue insulin resistance
in vivo. Similarly, decreased ability of insulin to suppress plasma concentrations of endogenous
(unlabeled) FFA during a multi-step hyperinsulinemic-euglycemic clamp test also characterize insulin
resistance of adipose tissue. The multi-step euglycemic clamp technique additionally enables to measure
hepatic and skeletal muscle insulin sensitivity and responsiveness. Combined with continuous infusion
of a glucose tracer, such as deuterated glucose (D-[6,6-*H:]glucose), the clamp reveals skeletal muscle
insulin sensitivity by assessment of insulin-stimulated rates of glucose disappearance and hepatic insulin
sensitivity by measuring insulin-mediated suppression of rates of endogenous glucose production (116).
Calculated from fasting plasma insulin and FFA levels, the adipose tissue insulin resistance index
(Adipo-IR) represents a validated measure of adipose tissue insulin resistance (117). However, this
surrogate parameter does not measure insulin action directly (118).

In vitro, studies using labeled glucose tracers, showed that lower glucose uptake after insulin stimulation
represents insulin resistance in cultured adipocytes (119). Previous studies proposed that insulin
resistance of adipose tissue could even develop prior to diabetes onset due to impaired intracellular

insulin signaling (120) and insulin-stimulated glucose uptake into adipocytes (121). Additionally, the
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membrane insulin receptor activation and the insulin receptor tyrosine kinase activity can be used as a
measure of insulin sensitivity on receptor level (122, 123). Of note, most in vivo and in vitro studies did
not completely assess the dose-response relationships for insulin action and functional studies in adipose

tissue in human are still missing (118, 124).

1.2.2. Abdominal adipose tissue compartments

In humans, abdominal adipose tissue compartments are divided into VAT and subcutaneous adipose
tissue (SAT), which is further separated by Scarpa's fascia into a deep (DSAT) and superficial (SSAT)
layer (Figure 2). According to sex-dependent variations, VAT comprises 6-20%, SAT 80-90% of whole-
body adipose tissue (125) and DSAT accounts for 66% of SAT in males and for 51% in females (126).
Volume of VAT, but not of SAT, associates with whole-body and hepatic insulin resistance (127). Men
have more VAT, but less SAT volume compared to females (128). The latter was suggested to have
protective properties for glucose homeostasis (129). Comparing ethnical differences, White-Americans
have higher VAT volume compared to Hispanics and African-Americans. In contrast, South-Asians
have more VAT volume and an increased risk for T2D compared to Caucasians (130). Of note,
independently of sex and ethnical differences, abdominal VAT increases during aging, which is

accompanied by a higher risk for T2D in the elderly humans (49, 118).

Figure 2

Ultrasound transducer Umbilicus

Fascia scarpa

M. rectus abdominis

Scheme depicting adipose tissue layers of the abdominal wall. Schematic figure presenting all compartments of
the abdominal subcutaneous adipose tissue from the cutis to the visceral adipose tissue (VAT). The superficial
(SSAT) and deep subcutaneous adipose tissue (DSAT) as well as Scarpa’s fascia (black line dividing SSAT and
DSAT) between both adipose tissue layers. Figure modified from Bodis K and Roden M, Eur J Clin Invest, 2018
(118) and Bodis K et al., J Clin Endocrinol Metab, 2020.
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Previous studies provided evidence that compartments of human adipose tissue vary in their tissue-
specific insulin sensitivity and lipolytic activity. While the lipolysis induced by catecholamines was
higher, the antilipolytic effects of insulin were lower in VAT compared to SAT in insulin-resistant obese
humans in vivo (49, 131) (Figure 3). Another study suggested that higher catecholamine-induced
response in VAT increases portal plasma FFA transport to the liver, ultimately promoting hepatic and
also systemic insulin resistance (132). Conversely, lower lipolysis and increased insulin sensitivity
indicate an increased lipid storage capacity of SAT to store circulating FFA in TAG and thereby protect
distant tissues from lipotoxicity (129). This is supported by findings that humans with decreased
abdominal SAT, but higher VAT volume feature metabolic characteristics similar to patients with

lipodystrophy with systemic insulin resistance and NAFLD (118, 133).
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Figure 3
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Lipolysis in adipose tissue of insulin-resistant obese persons. Insulin-resistant obese human feature impaired
antilipolytic and lipolytic pathways in both visceral and subcutaneous adipose tissue. Lipolysis is activated by
catecholamine-induced activation of the p-adrenoreceptor signaling cascade resulting in production of cyclic
adenosine monophosphate (cAMP) from adenosine triphosphate (ATP) by adenylate cyclase (134). Subsequent
activation of protein kinase A (PKA) induces adipose triacylglycerol lipase (ATGL) and hormone-sensitive lipase
(HSL) for triacylglycerol (TAG) breakdown into diacylglycerols (DAG) and monoacylglycerols (MAG) (135).
Antilipolytic pathways are activated by insulin via various negative feedback signals resulting from insulin
receptor (IR) activation. While IR activation of the signaling cascade via phosphorylation of the insulin receptor
substrate (IRS) and downstream induction of phosphatidylinositol 3-kinase (PI3K) and protein kinase B (PKB,
Akt) (136, 137) results in translocation of glucose transporter 4 (GLUT4) within the membrane of adipocytes,
these pathways also lead to simultaneous activation of the mammalian target of rapamycin (mTORCI) (138, 139).
While PKA inhibits mTORCI, the insulin-mediated activation of mTORCI inhibits p-adrenoreceptor induced
ATGL transcription and thereby reduces lipolysis (138). Of note, also lipogenic pathways are promoted by
mTORC1 mediated induction of sterol regulatory element-binding protein (SREBPI1c). Furthermore, lipolysis is
also inhibited by the activation of the insulin signaling cascade via adipose-specific phospholipase A2 (AdPLA2)
mediated inhibition of the adenylate cyclase (140, 141). Additionally, Akt induction reduces PKA activity via
decreased cAMP levels due to phosphodiesterase induction (142). Stimulation of FFAR2 by acetate decreases the
level of Ser563-phosphorylation of HSL, which results in suppression of lipolysis adipocytes. Stimulation of
FFAR4 by omega-3 fatty acids (FA) increases GLUT4 translocation to the plasma membrane in adipocytes. FA
binding protein adipocyte protein 2 (aP2) inhibits lipogenesis. The boxes beside adreno- and insulin receptors
indicate the adipose tissue depot, where changes are most pronounced. Subcutaneous adipose tissue (SAT),
visceral adipose tissue (VAT). The direction of changes in insulin-resistant humans is indicated by not filled

arrows. Figure modified from Bodis K and Roden M, Eur J Clin Invest, 2018 (118).
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Previous studies also showed differences in metabolic activity between DSAT and SSAT (143, 144)
(Figure 2). SSAT was suggested to have a similar protective function as the femoral fat depot (145),
which was suggested to have a low rate of FA release and may play a major role in circulating FA uptake
(146, 147). Increased SSAT volume correlated negatively with HbA1¢ and positively with high-density
lipoprotein cholesterol in patients with T2D (148). In contrast, DSAT features similar inflammatory
characteristics as VAT, including higher infiltration with macrophages than SSAT and only both DSAT
and VAT volume was shown to associate with cardiovascular and liver diseases (126, 149). MRS
techniques allow to quantify the degree of FA saturation non-invasively in adipose tissue and other
human tissues (150, 151). Compared to SSAT, DSAT comprises more saturated FA (145), which were
suggested to induce inflammation and insulin resistance (152-154). The unsaturation in DSAT revealed
a negative association with intramyocellular lipid content, suggesting a possible cross-talk between both
depots (155). A similar positive correlation was found between insulin resistance and DSAT volume as
previously reported for VAT volume, but an association between insulin resistance and SSAT volume
was lacking (144). However, unlike in VAT, an association of DSAT volume with hepatic and whole-
body insulin resistance was found in males only (156). DSAT volume was even suggested to be a more
precise predictor of fasting insulin concentrations than VAT volume (126). Higher lipolytic activity in
DSAT than in SSAT was suggested to explain the correlation of DSAT and insulin resistance (157).
Although no mechanistic studies analyzing insulin action between DSAT and SSAT were performed,
increased glucose transporter 4 (GLUT4) protein expression suggest higher glucose uptake in SSAT
(158). This is supported by previous studies showing that not only GLUT4 translocation, but also
GLUT4 protein expression is inducible by insulin with consecutively increased glucose uptake in
adipocytes (159, 160). Nevertheless, mechanistic studies assessing lipid metabolism in both depots to
examine the role of FA turnover for development of T2D are missing. In summary, DSAT expansion
may have unfavorable metabolic consequences, but its relation to tissue-specific insulin sensitivity has
not been assessed yet. Furthermore, despite evidence for metabolic varieties between SSAT and DSAT,
differences in mitochondrial function was not analyzed yet (118).

In summary, SAT features a lower lipolytic activity and higher insulin sensitivity than adipocytes from
VAT compartments. Thus, SAT has a greater capacity to store FA in TAG and thereby protects distant
insulin-sensitive tissues from lipotoxic effects. On the other hand, higher lipolytic activity of VAT
contributes to the portal delivery of FA and glycerol for storage of TAG in the liver, ultimately resulting
in hepatic and whole-body insulin resistance by perturbed insulin signaling. SSAT displays lower
lipolysis and higher GLUT4 protein expression than adipocytes from DSAT. However, functional data
analyzing lipid and glucose metabolism by tracer techniques in different tissues to explore the relevance
for development of T2D and potential treatment targets in diabetes prevention strategies need to be

performed in future studies.
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1.2.3. Free fatty acid receptors in adipose tissue

Some lipids secreted from the adipose tissue - such as short and long chain FA - have insulin-sensitizing
effects in peripheral tissues of humans (52). FFA serve as energy sources, but also induce receptor
signaling and regulate whole-body energy homeostasis under various physiological conditions (161). In
addition to FA binding proteins and peroxisome proliferator activated receptors (162), FA receptors
regulate many physiological and pathophysiological processes (163). Studies in animal models and
humans indicate that free fatty acid receptors (FFAR) - also named G-protein coupled receptors (GPR)
- impair BCF and promote insulin resistance and T2D (164, 165). Until now, four FFARs - FFARI,
FFAR2, FFAR3 and FFAR4, also known as GPR40, GPR43, GPR41, GPR120 - have been identified
having major roles in cellular processes, such as facilitating adipocyte differentiation, anti-inflammatory
effects, insulin and incretin secretion and neuronal responses (163).

In adipose tissue, FFAR2 and FFAR4 function as receptors for acetate and long chain FA (166, 167),
both inducing signaling pathways in the cell and thereby regulating systemic glucose homeostasis (168).
In vitro, acetate signals via FFAR2 reduced the level of Ser563-phosphorylation of hormone-sensitive
lipase (HSL), which resulted in suppression of lipolysis in cultured adipocytes (169) (Figure 3). Studies
in rodents revealed that FFAR2-deficient mice were protected from high-fat diet induced obesity,
adipose tissue inflammation and dyslipidemia and showed improved insulin sensitivity (170).
Furthermore, during the insulin-resistant phase of pregnancy higher FFAR2 gene expression was found
in mouse islets (171, 172). Beta cell specific deletion of FFAR2 in mice resulted in higher insulin
secretion and improved glucose tolerance (165). A translational study provided evidence of FFAR2 gene
expression in islets of mice and also humans and indicated that FFAR2 mediates inhibition of insulin
secretion by coupling to Gi-type G proteins (165).

In vitro, omega-3 FA-stimulation of FFAR4 resulted in increased GLUT4 translocation to the plasma
membrane in cultured adipocytes (173) (Figure 3). While FFAR4 knock out attenuated omega-3 FA-
related anti-apoptotic effects, FFAR4 activation protected human beta cells from palmitate-induced
apoptosis (174). FFAR4-deficient mice on a high-fat diet developed more severe obesity, hepatic
steatosis and insulin resistance than wild type mice (175, 176).

Studies in beta cells from mice and in vitro findings in humans suggest that FFAR2 and FFAR4 regulate
glucose homeostasis and that these receptors may serve as a potential target for diabetes prevention
strategies. Although results from previous studies suggested that FFAR2 and FFAR4 regulate glucose
homeostasis in mice (165, 175, 176), the relevance of their expression in human SAT for glucose
homeostasis was not elucidated. Of note, FFARs are expressed in various tissues, but they seemed to be

particularly important in adipose tissue due to their important role in lipid metabolism.
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1.3 Fatty acid turnover in adipose tissue

1.3.1. Lipolysis

Adipose tissue lipolysis is facilitated by enzymes catalyzing sequential breakdown of TAG. In each step
of lipolysis, one FA chain is cleaved from the glycerol backbone. Initially, adipose triacylglycerol lipase
(ATGL) catalyzes the conversion of TAG to DAG, HSL creates monoacylglycerols (MAG) and
ultimately monoacylglycerol lipase (MGL) generates glycerol and FA. In postprandial state, insulin
inhibits lipolysis and thereby reduces FFA and glycerol release from adipose tissue (Figure 3). On the
other hand, low insulin concentrations during fasting, but also catecholamine-induced activation of the
B-adrenoreceptor signaling promote breakdown of TAG. Both conditions result in increased glycerol
and FA release from adipose tissue. Of note, catecholamine release is also stimulated by low blood
glucose levels via induction of the sympathetic nervous system. On a cellular level, the induction of the
B-adrenoreceptor signaling cascade results in activation of the adenylate cyclase. The latter catalyzes
the conversion of ATP to cyclic adenosine monophosphate (cAMP), which in turn activates protein
kinase A (PKA). This ultimately results in induction of the enzymes ATGL and HSL by PKA, which
facilitates the breakdown of TAG in DAG (Figure 3) (118).

Obese humans feature low-grade inflammation and progressive immune cell infiltration in adipose
tissue. Elevated FA further stimulate immune cells in adipose tissue to release pro-inflammatory
cytokines, like interleukin-1p (IL-1B) and tumor-necrosis factor a (TNFa), both subsequently inducing
adipocytes lipolysis (96). The increase of circulating lipids due to activation of lipolysis in adipose tissue
cause insulin resistance in peripheral tissues, especially in the liver, skeletal muscle and heart (52). This
is explained by FA-coenzyme A induced TAG synthesis, activation of inflammatory pathways and
inhibition of insulin signaling (177). Even after surgically-induced weight loss, sustained elevation of
adipose tissue lipolysis may be involved in the dynamic changes of muscle insulin sensitivity and
epigenetic modifications of genes involved in muscle energy metabolism thereby affecting long-term
glucose homeostasis (178). In parallel with the release of glycerol and FA, excessive lipolysis in adipose
tissue also modifies cytokine secretion in insulin-resistant humans. These processes result in low-grade
inflammation and ectopic lipid accumulation ultimately promoting hepatic and skeletal muscle insulin
resistance (118).

While previous studies showed improved insulin sensitivity in HSL- and ATGL-deficient rodents with
lower lipolysis (179, 180), evidence from studies in humans questioned the translational relevance of
these animal models (181, 182). Humans carrying a mutation of the HSL gene showed dyslipidemia,
hepatic steatosis, impaired glucose tolerance, decreased whole-body insulin sensitivity, partial
lipodystrophy and higher T2D risk compared to healthy humans without the mutation (181). As a
limitation of this study, changes in HSL expression will also appear in other than adipose tissue, which

in turn makes it challenging to identify adipose tissue-specific roles in the observed alterations. Of note,
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the latter study showed decreased basal and isoproterenol-stimulated lipolysis, but also lower inhibition
of lipolysis by insulin in SAT. ATGL protein levels and expression of genes from DNL and TAG
synthesis were lower in SAT. While the insulin receptor and insulin receptor substrate 1 protein
expression were decreased, macrophage infiltration was increased in SAT. Ultimately, all persons
homozygous for the HSL gene mutation featured T2D (118, 181).

A functional study analyzing the effect of an 8-week treatment with nicotinic acid to inhibit lipolysis in
adipocytes revealed an upregulated expression of genes involved in lipogenesis in SAT of obese men
(180). The results suggest that downregulation of adipocyte lipolysis reshapes energy fluxes into adipose
tissue by DNL induction ultimately resulting in improved systemic insulin sensitivity (118).

A previous study displayed that hepatic glucose production is induced by lipolysis-dependent secretion
of the FA binding protein adipocyte protein 2 (aP2) from adipocytes in lean mice and cultured
hepatocytes (183). Furthermore, ATGL and HSL inhibition could prevent aP2 secretion from adipocytes
(184). Thus, these findings could explain the relationship between augmented lipolysis from adipose
tissue and systemic insulin resistance, particularly because the neutralization of secreted aP2 protected

from diabetes in obese mice (118, 183).

1.3.2. Desaturases

FA from dietary intake partly reflect the FA profile in the circulation for several weeks and in adipose
tissue from past months to years (185, 186). Nevertheless, the FA profile in humans also depends on the
endogenous FA metabolism by DNL including the major enzymes from FA metabolism - elongases and
desaturases (186) (Figure 3, 4 A). Elongases catalyze the subsequent extension of the acyl chain of FA.
Desaturases are key enzymes removing two hydrogen atoms from the growing FA chain, thereby
introducing a double-bond and converting saturated into unsaturated FA. To indicate at which position
from the carboxyl end of a FA chain desaturases create the double bond, these enzymes are labeled with
delta (A) and the targeted location in the FA chain. As an example, the A9 desaturase introduces a double
bond between the ninth and tenth carbon atom from the carboxyl end of the FA. Humans have three
desaturases. The A9 desaturase - also known as stearoyl-coenzyme A desaturase (SCD) - creates
monounsaturated FA from short-chain FA, whereas the A5 desaturase and the A6 desaturase catalyze
the synthesis of long-chain mono- and polyunsaturated FA (187).

A large prospective observational population-based study, the Kuopio Ischaemic Heart Disease (KIHD)
Risk Factor Study showed that increased A5 desaturase activity in serum associates with a decreased
T2D risk and that increased A6 desaturase activity correlates with an increased T2D risk among middle-
aged and older Finish men (188). In contrast, another study showed lower risk for T2D was associated
with increased A5 desaturase activity and the simultaneous improvement in insulin sensitivity was

suggested to explain these findings (189). The European Prospective Investigation into Cancer (EPIC)
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and Nutrition-Potsdam Study displayed that SCD1 activity - analyzed from product-to-precursor ratios
- from the erythrocyte membrane was associated with increased T2D risk (190).

While humans feature two A9 desaturases (SCD1 and SCDS), four isoforms (SCD1-4) have been
characterized in murine models (191-195). Nevertheless, SCD1 is the most expressed SCD isoform in
adipose tissue, where it enables the conversion of lipotoxic lipids into protective species (saturated into
monounsaturated FA). A previous study showed that circulating palmitoleate - an adipose tissue derived
product of SCDI - improved insulin signaling in both liver and skeletal muscle, increased BCF and
improved whole-body glucose uptake in mice (196). In vitro, palmitoleate treated adipocytes showed
reduced cytokine expression (196). SCD1 in adipose tissue induces the last step of DNL and enables FA
esterification into TAG, which associate with improved systemic insulin sensitivity. Accordingly,
thiazolidinedione treatment induced TAG production in cultured adipocytes (197) and promoted SCD/
gene expression in SAT resulting in improved insulin sensitivity in patients with T2D (198). Although
previous studies point to a prominent role of SCDI1 in regulating glucose metabolism in mice (199), the
relevance of its expression in human SAT for BCF and insulin sensitivity in patients with newly

diagnosed T2D was not assessed.

1.3.3. Lipogenesis

FFA in plasma and adipose tissue originate from dietary fat intake, but also from endogenous DNL. The
rate limiting enzymes regulating FA synthesis are the acetyl-coenzyme A carboxylase (ACC) and fatty
acid synthase (FAS) (Figure 4). Intake of carbohydrate rich food induces FAS activation in adipose
tissue facilitating the conversion of glucose to FA (200). Of note, in the postprandial state, DNL in
adipose tissue is quantitatively lower than in the liver. Nevertheless, when maximal glycogen storage
capacity is reached, further glucose uptake in the liver results in activation of DNL and subsequent
export of TAG for storage in adipose tissue of glucose-tolerant humans (CON) (201). The reciprocal
interaction between both tissues is supported by an inverse association of DNL between adipose tissue
and the liver (202). Additionally, when DNL in the liver is decreased, it is compensatory increased in
adipose tissue, at least in a mouse model with hepatocyte-specific deficiency of an escort protein
transporting sterol regulatory element-binding protein (SREBP), which is called SREBP cleavage-
activating protein (SCAP) (118, 203).
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Insulin-resistant humans feature impaired lipid and energy metabolism in white adipocytes. A) Normal
mitochondrial function is required for lipogenesis: In states of adequate adenosine triphosphate (ATP)
concentration, fatty acids (FA) can endogenously be produced de-novo from glucose via acetyl coenzyme A (CoA)
by acetyl-coenzyme A carboxylase (ACC). Further upstream lipogenesis is preserved by the second key enzymes
in lipogenic pathways, the fatty acid synthase (FAS) via malonyl-CoA in the presence of NADH+H". FA binding
protein adipocyte protein 2 (aP2) inhibits lipogenesis. B) Lipolysis is induced by activation of the p-
adrenoreceptor signaling cascade via catecholamines resulting in triacylglycerol (TAG) breakdown. This pathway
provides energy rich substrates in forms of FA for beta (3)-oxidation to produce energy sources in mitochondria.
Adenosine diphosphate (ADP), adipose triacylglycerol lipase (ATGL), carbohydrate-responsive element-binding
protein (ChREBP), carnitine palmitoyltransferase 1 (CPT1), diacylglycerols (DAG), hydroquinone form of flavin
adenine dinucleotide (FADH?2), fatty acid transport protein 1 (FATPI), glucose transporter 4 (GLUT4), hormone-
sensitive lipase (HSL), insulin receptor (IR), monoacylglycerols (MAG). Dependency of respective pathway on
presented substrate is indicated by dotted arrows. Metabolic pathways of biochemical substrates and products are
shown by black arrows. Joined pathways of biochemical substrates resulting in the respective product are
indicated by purple arrows. Regulatory functions are shown by double lined black arrows. The direction of change
in the insulin-resistant state is indicated by not filled arrows in red. Figure modified from Bodis K and Roden M,
Eur J Clin Invest, 2018 (118).
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In vitro, FAS expression and activity was induced by insulin via glucose 6-phosphate and carbohydrate
responsive-element binding protein (ChREBP) in cultured human adipocytes (204-207). The
transcription of ChREBPJ due to GLUT4-mediated augmentation of intracellular glucose levels and
activation of the ChREBPa isoform resulted in higher adipose tissue DNL by activation of FAS (206,
207). ACC might be activated by its substrate citrate, independent of insulin, to induce DNL (208). On
the other hand, low circulating insulin concentrations during fasting led to decreased adipose tissue
glucose uptake and DNL (209). These findings suggest that insulin availability and efficient insulin
signaling is not only crucial for glucose uptake into adipocytes, but also important for DNL. In
agreement with previous results, insulin-resistant humans feature decreased lipogenic gene expression -
indicated by lower FAS and ACC (202, 210, 211) (Table 1). In turn, this is accompanied by reduced
insulin induced incorporation of carbons from labeled glucose in TAG in both SAT and VAT (182).
Furthermore, mouse models support the concept that impaired DNL in adipocytes is involved in the
pathogenesis of systemic insulin resistance (212). Decrease of aP2 led to higher adipose tissue DNL in
a murine model and thereby induced insulin signaling in adipocytes and improved systemic insulin
sensitivity (196) (Figure 3, 4 A). Palmitoleate - a product of DNL from adipocytes - might serve as a
circulating lipokine suppressing hepatic steatosis and stimulating muscle insulin action (196). Apart
from palmitoleate, other metabolites from DNL such as FA esters of hydroxy FA, also contributing to
inter-organ crosstalk between adipose tissue and insulin-sensitive tissues regulating energy metabolism
and insulin sensitivity were identified (118, 213).

In humans, systemic insulin sensitivity was associated with DNL in both VAT and SAT (182, 211, 214-
216) (Table 1). Compared to non-obese humans, insulin-resistant obese humans featured higher fasting
insulin and glucose levels as well as decreased ChREBPJ, FAS and GLUT4 expression in VAT (202).
Vice versa, ChREBPP and FAS mRNA levels were higher in the liver of insulin-resistant obese
compared to non-obese controls (202). In contrast to several previous reports (182, 202, 210, 211, 214,
217), one study reported higher adipose tissue FAS gene expression in insulin-resistant than in insulin-
sensitive humans (218) (Table 1). These contradictory results may be explained by differences in dietary
intake (210) or adipose tissue mitochondrial function. Importantly, the relevance of the results of this
study were weakened by further analyses in the study, which showed that differences in FAS gene
expression between the groups were not supported by FAS protein expression (118, 218).

In summary, decreased lipogenesis and excessive lipolysis in adipose tissue promote FA and glycerol
release and modify cytokine secretion in insulin-resistant persons. Ultimately these mediators cause
insulin resistance in skeletal muscle and liver by ectopic lipid accumulation and low-grade

inflammation.
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Table 1

Systemic Insulin
Reference Cohort insulin sensitivity | Depot Lipogenesis Comment
sensitivity | of depot
CON (n=19)
L GLUT4 ]
N | (HOMA) mRNA (only { ChREBP-B mRNA |, - pppp 8 mRNA in
OBE (n=21) CON in VAT (only in VAT) [vs i CON
Eissing, L., et al. [vs 1 n YIvs | gaAT CON] iver [vs ]
Nat Commun, f(()}II:I%JT4 &
2013 VAT
(200) MRNA & %VE/E%IS’]LU“ mRNA |\ ChREBP-B, FAS,
| _ | (HOMA) protein [vs ELOVL6 mRNA in liver
QA=) [vs CON] CON] | FAS, GhUTf S NG EEy ) —"—
(protein only BreaiCiionun CON]
in VAT) VAT) [vs CON]
NGT (n=43)*
Kur.sawe, R, etal. P | insulin stimulated
Diabetes, 2013 | IGT (n=5) & T2D | | Liver *** (suppression | SAT | DNL 1 ChREBP, SREBPIc
(182) (n=5)** | muscle (Rd) | of glycerol | ChREBP, SREBPIlc, | mRNA in liver
during lamp) FAS, GLUT4 mRNA

| FAS, ACC mRNA in
lean CON (n=27) SAT [non-OBE vs
OBE+OBE-T2D]

Ortega, F.J., et al., | overweight CON —(HOMA) na | FAS mRNA [vs lean
Obesity, 2010 | (n=24) [vs lean CON] i VAT | CON]
(210) ~ | (HOMA) | FAS, ACC mRNA
OIEIE) (=) [vs lean CON] . [vs lean CON]
} _ | (HOMA) | FAS, ACC mRNA
OBE-T2D (n=19) [vs lean CON] n.a. [vs lean CON]
Mayas, M.D., CON (n=n.k.)
et al., Nutr Metab, hich elveemi VAT FAS mRNA correlated
2010 (ni N i})lce a | (HOMA) n.a. | FAS mRNA negatively with insulin
(214) o resistance
IVAT/[VAT+SAT]
Kursawe, R, et al. (O=20) T insulin
Dlabgis;)zolo IVATVATSSAT] | | o | receptor SAT || ACC, FAS, PPARy ;rlglzr(f?;i%“&“;émlzn
(=) gene and SREBPT mRNA insulin stimulated DNL
expression
Berndt, J., etal. | NGT (n=129) SAT 1 FAS mRNA [VAT vs
- . SAT]
Diabetologia 2007 IGT & T2D &
(218) (g ) | (M-value) n.a. VAT |1 FAS mRNA
Ranganathan, G., | NGT (n=13)
et al. J Lipid Res
? SAT | | DGAT and FAS
2006 =
o IGT (n=37) 1 (Sy) [vs NGT] n.a. mRNA [vs NGT]

In vivo and in vitro studies exploring the role of lipogenesis in human subcutaneous and visceral adipose tissue
for insulin resistance. * Persons with normal glucose tolerance (NGT) divided in humans with 2-h glucose levels
<120 mg/dl (n=27) and between 120 and 140 mg/dl (n=16), ** humans with type 2 diabetes (T2D) and persons
with impaired glucose tolerance (IGT) combined in one group. *** insulin sensitivity of the liver was assessed by
suppression of hepatic glucose production during clamp. Acetyl-coenzyme A carboxylase (ACC), carbohydrate-
responsive element-binding protein (ChREBP), de novo lipogenesis (DNL), diacylglycerol acyltransferase
(DGAT), fatty acid elongase 6 (ELOVLG), fatty acid synthase (FAS), glucose transporter 4 (GLUT4), healthy
controls (CON), homeostasis model assessment (HOMA), insulin sensitivity index (Sy), magnetic resonance
imaging (MRI), not assessed (n.a.), not known (n.k.), obese participants (OBE), peroxisome proliferator-activated
receptor (PPAR) y, rate of disappearance (Rd), sterol regulatory element-binding protein 1 (SREBPI),
subcutaneous adipose tissue (SAT), triacylglycerol (TAG), visceral adipose tissue (VAT), whole-body insulin
sensitivity (M-value). Unless indicated all parameters were analyzed in fasted state. Table modified from Bodis K
and Roden M, Eur J Clin Invest, 2018 (118).
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14. Mitochondrial function in adipose tissue

The integrated adaptation of whole-body substrate flux according to prevailing metabolic conditions in
skeletal muscle, liver and white adipose tissue sustains physiologic levels in glucose homeostasis (219).
The ability to switch from insulin stimulated lipid to carbohydrate oxidation defined as metabolic
flexibility can be assessed by indirect calorimetry (220, 221). Reduced mitochondrial respiration in
skeletal muscle, but also changes of mitochondrial function in adipose tissue was suggested to impair
metabolic flexibility (222, 223). Insulin signaling and insulin-stimulated glucose uptake in adipocytes
are dependent of mitochondrial efficiency (224, 225). Of note, mitochondrial efficiency can be induced
by new compounds stabilizing PPARy 1 coactivator a (PGCla) in adipocytes in vitro (226) and by
short-term dietary reduction of branched-chain amino acids in human white adipose tissue in vivo (227).
Mitochondrial transcription factor A (TFAM) deficiency in white adipocytes of mice caused reduced
expression and enzymatic activity of the electron transport chain proteins in complexes I, Il and IV
(228). This resulted in increased flux of lipid metabolites and lactate to the liver and skeletal muscle
inducing ectopic lipid accumulation and tissue-specific insulin resistance (228). Insulin-resistant
humans have been shown to feature lower expression of proteins involved in the regulation of
mitochondrial function in abdominal SAT than insulin-sensitive persons (229). In conclusion, different
features of impaired mitochondrial function in human white adipose tissue may alter metabolic
adaptation, which contributes to insulin resistance and hepatic lipid accumulation and ultimately results
in development of T2D (118). Although commonly used, the term ‘mitochondrial dysfunction’ or other
simplifications and generalizations of ‘impaired mitochondrial function’ is misleading and in previous
studies often not clearly defined or specified. Unless not defined or specified, these terms should be
avoided as it implies only one unifying perturbation of mitochondria (230). Precise descriptions of
different features of mitochondrial function such as respiration capacity for different substrates, ATP or
ROS production, membrane potential, coupling and efficiency should rather be used to give more
detailed information about the specific feature of mitochondrial malfunction (231). Furthermore, for
even more detailed analyses additional features relevant for mitochondrial function such as tricarboxylic
acid (TCA) cycle activity, mitochondrial content or density should be measured (232).

Only a few studies assessed mitochondrial function via direct measurements of respiration in SAT and
these showed controversial results. While there is evidence for metabolic differences between both SAT

compartments, the mitochondrial function has not been assessed in SSAT and DSAT yet.

1.4.1. Mitochondrial morphology and density

The human white adipocyte is spherical and consists of a single lipid droplet with a small surrounding
cytosol containing quantitatively low amounts of mitochondria (233). The size of each adipocyte is

variable and depends on the size of the lipid droplet storing TAG. White adipocytes have fewer
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mitochondria than brown adipocytes and the amount of mitochondria is lower in large compared to small
adipocytes (234). Adipocyte mitochondria are elongated, thin and have randomly oriented cristae (233).
Mitochondrial density - assessed as the amount of mitochondria per milligram of tissue - is twofold
higher in human VAT compared to SAT (235). Possible differences in mitochondrial density between
DSAT and SSAT layers have not been elucidated yet.

Mitochondrial density is reduced in SAT of insulin-resistant humans with and without T2D (236, 237).
Lower mitochondrial biogenesis was indicated by decreased gene expression of PGCla in insulin-
resistant persons with T2D (237). Previous studies showed that mitochondrial density in SAT associates
with systemic insulin sensitivity (236, 238), but may be also affected by BMI and age (238). Of note,
also a strong association between mitochondrial density and ex vivo lipogenesis in adipose tissue was

reported previously (118, 238).

1.4.2. Mitochondrial lipid handling

During starvation, systemic energy homeostasis is maintained by a coordinated release of FA from
adipose tissue serving as substrates for mitochondrial beta-oxidation to generate ATP (239). Sufficient
ATP supply is essential for adipocytes insulin signaling (240) and thereby for induction of lipogenesis
(241), but also for insulin stimulated inhibition of lipolysis (236).

The turnover of intracellular ATP to cAMP induces AMP-activated protein kinase (AMPK) and thereby
activates ATP-producing pathways (242) like glucose uptake, glycolysis or beta-oxidation to maintain
adequate energy levels in adipocytes (243). Vice versa, AMPK inhibition results in induction of ATP-
dependent pathways like, glycogen, FA, protein or cholesterol synthesis (243). A previous study showed
that AMPK is activated by inhibition of PKA via cAMP induction and followed by decreased HSL
activity in adipocytes (244). In line with previous observations, lipolysis in adipocytes is decreased by
AMPK induction by adrenoreceptor agonists (245). Furthermore, genetic deletion or inhibition of ATGL
led to decreased lipolysis and was accompanied by reduced catecholamine-induced AMPK activation
(118, 246).

These findings implicate a reciprocal AMPK activation, which is dependent on lipolytic activity and
does not necessarily reduce lipolysis via downstream signaling from catecholamine-stimulated
signaling. However, functional studies analyzing mechanisms of AMPK induction during chronic states
of augmented lipolysis are still lacking. Thus, the interpretation of previous observations for systemic

insulin resistance and possible implication for T2D development remain challenging (118).

1.4.3. Mitochondrial function in insulin resistance

In humans, mitochondrial oxidative capacity, measured per milligram of tissue, was increased in VAT

compared to SAT (235). Importantly, mitochondrial respiration was even decreased in VAT when
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normalized for mitochondrial content, because mitochondrial density was higher in VAT than in SAT
(235). Despite existing evidence for metabolic differences between DSAT and SSAT compartments,
tissue segregated analyses for mitochondrial function and density have not been performed yet.
Compared to insulin-sensitive human, proteins regulating mitochondrial function are decreased in SAT
of persons with insulin resistance (229). These observations were confirmed in mouse models, showing
that systemic insulin resistance was induced by perturbation of the enzyme activity of electron transport
chain proteins in adipose tissue (228). A wide range of metabolic pathways such as glucose uptake (225),
insulin signaling (224), lipogenesis, lipolysis and secretion of adipokines (247) are dependent from
sufficient energy sources. Thus, development of tissue-specific insulin resistance was suggested to result
from perturbation of different features of mitochondrial function leading to lower production of energy
sources for highly energy dependent pathways in adipocytes, ultimately resulting in systemic insulin
resistance (118, 222).

In humans, systemic insulin resistance developed when augmented mitochondrial function in adipose
tissue impaired the secretion of autocrine, paracrine and endocrine mediators regulating insulin
sensitivity in distant tissues (248). Various impairments of mitochondrial function result in upregulated
anaerobic energy metabolism in adipocytes, thereby compensating reduced pyruvate turnover in
mitochondria. Both in vitro and in vivo studies revealed higher lactate production in hypertrophic
adipocytes of insulin-resistant humans (249, 250). In agreement with the previous findings, insulin-
resistant obese humans featured higher fasting plasma lactate levels, which positively correlated with
whole-body insulin resistance (251). Another study showed that increased circulating lactate levels
activate gluconeogenesis in the liver and perturb glucose uptake in muscle (118, 252) (Figure 5). Thus,
decreased protein expression regulating mitochondrial function in adipose tissue of insulin-resistant
humans may impair mitochondrial function and whole-body insulin sensitivity due to increased release

of lactate and lipid metabolites.
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Figure 5
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Consequences of different features of impaired mitochondrial function in human white adipose tissue on
systemic glucose homeostasis. Different features of impaired mitochondrial function (e. g. increased production
of reactive oxygen species (ROS), decreased mitochondrial respiration or production of energy sources) in human
white adipose tissue alter the secretion of autocrine, paracrine and endocrine mediators affecting hepatic and
skeletal muscle glucose uptake. In states of perturbation of various features of mitochondrial function anaerobic
energy metabolism in white adipose tissue is compensatory upregulated to decreased pyruvate turnover in
mitochondria. This leads to higher circulating fasting lactate levels, which might promote hepatic gluconeogenesis
and decrease skeletal muscle insulin sensitivity. Lipolysis in white adipose tissue is enhanced by existing
inflammatory processes in insulin-resistant obese humans also resulting in elevated cytokine release.
Furthermore, inflammation and adipocyte hypertrophy can cause hypoxia in white adipose tissue resulting
hypoxia-inducible factor 1 a (HIFla) activation, followed by inhibition of sirtuin 2 (SIRT2) and subsequent
diminished deacetylation of peroxisome proliferator-activated receptor-y coactivator 1-a (PGCla), which results
in perturbation of various features of mitochondrial function. Different features of impaired mitochondrial
function, increased lipolysis and decreased lipogenesis in white adipose tissue enhance the release of lipid
metabolites (glycerol and fatty acids) and cytokines (TNFo, IL-1f), which both induce ectopic lipid accumulation
and reduce hepatic and skeletal muscle glucose uptake. Fatty acids (FA), interleukin-1§ (IL-1) and tumor-
necrosis factor o (TNFa). Suspected effects of presented substrates are shown by dotted arrows. The direction of
change in insulin-resistant state is shown by not filled thick arrows. Figure modified from Bodis K and Roden M,
Eur J Clin Invest, 2018 (118).
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In mouse models, tissue-specific inflammation and systemic insulin resistance is induced by
perturbation of various features of mitochondrial function in adipose tissue. Increased adipocyte size
and mass of white adipose tissue has been linked to insufficient vascularization, fibrosis, low-grade
inflammation and hypoxia in adipose tissue (94). Hypoxia-inducible factor 1a (HIF1a), a protein of the
inner mitochondrial membrane, was shown to be activated by hypoxia in VAT and results in inhibition
of sirtuin 2 (SIRT2), subsequently leading to reduced deacetylation of PGCla and finally decreased
beta-oxidation (253). Compared to lean controls, insulin-resistant obese humans showed higher HIF1a
and lower SIRT2 protein levels (253). Accordingly, insulin-resistant obese persons revealed lower
expression of genes regulating mitochondrial biogenesis, respiratory chain, ATP synthase and FA
oxidation in mitochondria of human adipose tissue (253) (Table 2, Figure 5). HIF'l o deletion ameliorates
obesity-induced adipocyte inflammation and insulin resistance in liver and muscle by facilitating lipid
mobilization from the liver to adipose tissue (181). Adipocyte HIFla deletion resulted in decreased
hepatic inflammation suggesting another potential crosstalk between both tissue (181). This indicates
that HIF1a activation might be an early process in adipocyte malfunction and a possible target for novel
anti-obesity drugs or insulin sensitizers.

Increased mitochondrial oxidation by thiazolidinediones in adipose tissue of mice suggested that higher
mitochondrial function in adipocytes induces whole-body insulin sensitization (254). While obese mice
showed lower expression for genes coding for mitochondrial function, those genes were upregulated
after treatment with rosiglitazone (254, 255). Lipid utilization in adipocytes of mice could be increased
by higher mitochondrial mass and increased oxygen consumption, both resulting in whole-body insulin
sensitization (255). Of note, thiazolidinediones improve whole-body insulin sensitivity by induction of
genes regulating glycerol production, which improve TAG synthesis in adipocytes by initiation of FA
esterification on the glycerol backbone (241, 254, 256). Nevertheless, a previous study showed that
glycerol synthesis requires intact mitochondrial function (256). Thus, TAG production by glycerol
synthesis in adipocytes may be disturbed by perturbation of various features of mitochondrial function.
In humans, only a few studies measured mitochondrial function directly by assessment of adipocyte
respiration in SAT and these studies also reported controversial results. While one study reported
decreased mitochondrial respiration in young obese and non-obese humans with T2D compared to lean
healthy controls (257), another study displayed no differences between morbidly obese humans with
and without T2D (258). However, conclusions from both studies for the relevance of mitochondrial
function for the regulation of glucose homeostasis in T2D are limited because none of the studies

provided data on insulin sensitivity.
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Table 2

Systemic | Insulin Mitochondrial
Reference Cohort insulin | sensitivity | Depot 5 Comment
cpe s function
sensitivity | of depot
Xie, X., etal., NGT @=13)
Int J Obes, 2017 LEA saT |1 miDNA
n= -value) | suppression o cytochrome C reductase
(236) IGT (n=7) | (M-value) NADH cytoch C reduct:
during clamp) activity
Insulin-
Xie, X., etal., ?zr;sllgl)ve
Obeilzt%/,g)Z UL Insulin- el | proteins of complexes I, III and IV
st (=) | (M-value) n.a | ANT and other mitochondrial
proteins
OBE CON insulin sensitivity
Hansen M., (n=27) not reported, but
. gold-standard
et al., Obesity, " .
2015 OBE T2D l (glycer.ol SAT o respirometry
(258) =) n.r suppression <> overall respiration [vs lean CON] | analysis for
during clamp) mitochondrial
function in T2D
lean CON
(0=9)
| SIRT2, CPT1, 1 HIFla protein
| FATP1, FACS], Thiolase, AK2,
Krishnan, J., et CPT1 mRNA (FA oxidation) Hrlothlz;:l%XSIr}e{szizon
al., Genes Dev, VAT |} NRF1, ERRIB, TFAM, TFB2M, fnversel fomlates
2012 _ SSBP1 mRNA (mitochondrial & ¥ corr
253) OBE (n=9) | (M-value) n.a arEnss) 1a llpocgg i]lze
| ATP5J mRNA (ATP synthase) NEETICUN]
| COX3, CYB5A, MTND1, COX6C,
CoVa mRNA (mitochondrial
respiratory chain)
lean CON
(n=10)
lean T2D na na > overall respiration [vs lean CON]
(n=10) _ i insulin sensitivity
Chattopadhyay, | OBE CON | membrane potential, inorganic not assessed, but
M., et al., (n=10) n.a n.a phosphate utilization, overall gold-standard
Metabolism, SAT respiration [vs lean CON] respirometry
2011 | membrane potential, inorganic analysis for
(257) phosphate utilization, overall mitochondrial
OBE T2D respiration [vs lean CON] function in T2D
(n=10) n.a n.a | inorganic phosphate utilization,
activities of several respiratory
complexes [vs OBE CON]

In vivo and in vitro studies exploring the role of mitochondrial function in human subcutaneous and visceral
adipose tissue for insulin resistance. Adenine nucleotide translocators (ANT), adenylate kinase 2 (AK2), adipose
triacylglycerol lipase (ATGL), ATP synthase-coupling factor 6 (ATP5J), carnitine palmitoyltransferase 1 (CPTI),
cytochrome b5 type A (CYB5A), cytochrome c oxidase polypeptide Va (CoVa), cytochrome c oxidase subunit Vic
(COX6C), cytochrome c oxidase subunit 11l (COX3), estrogen-related receptor (ERR) 1B, fatty acid (FA), fatty
acid transport protein 1 (FATPI), fatty acyl-CoA synthetase 1 (FACSI1), healthy controls (CON), hypoxia-
inducible factor (HIF) 1o, mitochondrial deoxyribonucleic acid (mtDNA), mitochondrial transcription factors A
and B2 (TFAM and TFB2M respectively), mitochondrial NADH dehydrogenase 1 (MTNDI), not assessed (n.a.),
not reported [n.r.], obese participants (OBE), nuclear respiratory factor (NRF) 1/2, single-stranded DNA-binding
protein 1 (SSBPI), sirtuin 2 (SIRT2), subcutaneous adipose tissue (SAT), humans with type 2 diabetes (T2D),
visceral adipose tissue (VAT), whole-body insulin sensitivity (M-value). Unless indicated all parameters were

analyzed in fasted state. Table modified from Bodis K and Roden M, Eur J Clin Invest, 2018 (118).
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2. Aims

The aim of this work was to elucidate the role of FFAR2/4, SCD1 and adipose tissue energy metabolism
for whole-body glucose metabolism in T2D. Both enclosed studies were based on the multicenter
prospective longitudinal GDS, which includes patients with T1D and T2D (< 1 year) and age-, BMI-
and sex- matched CON. The GDS examines the natural course of the disease as well as comorbidities
and complications by annual telephone interviews and 5-year follow-up visits. Metabolic features of
whole-body and tissue-specific glucose and energy metabolism are measured by gold-standard methods.
The GDS represents an ideal setting to characterize specific subphenotypes and to identify novel targets
for the treatment of the disease. Furthermore, the GDS can clarify the link between clinical features and
metabolic alterations by employing detailed metabolic phenotyping. The study is performed according
to the Declaration of Helsinki, approved by the ethics board of the Heinrich Heine University of
Diisseldorf in Germany (reference number 4508) and is registered at Clinicaltrials.gov (Identifier
number: NCT01055093). More information on the study design and cohort description can be found
elsewhere in detail (259). The findings of both studies will improve the understanding of potential
pathophysiological regulators of whole-body insulin resistance and may serve as source of diagnostic
and prognostic biomarkers for T2D. Thereby, these studies should provide new insights in the role of
lipid and energy metabolism on glucose homeostasis in early-onset T2D and potential targets for

preventive and therapeutic strategies.

2.1. Role of free fatty acid receptors 2/4 and stearoyl-CoA desaturase-1 in adipose tissue of

humans with recent-onset type 2 diabetes

The first aim of the work was to assess the relevance of FFAR2/4 and SCD1 gene and protein expression
in human SAT for insulin sensitivity and BCF in recently diagnosed humans with T2D. To this end, we
performed mixed meal tests to assess insulin sensitivity as well as BCF and conducted biopsies of the
abdominal SAT to measure gene and protein expression of SCD1 and FFAR2/4 in patients with T2D
and sex-, age- and BMI-matched CON in a cross-sectional analysis of a subgroup of GDS participants.
This study was performed at the Institute for Clinical Diabetology at the German Diabetes Center
Diisseldorf.
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2.2. Relevance of energy metabolism in adipose tissue of patients with newly diagnosed type 2

diabetes

The second aim of the work was to analyze mitochondrial respiration, coupling and efficiency in SSAT
and DSAT separately and assess their relation to tissue-specific insulin sensitivity of the skeletal muscle,
liver and adipose tissue as well as to hepatic steatosis and metabolic flexibility in patients with recently
diagnosed T2D. To this end adipose tissue energy metabolism, liver fat content, metabolic flexibility
and tissue-specific insulin sensitivity were measured in patients with T2D and sex-, age-, BMI-, total
body fat mass- and whole SAT thickness-matched CON in a cross-sectional analysis of a subgroup of
GDS participants. This study was also performed at the Institute for Clinical Diabetology at the German
Diabetes Center Diisseldorf.
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3. Publications

3.1.  Reduced expression of stearoyl-CoA desaturase-1, but not free fatty acid receptor 2 or 4
in subcutaneous adipose tissue of patients with newly diagnosed type 2 diabetes mellitus

Badis, K, Kahl S, Simon MC, Zhou Z, Sell H, Knebel B, Tura A, Strassburger K, Burkart V, Mussig K,
Markgraf D, Al-Hasani H, Szendroedi J, and Roden M. Reduced expression of stearoyl-CoA desaturase-
1, but not free fatty acid receptor 2 or 4 in subcutaneous adipose tissue of patients with newly diagnosed

type 2 diabetes mellitus. Nutrition & diabetes. 2018;8(1):49.
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Reduced expression of stearoyl-CoA
desaturase-1, but not free fatty acid
receptor 2 or 4 in subcutaneous adipose
tissue of patients with newly diagnosed
type 2 diabetes mellitus

Kalman Bodis', Sabine Kahl'? Marie-Christine Simon'?, Zhou Zhou**, Henrike Sell'?, Birgit Knebel**, Andrea Tura®,
Klaus Strassburger®®, Volker Burkart'?, Karsten Missig'*?, Daniel Markgraf'?, Hadi Al-Hasani®*, Julia Szendroedi'** and
Michael Roden'?, for the GDS Study Group

Abstract

Background In subcutaneous adipose tissue (SAT), higher stearoyl-CoA desaturase-1 (SCDT) expression has been
related to improved insulin sensitivity in thiazolidinedione-treated type 2 diabetes mellitus patients. In animal models,
deficiency of the free fatty acid receptor (FFAR) 2 associated with higher and FFAR4-deficiency with lower insulin
sensitivity. We hypothesized that increased FFAR2 expression and reductions in FFAR4 and SCD1 expression in SAT of
type 2 diabetes mellitus patients associate positively with insulin resistance and impaired beta cell function.

Methods Twenty-five type 2 diabetes mellitus patients and 25 glucose-tolerant humans (CON) matched for sex, age,
and BMI underwent mixed-meal tests to assess insulin sensitivity (OGIS) and beta cell function (AAUC(C-peptide)o_180 min/
AAUC(glucose)o_1go min) in @ cross-sectional study. Gene and protein expression of SCD1 and FFAR2/4 were quantified in
SAT biopsies.

Results Insulin sensitivity was 14% and beta cell function 71% (both p < 0.001) lower in type 2 diabetes mellitus
patients. In type 2 diabetes mellitus, SCOT mRNA was fivefold (p < 0.001) and protein expression twofold (p < 0.01)
lower. While FFAR2/4 mRNA and protein expression did not differ between groups, FFAR2 protein levels correlated
negatively with beta cell function only in CON (r= —0.74, p < 0.01). However, neither SCD1 nor FFAR2/4 protein
expression correlated with insulin sensitivity in both groups.

Conclusions Type 2 diabetes patients have lower SCD1, which does not associate with insulin resistance. Only in non-
diabetic humans, FFAR2 associated with impaired beta cell function.

Introduction
Type 2 diabetes is characterized by insufficient insulin
‘Correspondence: Michael Roden (michael.roden@ddz.uni-duesseldorf.de) secretion to compensate for peripheral insulin reSiStancel,
Institute for Clinical Diabetology, German Diabetes Center, Leibniz Center for R . A .
Diabetes Research at Heinrich Heine University, Diisseldorf, Germany Studies in animal models and humans implicate free fatty

German Center for Diabetes Research (DZD), Miinchen-Neuherberg, Germany acid receptors (FFAR), also known as G-protein Coupled
Full list of author information is available at the end of the article.

These authors contributed equally: Kdlman Bddis, Sabine Kahl,

Marie-Christine Simon

Members of the GDS Study Group are listed below Acknowledgements.

© The Author(s) 2018

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
53 in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If

material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain

permission directly from the copyright holder. To view a copy of this license, visit httpy//creativecommons.org/licenses/by/4.0/.

Nutrition and Diabetes

39



Bédis et al. Nutrition and Diabetes (2018)8:49

receptors (GPR), as receptors for non-esterified fatty acids
(NEFA) in the pathogenesis of beta cell dysfunction and
progression to insulin resistance and type 2 diabetes
mellitus™>.

FFAR2 and FFAR4 (also known as GPR43 and GPR120)
serve as receptors for acetate and long-chain fatty acids
(FA)™®, respectively, and are supposed to contribute to the
regulation of glucose homeostasis through FA signaling
pathways®. Recent studies provided evidence that FFAR2-
deficient mice on high-fat diet are protected from the
increase in body fat mass and dyslipidemia, accompanied
by increased insulin sensitivity (IS)”. In addition, in mouse
islets FFAR2 gene expression was increased during the
insulin-resistant phase of pregnancy®’. One translational
study further identified gene expression of FFAR2 in
mouse and human islets, and suggested FFAR2 to mediate
inhibition of insulin secretion by coupling to Gj-type G
proteins®. Beta cell-specific deletion of FFAR2 in another
mouse model led to increased insulin secretion and
improved glucose tolerance®. These findings in beta cells
from mouse models and human in vitro studies point to
an involvement of FFAR2 in maintaining glucose home-
ostasis. Adipose tissue (AT) expansion in obesity associ-
ates with insulin resistance and progressive immune cell
infiltration in AT'®. Pro-inflammatory cytokines activate
lipolysis'' causing dyslipidemia'?, lipid-induced insulin
resistance in peripheral tissues'®, and impairment of beta
cell function'®. In contrast, FFAR2 knock out mice were
protected from high-fat diet-induced AT inflammation
and obesity’. Thus, FFAR2 may serve as a potential target
for diabetes prevention strategies via inhibition of lipid-
induced insulin resistance.

A previous study showed that FFAR4 activation by
omega-3 fatty acid protected human islets from palmitate-
induced apoptosis, whereas FFAR4 knock out attenuated
omega-3 fatty acid-related anti-apoptotic effects'®. Com-
pared to wild-type mice, high-fat fed FFAR4-deficient
mice developed more severe obesity, liver fat accumula-
tion, and insulin resistance’®'”. However, these findings
were accompanied by lower stearoyl-CoA desaturase-1
(SCD1I) gene expression in AT, In murine models, four
isoforms (SCD1, SCD2, SCD3, and SCD4) have been
identified, whereas humans express only two A9 desa-
turases (SCD1 and SCD5). Our study focused on SCD1 as
the most highly expressed SCD isoform in AT. SCD1 in
AT facilitates the protective conversion of lipotoxic lipid
species (saturated into monounsaturated FA). Circulating
palmitoleate, an AT derived product of SCD1, increased
insulin signaling in both skeletal muscle and the liver,
increased insulin secretion from beta cells, and improved
whole-body glucose uptake in mice'’. Furthermore, pal-
mitoleate treatment reduced cytokine expression in cul-
tured adipocytes'®. SCD1 in AT facilitates the last step of
de novo lipogenesis and induces incorporation of FA into
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triglycerides (TG), both associating positively with whole-
body insulin sensitivity. Accordingly, thiazolidinedione
treatment promoted TG esterification in cultured adipo-
cytes® and increased SCDI gene expression in sub-
cutaneous adipose tissue (SAT) with subsequent
improvement of IS in patients with type 2 diabetes mel-
litus, suggesting a potential role of SCD1 in AT on sys-
temic glucose homeostasis™'.

Although FFAR2/4 and SCD1 seem to be involved in
maintaining glucose homeostasis in mice>'®'”*?, the
relevance of their expression in human SAT for glucose
homeostasis has not yet been elucidated. FFARs and
SCD1 are expressed in various tissues, but might be
especially important in AT due to its prominent role in
lipid turnover. Here, we hypothesized that increased
FFAR2 expression and reduced FFAR4 and SCD1
expression in SAT of patients with type 2 diabetes mel-
litus in the fasted state associate positively with insulin
resistance and inversely with beta cell function. Further-
more, we hypothesized that increased FFAR2 and reduced
FFAR4 expression in AT of type 2 diabetes patients
associate with parameters of dyslipidemia. Finally, we
hypothesized that higher SCD1 expression in AT of type 2
diabetes patients associates negatively with high-
sensitivity C-reactive protein (hsCRP) in plasma. To this
end, we analyzed FFAR2 as well as FFAR4 and SCD1
mRNA and protein expression in SAT of 25 metabolically
well-characterized patients with newly diagnosed type 2
diabetes mellitus and 25 age-matched, sex-matched, and
BMI-matched glucose-tolerant humans (CON).

Materials and methods
Study participants

The study population comprised 25 patients with
recently diagnosed type 2 diabetes mellitus and 25 age-
matched, sex-matched, and BMI-matched CON. All
participants gave their written informed consent before
inclusion into the study (ClinicalTrial.gov registration no:
NCT01055093), which was performed according to the
Declaration of Helsinki and approved by the ethics board
of Heinrich Heine University, Diisseldorf, Germany. Par-
ticipants were recruited via general practitioners, internet,
or advertisements in newspapers. For three days prior to
each visit, participants refrained from physical activity and
alcohol ingestion and fasted for 10 h on the day before the
metabolic studies. Exclusion criteria comprised medical
history of acute or chronic diseases including cancer,
insulin or thiazolidinedione treatment, medication
affecting the immune system and/or a HbA;.>9.0%
(75 mmol mol '), diabetes other than type 2 diabetes
mellitus. Patients with type 2 diabetes mellitus were
treated with metformin only (n = 15), sulfonylurea only
(n = 2), metformin and sulfonylurea (n = 2), glucagon-like
peptide-1 receptor agonist and metformin (# = 1), or diet
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only (n=5). They withdrew their oral glucose-lowering
medication for at least 3 days before all measurement to
exclude acute effects on glucose metabolism™. All
patients with type 2 diabetes mellitus also participated in
the baseline cohort of the ongoing German Diabetes
Study (GDS), a prospective observational study investi-
gating the natural course of recently diagnosed diabetes
and the development of diabetes-associated complica-
tions. The study design and cohort profile of the GDS are
described in detail elsewhere®®. Age-matched, sex-mat-
ched, and BMI-matched glucose-tolerant participants
were recruited as control group (CON).

Mixed-meal test (MMT)

All participants underwent a standardized MMT to
assess whole-body IS and beta cell function. For the
MMT, each participant consumed 360 ml of Boost High
Protein (Nestlé Nutrition, Vervey, Switzerland) containing
41 g of glucose, 9 g of fat, and 23 g protein before 10 am
within 5min followed by defined blood sampling for
specific parameters described elsewhere®*?*, Dynamic IS
was assessed by the oral glucose insulin sensitivity index
(OGIS), which allows calculating whole-body IS during
both oral glucose tolerance test (OGTT) and MMT,
provided that the dose of glucose administered during the
test is taken into account’?°, Beta cell function was
assessed from incremental AUC of plasma glucose,
insulin, and C-peptide concentrations during MMT. The
insulinogenic index from AAUC(C-peptide)o_180 min/
AAUC(glucose)o_1go min» and  AAUC(insulin)o_1g0 min/
AAUC(glucose)o_180 min Was used to describe insulin
secretion in relationship to glucose as a measure of beta
cell function®”.

Oral glucose tolerance test (OGTT)

All CON underwent a 75 g-OGTT (Accu-Chek Dextro
O.G-T., Roche, Basel, Switzerland) after at least 10h
overnight fasting to assess glucose tolerance and exclude
participants with (pre-) diabetes mellitus. Blood samples
were taken at time points —5, 30, 60, 120, and 180 min
and glucose tolerance was categorized according to
internationally accepted criteria®®.

Laboratory analyses

Plasma glucose, HbA; ., NEFA, high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) cho-
lesterol, TG and hsCRP, insulin, and C-peptide were
measured as previously described®. Plasma glucagon was
measured using radioimmunoassay (Millipore, St.
Charles, MO, USA).

Adipose tissue analyses

A biopsy was obtained from abdominal SAT at the level
of umbilicus by needle suction technique after
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administration of local anesthesia (5-10 ml of 1% lido-
caine) under fasting conditions. Fat tissue specimen were
immediately frozen in liquid nitrogen, and stored —80°C
until analysis. For analyses of mRNA expression, total
RNA was isolated (miRNeasy Mini Kit, Qiagen, Hilden,
Germany) including on-column DNase digestion. For
gene expression analyses, RNA quantity and quality were
determined by Nanodrop (Peqlab, Erlangen, Germany)
and RNA 6000 Nano Kit (Agilent Technologies,
Boblingen, Germany). The complementary DNA
equivalent of 20 ng RNA was analyzed by RT-qPCR using
predesigned assays with gene-specific hydrolysis probes
(FFAR2: Hs00271142_s1; FFAR4: Hs00699184_m1; SCD1:
Hs01682761_m1; peptidylprolyl isomerase A (PPIA):
Hs04194521_s1; Thermo Fisher Scientific, Darmstadt,
Germany). Data were analyzed for relative expression
differences using PPIA as reference gene with standard C;
method as previously described®. For protein expression
analyses, reagents for SDS-PAGE were supplied by GE
Healthcare (Freiburg, Germany). Complete protease
inhibitor cocktail and PhosStop phosphatase inhibitor
cocktail were provided by Roche (Mannheim, Germany).
All other chemicals were of the highest analytic grade
commercially available and purchased from Sigma-
Aldrich. The following antibodies were used: anti-G-
protein coupled receptor (GPR) 43 (FFAR2) (sc-293202)
from Santa Cruz (Dallas, TX, USA), anti-GPR120
(FFAR4) (NBP1-00858) from Novus Biologicals (Abing-
don, UK), anti-SCD1 (ab39969), and anti-actin (ab6276)
from Abcam (Cambridge, UK). Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit and goat anti-mouse
IgG antibodies were supplied by Promega (Mannheim,
Germany). AT biopsies were lysed in a buffer containing
50 mmol 1! HEPES, pH 7.4, 1% Triton X-100, complete
protease inhibitor, and PhosStop phosphatase inhibitor
cocktail. After incubation for 2 h at 4 °C, the suspension
was centrifuged at 10,000xg for 15 min. Thereafter, 10 pug
of the lysates were separated by SDS-PAGE using gradient
horizontal gels and transferred to polyvinylidene fluoride
filters in a semidry blotting apparatus. Filters were
blocked with Tris-buffered saline containing 0.1% Tween
and 5% nonfat dry milk and subsequently incubated
overnight with a 1:1000 dilution (1:40,000 for anti-actin)
of the appropriate antibodies. After washing, filters were
incubated with secondary HRP-coupled antibody and
processed for enhanced chemiluminescence detection
using Immobilon HRP substrate (Millipore, Billerica, MA,
USA). Signals were visualized and evaluated on a Che-
miDoc workstation (Bio-Rad Laboratories, Munich,
Germany).

Statistical analyses
Results are given as median [first and third quartiles] or
mean + SEM. Data were compared using Mann—Whitney
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U test for unpaired samples to determine differences
between groups. Relations between variables were inves-
tigated using Spearman rank correlation analyses. The
total AUC for a specific variable was calculated as the
integral of the time course of such variable during the test,
while the incremental AUC (AAUC) was calculated by
subtracting the basal area from the respective total AUC.
All statistical tests were two-sided and a p-value < 5% was
accepted to indicate significant differences. All statistical
analyses were performed using SPSS for Windows 23.0
(SPSS Inc., Chicago, IL, USA). All graphs were generated
using GraphPad Prism, Version 7.01 (GraphPad Software,
Inc., La Jolla, CA, USA).

Results
Participants’ characteristics

CON and patients with type 2 diabetes mellitus had
similar age, BMI, waist circumference, waist-to-hip
ratio, and relative body fat mass (Table 1). Patients
with type 2 diabetes mellitus had 34% higher fasting
plasma glucose, 28% higher fasting insulin, and 29%
higher fasting C-peptide. Additionally, serum hsCRP
levels were 56% higher in patients with type 2 diabetes
mellitus compared to CON. Furthermore, HDL choles-
terol was 25% lower and systolic blood pressure 8%
higher in patients with type 2 diabetes mellitus
(Table 1). Of note, one female patient with type 2 dia-
betes was in the luteal phase. However, exclusion of this
patient did not affect the results. All other females
investigated were either postmenopausal or studied in
the follicular phase (day 1-14) of their menstrual cycle.
Furthermore, one woman in the follicular phase was
controlled by an oral contraceptive.

Mixed-meal test (MMT)

In patients with type 2 diabetes mellitus, the glucose
concentrations were higher at all time points during the
MMT and AUC(glucose)y_1g0min Was also 31% higher
(Table 2, Supplementary Figure 1a). Insulin at 30 min and
C-peptide at 90, 120, and 180 min were higher in patients
with type 2 diabetes mellitus vs CON, while AUC
(insulin)g_180 min and AUC(C-peptide)o_1gomin did not
differ between groups (Table 2, Supplementary Fig-
ure 1b, ¢). AUC(NEFA)y_120 min» AUC(TG)o_180 mins and
AUC(glucagon)o_1s0 min also did not differ between groups
(data not shown). In patients with type 2 diabetes mellitus,
OGIS was 14% lower and beta cell function assessed from
AAUC(C-peptide)o_180 min/ AAUC(glucose)o_150 min as well
as from AAUC(insulin)y_1g0 min/ AAUC(glucose)o_180 min
was 71% and 78% lower than CON, respectively.

Gene and protein expression levels

FFAR2 mRNA and protein expression were similar in
type 2 diabetes mellitus patients compared to CON
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(Fig. 1a, b, Supplementary Figure 2a). FFAR4 mRNA
expression did not differ, while FEFAR4 protein expression
tended to be lower in patients with type 2 diabetes mel-
litus (Fig. 1c, d, Supplementary Figure 2b). Patients with
type 2 diabetes mellitus had fivefold lower mRNA
expression and twofold lower protein expression of SCD1
compared to CON (Fig. le, f, Supplementary Figure 2c).

Correlation analyses

FFAR2 protein expression neither correlated with
OGIS in type 2 diabetes mellitus patients nor in CON.
Only in CON, protein expression levels of FFAR2
associated negatively with beta cell function, as assessed
from  AAUC(insulin)y_180 min/ AAUC(glucose)o_180 min
(r=-0.78, p<0.01) and AAUC(C-peptide)o_180 min/
AAUC(glucose)o_180 min (Fig. 2). Of note, fasted NEFA
levels and AUC(NEFA)q_120 min did not correlate with
beta cell function. Only in patients with type 2 diabetes
mellitus, protein levels of FFAR2 correlated positively
with AUC(TG)o_180 min (r=0.48, p<0.05) and nega-
tively with HDL cholesterol (r = —0.43, p < 0.05). FFAR4
protein expression did not correlate with OGIS or beta
cell function in both groups. Protein expression levels of
FFAR4 associated negatively with fasting TG and AUC
(TG)o-180 min in patients with type 2 diabetes mellitus
(r=-0.62 and r= —0.59, respectively, both p <0.01),
but not in CON (r=0.15, p=0.48 and r=0.25, p=
0.26, respectively). FFAR2/4 did not associate with body
weight, BMI, or relative body fat content in both groups.

SCD1 protein expression did not correlate with OGIS or
beta cell function in both groups. However, SCD1 mRNA
and protein levels associated positively with insulin sen-
sitivity across the whole cohort (r=0.38, p < 0.01 and r =
0.31, p<0.05, respectively). SCD1 protein expression
correlated positively with mRNA levels (r=0.60, p <
0.001). In CON, protein levels of SCD1 associated nega-
tively with fasting TG (r=—0.57, p<0.01) and AUC
(TG)o-180 min (r=—0.52, p < 0.05). In patients with type 2
diabetes mellitus, these associations were absent (TG: r=
~0.17, p=044; AUC(TG)o_1g0mmn: =005, p=0.85).
Only in patients with type 2 diabetes mellitus, SCD1
protein levels correlated negatively with hsCRP (r=
—0.45, p < 0.05).

Discussion

This study found no differences in FFAR2/4 mRNA and
protein expression between patients with type 2 diabetes
mellitus vs CON of similar body weight. Our findings are
in contrast to results in mice, which might be biased by
differences in body weight explaining a large part of their
phenotypes®. We found markedly lower gene and protein
expression of SCD1 in subcutaneous AT of patients with
type 2 diabetes mellitus when compared with sex-mat-
ched, age-matched, and BMI-matched glucose-tolerant
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humans. Furthermore, FFAR2 protein expression corre-
lated negatively with beta cell function in glucose-tolerant
humans. However, this association was not found in
patients with type 2 diabetes mellitus.

In mice, a recent study of whole-body or beta cell
selective deletion of FFAR2 also provided evidence that
insulin secretion is increased, accompanied by improved
glucose tolerance®. In the present study, FFAR2 expres-
sion did not differ between patients with type 2 diabetes
mellitus and CON, while its protein levels negatively
associated with beta cell function during MMT in CON.
This points to a potential impact of the receptor on glu-
cose homeostasis after food intake rather than in the
fasted state. In addition, the association between FFAR2-
deficiency and IS in mice” was not confirmed in humans
with or without diabetes in the present study, indicating
that reported findings in FFAR2-deficient mice cannot
directly be translated to humans. Although previous stu-
dies indicated an assumed role in AT lipolysis'' causing
impaired beta cell function'*, we did not find a significant
correlation of NEFA levels either during fasting or after
the MMT with beta cell function. However, suppression
of NEFA concentrations after the MMT might not be an
optimal method to assess AT lipolysis, because of the
exogenous oral intake of lipids and the individual varia-
bility of lipid absorption. Thus, the absence of a significant
correlation between suppression of NEFA levels after the
MMT and beta cell function does not exclude effects of
insulin-mediated adipose tissue lipolysis.

In humans, a deleterious non-synonymous mutation (p.
R270H) that inhibits FFAR4 signaling was found to
associate with increased risk of obesity in a European
population®. Of note, development of severe obesity, liver
fat accumulation, and insulin resistance in FFAR4-defi-
cient mice under high-fat diet'®'” were accompanied by
lower SCD1 gene expression'®. We found no association
between FFAR4 and body weight or differences in human
FFAR4 expression between patients with type 2 diabetes
mellitus and CON, but FFAR4 protein expression tended
to be lower in type 2 diabetes mellitus. One possible
explanation for the lack of differences between groups in
FFAR4 expression might be that these receptors are
dependent on acute increase in NEFAs triggering FFAR4
expression in AT. In the present study, fasted NEFA and
TG levels did not differ between groups, mainly because
our study only included patients with recently diagnosed
and well controlled type 2 diabetes mellitus.

Interestingly, our study revealed markedly lower gene
and protein expression of SCD1 in SAT of patients with
type 2 diabetes mellitus. These findings are in line with
the previously reported decrease in SCDI gene expression
in FFAR4-deficient mice'® and support a role of SCD1 (A9
desaturase) in glucose homeostasis. Desaturases are key
enzymes in converting saturated to unsaturated FAs by

<0.001
0.77

17
<0.001
<0.001

T2D

1188 [1 080; 1 407]
49 [31,65]

373 [290; 506]

174 [92; 228]

13 [8; 21]

842 [772; 901]
48 [25; 68]
350 [238; 405]
680 [408; 1367]
46 [20; 78]

CON
18-25 for patients with type 2 diabetes mellitus). Significant differences between groups (p-value < 5%) are indicated by bold

AAUCNSUliN)o- 150 min/ AAUC(QIUCOSe)o-1 80 min [PMOI* mmol ']
AAUC(C-peptide)s_ 150 min/ AAUC(GIUCOSe)o. 150 min [NMOl* mmol ]
—1

AUC(glucose)o_15o min [mmol* I~ min~"]
AUC(nsulin)o_150 min [NMol* I~ min ]
AUC(C-peptide)o_150 min [NMol* I~ min~"]

values. Glucose-tolerant humans (CON), patients with type 2 diabetes mellitus (T2D). Marker for beta cell function are AAUC(insulin)o_1go min/AAUC(gIUCOSe)o 150 min in pmol* mmol~" and AAUC(C-peptide)o._ ;g0 min/AAUC

Table 2 Characteristics of beta cell function in study population
Data are median [first; third quartile], two-tailed Mann-Whitney U test (n = 13-25 for CON; n

Beta cell function
(glucose)o_180 min in NMol* mmol

Variable
AUC 0-180 min
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introducing a double-bond in the growing FA chain. Of
note, the large prospective population-based Kuopio
Ischaemic Heart Disease (KIHD) Risk Factor Study indi-
cated that higher serum A5 desaturase activity associate
with a lower risk for type 2 diabetes mellitus and
increased A6 desaturase activity with a higher risk among
middle-aged and older Finish men®. A putative
mechanism behind the negative association of higher A5
desaturase activity with lower risk of type 2 diabetes
mellitus may be the simultaneous improvement in IS**. In
the European Prospective Investigation into Cancer
(EPIC) and Nutrition-Potsdam Study, SCD1 activity
(assessed from product-to-precursor ratios) of erythrocyte
membrane was positively associated with risk of type 2
diabetes mellitus®. In agreement with our findings and
previously reported beneficial effects of SCD1 in type 2
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diabetes mellitus®"**, thiazolidinedione treatment led to

increased SCDI expression in AT of patients with type 2
diabetes mellitus together with improved TG esterifica-
tion and IS*°. The mechanisms underlying insulin resis-
tance are still not fully understood, but increased NEFA
release from AT is generally recognized as an important
factor for the development of insulin resistance®*>°, Thus,
dysfunctional AT as indicated by decreased SCD1
expression in type 2 diabetes mellitus compared to CON
may contribute to the development of type 2 diabetes
mellitus. Previously, we showed that an intravenous lipid
infusion as well as a single oral fat load rich in long-chain
polyunsaturated FAs can induce insulin resistance®*.
Especially, saturated FAs are thought to induce inflam-
mation and insulin resistance®*™*. Accordingly, SCDI-
deficient mice exhibited increased inflammation*’. In
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Fig. 2 Association of protein expression levels of FFAR2 with
beta cell function r-Spearman’s rank correlation coefficient. Glucose-
tolerant humans (CON), patients with type 2 diabetes mellitus (T2D),
free fatty acid receptor 2 (FFAR2), marker for beta cell function from
AAUC(C-peptide)y. 5o min/AAUC(GIUCOSE)o-150 min in NMOI* mmol ™

agreement with our results, AT-specific SCDI deletion in
a mouse model induced glucose transporter 1 upregula-
tion in AT, which was associated with increased tumor
necrosis factor-alpha production®”. The possible protec-
tive effect of SCD1 in CON is underlined by our obser-
vation that protein levels of SCD1 correlated negatively
with hsCRP in patients with type 2 diabetes mellitus.
Moreover, SCD1 protein levels in CON associated nega-
tively with fasting TG and postprandial AUC(TG)o_180 mins
respectively. The decrease in plasma TG levels with
increasing SCD1 protein expression is in accordance with
previous studies, where patients with type 2 diabetes
mellitus exhibited enhanced TG esterification in SAT
under thiazolidinedione treatment with subsequently
increased SCD1 gene expression”.

The strength of our study lies in the deep phenotyping
of patients with type 2 diabetes mellitus and well-matched
glucose-tolerant controls. However, the conclusions from
our study are limited by the small sample size and the lack
of muscle samples. Due to the nature of a cross-sectional
design, this study also does not allow to draw conclusions
as to causality or temporal relationships.

In conclusion, patients with recent onset type 2 diabetes
mellitus have lower SCD1, but not FFAR2 or 4 expression
in SAT compared to CON. Our findings suggest that
SCD1 expression may be important in early development
of type 2 diabetes mellitus, but is not as effective in
modulating beta cell function as FFAR2. Our study
implies that FFAR2 could negatively influence glucose
homeostasis by decreasing beta cell function in CON.
Thus, both FFAR2 and SCD1 may be potential treatment
targets in diabetes prevention strategies.

Data availability

To ensure data privacy of the study participants, the
generated datasets of the currently still running GDS are
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not publicly available. Especially, since they are subject to
national data protection laws and restrictions by the ethics
committee. However, access to the data can be requested
through an individual project agreement within the GDS.
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Expansion and Impaired Mitochondrial Efficiency of
Deep Subcutaneous Adipose Tissue in Recent-Onset
Type 2 Diabetes
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Context/Objective: Impaired adipose tissue (AT) function might induce recent-onset type
2 diabetes (T2D). Understanding AT energy metabolism could yield novel targets for the
treatment of T2D.

Design/Patients: Male patients with recently-diagnosed T2D and healthy male controls (CON) of
similar abdominal subcutaneous AT (SAT)-thickness, fat mass, and age (n = 14 each), underwent
hyperinsulinemic-euglycemic clamps with [6,6-2H2]glucose and indirect calorimetry. We assessed
mitochondrial efficiency (coupling: state 3/40; proton leak: state 4o/u) via high-resolution
respirometry in superficial (SSAT) and deep (DSAT) SAT-biopsies, hepatocellular lipids (HCL) and
fat mass by proton-magnetic-resonance-spectroscopy and -imaging.

Results: T2D patients (known diabetes duration: 2.5 [0.1; 5.0] years) had 43%, 44%, and 63%
lower muscle insulin sensitivity (IS), metabolic flexibility (P < 0.01) and AT IS (P < 0.05), 73% and
31% higher HCL (P < 0.05), and DSAT-thickness (P < 0.001), but similar hepatic IS compared with
CON. Mitochondrial efficiency was ~22% lower in SSAT and DSAT of T2D patients (P < 0.001)
and ~8% lower in SSAT vs DSAT (P < 0.05). In both fat depots, mitochondrial coupling correlated
positively with muscle IS and metabolic flexibility (r > 0.40; P < 0.05), proton leak correlated
positively (r > 0.51; P < 0.01) and oxidative capacity negatively (r < —0.47; P < 0.05) with fasting
free fatty acids (FFA). Metabolic flexibility correlated positively with SAT-oxidative capacity

(r > 0.48; P < 0.05) and negatively with DSAT-thickness (r = -0.48; P < 0.05). DSAT-thickness
correlated negatively with mitochondrial coupling in both depots (r < -0.50; P < 0.01) and

Abbreviations: ATP, adenosine triphosphate;AT, adipose tissue; Adipo IR, adipose tis-
sue insulin resistance index; ANCOVA, analysis of covariance; BMI, body mass index;
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CON, controls (individuals with normal glucose tolerance); CSA, citrate synthase activ-
ity; DSAT, deep subcutaneous adipose tissue; EGP, endogenous glucose production;
FFA, free fatty acids; GDS, German Diabetes Study; HbA, , glycated hemoglobin; HCL,
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hepatocellular lipid content; HDL, high-density lipoprotein; hsCRP, high-sensitivity
C-reactive protein; LDL, low-density lipoprotein;MRI, magnetic resonance imaging,
MRS, magnetic resonance spectroscopy; OGTT, oral glucose tolerance test; RQ, respira-
tory quotient; SAT, subcutaneous adipose tissue; SEM, standard error of the mean;SSAT,
superficial subcutaneous adipose tissue; T2D, type 2 diabetes; TG; triglycerides; VAT,
visceral adipose tissue; WSAT, whole subcutaneous adipose tissue.
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muscle IS (r = -0.59; P < 0.01), positively with FFA during clamp (r=0.63; P <0.001) and HCL

(r=0.49; P<0.01).

Conclusions: Impaired mitochondrial function, insulin resistance, and DSAT expansion are
AT abnormalities in recent-onset T2D that might promote whole-body insulin resistance and
increased substrate flux to the liver. (J Clin Endocrinol Metab 105: 1-13, 2020)

Key Words: Adipose tissue, humans, insulin resistance, metabolic flexibility, mitochondrial

function, type 2 diabetes

ype 2 diabetes (T2D) is strongly related to weight

gain and accumulation of excess fat within the
liver. Abnormal adipose tissue (AT) function, which
is induced by chronic overnutrition or is a result of
lipodystrophy, promotes insulin resistance and ec-
topic lipid accumulation within skeletal muscle, liver,
and heart (1). This likely contributes to the onset of
T2D (2-4).

Weight loss and particularly the reduction of body fat
content (as a result of lifestyle intervention or bariatric
surgery), have been shown to achieve normalization of
blood glucose levels in people with recently-diagnosed
T2D (5). The major determinants of this response to the
remission strategies are the extent of body fat loss, dur-
ation of T2D, and residual beta cell function (6). While
the restoration of normal glucose tolerance has been al-
located to beta cell recovery, the metabolic disturbance
of AT in recent-onset, yet reversible, T2D has gained
growing interest.

Glucose homeostasis is maintained by the integrated
adaptation of substrate flux to prevailing metabolic
conditions in skeletal muscle, white AT, and the liver
(7). Metabolic flexibility refers to the ability of insulin-
sensitive individuals to switch from lipid to carbohy-
drate oxidation in response to insulin (8, 9). Impairment
of metabolic flexibility strongly relates to the reduction
of mitochondrial plasticity in the skeletal muscle, but
might also involve AT mitochondrial function (10, 11).
Adipocyte insulin signaling and insulin-stimulated glu-
cose uptake depend on mitochondrial efficiency (12,13).
Accordingly, the expression of proteins regulating
mitochondrial function in abdominal subcutaneous
AT (SAT) is lower in insulin-resistant compared with
insulin-sensitive humans (14). In mice, impaired mito-
chondrial function in white AT directs the flux of lipid
metabolites and lactate to the skeletal muscle and the
liver, which results in ectopic lipid deposition and in-
sulin resistance (15). Similarly, the discoordination of
metabolic adaptation and energy metabolism in AT
might also contribute to the onset of T2D and hepatic
steatosis in humans who are at risk for impaired glucose
homeostasis (16).

Human abdominal AT consists of SAT and visceral
AT (VAT). In lean humans, SAT accounts for 80%
to 90% of total body fat mass (17) and is divided by
Scarpa’s fascia into a superficial (SSAT) and a deep
layer (DSAT). SSAT volume associates negatively with
glycated hemoglobin (HbA, ) in T2D (18), whereas
DSAT volume-similar to VAT-relates to hepatic and
whole-body insulin resistance (19, 20).

In general, DSAT expression profile was an inter-
mediary to both SSAT and VAT, but reflected more of
the VAT expression profile (21). Thus, the intracel-
lular pool of glucose transporter type 4 proteins was
lower in DSAT (21). Accordingly, lower protein ex-
pression of glucose transporter type 4 was found in
DSAT as compared with SSAT, which likely reflects
lower glucose uptake in DSAT (22). Moreover, DSAT
showed a higher ratio of saturated than monounsatu-
rated fatty acids (23). Thus, DSAT expansion could
have adverse metabolic consequences, but its relation
to tissue-specific insulin sensitivity has not been yet
analyzed. Only a few studies have assessed mitochon-
drial function via direct measurements of respiration
in SAT, yielding controversial results. While there is
evidence for metabolic differences between both com-
partments, their mitochondrial function has not been
assessed yet.

Our objective was to assess mitochondrial function
in SSAT and DSAT separately and its relation to tissue-
specific insulin sensitivity of the skeletal muscle, liver,
and AT as well as steatosis and metabolic flexibility in
recently-diagnosed T2D patients independently of total
fat mass. We hypothesized that impaired mitochondrial
function in DSAT associates with tissue-specific insulin
resistance, impaired glucose homeostasis, lower meta-
bolic flexibility, ectopic lipid deposition, and expansion
of DSAT thickness.

Materials and Methods

Participants

From the German Diabetes Study (GDS), 14 male patients
with T2D and 14 men with normal glucose tolerance (CON)
were recruited. They were matched for sex, age, body mass
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index (BMI), total body fat mass and whole SAT (WSAT)
thickness. The GDS is a prospective observational study,
which investigates the natural course of recently-diagnosed
diabetes and the development of diabetes-associated compli-
cations compared with a cohort with normal glucose toler-
ance. The study design and cohort profile of GDS have been
described before (24). All participants gave written informed
consent before inclusion in the study (ClinicalTrial.gov regis-
tration no: NCT01055093), which was performed according
to the Declaration of Helsinki and approved by the ethics
board of Heinrich Heine University, Diisseldorf, Germany.
In order to be eligible for the present study, the participants
needed to have been diagnosed with T2D for a period of less
than 7 years, to have a minimium BMI of 25 kg/m® and to
be between the ages of 35 to 70 years. Specific exclusion cri-
teria were the history of acute or chronic diseases including
cancer, medication affecting the immune system, treatment
with insulin or thiazolidinediones, and a HbA,_ level above
9.5% (80 mmol/mol) or a positive family history for diabetes
in CON. The participating patients with T2D were prescribed
with either lifestyle modification only (n = 2), metformin only
(n = 9), sulfonylurea only (n = 1), metformin plus sulfonylurea
(n=1) or a dipeptidyl-peptidase-4-inhibitor plus metformin
(n =1). Those patients on oral glucose-lowering medication
withdrew their treatment for at least 3 days before all meas-
urements (24) and none of the recruited patients received
thiazolidinediones. Therefore, a confounding effect of dia-
betes medication on mitochondrial function was unlikely
(25). Three CON and 9 patients with T2D were treated with
antihypertensive medication, 6 T2D patients received lipid-
lowering medication and 3 T2D patients were treated with
antiplatelet drugs.

Study protocol

For 3 days prior to each visit, participants refrained from
physical activity and alcohol ingestion as well as adhered to
a balanced isocaloric diet. For all visits, the participants ar-
rived at the Clinical Research Center in the morning after 10
hours of overnight fasting. On the first day, each participant
provided their medical history and underwent bioimpedance
analysis and ultrasound imaging as well as physical examin-
ation and laboratory tests. On the second day, proton-based
magnetic resonance Spectroscopy ('"H MRS) and magnetic
resonance imaging (MRI) measurements were followed by
ultrasound imaging and SAT biopsies. On the third day, par-
ticipants underwent a hyperinsulinemic-euglycemic clamp test
with isotope dilution technique for an assessment of tissue-
specific insulin sensitivity and with indirect calorimetry for an
assessment of mitochondrial flexibility. Al CON underwent a
standardized 75-g oral glucose-tolerance test (OGTT) (Accu-
Chek Dextro O.G-T., Roche, Basel, Switzerland) with blood
sampling at time points of 5, 30, 60, and 120 minutes to assess
glucose tolerance and to exclude persons with impaired glu-
cose tolerance (24). Dysglycemia was categorized according to
the current internationally accepted criteria (26).

Hyperinsulinemic-euglycemic clamp test

The clamp test was performed according to the Botnia
protocol with an intravenous glucose-tolerance test and a sub-
sequent clamp test (24). The latter was started with a priming
dose of 10 mIU/(body weight [kg]*min) for 10 minutes,

https://academic.oup.com/jcem 3

followed by a continuous infusion of short-acting human in-
sulin (Insuman Rapid, Sanofi-Aventis, Frankfurt am Main,
Germany) 1.5 mU/(body weight [kg]*min) for 3 hours to
assess muscle and hepatic insulin sensitivity (24). Combined
with continuous infusion of deuterated glucose (D—[6,6—2H2]
glucose), the clamp yields insulin-stimulated rates of glucose
disappearance as a measure of skeletal muscle insulin sensi-
tivity (16). Hepatic insulin sensitivity was measured as dif-
ference between basal and insulin-suppressed endogenous
glucose production (AEGP) using a continuous infusion of
D—[6,6—2H2]glucose (24). Insulin sensitivity of AT was assessed
by suppression of the plasma concentrations of endogenous
free fatty acids (FFA) during the clamp test expressed as per-
cent of FFA suppression from baseline and calculated as 1 —
(average FFA during steady-state / baseline FFA) (27). Lower
insulin-mediated suppression of lipolysis reflects insulin resist-
ance of AT in vivo (16).

Whole-body substrate oxidation

The total energy expenditure is measured in vivo
noninvasively via open circuit indirect calorimetry to assess
glucose and lipid oxidation by oxygen uptake (VO,) and
the carbon dioxide output (VCO,) under resting conditions
in order to calculate the respiratory quotient (RQ). These
methods have been described elsewhere in detail (24). To quan-
tify metabolic flexibility of the substrate oxidation the meas-
urement is repeated at the steady state period, generally during
the last 30 minutes of the hyperinsulinemic-euglycemic clamp
(28). The difference between basal and insulin-stimulated RQ
is an estimate of metabolic flexibility.

Laboratory analyses

Plasma glucose, insulin, FFA, HbA, , high-density lipopro-
tein (HDL) cholesterol, low-density lipoprotein (LDL) choles-
terol, triglycerides (TG), and high-sensitivity C-reactive protein
(hsCRP) were measured in the fasted state as described (24).
The AT insulin resistance index (Adipo IR) was calculated as
the product of the fasting plasma FFA concentration (mmol/L)
and fasting plasma insulin concentration (pmol/L) and reflects
AT insulin resistance (16, 29). Higher systemic FFA appear-
ance during fasting reflects impaired insulin-mediated sup-
pression of lipolysis and thereby determines insulin resistance
of AT. Accordingly, the Adipo IR was also calculated as the
product of mean plasma insulin and mean plasma FFA during
the steady state of the clamp, which reflects AT insulin resist-
ance in the postabsorptive state (16, 30).

"H-based magnetic resonance

Localized proton spectra were obtained with a 3-T whole-
body magnet (Philips X-series Achieva, Best, The Netherlands)
from the liver. Hepatocellular lipid content (HCL) and whole-
body fat mass were measured as described (24). In 19 partici-
pants, the thickness of SAT layers was measured by single-slice
MRI acquired from the same defined paraumbilical position
at the level of L4 to validate SSAT, DSAT, and WSAT thickness
assessed from ultrasound images.

Ultrasound imaging of WSAT
The thickness of SSAT and DSAT was measured via
2-dimensional ultrasound imaging (Logiq S8 from GE
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Healthcare, Munich, Germany) using a 12 MHz linear array
probe on the first and second day of visit. Measurements
were performed on both sides of the paraumbilical re-
gion 5 times repetitively to assess the thickness of WSAT
layers as described elsewhere (31). The final SSAT and
DSAT thickness was computed as the mean of the 5 meas-
urements from both sides and both days. The thickness of
WSAT layers was validated by single-slice MRI. In com-
parison between ultrasound imaging and MRI data, the
thickness of both SAT layers measured by the 2 methods
displayed a strong positive correlation (r = 0.98 for SSAT),
(r=0.99 for DSAT), and (r = 0.99 for WSAT) (all P < 0.001).
Thus, this confirms the agreement between the 2 methods.

Adipose tissue biopsies

Ultrasound-guided biopsies from SSAT and DSAT
were performed in the paraumbilical region above and
beneath the fascia Scarpa under visual control at the level
of rectus abdominis muscle by needle suction technique
after administration of local anesthesia (5-10 mL of 1%
lidocaine, B. Braun, Melsungen, Germany) (24). Video
loops were recorded to document the correct location at
each biopsy.

High-resolution respirometry

High-resolution respirometry allows direct assessment of
tissue-specific mitochondrial function, including mitochon-
drial oxidative capacity and efficiency. Ex vivo analysis of
mitochondrial oxidative capacity was performed in freshly
digitonin-permeabilized DSAT and SSAT biopsy samples in a
2-chamber oxygraph (OROBOROS Instruments, Innsbruck,
Austria) using a similar protocol as described before for
skeletal muscle (32). Maximal fatty acid oxidative capacity
(state 3) was measured in the presence of octanoyl-carnitine
(50 pmol/L), ADP (1.0 mmol/L), glutamate (10.0 mmol/L)
and succinate (10.0 mmol/L). Cytochrome C (10 pmol/L)
was added to test the integrity of the outer mitochondrial
membrane. Respiration due to proton leak and not coupled
to adenosine triphosphate (ATP) synthesis (state 40) was
measured after addition of oligomycin. Finally, maximal

J Clin Endocrinol Metab, April 2020, 105(4):1-13

uncoupled respiration capacity of the electron transport
chain (state u) was assessed by incremental titration with
carbonyl cyanide p-[trifluoromethoxyl]-phenyl-hydrozone
(fcep) (0.1 mmol/L per step). Oxygen consumption was cor-
rected for AT wet weight (2—4 mg) and given as oxygen flux
expressed as pmol/mg/s. The respiratory control ratio and
the leak control ratio as well as the markers of mitochon-
drial coupling and proton leak, were calculated as the ratios
of state 3/state 40 and state 4o/state u respiration, respect-
ively. A high respiratory control ratio and low leak control
ratio indicate tight coupling and low proton leak of mito-
chondrial function, which characterize high mitochondrial
efficiency. Mitochondrial content was estimated from citrate
synthase activity (CSA) (33-35).

Statistical analyses

Results are given as median [first and third quartiles] or
mean = standard error of the mean (SEM). Variables were
compared using Mann-Whitney U test and analysis of covari-
ance (ANCOVA) model adjusted for BMI, age, body fat, and
medication as indicated and presented for unpaired samples to
determine differences between groups. Comparisons between
abdominal SAT layers were performed using a paired Student
t-test because these comparisons were made within the same
individuum. Relationships between variables were investigated
using partial Spearman rank correlation analyses adjusted for
BMLI, age, and body fat as indicated and presented. The stand-
ardized mean difference (Cohen’s d) was used for power ana-
lyses, because preliminary estimates for mean and SEM of
mitochondrial function in SAT were not available from the lit-
erature. Based on the 2-sample-2-sided #-test, the power calcu-
lation showed that a standardized mean difference of 1.25 (for
a large effect size) can be detected in a sample size of n =14
per group with a power of 90%. As our experiments showed
later, the effect size was even larger. For example, we found a
Cohen’s d of 1.4 for the respiratory control ratio. All statistical
tests were 2-sided and a P value less than 5% was accepted to
indicate significant differences. All statistical analyses were per-
formed using SPSS for Windows 23.0 (SPSS Inc., Chicago, IL).
All graphs were generated using GraphPad Prism, Version 7.01
(GraphPad Software Inc., La Jolla, CA).

Table 1. Characteristics of recently-diagnosed type 2 diabetes patients and individuals with normal glucose
tolerance

Variable CON T2D P
Male / female, n 14/0 14/0 -
Diabetes duration, years 0 2.5[0.1; 5.0] -
Age, years 56 [46;60] 52 [46; 57] 0.847
BMI, kg/m? 30 [29; 34] 32 [29; 34] 0.635
Fasting blood glucose, mmol/L 45([4.3;4.7] 7.11[5.6; 9.6] <0.001
HbAw% 5.4[5.1; 5.5] 7.0[6.1;7.8] <0.001
HbA, ., mmol/mol (35 [33; 37)) (53[43; 61]) <0.001
Triglycerides, mg/dL 81 [64; 120] 196 [135; 235] <0.001
Total cholesterol, mg/dL 225[181; 246] 207 [173; 232] 0.408
HDL cholesterol, mg/dL 54 [49; 77] 42 [35; 53] <0.01
LDL cholesterol, mg/dL 148 [116; 173] 142 [107; 162] 0.475
hsCRP, mg/dL 0.13[0.06; 0.21] 0.21[0.10; 0.35] 0.394

Data are shown as median [first; third quartile], P values were computed via 2-tailed Mann-Whitney U test. HDL, LDL, and hsCRP were analyzed in
fasted state. All variables were assessed in n= 14 T2D and n = 14 CON participants. Abbreviations: BMI, body mass index; CON, controls (individ-
uals with normal glucose tolerance); HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL,

low-density lipoprotein; T2D, type 2 diabetes.
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Results

Participant characteristics

Compared with CON, the T2D patients had 37%
higher fasting glucose, 2.4-fold higher TG levels, 23%
higher HbA, , and 22% lower HDL cholesterol levels;
however, both groups were similar in age, BMI, hsCRP,
and total and LDL cholesterol (Table 1).

Fat distribution

Both groups had similar waist circumference, total
body fat mass and WSAT thickness (Table 2). Moreover,
body fat mass, which was assessed by bioimpedance
analysis, and the total volume of WSAT and VAT, which
were measured by MRI, were comparable in both
T2D and CON (Table 2). SSAT thickness was lower
than DSAT thickness in both T2D (P <0.001) and
CON (P < 0.05). Despite similar total WSAT thickness
(Table 2), T2D patients had lower SSAT/WSAT ratios
and consequently higher DSAT/WSAT ratios than CON
(Fig. 1A, 1B, 1C, 1D, and 1E). These differences were
also present without normalizing for WSAT thickness
(Table 2) and even after adjustments for participants’
medications. Liver fat content was 73% higher in T2D
patients compared with CON (Table 2). Of note, 8 T2D
patients and 4 CON met the criteria for hepatic stea-
tosis, defined as HCL > 5.6%.

Tissue-specific insulin sensitivity

Compared with CON, T2D patients had 43% lower
muscle insulin sensitivity (Fig. 2A), but similar hep-
atic insulin sensitivity (Fig. 2B). As detected by clamp
analysis, T2D patients had 37% higher FFA during
hyperinsulinemia, reflecting AT insulin resistance
(Table 3, Fig. 2C). Accordingly, Adipo IR during fasting

https://academic.oup.com/jcem 5

and during clamp were respectively 29% and 37%
higher in T2D compared with CON (Table 3, Fig. 2D).
T2D patients showed 9% lower AT insulin sensitivity
than CON, as assessed by suppression of FFA during
the clamp compared with baseline (Table 3).

Whole-body substrate oxidation

Compared with CON, T2D patients had similar
RQ under fasting conditions (0.79 [0.76; 0.84] vs 0.78
[0.76; 0.82]; P=0.55). Nevertheless, T2D patients
showed 5% lower insulin-stimulated RQ (0.88 [0.83;
0.94] vs 0.92 [0.91; 0.99]; P <0.05) and 44% lower
metabolic flexibility (Fig. 3).

Adipose tissue mitochondrial function

Both groups showed similar oxidative capacity in
SSAT and DSAT, regardless of whether or not it was
normalized for CSA as a marker of mitochondrial con-
tent (Fig. 4A). CSA was similar in both SSAT and DSAT
in T2D patients and CON and comparable between
T2D patients and CON in both layers (data not shown).

InT2D and CON, SSAT featured lower mitochondrial
coupling than DSAT (Fig. 4B). Accordingly, proton leak
was higher in SSAT compared with DSAT in CON, but
not in T2D (Fig. 4C). Interestingly, mitochondrial coup-
ling was lower and proton leak was higher in T2D com-
pared with CON in both SAT depots (Fig. 4B and 4C).
Thus, mitochondrial efficiency is lower in both SAT
compartments in T2D and also slightly reduced in SSAT
compared with DSAT. Of note, adjustment for the parti-
cipants’ medications did not change these results.

Correlation analyses
For all participants in this study, metabolic flexi-
bility correlated positively with mitochondrial coupling

Table 2. Fatdistribution in recently-diagnosed type 2 diabetes patients and individuals with normal glucose
tolerance

Variable CON T2D P
Waist circumference, cm 104 [97; 112] 107 [100; 113] 0.475
Body fat, % 27 [21; 37] 26 [23; 36] 0.504
Lean body weight, kg 68 [53; 80] 73 [59; 78] 0.812
SSAT thickness, cm 1.1[0.9; 1.4] 0.8[0.6; 1.0] <0.05
DSAT thickness, cm 1.3[1.2;1.8] 1.9[1.7; 2.5] <0.05
WSAT thickness, cm 2.4102.1;3.2] 2.7 [2.4; 3.5] 0.427
WSAT volume, cm® 25569 [16 581; 30 777] 21 344 [16 804; 28 373] 0.586
VAT volume, cm 4055 [2481; 4386] 5417 [4513; 5851] <0.05
WSAT & VAT volume, cm®® 54 769 [31 877; 65 621] 47 268 [37 845; 61 900] 0.894
HCL, % of water signal 2.5[1.0;8.1] 9.2 [5.2;20.0] <0.05

Data are shown as median [first; third quartile], P values were computed via 2-tailed Mann-Whitney U test. Body fat and lean body weight was assessed
by bioimpedance analysis. The abdominal adipose tissue tickness was assessed by ultrasound and the adipose tissue volume by magnetic-resonance-
imaging. Abbreviations: CON, controls (individuals with normal glucose tolerance); DSAT, deep subcutaneous adipose tissue; HCL, hepatocellular lipid
content; SSAT, superficial subcutaneous adipose tissue; T2D, type 2 diabetes; VAT, visceral adipose tissue; WSAT, whole subcutaneous adipose tissue.
$Two participants per group had no analyses of fat volume, because the measurements were not usable due to metallic implants. All other variables

were assessed in n = 14 T2D and n = 14 CON participants.
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Figure 1. Subcutaneous adipose tissue layers of the abdominal wall. (A) Scheme depicting all adipose tissue layers of the abdominal wall
from skin to the intestine: visceral adipose tissue (VAT), whole subcutaneous adipose tissue (WSAT) composed of superficial (SSAT) and deep
subcutaneous layers (DSAT). (B) Ultrasound image at the level of musculus rectus abdominis showing SSAT, DSAT, and the Scarpa fascia (white

line between SSAT and DSAT) dividing both adipose tissue depots in an individual with normal glucose tolerance (CON) and (C) a type 2 diabetes
patient (T2D). The red arrow indicates the increase of SSAT thickness in CON and the orange arrow indicates the increase of DSAT thickness in T2D.
(D) Ratio of SSAT/WSAT and (E) DSAT/WSAT thickness. Data are shown as mean + SEM. ***P < 0.001, data were compared by 2-tailed Mann-
Whitney U test. All variables were assessed in n = 14 T2D patients and n = 14 CON.

(Fig. SA and 5B) and negatively with proton leak
(Fig. 5C and 5D) in both SSAT and DSAT. Metabolic
flexibility correlated positively with oxidative capacity
in both SAT depots (SSAT: r = 0.48; P < 0.05; DSAT:
r=0.52; P <0.01) and negatively with DSAT thickness
(r=-0.48; P < 0.05). Mitochondrial coupling correlated
positively with muscle insulin sensitivity in both SSAT
and DSAT (Fig. SE and SF). Proton leak correlated posi-
tively (SSAT: 7= 0.51 and DSAT: 7= 0.55,both P < 0.01)

and oxidative capacity negatively with fasting FFA
(SSAT: 7 = ~0.47; P < 0.05; DSAT: 7 = ~0.48; P < 0.01).
Mitochondrial coupling correlated negatively with FFA
during clamp in SSAT (SSAT: r = -0.49; P <0.01). In
both depots, mitochondrial coupling correlated nega-
tively (SSAT: » = =0.72; P <0.001; DSAT: r = -0.50;
P <0.01) and proton leak positively with HbA,_levels
(SSAT: r =0.53; P<0.01; DSAT: r = 0.44; P <0.05).
Furthermore, mitochondrial coupling in both depots
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Figure 2. Muscle (A) and liver insulin sensitivity (B), free fatty acid (FFA) levels during clamp (C) as a basis to assess adipose tissue insulin resistance
(D). Individuals with normal glucose tolerance (CON), rate of disappearance (Rd) for muscle insulin sensitivity, type 2 diabetes patient (T2D). The
adipose tissue insulin resistance index (Adipo IR) was calculated as the product of the plasma FFA and insulin levels during the clamp and reflects
adipose tissue insulin resistance. Hepatic insulin sensitivity was assessed by the difference between basal and insulin-suppressed endogenous
glucose production (AEGP). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, data were compared by 2-tailed Mann-Whitney U test. All

variables were assessed in n = 14 T2D patients and n = 14 CON.

Table 3. Adipose tissue insulin sensitivity in recently-diagnosed type 2 diabetes patients and individuals

with normal glucose tolerance

Variable CON T2D P
Fasting plasma insulin, pmol/L 50 [39; 87] 77 [61; 132] 0.122
Fasting plasma FFA, pmol/L 480 [376; 576] 497 [420; 710] 0.511
Clamp plasma insulin, pmol/L 972 [845; 1083] 788 [674; 1046] 0.198
Clamp plasma FFA, pmoI/L§ 34 [24; 46] 54 [43; 97] <0.01
Indices of adipose tissue insulin resistance and sensitivity

Adipo IR basal [(mmol/L) *(pmol/L)] 24 [16; 35] 34 [29; 53] <0.05
Adipo IR clamp [(mmol/L) *(pmol/L)] 32[22;47] 51[32; 82] <0.05
FFA suppression, % from fasting 93 [87; 94] 85 [81; 89] <0.05

Data are shown as median [first; third quartile], P values were computed via 2-tailed Mann-Whitney U test and ANCOVA adjusted for age, BMI, and
total body fat. The Adipo IR was calculated as the product of the fasting plasma FFA and insulin levels as well as the product of the plasma FFA and
insulin levels during the clamp and reflects adipose tissue insulin resistance. Insulin sensitivity of adipose tissue was assessed by suppression of the
plasma concentrations of FFA during the clamp expressed as percent of FFA suppression from baseline and calculated as 1 — (average FFA during
steady-state / baseline FFA). All variables were assessed in n =14 T2D and n = 14 CON participants. Abbreviations: Adipo IR, adipose tissue insulin
resistance index; CON, controls (individuals with normal glucose tolerance); FFA, free fatty acids; T2D, type 2 diabetes. §Results are still significant

after adjustment for age BMI and body fat.

correlated negatively (SSAT: r = -0.39; P < 0.01; DSAT:
r=-0.41; P < 0.01) and proton leak in SSAT positively
with TG levels (SSAT: 7= 0.38; P < 0.01; DSAT: = 0.36;
P =0.06). Neither mitochondrial coupling (SSAT:
r = =0.25; P=0.39; DSAT: r =0.12; P =0.68) nor
proton leak (SSAT: r =0.37; P = 0.24; DSAT: r = 0.11;
P =0.71) correlated with diabetes duration in both
depots.

DSAT thickness correlated negatively with mitochon-
drial coupling in both depots (SSAT: = -0.58 and DSAT:
r = =0.50, both P <0.01) and muscle insulin sensitivity
(r=-0.59; P < 0.01). DSAT thickness had a positive cor-
relation with FFA during clamp (r = 0.63; P < 0.001), TG
levels (r = 0.48; P <0.01), liver fat (r =0.49; P <0.01),
and HbA,_ levels (r =0.70; P <0.001). DSAT thick-
ness did not correlate with diabetes duration (r = -0.11;
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Figure 3. Metabolic flexibility Data are shown as mean + SEM.
** P<0.01, data are compared by 2-tailed Mann-Whitney U test.
Difference between basal and insulin-stimulated respiratory quotient
(ARQ) to assess metabolic flexibility, individuals with normal glucose
tolerance (CON) and with type 2 diabetes (T2D). In 1 participant of
the control group, metabolic flexibility was not assessable, because
the insulin-stimulated measurement of respiratory quotient was not
performed due to technical problems. Thus, variables were assessed
inn=14T2D patients and n = 13 CON.

P =0.71). Of note, these associations remained signifi-
cant after adjusting for age, BMI, and body fat.

Discussion

Our study shows that recently-diagnosed T2D patients
with muscle and AT insulin resistance and impaired
metabolic flexibility have expanded DSAT and impaired
mitochondrial efficiency similarly in both SAT layers.
Independently of total fat mass, muscle insulin sensi-
tivity and metabolic flexibility associates positively with
AT mitochondrial efficiency and negatively with DSAT
thickness. DSAT thickness was also related to impaired
suppression of lipolysis and liver fat. Thus, impaired
mitochondrial function in SAT, AT insulin resistance
and expansion of DSAT are defects in recent-onset T2D,
which might promote muscle insulin resistance and in-
creased substrate flux to the liver.

Impaired lipid metabolism triggers a number of
negative consequences in skeletal muscle, liver, and AT
itself, such as sustained excessive FFA availability, im-
paired insulin signaling (36, 37), oxidative stress (38,
39), and impaired mitochondrial function (40). In dys-
functional AT, inefficient fatty acid oxidation promotes
ectopic lipid deposition and lipotoxicity. Fasting FFA
were not elevated in our T2D patients. One possible
explanation for this result is that excessive FFA are
stored ectopically in T2D, as reflected by elevated liver
fat content preceding the development of insulin resist-
ance in the liver. Our cohort of recently-diagnosed T2D

J Clin Endocrinol Metab, April 2020, 105(4):1-13
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Figure 4. Mitochondrial oxidative capacity (A), coupling (B)
and proton leak (C) in subcutaneous adipose tissue layers. Data
are shown as mean + SEM. * P< 0.05, *** P<0.001, data were
compared by ANCOVA adjusted for age, BMI, and total body fat and
by paired Student t-test. All variables were assessed in n =14 T2D
patients and n = 14 CON. Abbreviations: CON, controls (individuals
with normal glucose tolerance); DSAT, deep subcutaneous adipose
tissue; fcep, carbonylcyanide-4-trifluoromethoxy phenylhydrazone;
LCR, leak control ratio (LCR = state 4o/state u) to assess mitochondrial
proton leak; RCR, respiratory control ratio (RCR = state 3/state 40) to
assess mitochondrial coupling; SSAT, superficial subcutaneous adipose
tissue (SSAT); T2D, patients with type 2 diabetes.

patients showed increased TG levels and insulin resist-
ance in AT as assessed by the Adipo IR during fasting
and during the clamp as well as by suppression of FFA
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Figure 5. Association of metabolic flexibility and muscle insulin sensitivity with mitochondrial coupling and proton leak in SSAT/
DSAT. Mitochondrial coupling from respiratory control ratio (RCR = state 3/state 4o respiration) and proton leak from leak control ratio (LCR = state
4o/state u) in superficial (SSAT) and deep subcutaneous adipose tissue (DSAT). Circles indicate type 2 diabetes patients (T2D) and triangles indicate
individuals with normal glucose tolerance (CON). Of note, after bonferroni correction no correlation remaind significant. § indicates that the results
are still significant after adjusting for age, BMI, and body fat still significant. In 1 CON participant, metabolic flexibility was not assessable, because
the insulin-stimulated measurement of respiratory quotient was not performed due to technical problems. Thus, variables of metabolic flexibility
were assessed in n = 14 T2D patients and n = 13 CON. All other variables were assessed in n = 14 T2D patients and n = 14 CON.

during hyperinsulinemia. These results are in agreement
with accepted models linking dysfunctional and insulin-
resistant AT to ectopic fat deposition in recent-onset
T2D (41).

Although the human white adipocyte has a small
cytosolic volume with few mitochondria compared with
other tissues (ie, muscle, liver), abnormal mitochondrial
function in white AT may contribute to insulin resist-
ance in peripheral tissues (16,42,43). In adipocytes, ef-
ficient mitochondrial function that results in sufficient
mitochondrial ATP production is essential for balanced
storage of lipid metabolites, which is related to insulin
sensitivity in peripheral tissues (16). In mouse-models,
impaired mitochondrial function in AT leads to sys-
temic insulin resistance, hypertension and cardiac dys-
function (15) and may be restored by new compounds
that can induce proteins relevant for mitochondrial ef-
ficiency in AT (44). A previous study showed lower ex-
pression of proteins regulating mitochondrial function
in abdominal SAT of insulin-resistant compared with
insulin-sensitive humans without diabetes, but these dif-
ferences were less pronounced, when both groups were
matched for BMI and percent body fat (14). Although
the authors of this study did not provide information
on the total number of humans meeting the criteria for
prediabetes, some of those insulin-resistant participants
had prediabetes according to their HbA,_ and 2-hour

plasma glucose levels after a 75-g OGTT (14). Another
study showed that enzyme activities, reflecting complex
I and complex III activities were similar between hu-
mans with normal and impaired glucose tolerance (45).
In contrast, mitochondrial function assessed by high-
resolution respirometry in SAT biopsies showed contro-
versial results in previous studies. One study reported
lower mitochondrial function in obese and nonobese
young patients with T2D compared with lean healthy
controls (46). Another study showed similar mitochon-
drial oxidative capacity and coupling in patients with
and without T2D following bariatric surgery-induced
weight loss (47). However, these studies did not re-
port tissue-specific insulin sensitivity, ectopic lipid de-
position or depot-specific analyses in SSAT and DSAT.
Additionally, they did not match the participants for
body fat mass. Thus, variances in the fat mass of the
participants included in the 2 studies could explain
these differences. While 1 study did not report fat mass
of participants (46), another showed higher fat mass in
obese patients with T2D than in obese humans without
T2D (47). Furthermore, both studies did not report the
diabetes duration, which is an important parameter, be-
cause longstanding diabetes is associated with impaired
mitochondrial function. Additionally, only 1 study ex-
cluded individuals with normal glucose tolerance with
positive family history of diabetes, although multiple
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genes of oxidative metabolism are downregulated in
healthy humans with a family history of diabetes (48).
In our study, maximal oxidative capacity was not only
similar in both SAT layers but also similar in patients
with recently-diagnosed T2D compared with CON of
similar fat mass.

The findings of a lower respiratory control ratio in-
dicate that the electron transport system is not tightly
coupled to ATP synthesis both in SSAT and DSAT in pa-
tients with T2D. Leak control ratio was higher in these
patients, which suggests impaired mitochondrial in-
tegrity in both compartments. Of note, the respiratory
control ratio and leak control ratio are independent of
mitochondrial content and thereby allow for assessment
of intrinsic mitochondrial efficiency in both SAT depots.
Although mitochondrial function plays a prominent role
in carbohydrate and lipid metabolism, depot-specific
analyses of mitochondrial function have not been per-
formed yet. Even though we found distinctly reduced
mitochondrial efficiency in T2D compared with CON,
we found only slightly lower mitochondrial efficiency
in SSAT than in DSAT, which might not be of clinical
significance. Previous studies indicated that SSAT and
DSAT have different metabolic features, but the impair-
ment of mitochondrial function observed in our study
appeared to be equivalent in both SAT depots in T2D
patients. Furthermore, mitochondrial function was also
similar in both SAT depots in CON. During periods
of prolonged fasting, fatty acids derived from adipose
tissue serve as substrates for mitochondrial -oxidation
and ATP generation to maintain whole-body energy
homeostasis (49). In turn, a sufficient amount of ATP
is required for insulin signaling in adipocytes (50) and
thereby crucial for insulin-stimulated antilipolytic ef-
fects (45). Development of whole-body insulin resistance
was suggested to result from decreased ATP production
in mitochondria for highly energy-dependent pathways
in adipose tissue (10). However, segregated analyses
of mitochondrial function in both SAT depots have
not been performed so far. The present study observed
similar mitochondrial impairments in both SAT depots
in T2D and changes in both layers similarly associated
with insulin resistance. Our finding that both SAT depots
exhibited lower mitochondrial efficiency in T2D indicate
a more general abnormality of AT energy metabolism in
these patients. Furthermore, the similar negative associ-
ation of mitochondrial coupling and similar positive as-
sociation of proton leak in both SAT depots with HbA,_
may also suggest an overall contribution of mitochon-
drial efficiency to glucose homeostasis.

In our study, higher mitochondrial efficiency in both
SAT depots related to improved metabolic flexibility. To

J Clin Endocrinol Metab, April 2020, 105(4):1-13

maintain whole-body energy metabolism and homeo-
stasis, mitochondrial function has to adapt to lipid
supply, which is increased in obesity and insulin resist-
ance (35). Similar to previous reports (8), our patients
with T2D exhibit an impaired ability to switch from
lipid to carbohydrate oxidation in response to insulin.
Furthermore, previous data showed that ex vivo mito-
chondrial oxidative capacity in muscle predicts the de-
gree of metabolic flexibility (8). Therefore, impaired
mitochondrial function and plasticity in skeletal muscle
might promote the lack of insulin-stimulated increase in
substrate oxidation in insulin-resistant participants (8).
Previously, we showed that metabolic flexibility is an in-
dependent determinant of whole-body insulin sensitivity,
but is affected by AT dysfunction in recent-onset T2D
patients of the GDS (11). In this cohort, metabolic flexi-
bility associates positively with both mitochondrial oxi-
dative capacity and efficiency in SSAT and DSAT. This
indicates that not only muscle, but also SAT mitochon-
drial function predicts the degree of metabolic flexibility.

Despite comparable total body fat mass and abdom-
inal SAT thickness, as assessed by ultrasound, patients
with T2D feature lower SSAT and higher DSAT thick-
ness than CON. Higher DSAT thickness in T2D patients
supports findings from previous studies of a positive as-
sociation between DSAT thickness and insulin resistance
indices (31) and of a positive association between higher
abdominal distribution of fat in DSAT and glycemic
control in T2D (18, 23). Furthermore, a previous study
showed that DSAT volume is associated with impaired
fasting blood glucose levels in men (51). Therefore, the
authors concluded that DSAT could be considered as
a target for early intervention in these patients. A posi-
tive family history for T2D was shown to be associated
with increased risk for T2D (52) and prediabetes (53).
Interestingly, family history for T2D is not only associated
with adipose tissue dysfunction, like adipocyte hyper-
trophy, inflammation, and fibrosis (54), but also with in-
creased VAT and DSAT volume (55). In a tissue-specific
analysis of insulin sensitivity, we found that DSAT thick-
ness associates with circulating TG levels, muscle insulin
resistance, and hepatic steatosis. Furthermore, DSAT
thickness also associated negatively with metabolic flexi-
bility and mitochondrial coupling in both SAT layers.
This may indicate that higher DSAT content contributes
to impaired AT energy metabolism and insulin resistance.
Accordingly, the positive association of DSAT thickness
with HbA, _levels may indicate a contribution of this fat
depot to systemic glucose homeostasis.

The present findings underline the importance of mito-
chondrial function in abdominal SAT for recent-onset
T2D. The strengths of this study are the simultaneous
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analyses using gold-standard methods for assessing mito-
chondrial function in AT and measurements of tissue-
specific insulin sensitivity in well-phenotyped individuals
with T2D and well-matched CON with similar fat mass.
As a gold-standard method, high-resolution respirometry
allows precise measurement of AT depot-specific mito-
chondrial function and efficiency. As a limititation of our
study, the AT samples may contain mitochondria from cell
types other than adipocytes, such as stem cells, vascular
endothelial cells, and smooth muscle cells. Nevertheless,
these contaminations are quantitatively minor and dis-
tributed equally in all samples. However, future studies
should analyse isolated mitochondria from purified adi-
pocyte preparations. Our findings support the concept of
a relevant physiological role of energy metabolism in both
SAT depots for whole-body glucose homeostasis. Despite
suitable statistical adjustments and drug withdrawal be-
fore our measurements, glucose-lowering therapy as well
as antihypertensive and lipid-lowering medication may
indirectly modulate insulin secretion and sensitivity (56)
and thereby may have affected our analyses. The range of
diabetes duration and the small sample size of the study
group can affect the results on mitochondrial efficiency
and DSAT thickness. However, in this cohort, the dur-
ation of T2D neither associated with DSAT thickness nor
with mitochondrial efficiency in both SAT depots. We
therefore assume that the bias introduced by the reported
duration of T2D is negligible in our cohort. Furthermore,
we did not assess adipocyte lipolysis directly, but indir-
ectly via insulin-mediated suppression of lipolysis during
clamp. The sample size and the cross-sectional design of
the study do not allow us to draw conclusions as to a
causal relationship between the abnormal mitochondrial
efficiency in both SAT depots and T2D. Furthermore, the
current study cannot clarify if lower mitochondrial ef-
ficiency in both SAT depots in T2D is a cause or con-
sequence of systemic lipotoxicity and abnormal glucose
homeostasis in these patients. However, recently pub-
lished data challenge the latter and that study’s authors
suggested obesity as the primary driver of impaired mito-
chondrial respiration in SAT, because mitochondrial res-
piration was not further deteriorated by worsening of
the glycemic control (57). Moreover, mitochondrial ef-
ficiency was not associated with increased obesity (57),
which corresponds to our results in humans matched for
total body fat with and without diabetes.

In conclusion, mitochondrial efficiency in SAT is lower
in T2D patients and associates with muscle insulin resist-
ance and reduced metabolic flexibility independently of
total fat mass. The results imply that (i) impaired mito-
chondrial function in SAT, (ii) AT insulin resistance, and
(iii) expansion of DSAT are defects in newly-diagnosed
T2D. These features might promote muscle insulin resist-
ance and increased substrate flux to the liver. Impaired

https://academic.oup.com/jcem 1

AT energy metabolism may be involved in the develop-
ment of impaired glucose homeostasis and ectopic lipid
deposition independently of total body fat mass.
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4. Discussion

The clinical-experimental studies of this thesis shall contribute to the better understanding of the role of
adipose tissue metabolism for glucose homeostasis in early T2D. The first study showed that, compared
to CON, patients with recent-onset T2D feature similar FFAR2 and 4 expression in SAT, but lower
SCD1. FFAR2 expression correlated negatively with BCF in CON and may therefore negatively
influence glucose homeostasis by decreasing insulin secretion. The second study showed that SAT of
patients with T2D exhibit impaired mitochondrial coupling and efficiency, insulin resistance and
expansion of the deep layer of SAT. These abnormalities of adipose tissue in recent-onset T2D might
promote systemic insulin resistance and increased substrate flux to the liver. Perturbed energy
metabolism in SAT may contribute to the early development of impaired glucose homeostasis and
ectopic lipid deposition. Thus, these studies support the contention that impaired function of adipose
tissue may be a very early determinant of the development of T2D (1).

Of note, this thesis focused exclusively on the role of lipid and energy metabolism in white adipose
tissue for glucose homeostasis in humans. Nevertheless, possible differences in energy metabolism in
adipose tissue could concurrently also occur in brown adipose tissue. Effects of brown adipose tissue in
humans have only been shown under specific experimental conditions of brown adipose tissue induction
so far (113). Under normal physiological conditions, human white but not brown adipose tissue forms

the main adipose tissue mass.

4.1. Lipid metabolism in subcutaneous adipose tissue and insulin resistance

The first study of this thesis examined the expression of FFAR2/4 and SCD in adipose tissue of
patients with recently diagnosed T2D to clarify its role for insulin sensitivity and BCF. Patients with
T2D have similar FFAR2/4, but lower SCD1 compared to CON. FFAR? associated negatively with
BCF in CON, but not in humans with T2D. This suggests that SCD1 may be important in development
of early T2D and FFAR2 may negatively influence glucose homeostasis by decreasing BCF in CON.

4.1.1. Unchanged free fatty acid receptor 2 expression in adipose tissue of early onset type 2

diabetes, but association with impaired beta-cell function in healthy humans

This study did not find differences in gene and protein expression of FFAR2 in SAT of humans with
recently diagnosed T2D compared to glucose tolerant humans of similar weight. In contrast, FFAR2
expression was increased in mouse models of diabetes and obesity, and reduced expression improved
BCF and insulin sensitivity (165, 170). To exclude the effects of obesity in this study, patients with
newly diagnosed T2D were compared to sex-, age- and BMI-matched glucose tolerant humans of similar

62



body weight and total body fat content. In glucose tolerant humans, protein expression of FFAR2
associated negatively with BCF during a mixed meal test, but this correlation was missing in patients
with T2D. These results implicate a potential impact of FFAR2 on glucose homeostasis in postprandial
rather than in the fasted state.

A previous study showed enhanced insulin secretion and improved glucose tolerance in mice with
whole-body or beta cell selective deletion of FFAR2 (165). While the findings of a negative association
between FFAR?2 deletion and BCF in mice are in line with our data in humans without diabetes,
correlations between FFAR2-deficiency and insulin sensitivity as observed in mice (170) were not
confirmed in the first study. This indicates that previously reported associations between FFAR2 and
glucose homeostasis in mice cannot be directly translated into humans. Of note, high fiber intake
protects against obesity and T2D via short-chain FA production from colonic bacterial fermentation
(261, 262). Mice with adipocyte-specific overexpression of FFAR2 on high fat diet developed lower
body weight compared to wild-type mice (263).

Previous studies showed that enhanced adipose tissue lipolysis can cause decreased BCF (96, 98).
However, our first study did neither show associations between fasted nor between postprandial FFA
levels and BCF. Nevertheless, findings in our study during the mixed meal test do not exclude effects
of insulin-mediated suppression of adipose tissue lipolysis. The mixed meal test comprises the intake of
a liquid meal containing standardized quantities of glucose, protein and fat. Further methods for the
determination of pancreatic BCF are the OGTT and the glucagon stimulation test. However,
comparative studies have shown that the mixed meal test induces a stronger beta cell response and
therefore is a more suitable method to assess human BCF (264). This can mainly be explained by
increased beta cell sensitivity during the meal (265, 266), which contains proteins and FA besides
glucose, both known to stimulate insulin secretion (267). Taken the dose of administered glucose into
account, the mixed meal test allows to measure whole-body insulin sensitivity (268, 269) and the
suppression of FFA. However, the FFA concentration as a surrogate parameter does not assess lipolysis
directly and might thus not be the optimal method to measure the rate of adipose tissue lipolysis.
Variability of individual gastrointestinal FA absorption might bias our results and therefore possible
effects of insulin-mediated adipose tissue lipolysis cannot be excluded.

The first study implies that the FFAR2 expression could negatively modulate glucose homeostasis by
decreasing insulin secretion from beta cells in humans without diabetes. This may point to a potential
role of FFAR?2 in the development of diabetes and could provide the basis for future research on new

targets in diabetes prevention strategies.
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4.1.2. Similar free fatty acid receptors 4 expression in adipose tissue of healthy humans and

patients with newly diagnosed type 2 diabetes

Gene and protein expression of FFAR4 die not differ between humans with and without T2D of similar
sex, age, BMI, body weight and total body fat content. Our findings in humans are in contrast to results
from previous studies in mouse models of FFAR4 deficiency. These mice developed severe obesity,
hepatic steatosis and insulin resistance (175, 176) under high-fat diet, which was accompanied by lower
SCD1 gene expression (270). This metabolic phenotype of FF'AR4-deficient mice can also be found in
human patients with T2D. Of note, Omega-3 FA treatment inhibited inflammation and improved whole-
body insulin sensitivity in wild type mice, but had no effect in FFAR4 knockout mice (173). A previous
study in humans found that (175, 176) a deleterious non-synonymous mutation (p.R270H) inhibiting the
signaling of FFAR4 associates with higher risk of obesity in Europeans (175). In our study, FFAR4
mRNA or protein expression was not significantly different between humans with and without diabetes
and FFAR4 expression did neither associate with body weight nor with insulin sensitivity or BCF. Of
note, protein expression levels of FFAR4 tended to be lower in T2D.

The study included only patients with newly diagnosed T2D and these humans were characterized by
well controlled glucose homeostasis. These patients featured similar FFA and TAG levels when
compared to glucose tolerant humans. Since deleterious effects in mice with FFAR4 deficiency were
found during high-fat diet, one possible explanation for the lack of differences in FFAR4 expression
might be explained by the lack of altered FFA levels in our patients. A possible dependency of the
expression levels of these receptors on triggering mechanisms - such as enhanced levels of circulating
FFA - may explain our results. We cannot exclude that further decrease of insulin sensitivity during the
course of T2D, also leading to higher lipolysis in adipose tissue may change expression levels of FFAR4.
However, the findings imply that at least in our cohort of patients with recently diagnosed T2D FFAR4

does not play a major role in diabetes progression.

4.1.3. Decreased stearoyl-CoA desaturase-1 expression in adipose tissue of humans with

recent-onset type 2 diabetes

This study showed markedly lower SCD1 mRNA and protein expression in SAT of humans with
recently diagnosed T2D compared to sex-, age- and BMI-matched glucose tolerant persons. These
findings emphasize the relevance of SCD1 in early progression of T2D.

In vitro, SCD1 overexpression led to increased TAG storage and reduced palmitate-induced apoptosis
as well as reduced ceramide and DAG synthesis, which was accompanied by improved insulin
sensitivity (199, 271, 272). Furthermore, thiazolidinedione treatment led to increased SCD1 expression
in adipose tissue, which was accompanied by improved TAG re-esterification in adipose tissue and

insulin sensitivity of humans with T2D (197). In our study, protein levels of SCD1 in humans without
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diabetes correlated negatively with pre- and postprandial TAG concentrations. Thus, the reduction in
TAG levels in plasma and higher gene and protein expression of SCD1 are in agreement with previous
studies, showing similar mechanisms under treatment with thiazolidinediones (197).

These findings are in line with results from a another study, showing reduced SCD/ gene expression in
mice with FFAR4-deficiency (270), thus supporting a relevance of SCD1 as a A9 desaturase in glucose
homeostasis. As key enzymes, desaturases introduce double-bonds in the growing FA chain and thereby
convert saturated into unsaturated FA. Although mechanisms underlying whole-body insulin resistance
are still not fully understood, increased FA release from adipose tissue leading to increased lipid
availability is generally recognized as a major factor in the development of T2D (273, 274). Although
we cannot clarify if the observed differences in our study are a cause or a consequence of
glucolipotoxicity, lower levels of SCD1 expression may reflect impaired adipose tissue function, which
already exists in early T2D. Thus, the observed changes suggest that SCD1 contributes or is at least
affected in the development of insulin resistance in early stages of the disease. Previous studies
suggested that especially saturated FA induce inflammation and insulin resistance (152-154). Even a
single oral fat load rich in saturated FA can simultaneously induce insulin resistance in skeletal muscle,
liver and white adipose tissue and is accompanied by ~20% reduced glycogenolysis and ~70% increased
gluconeogenesis in the liver of healthy humans (275). In adipocytes, hypoxia is induced by saturated
FA-stimulated mitochondrial adenine nucleotide translocase 2 (ANT2), which triggers the transcription
factor HIF 1o and results in adipose tissue inflammation and perturbation (181). Deletion of adipocyte-
specific ANT2 (also called Slc25a5) ameliorates obesity-induced hypoxia in adipocytes due to reduced
demand of oxygen, even without changes of mitochondrial mass or number (276). This resulted in
decreased adipose tissue inflammation as well as improved glucose tolerance and insulin resistance and
underlines the relevance of saturated FA for the development of T2D (276). Lower stimulation of
mitochondrial ANT?2 via reduced saturated FA concentrations may be relevant for both preventive and
therapeutic strategies of T2D and might be a possible treatment target for the development of novel anti-
obesity drugs or insulin sensitizers (276).

Mice with SCD1 deficiency - leading to decreased synthesis of unsaturated and ultimately higher
availability of saturated FA - featured enhanced inflammation (277). The suggested protective effect of
SCD1 in humans without diabetes is supported by our observation that SCD1 protein levels associated
negatively with high sensitivity C reactive protein in patients with recent-onset T2D. Furthermore, a
previous study in mice with an adipose tissue-specific SCD/ deletion described the up-regulation of
glucose transporter 1 expression in adipocytes, which was accompanied by enhanced TNFa production
(278). Of note, after a single oral saturated fat load, healthy persons developed adipose tissue insulin
resistance even without changes in circulating inflammatory markers (275). In primary human
myotubes, overexpression of SCD1 even protected from inflammatory and endoplasmic reticulum stress

response when exposed to palmitate (279). These previous findings in human muscle go along with our
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results of a higher mRNA and protein expression of SCD1 in SAT in humans without T2D compared to
patients with T2D.

Figure 6
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Insulin-resistant humans with type 2 diabetes feature lower stearoyl-coenzyme A desaturase-1 in subcutaneous
adipose tissue. Diacylglycerol (DAG), fatty acid transport proteine 1 (FATPI), mono-acylglycerol (MAG),
stearoyl-coenzyme A desaturase-1 (SCDI), triacylglycerol (TAG). Substrate flux and metabolic pathways of
biochemical substrates and products are shown by black arrows. Direction of change in the insulin-resistant state
suggested in previous studies is indicated by not filled arrows in black. The direction of change in the insulin-

resistant state in this study is indicated by not filled arrows in red.

In agreement with previously reported beneficial effects of SCD1 in T2D (198, 280), patients with
recently diagnosed T2D in our study had 5-times lower mRNA expression of SCD1 and 2-times lower
protein expression compared to glucose tolerant humans despite similar body weight and total fat mass.

These results indicate that SCD1 might be of clinical relevance in diabetes prevention strategies.

4.2, Energy metabolism and morphology of subcutaneous adipose tissue in insulin resistance

The second study examined the role of energy metabolism in distinct compartments of SAT for tissue-
specific insulin resistance in recent-onset T2D. This study shows that patients with newly diagnosed
T2D with muscle and adipose tissue insulin resistance as well as altered metabolic flexibility feature
both expanded DSAT and impaired mitochondrial efficiency similarly in both SAT layers. Furthermore,

mitochondrial efficiency of adipose tissue relates to muscle insulin sensitivity and metabolic flexibility
66



and lower DSAT thickness independently of whole-body fat mass. Thus, impaired mitochondrial
efficiency in SAT, adipocyte insulin resistance and expansion of DSAT might be defects of adipose
tissue already in early T2D. These metabolic features of adipose tissue may promote increased substrate

flux to the liver and skeletal muscle insulin resistance.

4.2.1. Increased deep subcutaneous adipose tissue thickness in recent-onset type 2 diabetes

This study showed increased DSAT in newly diagnosed humans with T2D with muscle and adipose
tissue insulin resistance and impaired metabolic flexibility. DSAT thickness associated negatively with
metabolic flexibility and positively with hepatic steatosis, muscle and adipose tissue insulin resistance.
Thus, expansion of DSAT might characterize early T2D.

The relevance of mitochondria in white adipocytes has long been neglected, which might be explained
by their lower occurrence compared to other tissues. Compared to the big lipid droplet, the relatively
small cytosolic volume of the human white adipocyte contains less mitochondria than other tissues like
skeletal muscle, liver or heart. Previous studies revealed positive correlations between DSAT thickness
and insulin resistance indices (281) and between higher DSAT volume and glycemic control in T2D
(148). Additionally, increased DSAT fat distribution associated with impaired fasting blood glucose
levels in men (282). Thus, authors of the previous study suggested that DSAT may be a possible target
for early intervention in these patients. In agreement to these results our study found higher DSAT and
lower SSAT thickness in patients with recent-onset T2D compared to healthy humans despite similar
whole-body fat mass and comparable abdominal whole SAT thickness, as assessed by ultrasound
imaging.

A positive family history for T2D is associated with higher risk for prediabetes (26) and T2D (25). More
detailed, a family history for T2D was associated with both adipocyte hypertrophy, inflammation and
fibrosis (283) - and with expansion of VAT and DSAT volume (284). Our study showed that DSAT
thickness relates to levels of circulating TAG, hepatic steatosis and skeletal muscle insulin resistance.
Furthermore, both impaired metabolic flexibility and lower mitochondrial coupling in both SAT
compartments associated with DSAT thickness. Additionally, we found an association of DSAT
thickness and HbA . levels, which might point to a potential role of this fat depot for glycemic control.
The findings imply that not mitochondrial content or adipocyte size, but higher distribution of fat in
DSAT contributes to impaired energy metabolism and insulin resistance in both SAT depots and may

play a major role in recent-onset diabetes.

4.2.2. Impaired mitochondrial efficiency in adipose tissue of early onset type 2 diabetes

This study showed increased leak control ratios in both SSAT and DSAT in patients with T2D,

suggesting perturbed mitochondrial integrity in both depots. The lower respiratory control ratios in both
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fat layers of humans with T2D indicate an attenuated coupling of the electron transport system to the
synthesis of ATP. The leak control ratio and respiratory control ratio measure the intrinsic mitochondrial
efficiency in both SAT compartments independent of the mitochondrial content. In contrast to the
marked decrease of mitochondrial efficiency in patients with T2D compared to persons without T2D,
this study found only slightly reduced mitochondrial efficiency in SSAT compared to DSAT, which
may not be of clinical relevance. Although previous studies suggested different metabolic features of
SSAT and DSAT, this study found similar perturbations of mitochondrial function in both SAT
compartments in humans with T2D. In healthy humans, both SAT layers also featured similar
mitochondrial function.

Besides the known role of mitochondria in adipogenesis, FA synthesis and esterification and lipolysis
in adipose tissue (234, 285), different features of abnormal mitochondrial function in white adipocytes
may contribute to insulin resistance in distant tissues (118, 286, 287). An efficient mitochondrial
function for sufficient ATP production in adipocytes is vital for balanced storage of lipid metabolites,
which can affect insulin sensitivity in peripheral tissues (118). Dysregulated mitochondrial function was
reported previously in SAT of obese humans as assessed by lower activity of the respiratory chain
complexes and decreased membrane potential (257). Additionally, protein levels of complexes III, IV
and V of the respiratory chain were shown to be reduced in SAT of obese compared to lean co-twins
(288). These results suggested that mitochondrial function in SAT is downregulated in acquired obesity.
This study showed impaired mitochondrial efficiency in both SAT layers of patients with recently
diagnosed T2D compared to body fat mass matched CON.

Mouse models revealed that impaired expressions and enzyme activities of the electron transport chain
proteins, characterizing impaired mitochondrial function in adipose tissue results in hypertension,
cardiovascular complications and also whole-body insulin resistance (228), but could be restored by
new compounds inducing proteins which are relevant for adipocyte mitochondrial efficiency (226). A
recent study showed that obesity-induced production of the amyloid precursor protein (APP) with
subsequent enrichment in mitochondria impairs mitochondrial respiration and decreases ATP generation
in adipocytes (289). Adipocyte-specific APP overexpression caused adipose tissue inflammation and
adipocyte hypertrophy, loss of mitochondrial cristae structures and resulted in obesity, ectopic lipid
accumulation and systemic insulin resistance (289). Knock-out of adipocyte APP improved
mitochondrial respiration and protected from these obesity-associated metabolic perturbations (289). In
line with our results from high-resolution respirometry analyses, insulin-resistant humans featured lower
expression of proteins regulating mitochondrial function in SAT when compared to insulin-sensitive
humans without diabetes (229). However, reported differences were less pronounced after matching for
BMI and body fat mass. Of note, some of the included insulin-resistant humans met criteria for
‘prediabetes’ according to their 2-h plasma glucose concentration after an OGTT and HbA . (229), but
the authors of this study did not provide information on the total number of persons with ‘prediabetes’.

In summary, according to studies in mice (228), insulin-resistant humans and patients with T2D have
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lower expression of genes regulating mitochondrial biogenesis, respiratory chain, ATP synthase and FA
oxidation in mitochondria of their adipose tissue (229, 236).

In contrast to measurements of gene or protein expression levels as well as of enzyme activities, high-
resolution respirometry analyses form this study give more detailed information about the physiological
mitochondrial function by combined measurements of oxygen consumption and flux, mitochondrial
membrane potential and ability to generate ATP (290). This method allows to follow the oxygen
consumption over the time, which allows to monitor the respiration and assess the maximal respiratory
capacity, the proton leak rate and coupling efficiency (291). Previous studies using this gold-standard
method to measure mitochondrial function in SAT biopsies revealed controversial results in patients
with insulin resistance or T2D. One study showed lower mitochondrial respiration in young obese and
non-obese humans with T2D than in lean healthy persons (257). Another study reported comparable
mitochondrial respiratory capacity and coupling in humans with and without T2D which were followed
after bariatric surgery-induced weight loss (258). Both studies did not provide detailed information about
the metabolic phenotype of the participants. In detail, these studies gave no information about tissue-
specific insulin sensitivity of skeletal muscle, liver and adipose tissue.

Ectopic lipid deposition and analyses of mitochondrial function was not performed depot-specific in
SSAT and DSAT. Thus, possible variances in mitochondrial function in both SAT compartments in the
two studies could explain previous results. In contrast to this study, previous studies did not match the
groups for total body fat mass and increased obesity - defined as increase in whole-body fat mass -
associates with systemic insulin resistance (292) and decreased levels of proteins relevant for
mitochondrial function (288). Thus, also differences in fat mass of included participants in previous
studies could explain the variances. Whereas authors of one study did not report participants’ body fat
mass (257), the other revealed higher fat mass in obese humans with T2D than in obese persons without
T2D (258). Although it is well known that longstanding diabetes associates with perturbation of various
features of mitochondrial function, both previous studies did not adjust for diabetes duration. Healthy
humans with a positive family history of diabetes feature downregulation of various genes from the
oxidative metabolism (293). Nevertheless, only one study excluded healthy humans (with normal
glucose tolerance) with a positive family history of diabetes from the study (257). In our study, maximal
mitochondrial respiratory capacity was both comparable between humans without and with recently
diagnosed T2D of similar fat mass and also similar between both SAT depots.

In times of prolonged fasting, whole-body energy homeostasis is sustained by FA release from adipose
tissue serving as substrates for mitochondrial beta-oxidation and production of ATP (239). An adequate
ATP generation is crucial for insulin signaling in adipocytes (240) and therefore also required for insulin
stimulated suppression of lipolysis (236). In line with our results, previous studies suggested that
development of whole-body insulin resistance results from perturbed mitochondrial ATP generation for
energy dependent pathways in adipose tissue (222). Perturbation of various features of mitochondrial

function and insulin resistance in adipose tissue was linked to ectopic lipid deposition in early T2D
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(294). Of note, adipose tissue insulin resistance might start before whole-body insulin resistance (1,
121). Reduced fat storage of neutral TAG in adipose tissue due to both impaired FA metabolism and
exhausted lipid storage capacity cause excessive secretion and circulation of lipotoxic metabolites
ultimately promoting insulin resistance. In this study, fasting FFA were not elevated in humans with
T2D. This may be explained by elevated ectopic lipid storage in these patients, as observed in the form
of increased hepatic lipid storage. In agreement with previous results, newly diagnosed humans with
T2D featured elevated TAG levels and adipose tissue insulin resistance as measured by both Adipo-IR
during fasting and during hyperinsulinemia as well as by FFA suppression during the hyperinsulinemic-
euglycemic clamp test.

Despite its central role in whole-body energy metabolism, only few studies analyzed mitochondrial
function directly by respiration measurements in adipose tissue. Thus, it is not surprising that segregated
assessment of mitochondrial function in both SAT layers was missing yet. Consistent with our findings
of similar mitochondrial impairments in both SSAT and DSAT in T2D, changes in both depots similarly
related to insulin resistance in this study. We conclude that similar reduction of mitochondrial efficiency
in T2D in both SAT depots points to a more general impairment of adipose tissue energy metabolism in
T2D. Additionally, the comparable positive association of proton leak and similar negative association
of mitochondrial coupling in both adipose tissue compartments with glycemic control might also suggest

an overall effect of mitochondrial efficiency on glucose homeostasis.

4.2.3. Association of mitochondrial function in adipose tissue and mitochondrial flexibility

This study showed an augmented ability to switch from lipid to insulin stimulated carbohydrate
oxidation in humans with T2D during the hyperinsulinemic-euglycemic clamp test. Furthermore,
metabolic flexibility associates with mitochondrial efficiency and muscle insulin sensitivity
independently of total fat mass.

Mitochondrial function can adapt to higher lipid availability in obesity and insulin resistance (295). An
efficient mitochondrial flexibility is characterized by the ability of mitochondria to adapt to prevailing
supply of various energy-rich substrates. This is vital to preserve systemic energy homeostasis and
metabolism in health. A previous study reported that metabolic flexibility is predicted by ex vivo
mitochondrial oxidative capacity in skeletal muscle (220). The authors therefore suggested that
perturbed mitochondrial function and plasticity in skeletal muscle could explain reduced insulin-
stimulated substrate oxidation in insulin-resistant humans (220). However, we found that increased
mitochondrial efficiency similarly in both SSAT and DSAT associate with improved metabolic
flexibility. Previously we reported that in newly diagnosed humans with T2D from the GDS, metabolic
flexibility is an independent determinant of systemic insulin sensitivity as assessed by the
hyperinsulinemic-euglycemic clamp test (223). This finding was still significant after adjusting for

multiple possible metabolic confounders. However, the positive association was affected by markers of
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impaired adipose tissue function (223) which indicated a role of adipose tissue for substrate dependent
energy metabolism. The positive association of metabolic flexibility with both mitochondrial efficiency
and maximal oxidative capacity in both SAT depots indicates that not only muscle, but also
mitochondrial function in adipose tissue predicts the scope of metabolic flexibility.

In conclusion, the second study of this thesis revealed that humans with T2D feature reduced
mitochondrial efficiency in SAT, which associates with muscle insulin resistance and reduced metabolic
flexibility independently of total fat mass. We could show that impaired mitochondrial function in SAT
and insulin resistance of adipose tissue are defects in early T2D. Both impairments of adipose tissue
could promote elevated substrate fluxes to the liver and induce insulin resistance in skeletal muscle.
Thus, impaired energy metabolism of adipose tissue might be involved in ectopic lipid deposition and

in the development of impaired glucose homeostasis (Figure 7).

Figure 7
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The role of subcutaneous adipose tissue in recent onset type 2 diabetes. Compared to CON of similar fat mass,
patients with recently diagnosed T2D show decreased mitochondrial efficiency in both deep (DSAT) and
superficial subcutaneous adipose tissue (SSAT) as well as expansion of DSAT. Insulin resistance and impaired
mitochondrial function in subcutaneous adipose tissue (SAT) may result in enhanced lipolysis and increased
release of free fatty acids (FFA) to distant tissues such as skeletal muscle and liver leading to insulin resistance

in the skeletal muscle and increased hepatic lipid accumulation.
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4.3. Strength and limitations

The first study underlines the role of both FFAR2/4 and SCD1 in abdominal SAT, while the second
study emphasizes the relevance mitochondrial respiration, coupling and efficiency in distinct abdominal
SAT depots for recent-onset T2D. The major strengths of this study are the simultaneous use of gold-
standard methods to measure adipocytes mitochondrial function and tissue-specific insulin sensitivity
in metabolically comprehensively phenotyped humans with and without T2D. To minimize possible
confounding factors from previous studies, participants from both groups included in the second study
were additionally matched for whole-body fat mass and whole SAT thickness. The use of high-
resolution respirometry analyses - as state-of-the art method of ex vivo oxidative capacity - enabled
precise measurement of adipose tissue depot-specific mitochondrial respiration, coupling and efficiency
in the second study.

However, our studies have some limitations and reported findings must be interpreted carefully. Like
other cross-sectional studies and despite suitable power calculations, the findings may not be
generalizable as the sample size was limited and may not reflect results in other cohorts. The adipose
tissue biopsy samples in the second study might contain mitochondria from non-adipose tissue cells like
stem cells, smooth muscle cells and vascular endothelial cells. Even so, contaminations are
quantitatively minor and should be distributed equally in all tissue samples. Nevertheless, future studies
should use isolated mitochondria from purified adipocyte-preparations for their analyses. This study
promotes the concept of a central physiological role of energy metabolism in both SAT compartments
to maintain systemic energy and glucose homeostasis. Although both studies used appropriate statistical
analyses and adjustments as well as drug withdrawal before the experiments, glucose-lowering therapy
as well as lipid-lowering and antihypertensive medication might indirectly modify insulin secretion and
sensitivity (296), which may have affected the measurements. The relatively small sample size and
differences in diabetes duration in the second study could affect the findings. Of note, the duration of
T2D in the cohort of the second study neither correlated with DSAT thickness nor with mitochondrial
efficiency in both SSAT and DSAT. We therefore suppose that the bias from reported differences in the
duration of T2D is negligible in this cohort. As another limitation, adipocytes lipolysis was not measured
directly, but indirectly by insulin-stimulated suppression of FFA release from adipose tissue during
hyperinsulinemia in the second study. Nevertheless, this method is the current gold-standard method to
assess adipose tissue insulin sensitivity in vivo. Since mitochondrial respiratory capacity was not further
aggravated by worsening of the glycemic control, a recent study proposed that obesity is the primary
driver of perturbed mitochondrial function in SAT (297). However, in agreement with our results in
total body fat matched humans with and without diabetes, mitochondrial efficiency did not associate

with the degree of obesity in the previous study (297).
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If decreased SCD1 expression and/or mitochondrial efficiency in abdominal SAT in T2D are a cause or
consequence of abnormal glucose homeostasis and systemic lipotoxicity in these patients remains
unclear. Due to the nature of a cross-sectional design and the lack of muscle samples both studies also
do not allow to draw conclusions as to temporal relationships or causality between the findings and

development of T2D.
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5. Conclusions

The findings of the studies of this thesis revealed lower SCD1, but similar FFAR2 or 4 expression in
SAT patients with recent-onset T2D when compared to CON. FFAR2 expression associated with
perturbed BCF in CON and might therefore impair glucose homeostasis by decreasing insulin secretion.
These findings point to a possible role of SCD1 expression in progression of early T2D, although SCD1
does not modulate BCF such effective as FFAR2. The second study revealed perturbed mitochondrial
coupling and efficiency in SAT, insulin resistance and expansion of the deep layer of SAT in patients
with T2D. These impairments of adipose tissue in early T2D could induce systemic insulin resistance
and increased substrate flux to the liver. Thus, impaired energy metabolism in SAT may contribute to
the early progression of perturbed glucose homeostasis and ectopic lipid deposition.

The findings of these studies imply that abnormalities of lipid and energy metabolism in SAT of patients
with recent-onset T2D promote systemic insulin resistance and ectopic lipid deposition. Nevertheless,
the necessity to define detailed pathophysiological molecular mechanisms for the development and

progression for T2D forms the basis for future research.
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6. Outlook

The concept that adipose tissue regulates metabolic flux and adaptation in the liver is supported by a
large number of studies in humans and animal models. However, multiple mechanisms both on
molecular and cellular levels, but also in humans must be proven. In humans, the initial events resulting
in impaired adipose tissue lipid and energy metabolism are unclear. Growing availability of multi-omics
approaches could improve the understanding of metabolic fluxes, ectopic lipid deposition and insulin
sensitivity. The relevance for the initiation and reversal of insulin resistance in humans is still not fully
understood. The understanding of pathophysiological regulators of lipid and energy metabolism in
human adipose tissue regulating whole-body insulin sensitivity and lipid deposition could serve as a
source for the identification of novel diagnostic and prognostic biomarkers for different T2D subtypes.
The findings of these studies may be relevant for both preventive and therapeutic strategies of T2D and

might help to identify possible targets for the development of novel insulin sensitizing drugs.
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