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Zusammenfassung 
Diabetes mellitus ist eine heterogene Erkrankung, bei der sich betroffene Personen hinsichtlich 

des Krankheitsverlaufs und des Risikos für die Entwicklung von Komplikationen 

unterscheiden. Kardiovaskuläre Erkrankungen und die metabolische Dysfunktion-assoziierte 

steatotische Lebererkrankung (MASLD) stellen dabei zwei der schwerwiegendsten Folgen des 

Diabetes mellitus dar. Eine Neueinteilung in Diabetes-Endotypen könnte daher zu präziseren 

Therapieansätzen und maßgeschneiderten Behandlungspläne führen.  

Bereits bei gesunden Personen ist eine geringe körperliche Aktivität sowie mangelnde 

körperliche Fitness mit einem erhöhten kardiovaskulären Risiko assoziiert. Inwieweit sich die 

neuen Diabetes-Endotypen hinsichtlich ihrer körperlichen Aktivität und Fitness sowie ihres 

kardiovaskulären Risikos unterscheiden, ist jedoch fraglich. Auch unabhängig von der 

körperlichen Fitness, spielen reduzierte mitochondriale Funktion und dysfunktionales 

Fettgewebe eine entscheidende Rolle bei der Entwicklung und Progression von Diabetes und 

MASLD. Bislang ist die Bedeutung der oxidativen Kapazität des viszeralen (VAT) und 

subkutanen (SAT) Fettgewebes für die Entstehung und Progression von MASLD allerdings 

ungeklärt. Da Schilddrüsenhormone die mitochondriale Funktion regulieren, stellen auch 

Personen mit Hypothyreose eine Risikogruppe für Diabetes und MASLD dar. Der 

Zusammenhang zwischen geringerer Schilddrüsenfunktion und MASLD bei Personen mit 

Diabetes ist aber ebenso noch weitgehend unklar.   

Die Ziele dieser Dissertation waren daher zu untersuchen, (i) ob sich die neuen Diabetes-

Endotypen hinsichtlich ihrer körperlichen Fitness (bestimmt mittels Spiroergometrie) und des 

kardiovaskulären Risikos (bestimmt mittels etablierter Risiko-Scores) unterscheiden, (ii) ob 

sich die mitochondriale Atmung (bestimmt mittels hochauflösender Respirometrie) des VAT 

und des SAT von adipösen Menschen ohne und mit MASLD unterscheidet und (iii) ob ein 

erhöhtes Steatose-Risiko (bestimmt durch den Fatty Liver Index) bei Personen mit kürzlich 

diagnostizierten Diabetes mit der niedrig-normaler Schilddrüsenfunktion (bestimmt durch 

freies Thyroxin und Thyreotropin) assoziiert ist.  

Die vorliegenden Untersuchungen zeigen, (i) dass Personen mit schwerem insulinresistenten 

Diabetes-Endotyp (SIRD) die geringste körperliche Fitness, aber das größte kardiovaskuläre 

Risiko haben, (ii) dass Personen mit Adipositas und progredienter MASLD eine verminderte 

oxidative Kapazität des VAT, nicht aber des SAT aufweisen und (iii) dass insbesondere bei 

Männern mit Typ 2 Diabetes eine niedrig-normale Schilddrüsenfunktion mit einem erhöhten 

Risiko für Leber-Steatose und verminderter Insulinsensitivität assoziiert ist.  

Zusammenfassend, sollen diese Studien dazu beitragen, differenziertere Therapieansätze 

und Präventionsstrategien bei Diabetes mellitus und seinen Begleiterkrankungen zu 

entwickeln. 
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Summary  

Diabetes mellitus is a heterogeneous disease and people with diabetes mellitus differ 

in terms of disease progression and the risk of complications. Cardiovascular diseases 

(CVD) and metabolic dysfunction-associated steatotic liver disease (MASLD) are two 

of the most severe complications of diabetes mellitus. A reclassification into diabetes 

endotypes could therefore lead to more precise therapy approaches and tailored 

treatment. Even in healthy individuals, low physical activity and physical fitness are 

associated with an increased CVD risk. However, it is unclear to what extent the new 

diabetes endotypes differ in terms of their physical activity, fitness, and CVD risk. 

Regardless of physical fitness, reduced mitochondrial function and adipose tissue 

dysfunction play a crucial role in the development and progression of diabetes and 

MASLD. The importance of the oxidative capacity of visceral (VAT) and subcutaneous 

(SAT) adipose tissue for the onset and progression of MASLD is still unclear. Since 

thyroid hormones regulate mitochondrial function, individuals with hypothyroidism are 

also at risk for diabetes and MASLD. However, the relationship between lower thyroid 

function and MASLD in people with diabetes is still largely unknown. The aims of this 

thesis were to assess (i) whether the new diabetes endotypes differ in terms of physical 

fitness (determined by spiroergometry) and CVD risk (determined by established risk 

scores), (ii) whether the mitochondrial respiration (determined by high-resolution 

respirometry) of VAT and SAT differs in obese individuals with and without MASLD, 

and (iii) whether an increased steatosis risk (determined by the fatty liver index) is 

associated with low-normal thyroid function (determined by free thyroxine and thyroid-

stimulating hormone) in individuals with recent-onset diabetes. These studies show (i) 

that individuals with severe insulin-resistant diabetes endotype (SIRD) have the lowest 

physical fitness but the greatest cardiovascular risk, (ii) that individuals with obesity 

and progressive MASLD have reduced oxidative capacity of VAT but not SAT, and (iii) 

that low-normal thyroid function is associated with an increased risk of liver steatosis 

and reduced insulin sensitivity especially in men with type 2 diabetes.  

Taken together, these studies are intended to contribute to the development of more 

differentiated therapy approaches and prevention strategies for diabetes mellitus and 

its comorbidities.  
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1 Introduction  

1.1 Diabetes Mellitus 
The global prevalence of diabetes mellitus is steadily increasing. While it has nearly 

doubled between 1980 and 2014 (1), a recent estimation predicts a further increase of 

more than 50% between 2017 and 2045, leading to around 693 million people with 

diabetes mellitus (2). In 2019, diabetes mellitus likely contributed to 4.2 million deaths 

in adults between 20-79 years (3) and healthcare costs of about 760 billion US$ (4). 

The rising diabetes prevalence suggests that current therapeutic strategies are 

insufficient and points to the need for identification of more precise risk factors and/or 

biomarkers and for further elucidation of their role in the development of diabetes-

related complications, in order to develop better targeted and cost-effective treatment 

strategies. 

In general, diabetes mellitus is characterized by chronic hyperglycemia (5). The 

common diabetes classifications comprise four categories: type 1 diabetes mellitus 

(T1DM), type 2 diabetes mellitus (T2DM), other forms of diabetes due to specific 

causes and gestational diabetes (5). However, both T1DM and T2DM are 

heterogeneous diseases with variable clinical presentation, disease progression and 

diabetes-related complications. Therefore, recent studies proposed novel diabetes 

sub- or endotypes, which might facilitate a more precise diagnosis, prevention and 

tailored therapy (6).    

 

1.1.1 Type 1 Diabetes 
T1DM accounts for approximately 5–10% of all diabetes cases with a global 

prevalence of 5.9 per 10,000 people (7), the risk and rate of progression of T1DM being 

higher in Caucasian individuals compared with other ethnicities (8). Its pathogenesis 

is primarily based on insulin deficiency due to autoimmune destruction of the insulin-

producing beta-cells, usually resulting in dependence on exogenous insulin (5; 7). In 

line, the presence of one or more islet cell-directed autoantibodies such as 

autoantibodies to glutamic acid decarboxylase (GADA), insulin, the tyrosine 

phosphatases islet antigen 2 (IA-2) and IA-2β, and zinc transporter, indicates 

autoimmune activity in T1DM. However, their absence does not necessarily exclude 

T1DM, as antibodies exhibit different time courses of appearance and disappearance 

(7; 9). T1DM typically occurs in young people (<35 years) with low body mass index 
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(BMI) (<25 kg/m2), who often present symptoms like polyuria/polydipsia, diabetic 

ketoacidosis and weight loss (5). But T1DM can also manifest in adults, as the rate of 

beta-cell destruction is quite variable and the typical symptoms observed in children 

maybe missing in the presence of residual beta-cell function (5). In this context, slowly 

progressive autoimmune diabetes without requiring insulin therapy during the first 6–

12 months after diagnosis onset in people aged ≥30 years, was formerly defined as 

latent autoimmune diabetes in adults (10), but it is doubtful whether this phenotype 

qualifies as independent subtype of T1DM (11; 12). Finally, people with T1DM are also 

prone to and can coexist with other autoimmune disorders such as autoimmune thyroid 

disease (M. Hashimoto), adrenal insufficiency (M. Addison), pernicious anemia and 

celiac disease being among others the most common (13).  

 

1.1.2 Type 2 Diabetes 
T2DM accounts for about 90% of all cases of diabetes mellitus, and its prevalence rose 

dramatically in countries of all income levels in the past three decades. As 462 million 

individuals were estimated to be affected by T2DM in 2017 (14), T2DM has become a 

major concern in healthcare worldwide (1; 5).  

Among others, T2DM is linked to obesity, unhealthy lifestyle (i.e. hypercaloric nutrition 

and physical inactivity), socioeconomic and psychosocial conditions, smoking, sleep 

deprivation, environmental pollution, but also has a multigenic background (5; 15). 

T2DM is a heterogeneous disease defined by relative insulin deficiency by pancreatic 

islet beta-cells in the context of peripheral impaired insulin sensitivity, termed insulin 

resistance (5). There are several factors related to insulin resistance including genetic 

variations, lipotoxicity, abnormal mitochondrial function with oxidative stress, 

endoplasmic reticulum stress and low-grade inflammation (16). In most cases, insulin 

sensitivity declines years or decades before diabetes diagnosis, which is reflected by 

an impaired insulin-stimulated storage of ingested carbohydrate as skeletal muscle 

glycogen leading to a reduced non-oxidative glucose metabolism (17). During the early 

stages of disease, increased insulin secretion from pancreatic beta-cells compensated 

for the ambient insulin resistance resulting in hyperinsulinemia.  

As positive energy balance can lead to insulin resistance, it is not surprising that most 

individuals with T2DM are overweight or obese (5; 15). Therefore, weight loss by 

intensive diet or bariatric surgery and increased physical activity are important 

treatment strategies to combat insulin resistance and T2DM (18).  
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Interestingly, despite the classification into T1DM and T2DM, both diseases exhibit a 

broad spectrum of insulin resistance and beta-cell dysfunction insulin secretion, 

indicating the presence of distinct endotypes of diabetes (6) and suggesting that 

advanced classification is highly needed (Figure 1).  

 

Figure 1. Heterogeneity of diabetes mellitus. Reclassification based on simple clinical 

parameters could help to determine an individual’s absolute complication risk. Abbreviation: 

BMI, body mass index; GADA, autoantibodies to glutamic acid decarboxylase; HbA1c, 

glycated hemoglobin; HOMA-B, homeostasis model assessment of beta-cell function; HOMA-

IR, homeostasis model assessment of insulin resistance, MARD, mild age-related diabetes; 

MOD, mild obesity-related diabetes; SAID, severe autoimmune diabetes; SIDD, severe insulin-

deficient diabetes; SIRD, severe insulin-resistant diabetes; T1DM, type 1 diabetes mellitus; 

T2DM, type 2 diabetes mellitus. Created with BioRender©.  

 

1.1.3 Diabetes Endotypes  
Recently, a Swedish cohort study challenged the existing paradigm of diabetes 

classification by reassessing adult-onset diabetes in five endotypes of disease that 

have different physiological profiles, rather than the traditional type 1 and 2 

classification (19). This new classification should facilitate the development of stratified 



4 
 

prevention and treatment for individuals with diabetes, considering different risk 

profiles. This could further delay the onset of diabetes-related complications, reducing 

morbidity and mortality (6). The parameters used for the data-driven clustering 

approach based on autoimmunity, age at diagnosis, BMI, glycemic control and 

homeostasis model assessment of beta-cell function and insulin resistance (HOMA-B, 

-IR) (19; 20). Among others (6), this clustering approach has been validated by 

comprehensive phenotyping of 1105 humans with newly diagnosed diabetes within the 

German Diabetes Study (GDS) (20). Out of these five endotypes, one endotype 

(severe autoimmune diabetes (SAID)) overlaps with T1DM by the presence of GADA, 

early-onset disease, lower BMI, poor metabolic control and insulin deficiency, while the 

others (severe insulin-deficient diabetes (SIDD), severe insulin-resistant diabetes 

(SIRD), mild obesity-related diabetes (MOD), mild age-related diabetes (MARD) reflect 

the classical T2DM (19; 20). The SIDD endotype has the highest prevalence of 

retinopathy, distal sensorimotor polyneuropathy and cardiovascular autonomic 

neuropathy and shows similarities with individuals with SAID, but GADA are negative. 

Specially, the SIRD endotype, which includes people with the greatest degree of insulin 

resistance and high BMI, is associated with higher prevalence of metabolic 

dysfunction-associated steatotic liver disease (MASLD) (20) and diabetes-associated 

kidney disease (19), both of which are further related to increased risk of 

cardiovascular events (15; 21). Similar to SIRD, individuals with MOD are 

characterised by obesity but with a lower degree of insulin resistance and intermediate 

prevalence and risk of diabetes-related complications, while people with MARD are 

generally older than those other endotype and are at high risk for coronary events and 

stroke (6; 19; 20) (Figure 2).  
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Figure 2. New subclassification of diabetes. Specific diabetes endotypes (clusters) exhibit 

distinct metabolic alterations and different risk patterns for the development of diabetes-related 

comorbidities and complications. The severe autoimmune diabetes (SAID) and severe insulin-

deficient diabetes (SIDD) endotypes feature a high risk for retinopathy, while SIDD is also 

associated with distal sensorimotor polyneuropathy and cardiovascular autonomic neuropathy. 

Individuals with severe insulin-resistant diabetes (SIRD) are at high risk for metabolic 

dysfunction-associated steatotic liver disease and chronic kidney disease. People with mild 

obesity-related diabetes (MOD) show intermediate prevalence and risk of diabetes-related 

complications, while mild age-related diabetes (MARD is related to coronary events and stroke. 

This reclassification calls for precision prevention and treatment. Abbreviation: T1DM, type 1 

diabetes mellitus; T2DM, type 2 diabetes mellitus. Adapted from Herder & Roden. 

Diabetologia. 2022 (6). Created with BioRender©.  

 

Of note, adipose tissue dysfunction, insulin resistance and subsequent increases in 

glycemia, are important factors not only for the development of T2DM, but also for 

worsening cardiovascular risk (15). Furthermore, physical inactivity promotes insulin 

resistance and increases the risk of diabetes as well as cardiovascular diseases (22; 

23). While distinct metabolic alterations and different risk patterns for the development 

of diabetes-related comorbidities and complications among the diabetes endotypes are 

already known, there is limited information about differences in physical activity 
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behavior, physical fitness, and cardiovascular risk in these endotypes.  

 

1.2 Diabetes and Obesity 

1.2.1 Definition of Obesity  
Obesity is defined as a chronic disease characterized by excessive fat accumulation 

that poses a risk to health, resulting from a positive energy balance. The BMI - which 

is based on the ratio of weight in kilograms and the square of height in meters - is 

commonly used to determine the prevalence of overweight and obesity in adults (24). 

According to the definition of the World Health Organization (WHO), adults with a BMI 

≥25 kg/m2 are overweight, while a BMI ≥30 kg/m2 indicates obesity (24). Although BMI 

is the most widely used measure to screen obesity, clinical limitations of BMI should 

be considered. Of note, BMI fails to distinguish between lean body mass and fat mass 

and more importantly, BMI is only modestly associated visceral adiposity (25; 26). 

Consequently, BMI overestimates obesity in people with high lean body mass due to 

increased muscle mass (e.g. athletes) and underestimates obesity in individual with 

high amounts of body fat but low lean body mass. Further, BMI differs across gender, 

ethnicities and age (25). Therefore, other measures like waist circumference and/or 

waist-to-hip ratio (WHR) have been suggested to identify people with obesity (27). 

Specifically, waist circumference might provide additional information on BMI, 

enhancing the prediction of morbidity and mortality (28).  

 

1.2.2 Adipose Tissue Distribution  
Adipose tissue is classically divided by morphology and function into white (WAT), 

brown (BAT), or brite/beige adipose tissue, whereby each fat depot has different 

biological function (29). In general, WAT is essential for the energy homeostasis, i.e. 

lipid storage and mobilization, while BAT is a thermogenic tissue responsible for heat 

production. In line, cold exposure, like submerged in ice water, has been shown to 

activate the BAT to generate heat, helping to maintain body temperature (30) . This 

process has gained interest in the context of metabolic health and weight regulation, 

as the activation of BAT can contribute to increased calorie expenditure (31). 

Histologically, BAT is characterized by adipocytes with multilocular lipid droplets and 

high mitochondrial density and is typically located in cervical, supraclavicular, axillary, 

paraspinal, mediastinal, and abdominal regions (32; 33). In addition, beige adipocytes 
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has been described as white adipocytes, which can be transformed to brown-like 

adipocytes (browning) under certain conditions like exercise or cold exposure. 

However, the origin of beige adipose tissue is still controversial as it is not observed in 

normal non-cooled humans (34).   

Of note, almost 95% of the total adipose tissue is WAT, which can further be classified 

into subcutaneous (SAT) and visceral adipose tissue (VAT). As inferred from the name, 

SAT is located under the skin, mainly in abdominal and gluteofemoral depots, while 

VAT is located intra-abdominally (i.e. around internal organs) in omental and 

mesenteric depots (29; 35). Overall, SAT accounts for 80% to 90% of total body fat 

mass in lean, healthy individuals and represents a physiological buffer by storing 

excess energy, mainly in form triglycerides, during times of limited energy expenditure 

(33; 35). In context of caloric excess, adipose tissue expands either by increasing size 

of existing adipocytes (hypertrophy) or through the generation of new adipocytes due 

to the differentiation of resident precursor cells resulting in an increased number of 

adipocytes (hyperplasia) (36). However, the storage capacity of the SAT is limited and 

once exceeded, lipids start to accumulate within cells of non-adipose tissue (ectopic 

fat) such as the skeletal muscle, liver, pancreatic beta-cells, and visceral fat depots. 

(33). These conditions are termed as metabolically unhealthy obesity (MUO) as they 

promote systemic inflammation, insulin resistance and further increase the risk of 

T2DM (33). Although, the concept of MUO is still doubtful, the distribution of adipose 

tissue is a pivotal determinant of metabolic health associated with obesity than 

increased fat mass itself. There is, however, a paucity of data regarding differences 

between SAT and VAT in people with obesity. Interestingly, mitochondria respiration, 

which has an important role in regulating lipid homeostasis, seems to be higher in VAT 

compared to SAT in obese individuals (37). Conversely, SAT might exhibit greater 

activity in processes associated with vesicular transport and secretion, as well as 

increased lipid metabolism in obese individuals (38).  

 

1.2.3 Obesity-Related Insulin Resistance  
More than 80 % of individuals with obesity develop insulin resistance and have an 

increased risk of T2DM rises progressively with increasing BMI (39-41). This is even 

more alarming considering the frighteningly increasing rate of obesity worldwide 

caused by environmental factors (i.e. sedentary lifestyle, climate change, and inflation), 

aging and Western diet (24; 42).   
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There are numerous mechanisms by which the progression of obesity promotes 

systemic insulin resistance. In general, the reduced expandability of SAT and the 

consequent re-distribution of lipids to the VAT are associated with insulin resistance 

(43). In line, VAT adipocyte size seems to be positively correlated with insulin levels 

and the degree of insulin resistance (44).   

First, hypertrophied adipocytes become dysfunctional and recruit monocytes - which 

then differentiate into macrophages - and various other immune cells. Moreover, M1-

macrophages in dysfunctional adipocytes start to release cytokines, thereby promoting 

a pro-inflammatory state. Chronically, adipose dysfunction leads to imbalance of 

circulating inflammatory and anti-inflammatory adipokines, which is defined as low-

grade inflammation. Second, dysfunctional adipose tissue is associated with elevated 

lipolysis, leading to increased flux of non-esterified fatty acids (NEFA) and glycerol to 

the liver, where both serve as substrates for triglyceride synthesis and contribute to 

hepatic triglyceride accumulation (hepatic steatosis). Of note, VAT can account up to 

50% of the NEFA supplied to the liver (45) and therefore, dysfunction of the VAT has 

been suggested to be the major driver of MASLD (46). As mentioned earlier, 

mitochondria play a crucial role in fatty acid oxidation and energy production. 

Consequently, reduced hepatic mitochondrial function in the insulin-resistant state 

leads to an imbalance in lipid metabolism, which further promotes hepatic lipid 

accumulation (15). Of note, high amounts of ectopic lipids favour the production of  

toxic lipids such as ceramides and diacylglycerides (DAG) (42), which then interfere 

with the hepatocellular signaling resulting in increased risk of T2DM. Third, the 

increased delivery of NEFA and glycerol from dysfunctional adipose tissue to the liver 

stimulates hepatic gluconeogenesis (15; 47; 48). Fourth, increased transport of NEFA 

to skeletal muscle, together with decreased mitochondrial beta-oxidation, favours 

lipogenesis and elevation in intramyocellular lipid content (IMCL). Fifth, skeletal muscle 

insulin resistance leads to the diversion of ingested glucose from the skeletal muscle 

to the liver. Paired with compensatory hyperinsulinemia, this again favours hepatic de 

novo lipogenesis and triglyceride synthesis (Figure 3) (15; 49). 
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Figure 3. Development of insulin resistance during obesity. Elevated lipolysis in adipose 

tissue results in increased flux of non-esterified fatty acids (NEFA) and glycerol to the liver, 

contributing to triglyceride (TG) accumulation and increased lipolysis and gluconeogenesis. 

Further, lipid-induced hepatic insulin resistance results in lowering insulin-stimulated glycogen 

storage Simultaneously, NEFA are transported to skeletal muscle. Elevated skeletal muscle 

NEFA, combined with reduced mitochondrial beta-oxidation, promotes lipogenesis and 

increases intramyocellular lipid content. Ectopic fat-induced lipotoxic signaling reduces insulin-

mediated glucose uptake and glycogen synthesis, causing skeletal muscle insulin resistance. 

Coupled with sedentary behaviour-associated reduction in non-insulin-stimulated glucose 

transport, postprandial plasma glucose levels increase. Chronically, adipose dysfunction leads 

to altered adipokine secretion and results in systemic low-grade inflammation. Created with 

BioRender©.   

 

Finally, chronic excess availability of NEFA leads to decreased function of organelles 

like the endoplasmic reticulum, lysosomes and mitochondria and result in an excess 

release of reactive oxygen species (ROS) (50), pro-inflammatory cytokines and 

adipokines, thereby generating systemic low-grade inflammation. Whether reduced 

VAT mitochondrial function itself is also coupled to lower adipose tissue insulin 

sensitivity remains, unknown. Nevertheless, prolonged systemic inflammation impairs 
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insulin action and signaling, while enhanced ROS production induces lipid peroxidation 

in adipocytes, liver, and skeletal muscles (42).  

Taken together, adipose tissue insulin resistance results in an increased lipolysis with 

elevated NEFA flux to the liver and skeletal muscle, which favours ectopic fat 

accumulation along with hepatic and myocellular insulin resistance.  

While the described mechanisms of how obesity leads to the progression of T2DM are 

generally accepted, there is evidence suggesting that this hypothesis may not hold true 

for all individuals with T2DM. This is reflected by the variation among the diabetes 

endotypes, which encompass differences in HOMA scores, NEFA and triglyceride 

levels (19; 20).   

 

1.2.4 Role of Physical Fitness  
The terms "physical activity," "exercise," "physical fitness," and “cardiorespiratory 

fitness (CRF)” are frequently used synonymously, albeit they describe different 

concepts. Table 1 briefly summarizes the precise definition of these terms.  
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Table 1. Definition of physical activity, exercise, physical fitness and cardiorespiratory 
fitness 
Term Definition 
Physical Activity Any voluntary bodily movement produced by skeletal muscles that 

requires energy expenditure 

Exercise Subcategory of physical activity that is planned, structured, 

repetitive, and improves or maintains one or more components of 

physical fitness 

Physical Fitness Set of abilities to perform aspects of sports, occupations and daily 

activities 

 

Health-related components of physical fitness are: 

- cardiorespiratory fitness 

- muscular endurance 

- muscular strength 

- body composition 

- flexibility 

Cardiorespiratory 

Fitness 

Capacity of the circulatory and respiratory systems to deliver 

oxygenated blood to skeletal muscles during exercise (VO2max= 

maximal oxidative capacity) 

Adapted from Caspersen et al. Public Health Rep. 1985 (51).  

 

Habitual physical activity has not only been evaluated as treatment of overweight and 

obesity (52; 53), but also to increase glucose uptake and insulin sensitivity (54; 55). 

On the other hand, sedentary lifestyle is associated with higher risk of insulin resistance 

(22). Blair et al. underscored the importance of physical activity by indicating 

cardiovascular fitness as a better predictor for CVD and all-cause mortality than BMI 

(56). Therefore, the WHO (24) recommends that adults with chronic diseases to spend 

at least 150–300 minutes of moderate-intensity aerobic activity; or at least 75–150 

minutes of vigorous aerobic activity; or an equivalent combination of moderate- and 

vigorous-intensity activity per week, for substantial health benefits (57). The adherence 

to these guidelines may result in a significant reduction in metabolic risk factors. 

Additionally, even a slight increase in physical activity, below the recommended 150 

minutes of moderate-intensity aerobic activity, can be effective in reducing mortality 

risk in individuals with T2DM. The adherence to these guidelines may lead to a 

significant decrease in metabolic risk factors and even a minor increase in physical 
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activity below 150 minutes of moderate-intensity aerobic activity can also be effective 

in decreasing mortality risk in people with T2DM (58).  

Physical activity has been prescribed as medicine for the treatment of 26 different 

diseases, including obesity and T2DM (59). However, several studies have shown that 

exercise alone may induce minimal or even no significant changes in body weight (60-

62). These findings could be explained by behavioral changes, such as a reduction in 

non-exercise activity after exercise training due to negative energy balance (i.e., 

fatigue) and an increased energy intake after exercise to compensate for the exercise-

induced increase in energy expenditure (i.e., increased hunger) (63). Alternatively, 

hedonic aspects of food, associated with the pleasure of eating and reward, may also 

contribute to these patterns (64).   

Surprisingly, the effect of increased physical activity on total energy expenditure is not 

linear but seems to plateau at after a certain amount of exercise. Therefore, Ponzer et 

al. suggested a "constrained model" of energy expenditure during exercise. This model 

describes an increase in total energy expenditure with physical activity at low activity 

levels, but as the level of physical activity increases, the body appears to reach a point 

where it adapts to maintain its overall energy expenditure within a relatively consistent 

range, resulting in a plateau effect at higher activity levels (65). 

In addition, activity-induced energy expenditure only account for 30-40% of the total 

energy expenditure in moderately active people (63). Although these data suggest that 

exercise alone is not sufficient to increase energy expenditure for compensating 

overnutrition, exercise should not be neglected for people with obesity, as it can be 

used as a treatment and/or prevention of obesity-related complications like MASLD 

and T2DM. 

Moreover, exercise seems to induce a lager decrease in VAT compared to caloric 

restriction (66) and reduces ectopic fat in the liver (i.e, hepatocellular lipid content 

(HCL)) even without dietary modifications (67). Interestingly, even mild aerobic 

exercise training reduces HCL without changes in body weight (68). Furthermore, only 

exercise was found to decrease VAT and a reduction in waist circumference 

independent of changes in body weight (66; 69).  

Acute exercise has been shown to increase skeletal muscle glucose uptake by up to 

50-fold, achieved through tightly regulated processes involving glucose delivery, 

transport across the sarcolemma and intramyocellular glucose metabolism (70). First, 

exercise enhances blood flow in skeletal muscle, recruits capillaries to expand the 
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vessel surface area, which promotes an increased delivery of glucose and oxygen to 

working muscles. Second, the increased exercise-induced translocation of the glucose 

transporter 4 (GLUT4) to the plasma membrane enhances sarcolemma permeability 

to glucose, enabling greater glucose uptake. Three, this process is mediated by 

multiple intracellular signaling pathways, which become active due to an increased 

ATP turnover followed by contraction-induced mechanical stress. Four, once in the 

muscle, glucose becomes phosphorylated by hexokinase II to glucose-6-phosphate, 

which either enters glycolysis or is stored as glycogen (Figure 4) (70). 

 

Figure 4. Exercise-induced insulin-independent glucose uptake. During rest, glucose 

demand is low, resulting in reduced glucose delivery due to decreased muscle fiber 

permeability. Once glucose that enters the muscle fiber, it is either stored as glycogen or used 

for ATP production through glycolysis and mitochondrial oxidative phosphorylation. At early 

stage of exercise, the stored glycogen is used for increased ATP production. This process 

leads to the accumulation of glucose 6-phosphate (G-6-P), which inhibits hexokinase (HK) II 

and reduces glucose phosphorylation. At later stage of exercise, glycogen is gradually 

depleted, and glucose supply shifts from glycogen to blood glucose uptake to meet ATP 

demands. This is induced by muscle contraction and increased ATP turnover. Adapted from 

Sylow et al. Nat Rev Endocrinol. 2017 (70). Created with BioRender©.  

 

In addition to these insulin-independent processes, exercise also seems to upregulate 

insulin-stimulated glucose uptake as acute and chronic exercise sensitizes skeletal 
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muscle to insulin and, thereby, elevating insulin sensitivity in exercise-trained states 

(70).  

Finally, exercise-induced improvements in insulin sensitivity protect skeletal muscle 

mass by suppressing muscle atrophy (71). This could be explained by the insulin-

stimulated activation of AKT. AKT phosphorylates forkhead box protein O1 and O3a 

(FOXO1; FOXO3a), thereby excluding these proteins from the nucleus. As FOXO1 

and FOXO3a are linked to increased autophagy and muscle atrophy by atrogin-1 

expression, this mechanism prevents skeletal muscle mass. Further, activated AKT 

phosphorylates and activates mammalian target of rapamycin, leading to enhanced 

protein synthesis and cell growth in the skeletal muscle (72). This is particularly 

relevant for people with diabetes, as these individuals have an increased risk of 

sarcopenia and low skeletal muscle mass (73; 74). Of note, during weight loss, there 

is a natural tendency for a reduction in skeletal muscle mass, which can further elevate 

the risk of sarcopenia. Therefore, incorporating exercise, especially resistance 

exercise, into a weight loss regimen is essential not only for preserving lean muscle 

mass but also to contribute to the improvement of muscle strength (71; 75). Given that 

skeletal muscle is the primary organ for insulin-stimulated glucose uptake, the benefits 

of exercise on skeletal muscle mass become even more significant in the context of 

insulin resistance (17). In summary, exercise plays a multifaceted role in maintaining 

skeletal muscle mass, improving insulin sensitivity, and countering the adverse effects 

of weight loss on muscle health, making it a cornerstone in the management of 

conditions such as T2DM and obesity. However, individuals with T2DM have reduced 

exercise capacity compared to those without diabetes. This is linked to factors like 

insulin resistance, impaired muscle oxygen delivery, and inefficient energy substrate 

utilization. Besides, increased physical activity does not necessarily lead to a 

corresponding increase in physical fitness, possibly due to a resistance to exercise 

(76). Likewise, about 15-20% of individuals with T2DM failed to increase skeletal 

muscle mitochondrial density or improvements in glucose homeostasis and insulin 

sensitivity after supervised exercise interventions (77). Interestingly, genetic 

predisposition can also influence individual responses to exercise. In this context, a 

single nucleotide polymorphism in the nicotinamide adenine dinucleotide (NADH) 

dehydrogenase-1ß subcomplex subunit 6 (NDUFB6) gene, which encodes a 

mitochondrial complex I subunit, has been associated with ATP synthase flux in first-

degree relatives of individuals with T2DM (78). The presence of the G/G single 
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nucleotide polymorphism (SNP) rs540467 has been linked to increased ATP synthase 

flux (78) and improved insulin sensitivity (79) through exercise, with those responding 

positively to exercise more frequently carrying the G allele of the NDUFB6 rs540467 

polymorphism. Finally, this polymorphism may also play a role in influencing the impact 

of physical activity in T2DM as the rs540467 SNP within the NDUFB6 gene 

demonstrates an association with physical activity-induced alterations in insulin 

sensitivity, body composition and steatosis risk in people with T2DM (80). Notably, 

rather the type than the duration of exercise seems to be the determining factor to 

improve glycemic control in people with T2DM (76). Consequently, it is of interest to 

investigate the exercise respond in the novel diabetes endotypes. As SIRD features 

severe insulin-resistance, higher BMI and greatest risk of MASLD, regular physical 

activity might serve as specific tool for tailored prevention and treatment in this 

endotypes. Prior to my studies, it was unknown whether members of SIRD already 

show reduced levels of physical fitness and whether lower physical activity causes or 

least contributes to their metabolic phenotype.   

 

1.3 Cardiovascular Risk in Diabetes 

1.3.1 Cardiovascular Disease in Type 2 Diabetes  
In 2017, more than 1 million global deaths were attributed to T2DM, thereby ranking 

T2DM as one of the main cause of global mortality (14). However, diabetes per se, but 

rather its related comorbidities are the reason for the observed excessive mortality rate 

associated with diabetes. Indeed, cardiovascular disease (CVD), which comprises a 

group of heart and blood vessels disorders including i.e. stroke, cerebrovascular 

disease, coronary artery disease and peripheral artery disease, remains the leading 

cause of death and disability among people with diabetes (81). Independent of other 

risk factors, diabetes confers an about doubled risk of cardiovascular outcomes and 

32.2% of individuals with T2DM are affected by CVD globally (82; 83). These findings 

are supported by studies, which indicated chronic hyperglycemia as a contributor of 

increased cardiovascular risk by impairment of vascular function (84; 85). In line, rising 

fasting blood glucose levels increase the cardiovascular risk continuously (82). Beside 

hyperglycemia, other diabetes-related complications such as adipose tissue 

dysfunction and insulin resistance with subsequent dyslipidemia and hyperinsulinemia 

as well as hypertension and obesity are also worsen cardiovascular risk (15; 86; 87). 
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Additionally, endothelial dysfunction, characterized by reduced endothelial-dependent 

vasodilation due to decreased nitric oxide bioavailability (88), is another  

cardiovascular risk factor, which is associated with insulin resistance, dyslipidemia and 

T2DM (89) and further decreases during the early course of T2DM (90). Of note, 

reduced physical activity levels and decreased physical fitness further increase the risk 

of endothelial dysfunction in humans with recent-onset diabetes (91). However, it 

remains unknown if endothelial function is different in diabetes endotypes.  

Finally, unhealthy lifestyle such as smoking, alcohol intake, poor diet or low physical 

activity further increases cardiovascular risk in T2DM (92; 93). Therefore, lifestyle 

modifications and management like medical nutrition therapy, smoking cessation, and 

psychosocial care are recommended to people with T2DM (81). Moreover, regular 

physical activity reduces incidence of diabetes-related vascular complications (94) 

(Figure 5).  
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Figure 5. Cardiovascular Risk in Type 2 Diabetes. Diabetes-related complications like 

hyperglycemia, insulin resistance, dyslipidemia, hyperinsulinemia and hypertension increase 

the risk for cardiovascular diseases. This risk is worsen by an unhealthy lifestyle (i.e. smoking, 

alcohol intake, poor diet, and sedentary lifestyle), while lifestyle modifications (medical nutrition 

therapy, smoking cessation, psychosocial care and increased physical activity) reduce the risk 

for cardiovascular events in type 2 diabetes mellitus (T2DM). Created with BioRender©.

  

Taken together, CVD remains the leading cause of death and disability among people 

with diabetes (81). As such, it is of clinical relevance to assess differences in CVD risk 

in the diabetes endotypes to contribute to the road map of precision in medicine (95). 

Previous studies already reported different CVD risks between the endotypes, however 

those results are ambiguous. In Scandinavia cohorts, the SIRD and MARD endotype 

showed an at least nominally greater CVD risk than the other diabetes endotypes. 

Nevertheless, the differences did not remain statistically significant after adjustment for 

age and sex (19). In line, results from a Japanese cohort suggested the highest CVD 

risk for the SIRD endotype before, but not after adjustments for multiple confounders 

(96). Conversely, a high HbA1c and low BMI, which are typically found in the SIDD 

endotype, have been suggested as alternative explanation for the elevated risk of 
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major adverse cardiovascular events and death in the DEVOTE, LEADER and 

SUSTAIN-6 cohorts (97). Although the debate, whether poor glycemic control or 

severe insulin resistance represents the main risk factor for diabetes-related CVD, 

remains unsolved, the understanding of differences in cardiovascular risk in the novel 

diabetes endotypes could help to solve this issue.  

 

1.3.2 Prediction of Cardiovascular Risk  
Several different risk scores, based on multiple risk factors like age, sex, blood 

pressure, smoking, cholesterol, and diabetes status, have been developed to predict 

the individual cardiovascular risk (98-100). Although all prediction models are relevant 

for the prevention and management of CVD, each of these models have certain 

advantages and disadvantages and should be used with caution (101). The most 

commonly used risk models are the Framingham Risk Scores (FRS), European 

Society of Cardiology's Systematic Coronary Risk Evaluation (SCORE) and the 

American College of Cardiology/American Heart Association's Atherosclerotic 

Cardiovascular Disease (ASCVD) risk algorithms (99):   

The FRS is one of the first predictive scores for coronary heart disease (CHD), which 

based on the Framingham Heart study. In 1998, Wilson et al. proposed a sex-specific 

prediction algorithm to estimate 10-year CHD risk (102), which has been validated by 

many studies in other populations (103-105). In 2008, D’ Agostino et al. developed, 

based on a larger cohort of Framingham study, an extended sex-specific risk model to 

further estimate the 10-years risk of cardiovascular events like stroke, intermittent 

claudication and congestive heart failure (106).  

The SCORE has been developed from 12 different cohort studies in several European 

countries and therefore benefits from a large study population and country-specific 

versions, which were expected to be more accurate. However, the SCORE includes 

only fatal cardiovascular outcomes and the total cardiovascular risk might therefore be 

underestimated (107; 108).   

The ASCVD is a sex- and race-specific equations for African American and Caucasian 

men and women, which rather focus on risk of atherosclerotic cardiovascular disease 

rather on only hard CHD events (99).  
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1.4 Metabolic Dysfunction-Associated Steatotic Liver Disease  

1.4.1 Definition and Epidemiology of Metabolic Dysfunction-Associated 
Steatotic Liver Disease 
Recently, a multi-society Delphie consensus challenged the traditional nomenclature 

and diagnosis of nonalcoholic fatty liver disease (NAFLD) and suggested MASLD as a 

new nomenclature for fatty liver disease. In contrast to NAFLD, MASLD is diagnosed 

if at least one of five cardiometabolic risk factors is presented, which underline the 

strong connection between steatotic liver disease and metabolic risk factors and insulin 

resistance (109).  

Of note, 60%-80% of people with T2DM and obesity concomitantly present with 

MASLD, which itself is considered as one of the leading causes of chronic liver disease 

with a current global prevalence of about 25% (15; 110-112). MASLD is diagnosed 

when HCL exceeds >5% by histology or >5.6% by magnetic resonance imaging (MRI) 

(113), without alcohol consumption being the primary cause (112). The spectrum of 

MASLD ranges from simple steatosis in the absence of inflammation to steatohepatitis, 

fibrosis, liver cirrhosis and hepatocellular carcinoma (114).   

Several mechanisms have been discussed to promote hepatic lipid storage such as 

excessive substrate supply to the liver (i.e. NEFA, glucose); intrahepatic imbalance 

between lipogenesis and lipolysis; reduced export of lipids to peripheral tissue and/ or 

a combination of these mechanisms (115). Furthermore, aforementioned adipose 

tissue insulin resistance is linked to blunted insulin-mediated suppression of adipose 

tissue lipolysis, which results in an increased flux of NEFA and glycerol to the liver, 

where they serve as additional substrates for generation of lipid mediators and de novo 

lipogenesis, re-esterification or allosterically stimulate gluconeogenesis (116).  

 

1.4.2 Diagnosis of Metabolic Dysfunction-Associated Steatotic Liver Disease 
Histological evaluation of liver biopsies currently remains the gold standard method to 

diagnose MASLD, because it enables the identification of inflammation and 

classification of fibrosis stages (117). Nevertheless its invasiveness, side effects, 

costs, sampling and analytical variation limit the clinical practical use mainly to 

individuals at high risk of progressive MASLD. On the other hand, magnetic resonance 

(MR)-based methods such as magnetic resonance imaging estimated proton density 

fat fraction (MRI-PDFF) and 1H-magnetic resonance spectroscopy (1H-MRS) allow for 

accurate non-invasive quantification of even low amounts of liver fat concentrations at 
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or below the threshold for defining steatosis. However, these tools are not readily 

available in larger cohort studies. Consequently, ultrasonography, liver enzymes, or 

various indices are commonly used to diagnose MASLD in clinical studies (116).  

Of note, serval large studies showed that ultrasonography-diagnosed MASLD or 

elevated liver enzymes predicted T2DM independent of age and obesity (118). 

Furthermore, MASLD indices have been established as surrogates for HCL after 

validation by MRI (119; 120). Among those non-invasive tests, the fatty liver index (FLI) 

is an established index with moderate sensitivity and specificity for diagnosing 

steatosis, which has been even recommended for clinical MASLD screening (119; 121; 

122). The FLI has a sensitivity and specificity for diagnosing steatosis of 61% and 86%, 

respectively (122). Established cut-offs of the FLI further help to examine different 

degrees of steatosis risk. In detail, values <30 (low-steatosis category) rule out, while 

values ≥60 (high-risk steatosis category) rule in steatosis and values of 30-60 

(intermediate-risk steatosis category) indicate the possible presence of steatosis (122). 

Moreover, the FLI not only correlates with insulin resistance (123) but also increases 

in severe insulin resistance (20). Recently, it has been shown that the FLI increased 

by 43% in T2DM and by 14% in T1DM after 5 years of disease onset which was 

confirmed by 2-fold rise in HCL (by 1H-MRS) in people with T2DM (124).  
One of the best evaluated non-invasive surrogate for assessing risk of advanced 

hepatic fibrosis is the fibrosis index 4 (FIB-4). The FIB-4 demonstrated a sensitivity of 

65% and specificity of 97% for detecting advanced fibrosis. It also showed a 90% 

specificity with a sensitivity of 70% to exclude advanced fibrosis and has been 

validated in diverse populations. FIB-4 values <1.45 are considered to exclude, while 

values >3.25 are indicative of advanced fibrosis (125; 126).   

 

1.4.3 Metabolic Dysfunction-Associated Steatotic Liver Disease Disease and 
Type 2 Diabetes 
MASLD is associated with an approximate twofold greater risk of incident T2DM (127) 

and the risk of incident T2DM proceeds with the severity of MASLD (114). In this regard, 

lower HCL has been associated with a reduced risk of T2DM (128), while HCL 

accumulation associates with hepatic, adipose tissue and skeletal muscle insulin 

resistance (114). These findings indicate a close connection between insulin resistance 

and the progression of MASLD.   

Although the molecular mechanisms describing how MASLD increases the risk of T2DM 
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are not completely understood, bile acid, lipid metabolites and gene variants have been 

discussed as potential risk factors of T2DM in MASLD.  

DAG and ceramides are highly associated with hepatic insulin resistance and an 

increased risk of T2DM (47; 48). The most described mechanism by which DAG induces 

lipid-mediated hepatic insulin resistance is through the translocation of novel protein 

kinase C (PKC). After its translocation to the plasma membrane, PKC phosphorylates 

insulin receptor (INSR) Thr1160, followed by decreased distal INSR signaling. 

Ultimately, glycogen synthesis and gluconeogenesis suppression are reduced (129).  

The mechanism of the ceramide-mediated hepatic insulin resistance is less explored, 

however, several hypotheses have been proposed. For example, ceramides have been 

shown to inhibit AKT though activation of PKCζ. AKT is a pivotal kinase within the insulin 

signaling pathway; which, after activation, promotes various cellular processes, 

including glucose uptake, glycogen synthesis as well as in the regulation of lipid 

metabolism, including the suppression of lipolysis. Therefore, ceramide-induced 

suppression of AKT results in reduced glycogen synthesis and increased HCL. 

However, these findings arise mainly from cell culture studies and are not thoroughly 

investigated (129) (Figure 6).  
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Figure 6. The DAG- and ceramide-induced hepatic insulin resistance. Increased flux of non-

esterified fatty acids (NEFA) and saturated fatty acids (SFA) to the liver leads the accumulation 

of intrahepatic triglycerides (TAG), sn-1,2-diacylglycerol (DAG) and ceramides. After 

translocation to the plasma membrane, DAG activates protein kinase C (PKC)ε. Afterwards, the 

phosphorylation of insulin receptor (INSR) Thr1160 by PKCε, results in inhibition of INSR 

tyrosine kinase activity. This mechanism is expected to have an impact on all subsequent 

aspects of insulin signaling, including stimulation of glycogen synthesis and the transcriptional 

downregulation of genes associated with gluconeogenesis. Additionally, studies in cultured cells 

hypothesised that CER activates PKCζ, which results in the prevention of AKT from participating 

in insulin action. Dashed lines indicate translocation. Abbreviation: GSK3, Glycogen synthase 

kinase 3; FOXO1, Forkhead box protein O1, FA-CoA, fatty acyl-CoA. Created with BioRender©.  

 

Also, ceramides can activate inflammatory pathways and induce oxidative stress within 

the liver, contributing to a pro-inflammatory environment that further exacerbates insulin 

resistance (15). 

Furthermore, there is growing evidence that certain gene variants are related to hepatic 

lipid accumulation, leading to the assumption that MASLD could partly be inheritable 

(111; 130). In this context, patatin-like phospholipase domain containing 3 (PNPLA3), 

transmembrane 6 superfamily member 2 (TM6SF2), and glucokinase regulatory protein 

genes are three of the prevalent gene variants which promote the risk of MASLD by 
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altering lipid droplet formation, de novo lipogenesis or by reducing VLDL-cholesterol 

(131-134). It has been suggested recently, that the TM6SF2-polymorphism rs58542926 

has a protective effect for individuals with T2DM as this SNP dissociates hepatic lipid 

accumulation from whole-body insulin sensitivity in people with recent-onset diabetes 

(135). Interestingly, people with severe insulin resistance (SIRD endotype) exhibit the 

highest prevalence of MASLD and more frequently carry the rs738409(G) polymorphism 

of PNPLA3. Along these lines, G allele carriers demonstrate greater adipose tissue 

insulin resistance and excessive lipolysis, which may contribute to the elevated risk of 

MASLD in the SIRD endotype (111).  

Finally, bile acids act as signaling molecules by interacting with the farnesoid X (FXR) 

receptor and Takeda G protein- coupled membrane receptor 5 (TGR5). Activation of 

hepatic FXR results in a reduced de novo lipogenesis with an additional decrease in 

gluconeogenesis and increase in glycogen synthesis (136), while activation with TGR5 

increases the release of glucagon-like peptide 1 from L cells, which in turn, leads to 

insulin secretion by the pancreatic beta-cells (137). Therefore, bile acids might not only 

act as important mediators in the regulation of lipid but also glucose metabolism.   

Taken together, MASLD, insulin resistance and obesity seem to be closely connected, 

but the underlying mechanisms of this connection remains incompletely understood.   

 

1.5 Abnormal Thyroid Function  
The close regulated relationship between the pituitary-derived thyroid-stimulating 

hormone (TSH) and the thyroid hormones thyroxine and triiodothyronine, renders TSH 

the more sensitive indicator of thyroid function. Because of the gradual alterations in 

thyroid function and its clinical presentation, overt hypothyroidism, defined by 

combined increased TSH with decreased free thyroxine (fT4), is distinguished from 

subclinical hypothyroidism, defined by moderately increased TSH along with euthyroid 

levels of free triiodothyronine (fT3) and fT4 (138) (Table 2).   
 

 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/adipose-tissue
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Table 2.Definition and diagnosis of primary hypothyroidism. 
Primary hypothyroidism 

Definition  Abnormal function of the thyroid gland due to: 

- Autoimmune thyroiditis (M. Hashimoto) (positive anti-TPO or/and anti-TG 

auto-antibodies) 

- Other causes like thyroidectomy, thyreostatic drug treatment for 

hyperthyroidism, antidepressant treatment with lithium 

Diagnosis  - Overt hypothyroidism: serum TSH >10 mIU/l, decreased serum fT3 and 

fT4 (prevalence: 0.2–2% in adults) 

 

- Subclinical hypothyroidism: serum TSH >4 mIU/l, serum fT3 and fT4 

within the normal/euthyroid range (prevalence: 4–10% in adults) 

Imaging Thyroid ultrasound 

Abbreviations: fT3, free triiodothyronine; fT4, free thyroxine; TG, thyroglobulin; TPO, thyroid 

peroxidase; TSH, thyroid stimulating hormone. Adapted from Hatziagelaki et al. Trends 

Endocrinol Metab. 2022 (138).  

 

Interestingly, Chen et al. recently suggest to reevaluate the TSH reference range as 

they indicated low thyroid function as an independent risk factor for all-cause and 

cardiovascular mortality in euthyroid people with metabolic syndrome. Noteworthy, 

they further found mild subclinical (defined as TSH levels between 4.5- 10 mIU/L) as 

most detrimental impact on health (139).  

Of note, thyroid hormones play a pivotal role in human growth, energy and lipid 

homeostasis. Consequently, reduced thyroid function may promote NEFA flux, 

accumulation of lipids in the liver, and an elevation in the levels of circulating pro-

inflammatory adipokines (140; 141). This renders humans with hypothyroidism at 

greater risk of MASLD (126). In line, both hypothyroid and euthyroid individuals showed 

a positive correlation between TSH levels and MASLD, while higher fT4 levels may 

help to protect against MASLD (142). In addition, subclinical hypothyroidism and even 

low-normal thyroid function have been shown to predict steatohepatitis and advanced 

fibrosis (143). Hence, early detection of impaired thyroid function is of high clinical 

relevance, specifically for people at increased steatosis risk (144). 

Interestingly, lower thyroid function is not only associated with steatosis but also 

correlates with adipose tissue and skeletal muscle insulin resistance, impaired insulin 
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secretion as well as reduced expression of glucose transporters (138; 145), which is 

present in T1DM and T2DM (146). In addition, the prevalence of hypothyroidism is 

higher in people with T1DM and T2DM in comparison to the general population (145). 

Notwithstanding, hypothyroidism has been shown to be associated with an increased 

risk of diabetes (147), while high and high-normal fT4 levels seems to decrease the 

risk of T2DM (148).  

Finally, novel selective thyroid hormone receptor agonists such as Resmetirom have 

been identified as promising drugs to treat MASLD by demonstrating lipid-lowering and 

antisteatotic effects in a placebo-controlled phase 2 trial (149). These findings 

underscore the close relationship between thyroid function and MASLD. Although 

impaired thyroid function seems to be associated with MASLD and diabetes, little is 

known about the relationship between thyroid function and MASLD in people T1DM 

and T2DM. 
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1.6 Aims  
The overall aims of the thesis were to assess to what extent alterations of energy 

metabolism affect the risk factor for the frequent diabetes-related complications, 

cardiovascular disease and MASLD in people with obesity and/or recent-onset 

diabetes. Thus, this thesis addressed three questions: 

(i) Do the new diabetes endotypes exhibit differences in terms of physical fitness and 

CVD risk?   

(ii) Is the mitochondrial respiration of VAT and SAT different in obese individuals with 

and without MASLD? 

(iii) Is there an association between low-normal thyroid function and an increased risk 

of steatosis in individuals with recent-onset diabetes? 

 

 

These studies are approved by the ethics boards of the Medical Faculty of Heinrich 

Heine University Düsseldorf (reference numbers: 4508 and 3516). 
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3 Discussion  

3.1 Differences in Low Physical Fitness and Cardiovascular Risk Factor among 
Diabetes Endotypes  
The first study observed that people with recent-onset diabetes show lower physical 

fitness compared to glucose-tolerant individuals and that physical fitness is lowest in 

humans with SIRD (150). These findings are partly surprisingly as physical activity from 

Baecke index is comparable among all diabetes endotypes. Despite those variations 

in physical fitness, endothelial function is similar across all diabetes endotypes, which 

is comparable even with glucose-tolerant individuals. Finally, this study extends the 

findings of recent analyses regarding diabetes endotypes by combining the 

assessment of physical fitness and CVD risk and found that the SAID endotype exhibits 

the lowest cardiovascular risk within the first year after diabetes diagnosis compared 

to the other diabetes endotypes (150).  

Among other factors, VO2max indicates mitochondrial function and density, as 

demonstrated by its positive relationship with skeletal muscle ATP production in 

humans (79). Of note, individuals with T2DM showed a reduced skeletal muscle 

mitochondrial function (i.e. reduced oxidative phosphorylation capacity and 

mitochondrial plasticity) (151). A reduction in mitochondrial plasticity to changes in 

insulinemia further results in an impaired metabolic flexibility, which is defined as the 

ability to switch from lipids (fasted state) to glucose oxidation (fed state) during insulin 

stimulation and is considered as independent determinants of insulin sensitivity in 

recent-onset T2DM (152). The shift from the oxidation of lipids to glucose is not only 

observed during the transition from the fasted to fed state but also represents a crucial 

physiological change during acute exercise. Limited data suggest that individuals with 

obesity and T2DM may also exhibit a reduced lipid oxidation and metabolic flexibility 

during moderate-intensity aerobic exercise (153). Therefore, it could be speculated 

that the dissociation of physical activity and physical fitness in the SIRD endotype 

results from a reduction in mitochondrial respiration and metabolic flexibility. However, 

it has been shown recently that metabolic inflexibility is not essential for the 

pathogenesis of skeletal muscle insulin resistance (154). Further research is needed 

to clarify these different findings.  

Interestingly, the SIRD endotype not only displayed the lowest VO2max but also had the 

lowest peak power at the first ventilator threshold (VT1) and peak power output (150), 

which underline the correlation between muscle strength and CRF (155). In 
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agreement, another study of the GDS cohort indicated a lower skeletal muscle mass 

in individuals with the SIRD endotype compared to individuals with SAID, SIDD, and 

MARD (156). In contrast, a recently published prospective cohort study in Japanese 

males and females with diabetes, found an increased risk of sarcopenia for individuals 

of the SAID and SIDD endotype compared to the other endotypes (96). Differences 

between these studies could be explained by variation in ethnicity and the methods 

employed in investigating skeletal muscle mass versus sarcopenia. The current study 

extends those findings by including a glucose-tolerant control group (150). In this 

context, muscle strength (reflected in peak power at VT1 and peak power output) was 

also lower in all diabetes endotypes compared to glucose-tolerant individuals. Taken 

together, these findings (96; 150; 156) underscore the association between a 

sarcopenic phenotype and diabetes mellitus (157), which might be driven by insulin 

resistance (156) or poor glycemic control (158). However, further studies are needed 

to explain this interaction.  

To conclude, the current data suggest that low physical fitness is not simply resulting 

from aging, obesity, or physical inactivity but rather from presence of distinct 

abnormalities in mitochondrial function, metabolic flexibility and skeletal muscle mass. 

Of note, sarcopenia further shows a bidirectional relationship with CVD (159), which 

could partly be explained by the release of myokines, as myokines promote an anti-

inflammatory milieu, resulting in a decreased CVD risk (160). Along this line, this study 

showed an increased CVD risk for people with diabetes compared to the glucose-

tolerant group (150). However, evidence suggest that rather sarcopenic obesity than 

sarcopenia (based on muscle strength) alone is modestly associated with CVD risk 

(161). In line, individuals with a higher WHR and lower muscle strength (SIRD) had a 

higher CVD risk compared to individuals with lower WHR and higher muscle strength 

(SAID) (150). Nonetheless, studies in context of sarcopenia and/or sarcopenic obesity 

show heterogeneous results which might be explain by inconsistent definitions of 

sarcopenia (162).    

Another link between reduced physical fitness and increased CVD risk could be related 

to adipose tissue distribution. As mentioned earlier, triglycerides are not only stored in 

adipose tissue but also as ectopically, e.g. in skeletal muscle (36). Strong evidence 

supports that physical fitness is an important modulator of the association between 

IMCL and insulin sensitivity in recent-onset T2DM. Moreover, there might be a tight 

relationship between IMCL and CVD risk in T2DM (163). The current results support 
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these associations by indicating the lowest CRF for the SIRD endotype, which renders 

these individuals at increased cardiometabolic risk and potential higher mortality. This 

interpretation was underlined by a strong association between HOMA-IR and FRS-

CHD, FRS-CVD and ASCVD pointing to a higher risk of CVD/CHD in insulin-resistant 

individuals (150).   

Moreover, CVD risk might be linked to age, sex and BMI as estimated differences 

between endotypes were no longer present after those adjustments (150). For 

example, FRS-CHD seemed to be higher in humans with SIRD than in the SAID, SIDD 

and MOD endotypes, but after adjustments for age, sex and BMI, the SIRD endotypes 

only differed to SAID. With regard to previous works, it could be speculated that BMI 

is the major driver for this correlation (164-167). Thus, obesity might be an important 

factor for cardiovascular health at least in the SIRD endotype.  

Finally, the observed similarity in endothelial function among the diabetes endotypes 

(150) was particularly surprising for the MOD and SIRD endotypes as ectopic lipid 

deposition, dysregulated fatty acid metabolism and/or the release of inflammatory 

adipokines and hepatokines have been suggested to be related to endothelial 

dysfunction (15; 21; 168). However, previous studies already challenged the concept 

of a direct relationship between FMD and diabetes by reporting no association between 

FMD and diabetes (169) or only for overt T2DM, but not in those with impaired glucose 

metabolism (88). Nevertheless, poor glycemic control, insulin resistance and reduced 

physical fitness have been suggested as leading factors for the development of 

endothelial dysfunction (90). These findings render the SAID, SIDD, and SIRD 

endotypes at the highest risk of developing endothelial dysfunction at a later stage of 

disease progression.  

Taken together, the new diabetes endotypes exhibit differences in cardiovascular risk 

right from the onset of the disease. Notably, the SAID subgroup demonstrates lower 

risk scores for CVD compared to other diabetes endotypes. Conversely, the SIRD 

subgroup exhibits the lowest levels of physical fitness, despite having similar levels of 

physical activity and endothelial function compared to the other endotypes. 
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3.2 Visceral Adipose Tissue Energy Metabolism in Individuals with Obesity and 
Metabolic Dysfunction-Associated Steatotic Liver Disease 
The second study provides evidence that VAT dysfunction is associated with adipose 

tissue insulin resistance and MASLD. This conclusion is based on the reduced 

mitochondrial respiration in the VAT of obese people with MASLD compared to 

similarly obese individuals without liver steatosis, which is further associated with 

adipose tissue insulin resistance. Thus, this study reveals a crucial role of 

compartment-specific adipose tissue energy metabolism for MASLD progression and 

insulin resistance in people with obesity (170).  

Dysregulation of adipose tissue mitochondrial function implicates an impaired lipid and 

glucose metabolism (171; 172). These data extended these findings in observing a 

compartment-specific mitochondrial function in VAT and SAT in humans with obesity 

and MASLD (170). In contrast to SAT, VAT mitochondrial respiration was 

downregulated in obese humans with hepatic steatosis and in those with MASH 

compared to individuals without MASLD (170), which support the tight relationship 

between decreased WAT oxidative phosphorylation capacity and increased NEFA flux 

to the liver (173).  

Further adipose tissue insulin sensitivity has been shown to be positively associated 

with VAT mitochondrial respiration (170). Of note, fatty acid oxidation refers to the 

process of breaking down fatty acids into acetyl-CoA units and therefore, mitochondria 

function plays a crucial role in the regulating the storage and expenditure of lipids (172). 

However, abnormal fatty acid oxidation results in enhanced NEFA release into the 

portal vein at least in individuals with obesity (174) The increased flux of NEFA to the 

liver finally results in the described lipid-induced hepatic insulin resistance (15). 

Therefore, the association between adipose tissue insulin sensitivity and VAT 

mitochondrial respiration could be explained by the observed reduced fatty acid-linked 

(F-) NADH-linked (N-) and succinate-linked (S-) (FNS-pathway) maximal oxidative 

capacity ([ETF]P) in VAT of obese people with MASLD compared to those without 

MASLD in this study (170).   

In contrast to VAT, [ETF]P was similar in the SAT among all three groups in SAT. In 

line, recent studies showed an adequate SAT expandability in individuals with obesity 

and MASLD (175) and indicated that SAT inflammation and elevated NEFA release in 

relation to fat-free mass and plasma NEFA concentration were unrelated to insulin 

resistance (176).   
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Recently it has been shown that mitochondrial oxygen consumption was higher in VAT 

compared to SAT (38), while oxidative capacity was negatively associated with BMI in 

SAT but not in VAT in obese individuals (177). In line, the present study identified a 

higher mitochondrial respiration in VAT than in SAT in people with obesity, but without 

MASLD. Indeed, mitochondrial respiration was similar in both compartments in obese 

humans with MASLD. Further, oxidative capacity in VAT of people with MASLD was 

similar to that assessed in SAT of individuals without MASLD (170). 

Taken together, these results support the hypothesis of an impaired insulin-mediated 

suppression of VAT lipolysis due to downregulated VAT mitochondrial respiration, 

specifically in the FNS-pathway, which results in an excess delivery of NEFA to the 

liver and MASLD progression in people with obesity (116). In regard to the fact, that 

there is currently no licensed drug therapy for MASH (178), these findings might be 

important to contribute to the development of new treatments to prevent the 

manifestation and progression of MASLD by indicating VAT mitochondrial function as 

a possible target. Still, the thyroid receptor beta agonist Resmetirom has been shown 

to be a promising candidate for treating MASH by targeting thyroid receptors in the 

liver without affecting thyroid function elsewhere. Interestingly, Resmetirom seems to 

improve lipid homeostasis by enhanced mitochondrial respiration (149), which further 

supports the close relationship between MASLD and mitochondrial function.  

 

3.3 Low Thyroid Function and Metabolic Dysfunction-Associated Steatotic 
Liver Disease in Diabetes Mellitus 
The third study indicates that low fT4 but not high TSH levels are associated with 

increased steatosis risk and reduced insulin sensitivity in T2DM. However, this 

relationship has not been found in T1DM or glucose-tolerant people. Interestingly, 

specifically men but not women with T2DM show a correlation between low-normal 

thyroid function and steatosis risk and insulin sensitivity. Further, the association 

between TSH and steatosis risk in male T2DM might be driven by body mass. Finally, 

the findings of the study indicate a sex-specific correlation between low-normal thyroid 

function and steatosis risk in individuals with T2DM. (179).  

Of note, in both T2DM and MASLD gender differences has been shown before (180; 

181). For example, T2DM and fasting hyperglycemia occur more frequently in men 

than in women, while slightly more women are diagnosed with impaired glucose 

tolerance. Moreover, men often develop T2DM at a younger age and lower BMI than 
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women. In contrast, risk factors such as excessive weight gain and hypertension are 

more frequently observed in women, particularly at a younger age, at the time of 

diabetes diagnosis (180). Yet, MASLD prevalence is higher in men than in women in 

the general population (181), which is in line with the present findings (179). In line, 

lower TSH or subclinical hypothyroidism was found to be independently associated 

with the presence of T2DM or increased risk of metabolic syndrome in glucose-tolerant 

men but not in women in previous published studies (182; 183). The current study 

further extends these findings by observing a relationship between serum triglyceride 

levels and insulin sensitivity with fT4 in males, whereas such a correlation was not 

observed in females with T2DM (179). In contrast to that, subclinical hypothyroidism 

was associated with several parameters of the metabolic syndrome only in Japanese 

women (184), which might be explained by different ethnicity.   

Taken together, the detection of sex differences in the relationship between MASLD 

and lower thyroid function underscores the need to explore modifications in the 

hypothalamic–pituitary–thyroid axis and sex hormone regulation. In this regard, it might 

be interesting to investigate the treatment responses of novel liver-specific thyroid 

hormone receptor agonists like Resmetirom, which have shown to reduce HCL (185). 

A placebo-controlled phase 3 trial over 52 weeks demonstrated that Resmetriom does 

not observe treatment-emergent adverse events, however subanalyses in people with 

different glucometabolic control, grade of obesity or sex remain still open (186).   

Of note, the association between TSH and steatosis risk was different between males 

and females before, but not after adjusting for BMI (179). This suggests that the sex-

specific association between TSH and steatosis risk in T2DM is primarily driven by 

body mass. In line, the incremental rise in body weight and waist circumference have 

been demonstrated to correlate with increasing TSH levels, even within references 

ranges (187). Interestingly, previous research suggest leptin as a modulator of fine-

tuning thyroid function in hepatic metabolism and obesity (188-190). As an endocrine 

organ, adipose tissue produces and secretes leptin, to regulate energy balance and 

body weight by regulating appetite and energy expenditure. Besides its role in appetite 

regulation, leptin also affects thyroid deiodinase activities and is involved in a feedback 

loop with the hypothalamic-pituitary-thyroid axis by regulating thyrotropin-releasing 

hormone gene expression, which further controls the release of TSH from the pituitary 

(188; 189). In line, it has been shown that serum TSH affects leptin secretion in 

individuals with obesity while it further correlates with body fat mass in case of thyroid 
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diseases (189; 190). Additionally, there are evidences that plasma leptin 

concentrations are increased in obese individuals with hypothyroidism and insulin 

resistance (190). In recent years, research has increasingly focused on the role of 

mitochondrial function in the development and progression of MASLD (191) and 

indicated abnormal mitochondrial energy production and lipid metabolism as a pivotal 

link between overall metabolic health, insulin resistance, and steatosis risk (173; 192). 

Therefore, reduced mitochondrial function might be an additional pathogenic 

mechanism responsible for the coexistence of insulin resistance, obesity, MASLD and 

abnormal thyroid function.  

Finally, the present results suggest that hypothyroidism is associated with an increased 

risk of developing MASLD in T2DM, even when fT4 and TSH levels are within the 

reference range and highlight the relevance of the early detection of reduced thyroid 

function at the onset of T2DM to reduce the risk of hepatic steatosis. Furthermore, 

these findings initiate the discussion on the reconsideration of reference ranges, as 

both fT4 and TSH levels (179). In line, slight increases in serum TSH concentrations 

within the reference range are already associated with body weight in males and 

females (187). Strong evidences from the NHANES III study further support this 

concern by identifying low thyroid function as independent risk factor of MASLD even 

within the normal TSH range. Importantly, this study also found an association between 

low thyroid function and an increased risk of all-cause and cardiovascular mortality in 

the MASLD population. Despite a higher mortality risk for individuals with MASLD, 

subclinical hypothyroidism has been identified as a predictor of increased mortality risk 

also in the general population (139).  

To conclude, even low-normal thyroid function increase mortality in individuals with 

MASLD. Therefore, there is an urgent need of thyroid function screening as early as 

possible in T2DM and individuals at higher risk for MASLD. Moreover, higher age 

further seems to be positively associated with subclinical hypothyroidism (184), which 

underscores the significance of screening in individuals of advanced age. However, 

these findings call for further validation in other cohorts and mechanistic clinical 

studies.   

 

3.4 Prevention of Diabetes-Related Complications    

It has been shown that regular physical activity and exercise training reduce the risk of 

T2DM (143), CVD (23; 193), and simultaneously increase mitochondrial content and 
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function (194), which further might reduce the risk of the development and progression 

of MASLD. As extensively discussed elsewhere, a combination of aerobic and 

resistance exercise is recommended for individuals with T2DM (195). Indeed, 

resistance training enhances the overall metabolic health of individuals with T2DM by 

enhancing skeletal muscle mitochondrial function and promoting increases in skeletal 

muscle mass, which may improve insulin sensitivity and glucose control (72). In line, it 

has been demonstrated recently, that resistance training is more effective for reducing 

HbA1c than aerobic training alone in normal-weight individuals with T2DM (196). 

However, we showed that people with T2DM, especially those with severe insulin 

resistance, featured a reduced physical fitness compared to glucose-tolerant humans 

(150). Consequently, traditional resistance training with loads of ~70 % of the one-

repetition maximum (1-RM) may not be feasible for those individuals. Interestingly, 

resistance training with low loads (20–40 % 1-RM) but mild blood flow restriction 

training (BFRT), via inflation cuffs, has recently become a popular and effective 

alternative training method. Despite considerably less intensity, BFRT seems to be 

similarly effective as traditional resistance training regarding improvements in muscle 

strength and muscle mass in healthy individuals (197). However, it remains unknown 

if BFRT also improves glycemic control and insulin sensitivity in individuals with T2DM 

and if BFRT alone prevent sarcopenia in people with T2DM. Although the mechanisms 

are underinvestigated, there are serval proposed mechanisms by which of BFRT could 

also improve skeletal muscle metabolism in T2DM. In this regard, BFRT might 

increases glucose uptake by initiating the Ca2+/ calmodulin-dependent protein kinase 

II-pathway followed by activation of 5ʹAMP-activated protein kinase (AMPK), which 

finally leads to the translocation of the GLUT4 to the plasma membrane. Additionally, 

an increasing ADP:ATP ratio results in the phosphorylation and activation of AMPK, a 

cellular energy sensor that detects low ATP levels. This is followed by the inhibition of 

acetyl-CoA carboxylase, which promotes mitochondrial fatty acid oxidation. Enhanced 

mitochondrial respiration further induces oxidation of IMCL and can reduce lipotoxic 

metabolites like DAG and ceramides thereby improving insulin sensitivity. Moreover, 

BFRT might activate specific signaling cascades, which imitate protein synthesis and 

mitochondrial biogenesis. Finally, the reduced oxygen tension can induce 

angiogenesis and support arteriogenesis, which is beneficial in cases of endothelial 

dysfunction and CVD (198). In line, exercise per se can reduce prevalent hypertension 

(199), has a protective effect against the development of atherogenic dyslipidemia 
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(200) and lowers the risk of stroke (201).  

Taken together, exercise training, especially BFRT, seems to be a promising approach 

to prevent the onset and/ or the progression of T2DM and diabetes-related 

complications like CVD. Enhanced mitochondrial fatty acid oxidation might reduce 

ectopic lipid accumulation, while exercise-induced improvements in insulin sensitivity 

(54; 55) might further improves insulin-mediated restriction of adipose tissue lipolysis, 

which results in a decreased flux of NEFA and glycerol to the liver, thereby reducing 

the risk of MASLD.  

On the other hand, precision medicine could help to delay the onset of diabetes and 

its complications. While the traditional classification of diabetes into type 1 and type 2 

has proven effective in distinguishing precise pathophysiological mechanisms with 

therapeutic implications, it still inadequately accounts for the diverse clinical 

manifestations of diabetes. Precision diabetology represents a new approach to 

establish stratified prevention and treatment strategies tailored to specific subgroups 

with specific genetic, metabolic, or molecular, features (6). These methods comprise 

enhanced screening and monitoring schedules, personalized recommendations for 

lifestyle interventions, and the identification of new treatment targets. Furthermore, 

these algorithms enable the prediction and prevention of stratified complications 

associated with diabetes (95). While these results show promise in advancing the 

roadmap of precision medicine, further studies are necessary to test these 

classifications in more diverse ancestries and confirm their responsiveness to 

interventions.  

In recent years, research has increasingly focused on the role of altered mitochondrial 

energy production as a central element in the development and progression of MASLD 

and T2DM (173; 191). Dysregulation of mitochondrial energy production and lipid 

metabolism in liver, skeletal muscle and adipose tissue appears to be a pivotal link 

between insulin resistance, and the development of MASLD (173) and highlights the 

importance of adequate mitochondrial respiration, coupling and efficiency in regulating 

energy and lipid metabolism (202; 203). Of note, HCL is negatively correlated with 

mitochondrial oxidative capacity in the skeletal muscle (204), which underscores the 

concept of an independent correlation between altered skeletal muscle and hepatic 

energy metabolism. In contrast to the skeletal muscle, hepatic mitochondrial 

respiration has been shown to adapt to rising lipid exposure in obese humans with and 

without MASLD (205). This phenomena has been described as “hepatic mitochondrial 
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flexibility”. However, this adaptation is lost during the progression to MASH (205). On 

the other hand, mitochondrial respiration is reduced in adipose tissue in individuals 

with obesity compared to lean people (206), which likely involved in contributing to 

adipose tissue dysfunction (173). As mentioned earlier, compartment-specific 

alterations in mitochondria respiration have been observed in adipose tissue. In line, a 

recent study indicated smaller adipocyte cell sizes along with higher mitochondrial 

content and oxidative phosphorylation capacity in VAT compared to SAT in obese 

individuals. However, after normalization to mitochondrial content, the intrinsic 

respiration and uncoupling control ratio were lower in VAT than in SAT, despite higher 

substrate control ratios in VAT (37). Further, the results of the second study in this 

thesis suggested a decrease in mitochondrial respiration in the VAT of obese people 

with MASLD compared to similarly obese individuals without liver steatosis (170). In 

contrast to these findings, a recent study indicated that the reduction in adipose tissue 

mitochondrial respiration is independent of MAFLD status (206). Moreover, it could be 

proposed that the diminished hepatic mitochondrial respiration serves as an additional 

link between hypothyroidism, T2DM, and MASLD as all three conditions exhibit 

compromised lipid oxidation, ectopic lipid accumulation, and insulin resistance (179; 

207). Thyroid hormones play a crucial role in regulating hepatic mitochondrial 

respiration by modulating mitochondrial gene expression. This includes key factors 

such as peroxisome proliferator-activated receptor gamma coactivator-1α, which 

contributes to mitochondrial biogenesis, and carnitine O-palmitoyltransferase 1, which 

represents the rate-limiting enzyme in beta-oxidation. Additionally, thyroid hormones 

are involved in regulating the mitochondrial turnover. (138). Finally, a recent cross-

sectional clinical study in adult heart transplant recipients who undergo routine 

transcatheter ventricular endomyocardial biopsies showed that exposure to T2DM 

diminishes ventricular mitochondrial function in healthy human hearts. Interestingly, 

this effect occurs even in the absence of heart failure or coronary artery disease and 

emphasizing myocardial energy metabolism as a promising target for diabetes-related 

CVD (208).   

Taken together, physical activity not only leads to weight loss but also promotes 

mitochondrial respiration and biogenesis (72). As alterations of energy metabolism 

affect diabetes-related complications like CVD and MASLD but are also linked to 

hypothyroidism, this is particularly important for individuals with T2DM. In the context 

of the roadmap for precision medicine, precise exercise training may contribute to 
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achieving these objectives.  
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4 Conclusion  
In conclusion, physical fitness is reduced in people with recent-onset T2DM, which 

renders these individuals to a higher CVD risk. However, the novel diabetes endotypes 

feature differences in physical fitness and cardiovascular risk already shortly after 

disease onset. Despite comparable physicals activity levels and endothelial function, the 

SIRD endotype has the lowest physical fitness, while SAID have the lowest 

cardiovascular risk.   

Moreover, mitochondrial respiration is reduced in VAT of obese individuals with MASLD 

compared to obese individuals without MASLD. Further, low mitochondrial respiration in 

VAT promotes whole-body adipose tissue insulin resistance. These results underline 

the need of an increased physical activity in obese individuals, especially in those with 

MASLD, as exercise not only promotes mitochondrial respiration but also enhance 

insulin sensitivity and reduces VAT content. Of note, alternative training methods are 

designed to facilitate individuals with overweight and low strength in initiating exercise. 

This is also important for humans with low-normal thyroid function and T2DM, as the 

relationship between lower thyroid function and steatosis risk in male T2DM, is not only 

mediated by insulin resistance but also by body mass. Further, the association between 

low thyroid function and liver steatosis seems to be sex-specific in humans with recent-

onset diabetes (Figure 7).   

Taken together, precise exercise training may contribute to a decreased risk of CVD, 

not only by promoting weight loss and increased insulin sensitivity but also by enhancing 

whole-body energy metabolism. Since reduced mitochondrial function is also associated 

with MASLD and hypothyroidism, this is especially important for individuals with T2DM. 

Finally, these studies contribute to the development of more precise prevention and 

treatment for people with diabetes mellitus. 
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Figure 7. Diabetes-related complications. Physical fitness is reduced in people with insulin 

resistance, which increased the risk of cardiovascular diseases (CVD). It is tempting to 

speculate that individuals with severe insulin resistance further have low skeletal muscle mass, 

which even worsen CVD risk. Moreover, CVD risk might be increased in people with abnormal 

thyroid function, which is further associated with steatosis risk, especially in men with type 2 

diabetes. Finally, reduced mitochondrial respiration in the visceral adipose tissue (VAT) 

promotes whole-body adipose tissue insulin resistance, which leads to an increased transport 

of non-esterified fatty acids (NEFA) to the liver resulting in hepatic steatosis. Abbreviation: 

FNS-pathway, fatty acid-linked (F-) NADH-linked (N-) and succinate-linked (S-) pathway. HCL, 

hepatocellular lipid content. Created with BioRender©.   

 

  



43 
 

References 
1. World Health Organization (WHO). Global Report on Diabetes 2016.  
2. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge AW, Malanda B. IDF 
Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes 
Res Clin Pract 2018;138:271-281 
3. Saeedi P, Salpea P, Karuranga S, Petersohn I, Malanda B, Gregg EW, Unwin N, Wild SH, Williams R. 
Mortality attributable to diabetes in 20-79 years old adults, 2019 estimates: Results from the 
International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res Clin Pract 
2020;162:108086 
4. Williams R, Karuranga S, Malanda B, Saeedi P, Basit A, Besançon S, Bommer C, Esteghamati A, 
Ogurtsova K, Zhang P, Colagiuri S. Global and regional estimates and projections of diabetes-related 
health expenditure: Results from the International Diabetes Federation Diabetes Atlas, 9th edition. 
Diabetes Res Clin Pract 2020;162:108072 
5. ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, Collins BS, Hilliard ME, 
Isaacs D, Johnson EL, Kahan S, Khunti K, Leon J, Lyons SK, Perry ML, Prahalad P, Pratley RE, Seley JJ, 
Stanton RC, Gabbay RA, on behalf of the American Diabetes A. 2. Classification and Diagnosis of 
Diabetes: Standards of Care in Diabetes-2023. Diabetes Care 2023;46:S19-s40 
6. Herder C, Roden M. A novel diabetes typology: towards precision diabetology from pathogenesis 
to treatment. Diabetologia 2022;65:1770-1781 
7. Holt RIG, DeVries JH, Hess-Fischl A, Hirsch IB, Kirkman MS, Klupa T, Ludwig B, Nørgaard K, Pettus J, 
Renard E, Skyler JS, Snoek FJ, Weinstock RS, Peters AL. The Management of Type 1 Diabetes in 
Adults. A Consensus Report by the American Diabetes Association (ADA) and the European 
Association for the Study of Diabetes (EASD). Diabetes Care 2021;44:2589-2625 
8. Tosur M, Geyer SM, Rodriguez H, Libman I, Baidal DA, Redondo MJ. Ethnic differences in 
progression of islet autoimmunity and type 1 diabetes in relatives at risk. Diabetologia 2018;61:2043-
2053 
9. Van Belle TL, Coppieters KT, Von Herrath MG. Type 1 Diabetes: Etiology, Immunology, and 
Therapeutic Strategies. Physiological Reviews 2011;91:79-118 
10. Zaharia OP, Bobrov P, Strassburger K, Bódis K, Karusheva Y, Scholz M, Markgraf DF, Burkart V, 
Schloot NC, Müssig K, Szendroedi J, Roden M. Metabolic Characteristics of Recently Diagnosed Adult-
Onset Autoimmune Diabetes Mellitus. J Clin Endocrinol Metab 2018;103:429-437 
11. Palmer JP, Hampe CS, Chiu H, Goel A, Brooks-Worrell BM. Is latent autoimmune diabetes in adults 
distinct from type 1 diabetes or just type 1 diabetes at an older age? Diabetes 2005;54 Suppl 2:S62-
67 
12. Palmer JP, Hirsch IB. What’s in a Name. Diabetes Care 2003;26:536 
13. Nederstigt C, Uitbeijerse BS, Janssen LGM, Corssmit EPM, de Koning EJP, Dekkers OM. Associated 
auto-immune disease in type 1 diabetes patients: a systematic review and meta-analysis. Eur J 
Endocrinol 2019;180:135-144 
14. Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa H, Al Kaabi J. Epidemiology of Type 2 
Diabetes - Global Burden of Disease and Forecasted Trends. J Epidemiol Glob Health 2020;10:107-
111 
15. Roden M, Shulman GI. The integrative biology of type 2 diabetes. Nature 2019;576:51-60 
16. Gancheva S, Jelenik T, Alvarez-Hernandez E, Roden M. Interorgan Metabolic Crosstalk in Human 
Insulin Resistance. Physiol Rev 2018;98:1371-1415 
17. DeFronzo RA, Tripathy D. Skeletal muscle insulin resistance is the primary defect in type 2 
diabetes. Diabetes Care 2009;32 Suppl 2:S157-163 
18. ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, Collins BS, Hilliard ME, 
Isaacs D, Johnson EL, Kahan S, Khunti K, Leon J, Lyons SK, Perry ML, Prahalad P, Pratley RE, Seley JJ, 
Stanton RC, Gabbay RA, on behalf of the American Diabetes A. 8. Obesity and Weight Management 
for the Prevention and Treatment of Type 2 Diabetes: Standards of Care in Diabetes-2023. Diabetes 
Care 2023;46:S128-s139 



44 
 

19. Ahlqvist E, Storm P, Käräjämäki A, Martinell M, Dorkhan M, Carlsson A, Vikman P, Prasad RB, Aly 
DM, Almgren P, Wessman Y, Shaat N, Spégel P, Mulder H, Lindholm E, Melander O, Hansson O, 
Malmqvist U, Lernmark Å, Lahti K, Forsén T, Tuomi T, Rosengren AH, Groop L. Novel subgroups of 
adult-onset diabetes and their association with outcomes: a data-driven cluster analysis of six 
variables. The Lancet Diabetes & Endocrinology 2018;6:361-369 
20. Zaharia OP, Strassburger K, Strom A, Bönhof GJ, Karusheva Y, Antoniou S, Bódis K, Markgraf DF, 
Burkart V, Müssig K, Hwang J-H, Asplund O, Groop L, Ahlqvist E, Seissler J, Nawroth P, Kopf S, Schmid 
SM, Stumvoll M, Pfeiffer AFH, Kabisch S, Tselmin S, Häring HU, Ziegler D, Kuss O, Szendroedi J, Roden 
M, Belgardt B-F, Buyken A, Eckel J, Geerling G, Al-Hasani H, Herder C, Hwang J-H, Icks A, Kotzka J, 
Kuss O, Lammert E, Markgraf D, Müssig K, Rathmann W, Roden M, Szendroedi J, Ziegler D. Risk of 
diabetes-associated diseases in subgroups of patients with recent-onset diabetes: a 5-year follow-up 
study. The Lancet Diabetes & Endocrinology 2019;7:684-694 
21. Targher G, Byrne CD, Lonardo A, Zoppini G, Barbui C. Non-alcoholic fatty liver disease and risk of 
incident cardiovascular disease: A meta-analysis. J Hepatol 2016;65:589-600 
22. Hamburg NM, McMackin CJ, Huang AL, Shenouda SM, Widlansky ME, Schulz E, Gokce N, 
Ruderman NB, Keaney JF, Jr., Vita JA. Physical inactivity rapidly induces insulin resistance and 
microvascular dysfunction in healthy volunteers. Arterioscler Thromb Vasc Biol 2007;27:2650-2656 
23. Kodama S, Saito K, Tanaka S, Maki M, Yachi Y, Asumi M, Sugawara A, Totsuka K, Shimano H, 
Ohashi Y, Yamada N, Sone H. Cardiorespiratory fitness as a quantitative predictor of all-cause 
mortality and cardiovascular events in healthy men and women: a meta-analysis. Jama 
2009;301:2024-2035 
24. Obesity and overweight [article online], 2021. Available from https://www.who.int/en/news-
room/fact-sheets/detail/obesity-and-overweight. Accessed 02.05.2023  
25. Weber DR, Moore RH, Leonard MB, Zemel BS. Fat and lean BMI reference curves in children and 
adolescents and their utility in identifying excess adiposity compared with BMI and percentage body 
fat. Am J Clin Nutr 2013;98:49-56 
26. Keys A, Fidanza F, Karvonen MJ, Kimura N, Taylor HL. Indices of relative weight and obesity. J 
Chronic Dis 1972;25:329-343 
27. Huxley R, Mendis S, Zheleznyakov E, Reddy S, Chan J. Body mass index, waist circumference and 
waist:hip ratio as predictors of cardiovascular risk--a review of the literature. Eur J Clin Nutr 
2010;64:16-22 
28. Ross R, Neeland IJ, Yamashita S, Shai I, Seidell J, Magni P, Santos RD, Arsenault B, Cuevas A, Hu 
FB, Griffin BA, Zambon A, Barter P, Fruchart JC, Eckel RH, Matsuzawa Y, Després JP. Waist 
circumference as a vital sign in clinical practice: a Consensus Statement from the IAS and ICCR 
Working Group on Visceral Obesity. Nat Rev Endocrinol 2020;16:177-189 
29. Kahn CR, Wang G, Lee KY. Altered adipose tissue and adipocyte function in the pathogenesis of 
metabolic syndrome. J Clin Invest 2019;129:3990-4000 
30. Søberg S, Löfgren J, Philipsen FE, Jensen M, Hansen AE, Ahrens E, Nystrup KB, Nielsen RD, Sølling 
C, Wedell-Neergaard AS, Berntsen M, Loft A, Kjær A, Gerhart-Hines Z, Johannesen HH, Pedersen BK, 
Karstoft K, Scheele C. Altered brown fat thermoregulation and enhanced cold-induced thermogenesis 
in young, healthy, winter-swimming men. Cell Rep Med 2021;2:100408 
31. Saito M. Brown adipose tissue as a regulator of energy expenditure and body fat in humans. 
Diabetes Metab J 2013;37:22-29 
32. Leitner BP, Huang S, Brychta RJ, Duckworth CJ, Baskin AS, McGehee S, Tal I, Dieckmann W, Gupta 
G, Kolodny GM, Pacak K, Herscovitch P, Cypess AM, Chen KY. Mapping of human brown adipose 
tissue in lean and obese young men. Proc Natl Acad Sci U S A 2017;114:8649-8654 
33. Chait A, den Hartigh LJ. Adipose Tissue Distribution, Inflammation and Its Metabolic 
Consequences, Including Diabetes and Cardiovascular Disease. Front Cardiovasc Med 2020;7:22 
34. Cheng L, Wang J, Dai H, Duan Y, An Y, Shi L, Lv Y, Li H, Wang C, Ma Q, Li Y, Li P, Du H, Zhao B. 
Brown and beige adipose tissue: a novel therapeutic strategy for obesity and type 2 diabetes 
mellitus. Adipocyte 2021;10:48-65 



45 
 

35. Karastergiou K, Smith SR, Greenberg AS, Fried SK. Sex differences in human adipose tissues - the 
biology of pear shape. Biol Sex Differ 2012;3:13 
36. Ghaben AL, Scherer PE. Adipogenesis and metabolic health. Nat Rev Mol Cell Biol 2019;20:242-
258 
37. Kraunsøe R, Boushel R, Hansen CN, Schjerling P, Qvortrup K, Støckel M, Mikines KJ, Dela F. 
Mitochondrial respiration in subcutaneous and visceral adipose tissue from patients with morbid 
obesity. J Physiol 2010;588:2023-2032 
38. Hruska P, Kucera J, Pekar M, Holéczy P, Mazur M, Buzga M, Kuruczova D, Lenart P, Fialova 
Kucerova J, Potesil D, Zdrahal Z, Bienertova-Vasku J. Proteomic Signatures of Human Visceral and 
Subcutaneous Adipocytes. J Clin Endocrinol Metab 2022;107:755-775 
39. Viner RM, Segal TY, Lichtarowicz-Krynska E, Hindmarsh P. Prevalence of the insulin resistance 
syndrome in obesity. Arch Dis Child 2005;90:10-14 
40. Blüher M. The distinction of metabolically 'healthy' from 'unhealthy' obese individuals. Curr Opin 
Lipidol 2010;21:38-43 
41. Colditz GA, Willett WC, Stampfer MJ, Manson JE, Hennekens CH, Arky RA, Speizer FE. Weight as a 
risk factor for clinical diabetes in women. Am J Epidemiol 1990;132:501-513 
42. Ahmed B, Sultana R, Greene MW. Adipose tissue and insulin resistance in obese. Biomed 
Pharmacother 2021;137:111315 
43. Iacobini C, Pugliese G, Blasetti Fantauzzi C, Federici M, Menini S. Metabolically healthy versus 
metabolically unhealthy obesity. Metabolism 2019;92:51-60 
44. Ledoux S, Coupaye M, Essig M, Msika S, Roy C, Queguiner I, Clerici C, Larger E. Traditional 
anthropometric parameters still predict metabolic disorders in women with severe obesity. Obesity 
(Silver Spring) 2010;18:1026-1032 
45. Klein S. The case of visceral fat: argument for the defense. J Clin Invest 2004;113:1530-1532 
46. Gastaldelli A, Cusi K. From NASH to diabetes and from diabetes to NASH: Mechanisms and 
treatment options. JHEP Rep 2019;1:312-328 
47. Magkos F, Su X, Bradley D, Fabbrini E, Conte C, Eagon JC, Varela JE, Brunt EM, Patterson BW, Klein 
S. Intrahepatic diacylglycerol content is associated with hepatic insulin resistance in obese subjects. 
Gastroenterology 2012;142:1444-1446.e1442 
48. Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, Chu X, Still CD, Gerhard GS, Han X, Dziura 
J, Petersen KF, Samuel VT, Shulman GI. Cellular mechanism of insulin resistance in nonalcoholic fatty 
liver disease. Proc Natl Acad Sci U S A 2011;108:16381-16385 
49. Shulman GI. Ectopic fat in insulin resistance, dyslipidemia, and cardiometabolic disease. N Engl J 
Med 2014;371:2237-2238 
50. Dewidar B, Mastrototaro L, Englisch C, Ress C, Granata C, Rohbeck E, Pesta D, Heilmann G, 
Wolkersdorfer M, Esposito I, Reina Do Fundo M, Zivehe F, Yavas A, Roden M. Alterations of hepatic 
energy metabolism in murine models of obesity, diabetes and fatty liver diseases. EBioMedicine 
2023;94:104714 
51. Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical fitness: 
definitions and distinctions for health-related research. Public Health Rep 1985;100:126-131 
52. Bray GA, Heisel WE, Afshin A, Jensen MD, Dietz WH, Long M, Kushner RF, Daniels SR, Wadden TA, 
Tsai AG, Hu FB, Jakicic JM, Ryan DH, Wolfe BM, Inge TH. The Science of Obesity Management: An 
Endocrine Society Scientific Statement. Endocr Rev 2018;39:79-132 
53. Oppert JM, Bellicha A, van Baak MA, Battista F, Beaulieu K, Blundell JE, Carraça EV, Encantado J, 
Ermolao A, Pramono A, Farpour-Lambert N, Woodward E, Dicker D, Busetto L. Exercise training in the 
management of overweight and obesity in adults: Synthesis of the evidence and recommendations 
from the European Association for the Study of Obesity Physical Activity Working Group. Obes Rev 
2021;22 Suppl 4:e13273 
54. Stocks B, Zierath JR. Post-translational Modifications: The Signals at the Intersection of Exercise, 
Glucose Uptake, and Insulin Sensitivity. Endocr Rev 2022;43:654-677 
55. Moghetti P, Bacchi E, Brangani C, Donà S, Negri C. Metabolic Effects of Exercise. Front Horm Res 
2016;47:44-57 



46 
 

56. Blair SN, Kampert JB, Kohl HW, 3rd, Barlow CE, Macera CA, Paffenbarger RS, Jr., Gibbons LW. 
Influences of cardiorespiratory fitness and other precursors on cardiovascular disease and all-cause 
mortality in men and women. Jama 1996;276:205-210 
57. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, Carty C, Chaput JP, Chastin S, 
Chou R, Dempsey PC, DiPietro L, Ekelund U, Firth J, Friedenreich CM, Garcia L, Gichu M, Jago R, 
Katzmarzyk PT, Lambert E, Leitzmann M, Milton K, Ortega FB, Ranasinghe C, Stamatakis E, 
Tiedemann A, Troiano RP, van der Ploeg HP, Wari V, Willumsen JF. World Health Organization 2020 
guidelines on physical activity and sedentary behaviour. Br J Sports Med 2020;54:1451-1462 
58. Geidl W, Schlesinger S, Mino E, Miranda L, Pfeifer K. Dose-response relationship between physical 
activity and mortality in adults with noncommunicable diseases: a systematic review and meta-
analysis of prospective observational studies. Int J Behav Nutr Phys Act 2020;17:109 
59. Pedersen BK, Saltin B. Exercise as medicine - evidence for prescribing exercise as therapy in 26 
different chronic diseases. Scand J Med Sci Sports 2015;25 Suppl 3:1-72 
60. Swift DL, McGee JE, Earnest CP, Carlisle E, Nygard M, Johannsen NM. The Effects of Exercise and 
Physical Activity on Weight Loss and Maintenance. Prog Cardiovasc Dis 2018;61:206-213 
61. Johns DJ, Hartmann-Boyce J, Jebb SA, Aveyard P. Diet or exercise interventions vs combined 
behavioral weight management programs: a systematic review and meta-analysis of direct 
comparisons. J Acad Nutr Diet 2014;114:1557-1568 
62. Wu T, Gao X, Chen M, van Dam RM. Long-term effectiveness of diet-plus-exercise interventions 
vs. diet-only interventions for weight loss: a meta-analysis. Obes Rev 2009;10:313-323 
63. Westerterp KR. Control of energy expenditure in humans. Eur J Clin Nutr 2017;71:340-344 
64. Melanson EL, Keadle SK, Donnelly JE, Braun B, King NA. Resistance to exercise-induced weight 
loss: compensatory behavioral adaptations. Med Sci Sports Exerc 2013;45:1600-1609 
65. Pontzer H, Durazo-Arvizu R, Dugas LR, Plange-Rhule J, Bovet P, Forrester TE, Lambert EV, Cooper 
RS, Schoeller DA, Luke A. Constrained Total Energy Expenditure and Metabolic Adaptation to Physical 
Activity in Adult Humans. Curr Biol 2016;26:410-417 
66. Verheggen RJ, Maessen MF, Green DJ, Hermus AR, Hopman MT, Thijssen DH. A systematic review 
and meta-analysis on the effects of exercise training versus hypocaloric diet: distinct effects on body 
weight and visceral adipose tissue. Obes Rev 2016;17:664-690 
67. Thyfault JP, Rector RS. Exercise Combats Hepatic Steatosis: Potential Mechanisms and Clinical 
Implications. Diabetes 2020;69:517-524 
68. El-Agroudy NN, Kurzbach A, Rodionov RN, O'Sullivan J, Roden M, Birkenfeld AL, Pesta DH. Are 
Lifestyle Therapies Effective for NAFLD Treatment? Trends Endocrinol Metab 2019;30:701-709 
69. Church TS, Martin CK, Thompson AM, Earnest CP, Mikus CR, Blair SN. Changes in weight, waist 
circumference and compensatory responses with different doses of exercise among sedentary, 
overweight postmenopausal women. PLoS One 2009;4:e4515 
70. Sylow L, Kleinert M, Richter EA, Jensen TE. Exercise-stimulated glucose uptake - regulation and 
implications for glycaemic control. Nat Rev Endocrinol 2017;13:133-148 
71. Cava E, Yeat NC, Mittendorfer B. Preserving Healthy Muscle during Weight Loss. Adv Nutr 
2017;8:511-519 
72. Pesta DH, Goncalves RLS, Madiraju AK, Strasser B, Sparks LM. Resistance training to improve type 
2 diabetes: working toward a prescription for the future. Nutr Metab (Lond) 2017;14:24 
73. Trierweiler H, Kisielewicz G, Hoffmann Jonasson T, Rasmussen Petterle R, Aguiar Moreira C, 
Zeghbi Cochenski Borba V. Sarcopenia: a chronic complication of type 2 diabetes mellitus. Diabetol 
Metab Syndr 2018;10:25 
74. Donini LM, Busetto L, Bischoff SC, Cederholm T, Ballesteros-Pomar MD, Batsis JA, Bauer JM, 
Boirie Y, Cruz-Jentoft AJ, Dicker D, Frara S, Frühbeck G, Genton L, Gepner Y, Giustina A, Gonzalez MC, 
Han HS, Heymsfield SB, Higashiguchi T, Laviano A, Lenzi A, Nyulasi I, Parrinello E, Poggiogalle E, Prado 
CM, Salvador J, Rolland Y, Santini F, Serlie MJ, Shi H, Sieber CC, Siervo M, Vettor R, Villareal DT, 
Volkert D, Yu J, Zamboni M, Barazzoni R. Definition and Diagnostic Criteria for Sarcopenic Obesity: 
ESPEN and EASO Consensus Statement. Obes Facts 2022;15:321-335 



47 
 

75. Bellicha A, van Baak MA, Battista F, Beaulieu K, Blundell JE, Busetto L, Carraça EV, Dicker D, 
Encantado J, Ermolao A, Farpour-Lambert N, Pramono A, Woodward E, Oppert JM. Effect of exercise 
training on weight loss, body composition changes, and weight maintenance in adults with 
overweight or obesity: An overview of 12 systematic reviews and 149 studies. Obes Rev 2021;22 
Suppl 4:e13256 
76. Stephens NA, Sparks LM. Resistance to the beneficial effects of exercise in type 2 diabetes: are 
some individuals programmed to fail? J Clin Endocrinol Metab 2015;100:43-52 
77. Stephens NA, Xie H, Johannsen NM, Church TS, Smith SR, Sparks LM. A transcriptional signature 
of "exercise resistance" in skeletal muscle of individuals with type 2 diabetes mellitus. Metabolism 
2015;64:999-1004 
78. Kacerovsky-Bielesz G, Kacerovsky M, Chmelik M, Farukuoye M, Ling C, Pokan R, Tschan H, 
Szendroedi J, Schmid AI, Gruber S, Herder C, Wolzt M, Moser E, Pacini G, Smekal G, Groop L, Roden 
M. A single nucleotide polymorphism associates with the response of muscle ATP synthesis to long-
term exercise training in relatives of type 2 diabetic humans. Diabetes Care 2012;35:350-357 
79. Kacerovsky-Bielesz G, Chmelik M, Ling C, Pokan R, Szendroedi J, Farukuoye M, Kacerovsky M, 
Schmid AI, Gruber S, Wolzt M, Moser E, Pacini G, Smekal G, Groop L, Roden M. Short-term exercise 
training does not stimulate skeletal muscle ATP synthesis in relatives of humans with type 2 diabetes. 
Diabetes 2009;58:1333-1341 
80. Pesta D, Jelenik T, Zaharia O-P, Bobrov P, Görgens S, Bódis K, Karusheva Y, Krako Jakovljevic N, 
Lalic NM, Markgraf DF, Burkart V, Müssig K, Knebel B, Kotzka J, Eckel J, Strassburger K, Szendroedi J, 
Roden M. NDUFB6 Polymorphism Is Associated With Physical Activity-Mediated Metabolic Changes 
in Type 2 Diabetes. Frontiers in Endocrinology 2021;12:1221 
81. Joseph JJ, Deedwania P, Acharya T, Aguilar D, Bhatt DL, Chyun DA, Di Palo KE, Golden SH, Sperling 
LS. Comprehensive Management of Cardiovascular Risk Factors for Adults With Type 2 Diabetes: A 
Scientific Statement From the American Heart Association. Circulation 2022;145:e722-e759 
82. Sarwar N, Gao P, Seshasai SR, Gobin R, Kaptoge S, Di Angelantonio E, Ingelsson E, Lawlor DA, 
Selvin E, Stampfer M, Stehouwer CD, Lewington S, Pennells L, Thompson A, Sattar N, White IR, Ray 
KK, Danesh J. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: a 
collaborative meta-analysis of 102 prospective studies. Lancet 2010;375:2215-2222 
83. Einarson TR, Acs A, Ludwig C, Panton UH. Prevalence of cardiovascular disease in type 2 diabetes: 
a systematic literature review of scientific evidence from across the world in 2007-2017. Cardiovasc 
Diabetol 2018;17:83 
84. Makimattila S, Virkamaki A, Groop PH, Cockcroft J, Utriainen T, Fagerudd J, Yki-Jarvinen H. 
Chronic hyperglycemia impairs endothelial function and insulin sensitivity via different mechanisms 
in insulin-dependent diabetes mellitus. Circulation 1996;94:1276-1282 
85. Pistrosch F, Natali A, Hanefeld M. Is hyperglycemia a cardiovascular risk factor? Diabetes Care 
2011;34 Suppl 2:S128-131 
86. Bakris GL. The importance of blood pressure control in the patient with diabetes. Am J Med 
2004;116 Suppl 5A:30s-38s 
87. Bhupathiraju SN, Hu FB. Epidemiology of Obesity and Diabetes and Their Cardiovascular 
Complications. Circ Res 2016;118:1723-1735 
88. Henry RM, Ferreira I, Kostense PJ, Dekker JM, Nijpels G, Heine RJ, Kamp O, Bouter LM, Stehouwer 
CD. Type 2 diabetes is associated with impaired endothelium-dependent, flow-mediated dilation, but 
impaired glucose metabolism is not; The Hoorn Study. Atherosclerosis 2004;174:49-56 
89. Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield J, Ganz P, Hamburg NM, Lüscher 
TF, Shechter M, Taddei S, Vita JA, Lerman A. The assessment of endothelial function: from research 
into clinical practice. Circulation 2012;126:753-767 
90. Zaharia OP, Schön M, Löffler L, Strassburger K, Möser C, Yurchenko I, Bódis K, Antoniou S, 
Karusheva Y, Szendroedi J, Burkart V, Roden M. Metabolic Factors Predict Changes in Endothelial 
Function During the Early Course of Type 1 and Type 2 Diabetes. J Clin Endocrinol Metab 
2022;107:e4167-e4176 



48 
 

91. Lee JH, Lee R, Hwang MH, Hamilton MT, Park Y. The effects of exercise on vascular endothelial 
function in type 2 diabetes: a systematic review and meta-analysis. Diabetol Metab Syndr 2018;10:15 
92. Odegaard AO, Koh WP, Gross MD, Yuan JM, Pereira MA. Combined lifestyle factors and 
cardiovascular disease mortality in Chinese men and women: the Singapore Chinese health study. 
Circulation 2011;124:2847-2854 
93. Martín-Timón I, Sevillano-Collantes C, Segura-Galindo A, Del Cañizo-Gómez FJ. Type 2 diabetes 
and cardiovascular disease: Have all risk factors the same strength? World J Diabetes 2014;5:444-470 
94. Rietz M, Lehr A, Mino E, Lang A, Szczerba E, Schiemann T, Herder C, Saatmann N, Geidl W, 
Barbaresko J, Neuenschwander M, Schlesinger S. Physical Activity and Risk of Major Diabetes-Related 
Complications in Individuals With Diabetes: A Systematic Review and Meta-Analysis of Observational 
Studies. Diabetes Care 2022;45:3101-3111 
95. Chung WK, Erion K, Florez JC, Hattersley AT, Hivert MF, Lee CG, McCarthy MI, Nolan JJ, Norris JM, 
Pearson ER, Philipson L, McElvaine AT, Cefalu WT, Rich SS, Franks PW. Precision medicine in diabetes: 
a Consensus Report from the American Diabetes Association (ADA) and the European Association for 
the Study of Diabetes (EASD). Diabetologia 2020;63:1671-1693 
96. Tanabe H, Saito H, Kudo A, Machii N, Hirai H, Maimaituxun G, Tanaka K, Masuzaki H, Watanabe T, 
Asahi K, Kazama J, Shimabukuro M. Factors Associated with Risk of Diabetic Complications in Novel 
Cluster-Based Diabetes Subgroups: A Japanese Retrospective Cohort Study. J Clin Med 2020;9 
97. Kahkoska AR, Geybels MS, Klein KR, Kreiner FF, Marx N, Nauck MA, Pratley RE, Wolthers BO, Buse 
JB. Validation of distinct type 2 diabetes clusters and their association with diabetes complications in 
the DEVOTE, LEADER and SUSTAIN-6 cardiovascular outcomes trials. Diabetes, Obesity and 
Metabolism 2020;n/a 
98. Khanji MY, Bicalho VV, van Waardhuizen CN, Ferket BS, Petersen SE, Hunink MG. Cardiovascular 
Risk Assessment: A Systematic Review of Guidelines. Ann Intern Med 2016;165:713-722 
99. Goff DC, Jr., Lloyd-Jones DM, Bennett G, Coady S, D'Agostino RB, Gibbons R, Greenland P, 
Lackland DT, Levy D, O'Donnell CJ, Robinson JG, Schwartz JS, Shero ST, Smith SC, Jr., Sorlie P, Stone 
NJ, Wilson PW, Jordan HS, Nevo L, Wnek J, Anderson JL, Halperin JL, Albert NM, Bozkurt B, Brindis 
RG, Curtis LH, DeMets D, Hochman JS, Kovacs RJ, Ohman EM, Pressler SJ, Sellke FW, Shen WK, Smith 
SC, Jr., Tomaselli GF, American College of Cardiology/American Heart Association Task Force on 
Practice G. 2013 ACC/AHA guideline on the assessment of cardiovascular risk: a report of the 
American College of Cardiology/American Heart Association Task Force on Practice Guidelines. 
Circulation 2014;129:S49-73 
100. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, Cooney MT, Corrà U, Cosyns 
B, Deaton C, Graham I, Hall MS, Hobbs FDR, Løchen ML, Löllgen H, Marques-Vidal P, Perk J, Prescott 
E, Redon J, Richter DJ, Sattar N, Smulders Y, Tiberi M, van der Worp HB, van Dis I, Verschuren WMM, 
Binno S. 2016 European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth 
Joint Task Force of the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of 10 societies and by invited 
experts)Developed with the special contribution of the European Association for Cardiovascular 
Prevention & Rehabilitation (EACPR). Eur Heart J 2016;37:2315-2381 
101. Sofogianni A, Stalikas N, Antza C, Tziomalos K. Cardiovascular Risk Prediction Models and Scores 
in the Era of Personalized Medicine. J Pers Med 2022;12 
102. Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. Prediction of 
coronary heart disease using risk factor categories. Circulation 1998;97:1837-1847 
103. Marrugat J, D'Agostino R, Sullivan L, Elosua R, Wilson P, Ordovas J, Solanas P, Cordón F, Ramos 
R, Sala J, Masiá R, Kannel WB. An adaptation of the Framingham coronary heart disease risk function 
to European Mediterranean areas. J Epidemiol Community Health 2003;57:634-638 
104. Liu J, Hong Y, D'Agostino RB, Sr., Wu Z, Wang W, Sun J, Wilson PW, Kannel WB, Zhao D. 
Predictive value for the Chinese population of the Framingham CHD risk assessment tool compared 
with the Chinese Multi-Provincial Cohort Study. Jama 2004;291:2591-2599 



49 
 

105. Ridker PM, Buring JE, Rifai N, Cook NR. Development and validation of improved algorithms for 
the assessment of global cardiovascular risk in women: the Reynolds Risk Score. Jama 2007;297:611-
619 
106. D'Agostino RB, Sr., Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, Kannel WB. General 
cardiovascular risk profile for use in primary care: the Framingham Heart Study. Circulation 
2008;117:743-753 
107. Conroy R. Estimation of ten-year risk of fatal cardiovascular disease in Europe: the SCORE 
project. European Heart Journal 2003;24:987-1003 
108. Mortensen MB, Falk E. Limitations of the SCORE-guided European guidelines on cardiovascular 
disease prevention. Eur Heart J 2017;38:2259-2263 
109. Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F, Romero D, Abdelmalek MF, 
Anstee QM, Arab JP, Arrese M, Bataller R, Beuers U, Boursier J, Bugianesi E, Byrne C, Castro Narro GE, 
Chowdhury A, Cortez-Pinto H, Cryer D, Cusi K, El-Kassas M, Klein S, Eskridge W, Fan J, Gawrieh S, Guy 
CD, Harrison SA, Kim SU, Koot B, Korenjak M, Kowdley K, Lacaille F, Loomba R, Mitchell-Thain R, 
Morgan TR, Powell E, Roden M, Romero-Gómez M, Silva M, Singh SP, Sookoian SC, Spearman CW, 
Tiniakos D, Valenti L, Vos MB, Wong VW, Xanthakos S, Yilmaz Y, Younossi Z, Hobbs A, Villota-Rivas M, 
Newsome PN. A multi-society Delphi consensus statement on new fatty liver disease nomenclature. 
Hepatology 2023; 78:1966-1986 
110. Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, George J, Bugianesi E. Global 
burden of NAFLD and NASH: trends, predictions, risk factors and prevention. Nat Rev Gastroenterol 
Hepatol 2018;15:11-20 
111. Zaharia OP, Strassburger K, Knebel B, Kupriyanova Y, Karusheva Y, Wolkersdorfer M, Bódis K, 
Markgraf DF, Burkart V, Hwang JH, Kotzka J, Al-Hasani H, Szendroedi J, Roden M. Role of Patatin-Like 
Phospholipase Domain-Containing 3 Gene for Hepatic Lipid Content and Insulin Resistance in 
Diabetes. Diabetes Care 2020;43:2161-2168 
112. Younossi ZM. Non-alcoholic fatty liver disease - A global public health perspective. J Hepatol 
2019;70:531-544 
113. Polyzos SA, Kountouras J, Mantzoros CS. Obesity and nonalcoholic fatty liver disease: From 
pathophysiology to therapeutics. Metabolism 2019;92:82-97 
114. Targher G, Corey KE, Byrne CD, Roden M. The complex link between NAFLD and type 2 diabetes 
mellitus - mechanisms and treatments. Nat Rev Gastroenterol Hepatol 2021;18:599-612 
115. Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Molecular mechanisms of hepatic lipid accumulation 
in non-alcoholic fatty liver disease. Cell Mol Life Sci 2018;75:3313-3327 
116. Pafili K, Roden M. Nonalcoholic fatty liver disease (NAFLD) from pathogenesis to treatment 
concepts in humans. Mol Metab 2021;50:101122 
117. European Association for the Study of the L, European Association for the Study of D, European 
Association for the Study of O. EASL-EASD-EASO Clinical Practice Guidelines for the management of 
non-alcoholic fatty liver disease. J Hepatol 2016;64:1388-1402 
118. Lallukka S, Yki-Järvinen H. Non-alcoholic fatty liver disease and risk of type 2 diabetes. Best Pract 
Res Clin Endocrinol Metab 2016;30:385-395 
119. Kahl S, Straßburger K, Nowotny B, Livingstone R, Klüppelholz B, Keßel K, Hwang JH, Giani G, 
Hoffmann B, Pacini G, Gastaldelli A, Roden M. Comparison of liver fat indices for the diagnosis of 
hepatic steatosis and insulin resistance. PLoS One 2014;9:e94059 
120. Lee SS, Park SH. Radiologic evaluation of nonalcoholic fatty liver disease. World J Gastroenterol 
2014;20:7392-7402 
121. Meffert PJ, Baumeister SE, Lerch MM, Mayerle J, Kratzer W, Völzke H. Development, external 
validation, and comparative assessment of a new diagnostic score for hepatic steatosis. Am J 
Gastroenterol 2014;109:1404-1414 
122. Bedogni G, Bellentani S, Miglioli L, Masutti F, Passalacqua M, Castiglione A, Tiribelli C. The Fatty 
Liver Index: a simple and accurate predictor of hepatic steatosis in the general population. BMC 
Gastroenterol 2006;6:33 



50 
 

123. Gastaldelli A, Kozakova M, Højlund K, Flyvbjerg A, Favuzzi A, Mitrakou A, Balkau B. Fatty liver is 
associated with insulin resistance, risk of coronary heart disease, and early atherosclerosis in a large 
European population. Hepatology 2009;49:1537-1544 
124. Kupriyanova Y, Zaharia OP, Bobrov P, Karusheva Y, Burkart V, Szendroedi J, Hwang JH, Roden M. 
Early changes in hepatic energy metabolism and lipid content in recent-onset type 1 and 2 diabetes 
mellitus. J Hepatol 2021;74:1028-1037 
125. Sterling RK, Lissen E, Clumeck N, Sola R, Correa MC, Montaner J, M SS, Torriani FJ, Dieterich DT, 
Thomas DL, Messinger D, Nelson M. Development of a simple noninvasive index to predict significant 
fibrosis in patients with HIV/HCV coinfection. Hepatology 2006;43:1317-1325 
126. Xiao G, Zhu S, Xiao X, Yan L, Yang J, Wu G. Comparison of laboratory tests, ultrasound, or 
magnetic resonance elastography to detect fibrosis in patients with nonalcoholic fatty liver disease: A 
meta-analysis. Hepatology 2017;66:1486-1501 
127. Sung KC, Jeong WS, Wild SH, Byrne CD. Combined influence of insulin resistance, 
overweight/obesity, and fatty liver as risk factors for type 2 diabetes. Diabetes Care 2012;35:717-722 
128. Sung KC, Wild SH, Byrne CD. Resolution of fatty liver and risk of incident diabetes. J Clin 
Endocrinol Metab 2013;98:3637-3643 
129. Petersen MC, Shulman GI. Roles of Diacylglycerols and Ceramides in Hepatic Insulin Resistance. 
Trends Pharmacol Sci 2017;38:649-665 
130. Loomba R, Schork N, Chen CH, Bettencourt R, Bhatt A, Ang B, Nguyen P, Hernandez C, Richards 
L, Salotti J, Lin S, Seki E, Nelson KE, Sirlin CB, Brenner D. Heritability of Hepatic Fibrosis and Steatosis 
Based on a Prospective Twin Study. Gastroenterology 2015;149:1784-1793 
131. Dewidar B, Kahl S, Pafili K, Roden M. Metabolic liver disease in diabetes - From mechanisms to 
clinical trials. Metabolism 2020;111s:154299 
132. Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, Tybjærg-Hansen A, Vogt TF, Hobbs 
HH, Cohen JC. Exome-wide association study identifies a TM6SF2 variant that confers susceptibility to 
nonalcoholic fatty liver disease. Nat Genet 2014;46:352-356 
133. Sookoian S, Pirola CJ. Meta-analysis of the influence of I148M variant of patatin-like 
phospholipase domain containing 3 gene (PNPLA3) on the susceptibility and histological severity of 
nonalcoholic fatty liver disease. Hepatology 2011;53:1883-1894 
134. Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, Boerwinkle E, Cohen JC, 
Hobbs HH. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat 
Genet 2008;40:1461-1465 
135. Bódis K, Bombrich M, Schön M, Knebel B, Zaharia OP, Bönhof G, Karusheva Y, Strassburger K, 
Kupriyanova Y, Kotzka J, Guthoff R, Schrauwen-Hinderling V, Al-Hasani H, Burkart V, Szendroedi J, 
Wagner R, Markgraf DF, Roden M. Effects of TM6SF2 rs58542926 polymorphism on hepatocellular 
lipids and insulin resistance in early type 2 diabetes. Nutr Metab Cardiovasc Dis 2023;33:1785-1796 
136. Perry RJ, Peng L, Cline GW, Wang Y, Rabin-Court A, Song JD, Zhang D, Zhang XM, Nozaki Y, 
Dufour S, Petersen KF, Shulman GI. Mechanisms by which a Very-Low-Calorie Diet Reverses 
Hyperglycemia in a Rat Model of Type 2 Diabetes. Cell Metab 2018;27:210-217 e213 
137. Chávez-Talavera O, Tailleux A, Lefebvre P, Staels B. Bile Acid Control of Metabolism and 
Inflammation in Obesity, Type 2 Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease. 
Gastroenterology 2017;152:1679-1694.e1673 
138. Hatziagelaki E, Paschou SA, Schön M, Psaltopoulou T, Roden M. NAFLD and thyroid function: 
pathophysiological and therapeutic considerations. Trends Endocrinol Metab 2022;33:755-768 
139. Chen YL, Tian S, Wu J, Li H, Li S, Xu Z, Liang XY, Adhikari VP, Xiao J, Song JY, Ma CY, She RL, Li ZX, 
Wu KN, Kong LQ. Impact of Thyroid Function on the Prevalence and Mortality of Metabolic 
Dysfunction-Associated Fatty Liver Disease. J Clin Endocrinol Metab 2023;108:e434-e443 
140. Sinha RA, Singh BK, Yen PM. Thyroid hormone regulation of hepatic lipid and carbohydrate 
metabolism. Trends Endocrinol Metab 2014;25:538-545 
141. Sinha RA, Singh BK, Yen PM. Direct effects of thyroid hormones on hepatic lipid metabolism. Nat 
Rev Endocrinol 2018;14:259-269 



51 
 

142. Bano A, Chaker L, Plompen EP, Hofman A, Dehghan A, Franco OH, Janssen HL, Darwish Murad S, 
Peeters RP. Thyroid Function and the Risk of Nonalcoholic Fatty Liver Disease: The Rotterdam Study. J 
Clin Endocrinol Metab 2016;101:3204-3211 
143. Kim D, Kim W, Joo SK, Bae JM, Kim JH, Ahmed A. Subclinical Hypothyroidism and Low-Normal 
Thyroid Function Are Associated With Nonalcoholic Steatohepatitis and Fibrosis. Clin Gastroenterol 
Hepatol 2018;16:123-131.e121 
144. Roberts CG, Ladenson PW. Hypothyroidism. Lancet 2004;363:793-803 
145. Biondi B, Kahaly GJ, Robertson RP. Thyroid Dysfunction and Diabetes Mellitus: Two Closely 
Associated Disorders. Endocr Rev 2019;40:789-824 
146. Kaul K, Apostolopoulou M, Roden M. Insulin resistance in type 1 diabetes mellitus. Metabolism 
2015;64:1629-1639 
147. Gronich N, Deftereos SN, Lavi I, Persidis AS, Abernethy DR, Rennert G. Hypothyroidism is a Risk 
Factor for New-Onset Diabetes: A Cohort Study. Diabetes Care 2015;38:1657-1664 
148. Chaker L, Ligthart S, Korevaar TI, Hofman A, Franco OH, Peeters RP, Dehghan A. Thyroid function 
and risk of type 2 diabetes: a population-based prospective cohort study. BMC Med 2016;14:150 
149. Harrison SA, Bashir MR, Guy CD, Zhou R, Moylan CA, Frias JP, Alkhouri N, Bansal MB, Baum S, 
Neuschwander-Tetri BA, Taub R, Moussa SE. Resmetirom (MGL-3196) for the treatment of non-
alcoholic steatohepatitis: a multicentre, randomised, double-blind, placebo-controlled, phase 2 trial. 
Lancet 2019;394:2012-2024 
150. Saatmann N, Zaharia OP, Strassburger K, Pesta DH, Burkart V, Szendroedi J, Gerdes N, Kelm M, 
Roden M. Physical Fitness and Cardiovascular Risk Factors in Novel Diabetes Subgroups. J Clin 
Endocrinol Metab 2022;107:1127-1139 
151. Szendroedi J, Phielix E, Roden M. The role of mitochondria in insulin resistance and type 2 
diabetes mellitus. Nat Rev Endocrinol 2011;8:92-103 
152. Apostolopoulou M, Strassburger K, Herder C, Knebel B, Kotzka J, Szendroedi J, Roden M. 
Metabolic flexibility and oxidative capacity independently associate with insulin sensitivity in 
individuals with newly diagnosed type 2 diabetes. Diabetologia 2016;59:2203-2207 
153. Ghanassia E, Brun JF, Fedou C, Raynaud E, Mercier J. Substrate oxidation during exercise: type 2 
diabetes is associated with a decrease in lipid oxidation and an earlier shift towards carbohydrate 
utilization. Diabetes Metab 2006;32:604-610 
154. Song JD, Alves TC, Befroy DE, Perry RJ, Mason GF, Zhang XM, Munk A, Zhang Y, Zhang D, Cline 
GW, Rothman DL, Petersen KF, Shulman GI. Dissociation of Muscle Insulin Resistance from 
Alterations in Mitochondrial Substrate Preference. Cell Metab 2020;32:726-735.e725 
155. Tarp J, Støle AP, Blond K, Grøntved A. Cardiorespiratory fitness, muscular strength and risk of 
type 2 diabetes: a systematic review and meta-analysis. Diabetologia 2019;62:1129-1142 
156. Herder C, Maalmi H, Saatmann N, Zaharia OP, Strassburger K, Burkart V, Norman K, Roden M. 
Correlates of Skeletal Muscle Mass and Differences Between Novel Subtypes in Recent-onset 
Diabetes. J Clin Endocrinol Metab 2023; Epub ahead of print. 
157. Shen Y, Li M, Wang K, Qi G, Liu H, Wang W, Ji Y, Chang M, Deng C, Xu F, Shen M, Sun H. Diabetic 
Muscular Atrophy: Molecular Mechanisms and Promising Therapies. Front Endocrinol (Lausanne) 
2022;13:917113 
158. Tanabe H, Hirai H, Saito H, Tanaka K, Masuzaki H, Kazama JJ, Shimabukuro M. Detecting 
Sarcopenia Risk by Diabetes Clustering: A Japanese Prospective Cohort Study. J Clin Endocrinol Metab 
2022;107:2729-2736 
159. Damluji AA, Alfaraidhy M, AlHajri N, Rohant NN, Kumar M, Al Malouf C, Bahrainy S, Ji Kwak M, 
Batchelor WB, Forman DE, Rich MW, Kirkpatrick J, Krishnaswami A, Alexander KP, Gerstenblith G, 
Cawthon P, deFilippi CR, Goyal P. Sarcopenia and Cardiovascular Diseases. Circulation 
2023;147:1534-1553 
160. Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van Praag H, Trappe S, Febbraio MA, Galis ZS, 
Gao Y, Haus JM, Lanza IR, Lavie CJ, Lee CH, Lucia A, Moro C, Pandey A, Robbins JM, Stanford KI, 
Thackray AE, Villeda S, Watt MJ, Xia A, Zierath JR, Goodpaster BH, Snyder MP. Exerkines in health, 
resilience and disease. Nat Rev Endocrinol 2022;18:273-289 



52 
 

161. Stephen WC, Janssen I. Sarcopenic-obesity and cardiovascular disease risk in the elderly. J Nutr 
Health Aging 2009;13:460-466 
162. Sayer AA, Cruz-Jentoft A. Sarcopenia definition, diagnosis and treatment: consensus is growing. 
Age Ageing 2022;51 
163. Schön M, Zaharia OP, Strassburger K, Kupriyanova Y, Bódis K, Heilmann G, Strom A, Bönhof GJ, 
Michelotti F, Yurchenko I, Möser C, Huttasch M, Bombrich M, Kelm M, Burkart V, Schrauwen-
Hinderling VB, Wagner R, Roden M. Intramyocellular Triglyceride Content During the Early Course of 
Type 1 and Type 2 Diabetes Mellitus. Diabetes 2023; 72:1483-1492. 
164. Lu Y, Hajifathalian K, Ezzati M, Woodward M, Rimm EB, Danaei G. Metabolic mediators of the 
effects of body-mass index, overweight, and obesity on coronary heart disease and stroke: a pooled 
analysis of 97 prospective cohorts with 1·8 million participants. Lancet 2014;383:970-983 
165. Mongraw-Chaffin ML, Peters SAE, Huxley RR, Woodward M. The sex-specific association 
between BMI and coronary heart disease: a systematic review and meta-analysis of 95 cohorts with 
1·2 million participants. Lancet Diabetes Endocrinol 2015;3:437-449 
166. Kivimäki M, Kuosma E, Ferrie JE, Luukkonen R, Nyberg ST, Alfredsson L, Batty GD, Brunner EJ, 
Fransson E, Goldberg M, Knutsson A, Koskenvuo M, Nordin M, Oksanen T, Pentti J, Rugulies R, 
Shipley MJ, Singh-Manoux A, Steptoe A, Suominen SB, Theorell T, Vahtera J, Virtanen M, Westerholm 
P, Westerlund H, Zins M, Hamer M, Bell JA, Tabak AG, Jokela M. Overweight, obesity, and risk of 
cardiometabolic multimorbidity: pooled analysis of individual-level data for 120 813 adults from 16 
cohort studies from the USA and Europe. Lancet Public Health 2017;2:e277-e285 
167. Global BMIMC, Di Angelantonio E, Bhupathiraju Sh N, Wormser D, Gao P, Kaptoge S, Berrington 
de Gonzalez A, Cairns BJ, Huxley R, Jackson Ch L, Joshy G, Lewington S, Manson JE, Murphy N, Patel 
AV, Samet JM, Woodward M, Zheng W, Zhou M, Bansal N, Barricarte A, Carter B, Cerhan JR, Smith 
GD, Fang X, Franco OH, Green J, Halsey J, Hildebrand JS, Jung KJ, Korda RJ, McLerran DF, Moore SC, 
O'Keeffe LM, Paige E, Ramond A, Reeves GK, Rolland B, Sacerdote C, Sattar N, Sofianopoulou E, 
Stevens J, Thun M, Ueshima H, Yang L, Yun YD, Willeit P, Banks E, Beral V, Chen Z, Gapstur SM, 
Gunter MJ, Hartge P, Jee SH, Lam TH, Peto R, Potter JD, Willett WC, Thompson SG, Danesh J, Hu FB. 
Body-mass index and all-cause mortality: individual-participant-data meta-analysis of 239 
prospective studies in four continents. Lancet 2016;388:776-786 
168. Pleiner J, Schaller G, Mittermayer F, Bayerle-Eder M, Roden M, Wolzt M. FFA-induced 
endothelial dysfunction can be corrected by vitamin C. J Clin Endocrinol Metab 2002;87:2913-2917 
169. Empen K, Lorbeer R, Völzke H, Reffelmann T, Schipf S, Nauck M, Kerner W, Wallaschofski H, Felix 
SB, Dörr M. Do patients with type 1 and type 2 diabetes really have an impaired endothelial 
function? A population-based propensity score matching analysis. Cardiovasc Diabetol 2013;12:174 
170. Pafili K, Kahl S, Mastrototaro L, Strassburger K, Pesta D, Herder C, Pützer J, Dewidar B, 
Hendlinger M, Granata C, Saatmann N, Yavas A, Gancheva S, Heilmann G, Esposito I, Schlensak M, 
Roden M. Mitochondrial respiration is decreased in visceral but not subcutaneous adipose tissue in 
obese individuals with fatty liver disease. J Hepatol 2022;77:1504-1514 
171. Kusminski CM, Scherer PE. Mitochondrial dysfunction in white adipose tissue. Trends Endocrinol 
Metab 2012;23:435-443 
172. Bournat JC, Brown CW. Mitochondrial dysfunction in obesity. Curr Opin Endocrinol Diabetes 
Obes 2010;17:446-452 
173. Georgiev A, Granata C, Roden M. The role of mitochondria in the pathophysiology and 
treatment of common metabolic diseases in humans. Am J Physiol Cell Physiol 2022;322:C1248-
c1259 
174. Nielsen S, Guo Z, Johnson CM, Hensrud DD, Jensen MD. Splanchnic lipolysis in human obesity. J 
Clin Invest 2004;113:1582-1588 
175. Beals JW, Smith GI, Shankaran M, Fuchs A, Schweitzer GG, Yoshino J, Field T, Matthews M, 
Nyangau E, Morozov D, Mittendorfer B, Hellerstein MK, Klein S. Increased Adipose Tissue 
Fibrogenesis, Not Impaired Expandability, Is Associated With Nonalcoholic Fatty Liver Disease. 
Hepatology 2021;74:1287-1299 



53 
 

176. Koh HE, van Vliet S, Pietka TA, Meyer GA, Razani B, Laforest R, Gropler RJ, Mittendorfer B. 
Subcutaneous Adipose Tissue Metabolic Function and Insulin Sensitivity in People With Obesity. 
Diabetes 2021;70:2225-2236 
177. Wessels B, Honecker J, Schöttl T, Stecher L, Klingenspor M, Hauner H, Skurk T. Adipose 
Mitochondrial Respiratory Capacity in Obesity is Impaired Independently of Glycemic Status of Tissue 
Donors. Obesity (Silver Spring) 2019;27:756-766 
178. Ferguson D, Finck BN. Emerging therapeutic approaches for the treatment of NAFLD and type 2 
diabetes mellitus. Nat Rev Endocrinol 2021;17:484-495 
179. Saatmann N, Schon M, Zaharia OP, Huttasch M, Strassburger K, Trenkamp S, Kupriyanova Y, 
Schrauwen-Hinderling V, Kahl S, Burkart V, Wagner R, Roden M, Group GDS. Association of thyroid 
function with non-alcoholic fatty liver disease in recent-onset diabetes. Liver Int 2024;44:27-38 
180. Kautzky-Willer A, Leutner M, Harreiter J. Sex differences in type 2 diabetes. Diabetologia 
2023;66:986-1002 
181. Lonardo A, Nascimbeni F, Ballestri S, Fairweather D, Win S, Than TA, Abdelmalek MF, Suzuki A. 
Sex Differences in Nonalcoholic Fatty Liver Disease: State of the Art and Identification of Research 
Gaps. Hepatology 2019;70:1457-1469 
182. Wu Z, Jiang Y, Zhou D, Chen S, Zhao Y, Zhang H, Liu Y, Li X, Wang W, Zhang J, Kang X, Tao L, Gao 
B, Guo X. Sex-specific Association of Subclinical Hypothyroidism With Incident Metabolic Syndrome: 
A Population-based Cohort Study. J Clin Endocrinol Metab 2022;107:e2365-e2372 
183. Gu Y, Li H, Bao X, Zhang Q, Liu L, Meng G, Wu H, Du H, Shi H, Xia Y, Su Q, Fang L, Yu F, Yang H, Yu 
B, Sun S, Wang X, Zhou M, Jia Q, Guo Q, Chang H, Wang G, Huang G, Song K, Niu K. The Relationship 
Between Thyroid Function and the Prevalence of Type 2 Diabetes Mellitus in Euthyroid Subjects. J 
Clin Endocrinol Metab 2017;102:434-442 
184. Nakajima Y, Yamada M, Akuzawa M, Ishii S, Masamura Y, Satoh T, Hashimoto K, Negishi M, 
Shimomura Y, Kobayashi I, Andou Y, Mori M. Subclinical hypothyroidism and indices for metabolic 
syndrome in Japanese women: one-year follow-up study. J Clin Endocrinol Metab 2013;98:3280-3287 
185. Harrison SA, Allen AM, Dubourg J, Noureddin M, Alkhouri N. Challenges and opportunities in 
NASH drug development. Nat Med 2023;29:562-573 
186. Harrison SA, Taub R, Neff GW, Lucas KJ, Labriola D, Moussa SE, Alkhouri N, Bashir MR. 
Resmetirom for nonalcoholic fatty liver disease: a randomized, double-blind, placebo-controlled 
phase 3 trial. Nat Med 2023;29:2919-2928 
187. Fox CS, Pencina MJ, D'Agostino RB, Murabito JM, Seely EW, Pearce EN, Vasan RS. Relations of 
thyroid function to body weight: cross-sectional and longitudinal observations in a community-based 
sample. Arch Intern Med 2008;168:587-592 
188. Biondi B. Thyroid and obesity: an intriguing relationship. J Clin Endocrinol Metab 2010;95:3614-
3617 
189. Zimmermann-Belsing T, Brabant G, Holst JJ, Feldt-Rasmussen U. Circulating leptin and thyroid 
dysfunction. Eur J Endocrinol 2003;149:257-271 
190. Kautzky-Willer A, Ludwig C, Nowotny P, Roden A, Huemer C, Widhalm K, Vierhapper H, 
Waldhäusl W, Roden M. Elevation of plasma leptin concentrations in obese hyperinsulinaemic 
hypothyroidism before and after treatment. Eur J Clin Invest 1999;29:395-403 
191. Fromenty B, Roden M. Mitochondrial alterations in fatty liver diseases. J Hepatol 2023;78:415-
429 
192. Koliaki C, Roden M. Alterations of Mitochondrial Function and Insulin Sensitivity in Human 
Obesity and Diabetes Mellitus. Annu Rev Nutr 2016;36:337-367 
193. Balducci S, Haxhi J, Vitale M, Mattia L, Sacchetti M, Orlando G, Cardelli P, Iacobini C, Bollanti L, 
Conti F, Zanuso S, Nicolucci A, Pugliese G. Sustained increase in physical fitness independently 
predicts improvements in cardiometabolic risk profile in type 2 diabetes. Diabetes Metab Res Rev 
2023:e3671 
194. Granata C, Jamnick NA, Bishop DJ. Training-Induced Changes in Mitochondrial Content and 
Respiratory Function in Human Skeletal Muscle. Sports Med 2018;48:1809-1828 



54 
 

195. Colberg SR, Sigal RJ, Fernhall B, Regensteiner JG, Blissmer BJ, Rubin RR, Chasan-Taber L, Albright 
AL, Braun B, American College of Sports M, American Diabetes A. Exercise and type 2 diabetes: the 
American College of Sports Medicine and the American Diabetes Association: joint position 
statement. Diabetes Care 2010;33:e147-167 
196. Kobayashi Y, Long J, Dan S, Johannsen NM, Talamoa R, Raghuram S, Chung S, Kent K, Basina M, 
Lamendola C, Haddad F, Leonard MB, Church TS, Palaniappan L. Strength training is more effective 
than aerobic exercise for improving glycaemic control and body composition in people with normal-
weight type 2 diabetes: a randomised controlled trial. Diabetologia 2023;66:1897-1907 
197. Pavlou K, Korakakis V, Whiteley R, Karagiannis C, Ploutarchou G, Savva C. The effects of upper 
body blood flow restriction training on muscles located proximal to the applied occlusive pressure: A 
systematic review with meta-analysis. PLoS One 2023;18:e0283309 
198. Saatmann N, Zaharia OP, Loenneke JP, Roden M, Pesta DH. Effects of Blood Flow Restriction 
Exercise and Possible Applications in Type 2 Diabetes. Trends Endocrinol Metab 2021;32:106-117 
199. Sakr S, Elshawi R, Ahmed A, Qureshi WT, Brawner C, Keteyian S, Blaha MJ, Al-Mallah MH. Using 
machine learning on cardiorespiratory fitness data for predicting hypertension: The Henry Ford 
ExercIse Testing (FIT) Project. PLoS One 2018;13:e0195344 
200. Breneman CB, Polinski K, Sarzynski MA, Lavie CJ, Kokkinos PF, Ahmed A, Sui X. The Impact of 
Cardiorespiratory Fitness Levels on the Risk of Developing Atherogenic Dyslipidemia. Am J Med 
2016;129:1060-1066 
201. Hooker SP, Sui X, Colabianchi N, Vena J, Laditka J, LaMonte MJ, Blair SN. Cardiorespiratory 
fitness as a predictor of fatal and nonfatal stroke in asymptomatic women and men. Stroke 
2008;39:2950-2957 
202. Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL, Cline GW, Shulman GI. Mechanism of 
free fatty acid-induced insulin resistance in humans. J Clin Invest 1996;97:2859-2865 
203. Shulman GI. Ectopic fat in insulin resistance, dyslipidemia, and cardiometabolic disease. N Engl J 
Med 2014;371:1131-1141 
204. Szendroedi J, Kaul K, Kloock L, Straßburger K, Schmid AI, Chmelik M, Kacerovsky M, Kacerovsky-
Bielesz G, Prikoszovich T, Brehm A, Krssák M, Gruber S, Krebs M, Kautzky-Willer A, Moser E, Pacini G, 
Roden M. Lower fasting muscle mitochondrial activity relates to hepatic steatosis in humans. 
Diabetes Care 2014;37:468-474 
205. Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, Herder C, Carstensen M, 
Krausch M, Knoefel WT, Schlensak M, Roden M. Adaptation of hepatic mitochondrial function in 
humans with non-alcoholic fatty liver is lost in steatohepatitis. Cell Metab 2015;21:739-746 
206. Pedersen JS, Rygg MO, Chrøis K, Sustarsic EG, Gerhart-Hines Z, Wever Albrechtsen NJ, Serizawa 
RR, Kristiansen VB, Basse AL, Boilesen AEB, Olsen BH, Hansen T, Gluud LL, Madsbad S, Larsen S, 
Bendtsen F, Dela F. Influence of NAFLD and bariatric surgery on hepatic and adipose tissue 
mitochondrial biogenesis and respiration. Nat Commun 2022;13:2931 
207. Petersen MC, Shulman GI. Mechanisms of Insulin Action and Insulin Resistance. Physiol Rev 
2018;98:2133-2223 
208. Zweck E, Scheiber D, Jelenik T, Bönner F, Horn P, Pesta D, Schultheiss HP, Boeken U, Akhyari P, 
Lichtenberg A, Kelm M, Roden M, Westenfeld R, Szendroedi J. Exposure to Type 2 Diabetes Provokes 
Mitochondrial Impairment in Apparently Healthy Human Hearts. Diabetes Care 2021;44:e82-e84 



 
 

Danksagung 

In erster Linie möchte ich mich bei meinem Betreuer und Mentor, Prof. Dr. Michael 

Roden, für seine Hingabe und sein Engagement bei den Projekten dieser Dissertation 

bedanken. Ich schätze das Vertrauen und die Förderung, die er mir während meiner 

Promotion entgegengebracht hat, und die Möglichkeit, meine Ideen umzusetzen. Die 

erfolgreiche Fertigstellung dieser Arbeit wäre ohne seine Unterstützung nicht möglich 

gewesen. Es ist mir eine Ehre, unter seiner Leitung zu arbeiten. 

Prof. Dr. Norbert Gerdes danke ich von Herzen für die Übernahme der Zweitbetreuung 

meiner Doktorarbeit. Prof. Dr. Dominik Pesta gilt mein Dank, für seine Unterstützung 

bei der Durchführung der Resist-Studie und Stütze am DDZ. 

Ich danke der Arbeitsgruppe Energiestoffwechsel und dem Team des klinischen 

Studienzentrums für die unermüdliche Hilfe im Labor, im Untersuchungsraum und 

beim Korrekturlesen. Ein besonderer Dank gilt an dieser Stelle Kalliopi Pafili, Olga 

Dürrschmidt, Fariba Zivehe, Sabine Kahl, Iryna Yurchenko, Katsiaryna Prystupa, 

Agnieszka Sutkowski und Kálmán Bodis – ohne sie wären so manche Mitochondrien 

nicht gemessen worden, Dienstreisen nicht so unterhaltsam und der Arbeitsalltag am 

DDZ nicht so voller Freude gewesen. 

Ein großer Dank gilt Klaus Straßburger, der mich jederzeit bei jeglichen statistischen 

Auswertungen unterstützte und mir mit viel Geduld die eine oder andere Formel 

erklärte.  

Geronimo Heilmann und Bedair Dewidar danke ich für ihre Mühe bei der kritischen 

Durchsicht dieser Arbeit.  

Ein ganz besonderer Dank gilt Oana-Patricia Zaharia und Martin Schön, die immer für 

mich da waren, mich bei den Projekten dieser Arbeit mit ganzem Einsatz unterstützt 

und mir gezeigt haben, dass aus Kollegen echte Freunde werden können.  

Zuletzt und ganz besonders danke ich aber meiner wunderbaren Familie, Uwe, Birgitt 

und Fenja Saatmann, die mich den ganzen Weg begleitet und stets an mich geglaubt 

hat. Hervorheben möchte ich an dieser Stelle meinen Mann, Eric Trinks, der mich stets 

unterstützte, mich immer wieder ermutigte weiterzumachen und mir täglich zeigt, 

worauf es im Leben wirklich ankommt. 


