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Abbreviations 
 
AUC   area under the curve 

BAT   brown adipose tissue 

bpm    beats / breaths per minute 

BR   breathing rate 

DAkkS  Deutsche Akkreditierungsstelle 

DI    disposition index 

DZD   Deutsches Zentrum für Diabetesforschung 

ECG   electro cardiography / cardiogram 

e.g.   exempli gratia 

et al.   et altera 

F    degree of freedom 

fig.    figure 

HF   high frequency 

HR   heart rate 

HRV   heart rate variability  

HZ   Hertz 

i.e.    id est 

ICcE   individual calibration control evaluation   

IFG   impaired fasting glucose 

IGT   impaired glucose tolerance 

ISI    insulin sensitivity index 

LF    low frequency 

mg/dL  milligram per deciliter 

min   minute 

MRI    magnetic resonance imaging  

MRT   Magnetresonanz-Tomographie 

ms   millisecond 

mv    millivolt 

n    number 

NEFA  non-esterified fatty acids 

ng/dL  nanogram per deciliter 
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NGT   normal glucose tolerance 

OGTT   oral glucose tolerance test  

p    probability value 

pmol/l  picomol per liter 

RESPI  Effekte der Modulation des autonomen NeRvensystEms durch 

AtmungSmanöver auf die Postprandiale StoffwechselregulatIon beim 

Menschen 

RMSSD root mean square of successive differences 

RQ   Respiratory quotient 

SCAT  subcutaneous adipose tissue 

SD   standard deviation 

SDB   slow deep breathing 

SE   standard error 

SGLT2  Sodium glucose cotransporter 2 

taVNS   transcutaneous auricular vagus nerve stimulation 

VAT   visceral adipose tissue 

VNS   vagus nerve stimulation 

WAT   white adipose tissue 

WHO   World Health Organization (WHO)  

z.B.    zum Beispiel 
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1 Introduction 
 
In 2021, the world was celebrating the 100th anniversary of the discovery of 

insulin. Since the groundbreaking findings of Frederick Banting and Charles Best, 

insulin has saved millions of lives and its pharmaceutical journey is still ongoing.  

In former times, when insulin therapy was in its infancy, diabetes was not a 

widespread disease yet. So far, the prevalence of diabetes mellitus has increased 

within a few decades and its incidence is still rising. By now, diabetes mellitus 

has become a pandemic disease with more than 460 million affected people 

around the world (Saeedi et al., 2019).  

Diabetes is not only associated with economic burdens that challenge the health 

systems of all countries, but also causes co-morbidities and multiple severe 

complications for people with diabetes, often resulting in a dramatic loss of  life 

expectation (Saeedi et al., 2019). 

 

The World Health Organization (WHO) subsumes different types of diabetes 

mellitus in its classification (Irvine, 1977) that includes type 1 and  type 2 diabetes, 

other specific types as well as gestational diabetes. Recently, a more detailed 

and pathophysiology-based approach for the classification of common diabetes 

has been proposed (Ahlqvist et al., 2018). The authors defined five clusters of 

diabetes patients with significant differences in pathophysiological aspects as 

well as associations with complications. Of note, these clusters consider the 

major pathogenetic determinants of diabetes, namely insulin secretion and insulin 

sensitivity. However, this novel concept still has to be tested for its prognostic and 

therapy-guiding value in appropriate prospective trials and has therefore not yet 

been implemented in clinical routine care.   

 

Of all classical diabetes types, type 2 diabetes is the most common accounting 

for around 90 % of all diabetes cases in the world (Saeedi et al., 2019). Though, 

the pathogenesis of type 2 diabetes is not fully understood, there is a strong 

association with environmental triggers as obesity, lack of physical activity, high-

caloric diet, increasing age and ethnicity, as well as genetic and epigenetic 

predisposition (DeFronzo et al., 2015). 
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However, type 2 diabetes is a heterogeneous disease with different 

pathophysiological phenotypes and different trajectories towards complications 

and success of treatment (Tuomi et al., 2014). 

 

 

 

1.1 Pathogenetic determinants of type 2 diabetes mellitus 
 
In the early pathogenesis of type 2 diabetes, reduced insulin sensitivity does not 

result in impaired glucose tolerance due to compensatory increased insulin 

secretion from the pancreatic beta cells that is sufficient to compensate the 

reduced insulin action (DeFronzo, 2004). Thus, insulin resistance in muscle, liver 

and adipose tissues is attended by upregulated insulin secretion. However, the 

increase of insulin secretion can cause a depletion of beta cell function over time, 

with consecutively impaired insulin secretion resulting in an impaired fasting 

glucose (IFG), impaired glucose tolerance (IGT) and finally overt diabetes 

(Stumvoll et al., 2007). According to the criteria of the American Diabetes 

Association (ADA), IFG is defined as fasting plasma glucose levels of 5.6 mmol/l 

to 6.9 mmol/l, IGT as 2-h values in the oral glucose tolerance test of 7.8 mmol/l 

to 11.0 mmol/l (American Diabetes Association, 2014). 

 

In addition to genetic and epigenetic factors, there are different determinants that 

are related to insulin resistance and the pathogenesis of type 2 diabetes, 

including obesity and lack of physical activity (Matthaei et al., 2000) as well as 

gut microbiota composition (Delzenne and Cani, 2011) and further components 

of the metabolic syndrome (Mayans, 2015). Besides medication and nutritional 

imbalance, dysfunctional adipose tissue (Freeman and Pennings, 2021) and the 

autonomic nervous system (Schlaich et al., 2015) are believed to have an impact 

on glucose metabolism. 

In accordance with this pathophysiologic understanding, the improvement of 

insulin sensitivity and insulin secretion appears to be a major target for the 

prevention and therapy of type 2 diabetes (Chiasson and Rabasa-Lhoret, 2004). 
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Figure 1 visualizes the relationship between insulin sensitivity and insulin 

secretion in persons with and without diabetes.  

 

 

 
Figure 1:  The relationship between insulin sensitivity and insulin secretion in non-diabetic and 
diabetic persons (Fritsche and Stefan, 2021).  

 

 

 

1.1.1 The autonomic nervous system and its contribution to glucose 
metabolism 

 

One important contributor to the regulation and synchronization of insulin 

secretion and insulin sensitivity is the autonomic nervous system (Schlaich et al., 

2015) with its two antagonistic proportions, the sympathetic and parasympathetic 

branch.  

Established surrogates for the activity of the autonomic nervous system are the 

heart rate and heart rate variability. Heart rate variability (HRV) shows the 
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balance fluctuation of sympathetic and vagal activation (Bootsma et al., 1994) 

and can be assessed by electrocardiography.  

One established variable of the heart rate variability is the RMSSD (root mean 

square of successive differences) that reflects the vagal activity (Stein et al., 

1994). Decreased heart rate variability is associated with cardiovascular diseases 

and diabetes and appears to be a risk factor of mortality after myocardial 

infarction (Stein et al., 1994) and the lowering of risk profiles is linked to an 

increase of heart rate variability (Thayer et al., 2010). 

Further, it has been reported that increased sympathetic activity is closely linked 

to insulin resistance and the resulting hyperinsulinemia (Lambert et al., 2010). 

This in turn leads to impaired glucose tolerance, a pre-stage of type 2 diabetes. 

Moreover, sympathetic nerve activity is upregulated and parasympathetic activity 

is reduced in persons with prediabetes and diabetes (Carnethon et al., 2003). 

Beyond that, insulin resistance is not only found in peripheral tissues but also in 

the brain (Heni et al., 2015), the upstream regulator of the autonomic nervous 

system. 

 

In humans, the autonomic nervous system can be modulated by administrating 

intranasal insulin to the brain and thereby improves insulin sensitivity in peripheral 

organs via parasympathetic nerve activation (Heni et al., 2014). This is well in line 

with earlier findings in rodents that especially highlighted the role of the vagus 

nerve in the brain-derived regulation of peripheral glucose metabolism (Berthoud 

et al., 1990).  

Another approach to modulate the autonomic nervous system in a non-

pharmacological and non-invasive manner is the electrical stimulation of the 

vagus nerve. Non-invasive vagus nerve stimulation has different effects on the 

human body as it reduces sympathetic nerve activity (Clancy et al., 2014), 

improves multiple cognitive functions (Dietrich et al., 2008; Marshall et al., 2004; 

Neuser et al., 2020) and changes the heart rate variability (Murray et al., 2016) 

showing an activation of the autonomic nervous system. 

Besides the surgical implantation of pulse generators to stimulate the vagus 

nerve that are used, e.g., for the therapy of drug-resistant epilepsy (Ben-
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Menachem, 2002) and chronic treatment-resistant depression (Howland, 2014), 

the vagus nerve can also be stimulated non-invasively. By using an electrode that 

is placed at the outer ear, non-invasive transcutaneous vagus nerve stimulation 

affects the auricular branch of the vagus nerve (Ellrich, 2011). Neither of these 

approaches have yet been sufficiently investigated in relation to systemic glucose 

metabolism.  

 

Another approach to target the autonomic nervous system in a non-invasive 

manner are specific breathing patterns. The central nervous system can also be 

affected by deep breathing maneuvers. Slow deep breathing is known to 

modulate the activity of the autonomic nervous system (Russo et al., 2017) and 

increases the activity of the parasympathetic nerve (Pal et al., 2004) and cardiac 

vagal activity (Kromenacker et al., 2018). Deep breathing can also reduce blood 

pressure and heart rate (Mori et al., 2005). The activation of the parasympathetic 

nerve by slow deep breathing could therefore be an approach to affect insulin 

sensitivity or insulin secretion.  

 

 

 

1.1.2 Body fat distribution and its contribution to glucose 
metabolism 

 

Body fat distribution is very different between individuals and its location is crucial 

for the impact of adipocytes on systemic metabolism (Tchkonia et al., 2013) and 

the pathogenesis of multiple diseases (Després Jean-Pierre, 2012).  

The distribution of body fat is also a well-described contributor to the 

pathogenesis of insulin resistance and diabetes (Freeman and Pennings, 2021). 

Especially the venous blood of visceral fat is drained via the portal vein directly 

to the liver (Ibrahim, 2010), where factors released from this fat depot induce the 

synthesis and release of pro-inflammatory cytokines that can cause detrimental 

effects like vascular inflammation (Frayn, 2000; Ibrahim, 2010) and increase the 

risk for multiple diseases (Britton et al., 2013). 
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Different fat compartments were studied over the last decades. Especially 

visceral fat and liver fat (Stefan, 2020), but also other non-classical fat depots like 

pancreatic fat (Ishibashi et al., 2020) and perivascular fat (Meijer et al., 2011) are 

of interest in the aetiopathogenesis of type 2 diabetes. Besides these, 

interscapular fat is a fat compartment, that was shown to be positively correlated 

with insulin resistance in humans (Thamer et al., 2010). Interscapular fat is 

localized in the neck area and its content depends on different factors like age, 

body mass index (BMI), total adipose tissue, visceral and subcutaneous tissue 

mass (Li et al., 2014).  

In addition to the localization of fat depots, there are functionally and histologically 

different types of adipocytes: brown adipose tissue, white adipose tissue and 

beige adipose tissue (brown-in-white) (Frühbeck et al., 2009; Shapira and Seale, 

2019). These different types of fat have antagonistic characteristics as white 

adipose tissue stores excess energy and brown adipose tissue contributes to 

heat production (Saely et al., 2012). Brown adipose tissue is more prominent in 

newborns in the interscapular region (Lidell et al., 2013). In contrast, brown fat 

mass in adults is located cervical, paravertebral, mediastinal or perirenal (Becher 

et al., 2021; Jones et al., 2017) and was not detected in the interscapular area 

(Betz and Enerbäck, 2015). Brown adipose tissue can be activated by cold 

exposure in adults (Cypess et al., 2013). Cold-induced activation of brown fat is 

inversely correlated with BMI and age in adult humans (Cypess et al., 2009). 

Further, activated brown fat was shown to be associated with lower blood glucose 

and improved insulin sensitivity in humans (Chondronikola, 2020; Matsushita et 

al., 2014).  

 

 

 

1.2 Overview of the research project 
 
The research project summarized in this cumulative thesis consists of three 

related manuscripts that report on investigation of the two main pathogenetic 

aspects of type 2 diabetes, insulin sensitivity and insulin secretion. To study this 

highly complex interplay of human metabolism, two relevant determinants were 
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specifically addressed: the autonomic nervous system and body fat distribution. 

In figure 2, a schematic overview of the research project is given. 

 

 

 
Figure 2:  Schematic overview of the research project. OGTT: oral glucose tolerance test; MRI: 
magnetic resonance imaging. 

 

 

The first study of the research project (Vosseler et al., 2020) investigated the 

attempt to modulate the autonomic nervous system by non-invasive vagus nerve 

stimulation and assessed its potential influence on insulin sensitivity and insulin 

secretion. In this trial, a transcutaneous auricular vagus nerve stimulation 

(taVNS) was performed during an oral glucose tolerance test (OGTT) in 15 young 

healthy men (mean age 24 years (SD±3)) and was compared to sham 

stimulation. In the postprandial state, insulin secretion and sensitivity are relevant 

for a quick and healthy response to the glucose challenge. The insulin response 

after meal ingestion is modulated by the autonomic nervous system (Ahrén and 

Holst, 2001). The parasympathetic nervous system is crucial for postprandial 

metabolism as increased activation of the parasympathetic nerve enhances 

insulin secretion and insulin sensitivity (Heni et al., 2014; Lindmark et al., 2003).   
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Additionally, energy expenditure was assessed using indirect calorimetry to 

investigate the effect of the modulation of the autonomic nervous system on 

postprandial energy expenditure. 

The localization of the stimulation electrodes and the stimulation device are 

presented in figure 3. 

 

 

 
Figure 3:  Stimulation of the auricular branch of the vagus nerve (A) and sham stimulation of the 
ear lobe (B). Electrical stimulation device Nemos by Cerbomed (C). 

 

 

In the second clinical trial (Vosseler et al., 2021), slow deep breathing maneuvers 

versus normal breathing during an OGTT was applied in 15 young healthy men 

(mean age 27 years (SD± 8)), again, in an attempt to modulate the balance of the 

autonomic nervous system. 

The breathing rate for slow deep breathing and normal breathing was paced by 

moving bars on a computer (fig. 4) and the respiration depth was assessed by a 

respiration belt around the chest. The activity of the autonomic nervous system 

was monitored by analyzing heart rate variability and insulin sensitivity and 

secretion was assessed by indices calculated from an OGTT. The resting energy 

expenditure was calculated from indirect calorimetry measurements. 
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Figure 4:  Slow deep breathing and normal breathing frequency indicated with moving bars for 
inspiration and expiration with the software Affect 4.0.  

 

 

The third research work (Vosseler et al., 2022) analyzed interscapular fat that 

was assessed by magnetic resonance imaging (MRI). The study included 822 

persons (females and males, mean age 46 years (SD ± 15)) from ongoing studies 

with different glucose tolerance status (normal glucose tolerance, impaired 

fasting glucose, impaired glucose tolerance). Oral glucose tolerance tests were 

performed in all participants. In this study that was based on earlier reports on a 

link between interscapular fat and insulin sensitivity (Thamer et al., 2010), we re-

addressed the potential link between this specific fat depot and human 

metabolism in much more detail. The focus of this trial was on glucose tolerance, 

insulin secretion and insulin sensitivity. Interscapular fat mass localization in a 

normal-weight or obese person is shown in figure 5. 
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Figure 5:  Interscapular fat mass (highlighted white section) in a normal-weight person (A) and 
obese person (B).  

 

 

 

1.3 Research questions 
 
The research questions of this thesis refer to the main pathogenetic aspects of 

type 2 diabetes, insulin resistance and insulin secretion, and potential clinical 

consequences: 

 

 Can insulin sensitivity or insulin secretion be improved by modulating the 

autonomic nervous system in healthy persons? 

 

 Is interscapular fat a clinically relevant fat depot with regard to insulin 

sensitivity and insulin secretion? 

 

 What are the clinical implications of these three studies in terms of insulin 

sensitivity and insulin secretion as pathophysiological aspects for the 

prevention or treatment of type 2 diabetes? 
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Hereinafter, the three aforementioned studies are presented and the research 

questions are discussed. The methodology chosen to investigate the 

phenomenon will be critically reflected upon and explanations of the findings as 

well as implications for future studies and clinical practice will be given. 
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2 Results and discussion  
 
 

2.1 Publication 1: No modulation of postprandial metabolism 
by transcutaneous auricular vagus nerve stimulation: a 
cross-over study in 15 healthy men  

 
 
 

Authors: Andreas Vosseler*, Dongxing Zhao*, Louise Fritsche, Rainer 

Lehmann, Konstantinos Kantartzis, Dana M. Small, Andreas Peter, Hans-Ulrich 

Häring, Andreas L. Birkenfeld, Andreas Fritsche, Robert Wagner, Hubert Preißl, 

Stephanie Kullmann, Martin Heni. 

*contributed equally 

 

Published in Scientific Reports, 2020 November 24;10(1):20466. 

 

https://doi.org/10.1038/s41598-020-77430-2 

 

2-4 (Ahrén and Holst, 2001; Heni et al., 2014). 2,5,6 (Heni et al., 2014; Lindmark et al., 2003; Perin et al., 2001).1,7 

(Strubbe and Steffens, 1993) 8 (Macedo et al., 2014). 9(Butt et al., 2020). 10 (Stefan et al., 2012).11 (Frangos et al., 

2015).  12,13 (Berthoud, n.d.; Teckentrup et al., 2020) 14 (Han et al., 2018). 15 (Clancy et al., 2014). 16(Badran et al., 

2018b).  

13 (Teckentrup et al., 2020). 17 (Gancheva et al., 2017).11,15,18-20 (Clancy et al., 2014; Dietrich et al., 2008; Frangos 

et al., 2015; Marshall et al., 2004; Neuser et al., 2019). 14(Han et al., 2018) 21(Badran et al., 2018a). 22(Huang et al., 

2014).15 (Clancy et al., 2014). 15 (Clancy et al., 2014), 15 (Clancy et al., 2014). 23(Borges et al., 2019). 

1,24,25 (Lu et al., 1999; Strubbe, 1992).11 (Frangos et al., 2015).(Frangos et al., 2015). 26(Pacini and Mari, 2003). 

27(Stumvoll et al., 2000).29 (Kaufmann et al., 2011). 30,31 (Appelhans and Luecken, 2006; Quintana et al., 2016).  32 

(Schadewaldt et al., 2013). 
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2.2 Publication 2: Slow deep breathing modulates cardiac 
vagal activity but does not affect peripheral glucose 
metabolism in healthy men   

 
 
 

Authors: Andreas Vosseler, Dongxing Zhao, Julia Hummel, Ali Gholamrezaei, 

Sarah Hudak, Konstantinos Kantartzis, Andreas Peter, Andreas L. Birkenfeld, 

Hans-Ulrich Häring, Robert Wagner, Hubert Preißl, Stephanie Kullmann, Martin 

Heni. 

 

Published in Scientific Reports, 2021 October, 11:20306 

 

https://doi.org/10.1038/s41598-021-99183-2 

 

 

1-4(DeFronzo, 2010, 2009; Kahn, 2003; Staiger et al., 2009).  5(Morton et al., 2006).6(Heni et al., 2014). 6-8(Begg and 

Woods, 2013; Heni et al., 2014). 9(Makhmutova et al., 2020).10,11(Strubbe and Steffens, 1993). 12(Macedo et al., 2014). 

6,13,14(Heni et al., 2014; Lindmark et al., 2003; Perin et al., 2001).15(Vosseler et al., 2020). 16,17(Cottin et al., 1999; Pal 

et al., 2004), 18 (Mori et al., 2005) 19(Wagner et al., 2016).20(Spruyt et al., 2010). 

21(Gholamrezaei et al., 2019).22t(Kaufmann et al., 2011)23,24(Billman, 2013; Deutschman et al., 1994) 25,26(Challapalli 

et al., 1999; Martinmäki et al., 2006) 27(Schadewaldt et al., 2013).16(Pal et al., 2004). 28.29(Iversen et al., 2000). 6(Heni 

et al., 2014).  

 



Results and discussion  29 

 
 
 
 
 



Results and discussion  30 

 
 
 
 
 



Results and discussion  31 

 

 
 
 
 



Results and discussion  32 

 
 
 
 
 



Results and discussion  33 

 
 
 
 
 



Results and discussion  34 

 
 
 
 
 



Results and discussion  35 

 
 
 
 
 



Results and discussion  36 

 
 
 
 
 



Results and discussion  37 

2.3 Publication 3: Interscapular fat is associated with impaired 
glucose tolerance and insulin resistance independent of 
visceral fat mass 

 
 
 
Authors: Andreas Vosseler, Jürgen Machann, Louise Fritsche, Christian Kübler, 

Andreas Peter, Hans-Ulrich Häring, Norbert Stefan, Andreas L. Birkenfeld, 

Andreas Fritsche, Robert Wagner, Martin Heni. 

 

Published in MedRxiv, 2022 February 7 

 

https://doi.org/10.1101/2022.02.07.22270571 

 
 
1,2(Blüher and Laufs, 2019; Després and Lemieux, 2006). 3(Karastergiou et al., 2012)4,5(Stefan, 2020; Tchkonia et al., 2013).6(Ibrahim, 2010).7(Frayn, 

2000),8(Britton et al., 2013; Després Jean-Pierre, 2012).10,11(Björntorp, 1988; Wajchenberg, 2000).12,13(Kuk et al., 2006; McNeely et al., 2012).14-20 (Dai et 

al., 2016; Dixon and O’Brien, 2002; Laakso et al., 2002; Preis et al., 2010; Stefan et al., 2018; Thamer et al., 2010; Wagner et al., 2021).21,22(Frühbeck et al., 

2009; Shapira and Seale, 2019).23(Wronska and Kmiec, 2012).24(Saely et al., 2012).(Nedergaard and Cannon, 2013). 26(Cypess et al., 2013) 27(Cypess et al., 

2009),28,29(Chondronikola, 2020; Matsushita et al., 2014). 30(Lidell et al., 2013),31 (Becher et al., 2021).32(Dietz et al., 2021)33-34(Ribeiro et al., 2020; Tsai et 

al., 2006). 35(Ley et al., 2018). 36(Matsuda and DeFronzo, 1999) 37(Wagner et al., 2016). 38(Stumvoll et al., 2000),39(Machann et al., 2010)40(Würslin et al., 

2010).41(American Diabetes Association, 2014). 42(Almabrouk et al., 2014). 43(Achike et al., 2011). 44(Purnell et al., 2009). 45-46(Chiodini, 2011; Di Dalmazi et 

al., 2015).  47-48(Polymeris and Papapetrou, 2021; Stabe et al., 2013). 49,50(Ceriello, 2004). 51-52(Gavaldà-Navarro et al., 2021; Maliszewska and Kretowski, 

2021).   
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3 Discussion   
 

In this work, potential pathogenetic determinants of type 2 diabetes were 

investigated. The work was focused on insulin sensitivity and insulin secretion 

which were studied in three clinical trials. These studies applied electrical vagus 

nerve stimulation and breathing maneuvers to modulate the autonomic nervous 

system, and studied body fat distribution with focus on interscapular fat and its 

contribution to glucose metabolism. 

In the following sub-chapters, the three clinical trials of this research project are 

discussed and conclusions are drawn regarding clinical implications of the study 

results. 

 

 

 

3.1 Non-invasive vagus nerve stimulation and its impact on 
glucose metabolism 

 
This work addressed the potential influence of the autonomic nervous system on 

systemic glucose metabolism. To modulate the parasympathetic branch of the 

autonomic nervous system, non-invasive vagus nerve stimulation versus sham 

stimulation was performed in 15 healthy young men in a cross-over design 

(Vosseler et al., 2020). Systemic glucose metabolism was quantified using 

concurrent oral glucose tolerance tests. However, insulin sensitivity and insulin 

secretion were not affected by the applied vagus nerve stimulation and sham 

stimulation. Further, resting energy expenditure was not different between both 

conditions. Heart rate, as a proxy for cardiac autonomic activity, was not different 

between the two stimulation conditions, indicating ineffectiveness of the applied 

stimulation technique. 

In contrast to these null findings, non-invasive vagus nerve stimulation was 

shown to increase vagus nerve activity (Clancy et al., 2014; Pal et al., 2004)  and 

affect heart rate (Badran et al., 2018b) and blood pressure (Zamotrinsky et al., 

2001) in previous studies. Therefore, this stimulation technique could potentially 
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affect peripheral organs like the pancreas as it was considered in the concept of 

this study.  

Different discussion points for the ineffectiveness of the applied vagus nerve 

stimulation are presented in the manuscript (Vosseler et al., 2020): For instance, 

the stimulation of the auricular branch of the vagus nerve may not have been able 

to generate efferent outflows of the central nervous system towards peripheral 

organs. Physical factors like the location of the electrode, the stimulation intensity, 

duration and frequency are potential limitations of the applied vagus nerve 

stimulation. Further, the limited number of included participants (n=15) might 

have made it impossible to detect smaller effect sizes. Though, the study was 

sufficiently powered to detect effect sizes of f = 0.35 (80% power, α=0.05). 

In line to our finding, a recent study by Gancheva et al. (Gancheva et al., 2017) 

could not detect a modulatory effect of the autonomic nervous system on 

peripheral organs by non-invasive vagus nerve stimulation. 

In summary, non-invasive vagus nerve stimulation and sham stimulation had no 

detectable effects on glucose metabolism in the performed trial. 

 

 

 

3.2 Slow deep breathing maneuvers and their effects on glucose 
metabolism 

 

Since our vagus stimulation approach in the first study was not able to 

significantly modulate the autonomic nervous system and could therefore not 

clarify the impact of autonomic nervous system on systemic metabolism, we next 

aimed for an alternative approach to modulate autonomic activity. In this follow-

up trial (Vosseler et al., 2021), 15 healthy young men performed slow deep 

breathing versus normal breathing maneuvers in a cross-over design. Peripheral 

glucose metabolism was again quantified using oral glucose tolerance tests.  

In this study, insulin sensitivity and insulin secretion remained unaffected by the 

performed breathing maneuvers. Moreover, slow deep breathing did not change 

resting energy expenditure. In contrast to this null findings, parasympathetic 
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activity was increased during slow deep breathing though it did not alter 

peripheral glucose metabolism.  

Unexpectedly, our study showed a correlation of mean heart rate and C-peptide 

and insulin levels regardless of breathing condition and glucose concentration. 

This correlation could be a surrogate for the influence of the autonomic nervous 

system on insulin secretion as it is known that the autonomic nervous system 

contributes to the regulation of insulin (Teff, 2008). 

In a previous study (Kromenacker et al., 2018), slow deep breathing over three 

months was shown to be effective in modulating the autonomic tone in 60 

participants. However, the modulation of the autonomic tone could be a long-term 

effect that was not caused by the performed breathing maneuvers. Disregarding 

a long-term effect of slow deep breathing, extended deep breathing periods may 

have been more effective in the modulation of the autonomic tone and impact on 

peripheral glucose metabolism in this work.  

Further, slow deep breathing may modulate brain centers that effect the heart but 

not metabolic organs. While altering cardiac autonomic nervous system by slow 

deep breathing, its activity is not necessarily influenced at the levels where 

glucose metabolism can be modulated. 

 

Potential limitations of the study are again the limited sample size and a selection 

bias as only male persons were included. In this pilot trial, we did not include 

women to avoid well known effects of the menstrual cycle on autonomic nervous 

system activity (Brar et al., 2015) that are difficult to control for and might have 

masked potential effects of the breathing intervention. Furthermore, sex-specific 

regulation of heart rate variability is suspected (Huang et al., 2013). 

Moreover, the study protocol and the duration of slow deep breathing may have 

not been appropriate to induce strong effects on autonomic tone and glucose 

metabolism. 
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3.3 Interscapular fat and glucose metabolism 
 

In the third study (Vosseler et al., 2022), the influence of one specific non-

classical fat depot – interscapular fat – on systemic glucose metabolism was 

investigated. Interscapular fat is located in the neck area and was shown to be 

associated with insulin resistance (Thamer et al., 2010). 

Body fat distribution was quantified by magnetic resonance imaging and oral 

glucose tolerance tests were performed in 822 women and men with an average 

age of 46 years and different status of glucose tolerance. 

Interscapular fat was found to be directly associated with insulin resistance and 

2 hours glucose levels during the OGTT that is a well-established predictor of 

cardiovascular diseases and mortality (e.g. DECODE Study Group, the European 

Diabetes Epidemiology Group., 2001). There was no association of interscapular 

fat with insulin secretion.  

The adverse effects of interscapular fat on glucose metabolism could potentially 

result from adipokines that cause inflammation as known from other fat 

compartments like perivascular fat (Almabrouk et al., 2014). The association of 

interscapular fat with insulin resistance in this trial is in line with previous findings 

in MR-based body fat quantification (Thamer et al., 2010) and neck circumference 

(Polymeris and Papapetrou, 2021; Stabe et al., 2013). The development of 

detrimental excess fat depots such as interscapular fat may largely be caused by 

obesity. These excess fat depots trigger inflammatory processes that lead in turn 

to multiple complications as insulin resistance (Achike et al., 2011). 

A limitation of this study is that the histological type of fat in the interscapular 

region was not examined whereas there are different types of adipose tissue with 

different effects on metabolism (Saely et al., 2012). The negative effects of 

interscapular fat on glucose metabolism seen in this study argue against a 

predominance of highly active brown fat in this location according to previous 

findings in large cohort studies (Becher et al., 2021; Betz and Enerbäck, 2015).  

In conclusion, interscapular fat seems to be a clinically relevant risk factor of 

insulin resistance and impaired glucose tolerance and might be a relevant target 

for stratifying diabetes risk. Besides magnetic resonance imaging, other 
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techniques, i.e. ultrasound, should be used for the quantification of interscapular 

fat in the future. 

 

 

 

3.4 Concept of the research project 
 

This research project summarizes three studies that addressed the two main 

pathophysiological mechanisms in the development of type 2 diabetes mellitus – 

insulin sensitivity and insulin secretion. The current work aimed to clarify potential 

impact of the autonomic nervous system and of a specific type of body fat 

distribution with accumulation of adipose tissue in the interscapular compartment. 

 

In the first clinical study, the applied non-invasive vagus nerve stimulation could 

not robustly deflect autonomic nervous system activity and had therefore neither 

effects on insulin sensitivity nor insulin secretion.  

Based on this negative result of non-invasive vagus nerve stimulation, another 

approach to modulate the autonomic nervous system was applied.  

 

In the follow-up experiment, slow deep breathing was now able to modulate 

parasympathetic nerve activity, but did neither alter insulin sensitivity nor insulin 

secretion. Consequently, no effects on plasma glucose were achieved. However, 

a link between mean heart rate and C-peptide and insulin levels was detected, 

regardless of breathing condition and glucose concentration. This uncovered 

relationship could indicate a link between central modulation of insulin secretion 

and parasympathetic activation of organs in the periphery.  

 

The investigation of body fat distribution in the third study of this research project 

revealed a link between interscapular fat and insulin sensitivity and glucose 

tolerance, whereas interscapular fat was not associated with insulin secretion. 

Thus, the link between interscapular fat and impaired glucose metabolism is most 

likely caused by the first of two major pathomechanisms for diabetes – systemic 

insulin resistance.  
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The three studies vary in the number of included participants due to their 

differences in design: While the experimental vagus nerve stimulation and slow 

deep breathing study included 15 persons (based on appropriate sample size 

calculations for this cross-over design), 822 persons were examined in the 

correlative interscapular fat study. Beyond that, only men were included in the 

vagus nerve (taVNS) and slow deep breathing (RESPI) experiments, whereas 

female and male participants were selected for the interscapular fat trial.  

The average age was different in the conducted trials: 24 years (SD±3) in taVNS 

vs. 27 years (SD± 8) in RESPI vs. 46 years (SD ± 15) in the interscapular fat 

study.  

The first two experimental studies aimed for healthy individuals. Therefore, the 

glucose tolerance status in the first and second trial were normal, whereas in the 

third study different glucose status were present, ranging from normal glucose 

tolerance to impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) 

or both, IFG and IGT.  

 

There are some limitations of the performed studies: the relatively limited number 

of participants included in the taVNS and RESPI study might have hindered 

detection of smaller effects. However, the trials were powered to detect clinically 

relevant effects.  

A limitation of the interscapular fat study may be that the histological specification 

of the fat compartments was not investigated. It was furthermore focused on one 

specific non-classical fat depot (interscapular fat) and did not investigated further 

non-classical fat depots (e.g., perivascular fat, pancreatic fat, renal sinus fat) that 

might have additional or complementary effects. 

 

 

 

3.5 Conclusions 
 

The tested non-invasive vagus nerve stimulation and slow deep breathing 

paradigms were not able to enhance insulin sensitivity or secretion in the 

presented trials. To investigate the effect of these specific stimulation techniques 
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on the autonomic nervous system and glucose metabolism, different study 

protocols may be of interest in future studies. Further, other treatments to 

modulate the autonomic nervous system could be applied to continue this line of 

research and further clarify the importance of autonomic nervous system for 

human glucose metabolism. 

Previously, other approaches for the modulation of the central nervous system 

were studied, e.g. pharmacological interventions with intranasal insulin were able 

to enhance insulin sensitivity in peripheral organs (Heni et al., 2014). Moreover, 

a recent pharmacological study (Kullmann et al., 2021) enhanced hypothalamic 

insulin sensitivity by SGLT2-inhibition (sodium glucose cotransporter 2) with 

positive effects on whole-body metabolism in patients with pre-diabetes.  

In conclusion, the modulation of the autonomic nervous system still has the 

potential to be an important target for the prevention of type 2 diabetes. 

Therefore, non-pharmacological approaches to modulate the autonomic nervous 

system need to be tested in future studies. 

 

Interscapular fat was found to be associated with insulin resistance and impaired 

glucose tolerance. In line, previous studies showed an association of 

interscapular fat with insulin resistance and negative effects of dysregulated body 

fat as visceral fat, liver fat (Nguyen-Duy et al., 2003), pancreatic fat and 

perivascular fat (Ferrara et al., 2019). Body fat distribution is a relevant aspect in 

the pathogenesis of type 2 diabetes (Frayn, 2000; Wajchenberg, 2000). 

Moreover, interscapular fat was found to be a relevant fat depot for metabolic 

risk. This could be of clinical importance as a reliable prediction of the disease is 

still of great interest for a timely and targeted screening as well as an early 

treatment strategy. In contrast to the expensive and labor-intense magnetic 

resonance imaging that was applied in this scientific study, other approaches may 

be easier and more cost-efficient to apply in the practice. The quantification of 

interscapular fat could be done by ultrasonography (Tsai et al., 2006) and might 

be implemented in the clinical practice for the risk stratification of metabolic 

disorders in the future. 
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In conclusion, this research project identified interscapular fat as an important fat 

compartment that likely predicts metabolic risk in the future. Transcutaneous 

auricular vagus nerve stimulation and slow deep breathing had no effect on 

insulin secretion and insulin sensitivity. Thus, the detailed contribution of the 

autonomic nervous system for human metabolism still remains open. 

Nevertheless, modulating the autonomic nervous system appears to be a 

promising research area to improve glucose metabolism in the future. 

 

 

4 Summary  
 

In this thesis, three studies investigated potential regulators of insulin sensitivity 

and insulin secretion, the two main pathophysiological contributors in the 

development of type 2 diabetes. The work was focused on the impact of the 

autonomic nervous system and body fat distribution on insulin sensitivity and 

insulin secretion.  

The research project addressed the questions if insulin sensitivity or insulin 

secretion can be improved by modulating the autonomic nervous system in 

healthy persons and if interscapular fat is a clinically relevant fat depot with regard 

to insulin sensitivity, insulin secretion and glucose metabolism. 

The modulation of the autonomic nervous system was performed with (i) non-

invasive vagus nerve stimulation and (ii) slow deep breathing maneuvers in two 

randomized, controlled, cross-over studies, each including 15 healthy young 

men. The investigation of interscapular fat’s association with insulin sensitivity 

and insulin secretion was done in 822 women and men with different glucose 

tolerance status. 

Non-invasive vagus nerve stimulation revealed no effect on insulin secretion and 

insulin sensitivity in the conducted trial (Vosseler et al., 2020). However, this does 

not exclude an impact of the autonomic nervous system, as autonomic tone was 

unexpectedly not changed by the stimulation device. 

In the second trial (Vosseler et al., 2021), cardiac vagal activity was mildly 

modulated during slow deep breathing but no effects on insulin secretion and 
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sensitivity were found. While this argues against a clinically relevant effect of the 

changes in autonomic activity achieved by the applied paradigm, it is quite 

possible that prolongation of the slow deep breathing may have been more 

effective and might potentially have induced metabolic effects.  

The third study (Vosseler et al., 2022) showed that interscapular fat mass was 

directly associated with insulin resistance and impaired glucose tolerance, 

independently of visceral fat. Interscapular fat was not associated with insulin 

secretion.  

 

In conclusion, the applied techniques to modulate the autonomic nervous system, 

non-invasive vagus nerve stimulation and slow deep breathing, were not 

appropriate to exert major effects on insulin sensitivity and insulin secretion in the 

performed trials. In contrast, other approaches, i.e. pharmacological 

interventions, were shown to be effective in modulating the autonomic nervous 

system with consecutive effects on whole-body glucose metabolism (D’Alessio et 

al., 2001; Heni et al., 2014; Kullmann et al., 2021). 

 

The autonomic nervous system is a major target for the development of 

therapeutic strategies in the prevention and therapy of type 2 diabetes mellitus. 

Therefore, novel non-invasive approaches to modulate the autonomic nervous 

system should be tested and optimized in future studies.  

 

Interscapular fat was found to be associated with insulin resistance and impaired 

glucose tolerance. It could be a clinically relevant predictor for metabolic risk and 

may be easier quantified with other techniques (e.g. ultrasonography) in the 

clinical practice in the future. 
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5 German summary – Zusammenfassung 
 

Die vorliegende Arbeit befasst sich mit zwei Hauptmechanismen der 

Pathogenese des Typ-2-Diabetes: Insulinresistenz und Insulinsekretionsstörung. 

Um das komplexe Zusammenspiel dieser beiden Faktoren zu untersuchen, 

wurden zwei Determinanten ausgewählt, die für die Insulinsensitivität und 

Insulinsekretion bedeutend sind: Das autonome Nervensystem und die 

Körperfettverteilung. 

Das Forschungsprojekt untersucht die Frage, ob die Insulinsensitivität bzw. die 

Insulinsekretion durch Modulation des vegetativen Nervensystems bei gesunden 

Menschen verbessert werden kann und ob interskapulares Fett ein klinisch 

relevantes Fettdepot in Bezug auf Insulinsensitivität, Insulinsekretion und 

Glukosestoffwechsel ist.  

Die Modulation des autonomen Nervensystems wurde mit nicht-invasiver 

Vagusnerv-Stimulation und langsamer vertiefter Atmung in zwei randomisierten, 

kontrollierten, Cross-Over-Studien mit jeweils 15 gesunden jungen Männern 

durchgeführt.  

Der Zusammenhang von interskapularem Fett mit der Insulinsensitivität und 

Insulinsekretion wurde bei 822 Frauen und Männern mit unterschiedlichen 

Glukosetoleranzstatus untersucht.  

 

Die nicht-invasive Vagusnerv-Stimulation zeigte in der durchgeführten Studie 

keinen Einfluss auf die Insulinsekretion und die Insulinsensitivität (Vosseler et al., 

2020) .  

In der zweiten Studie (Vosseler et al., 2021) wurde die kardiale Vagusaktivität 

während der langsamen vertieften Atmung leicht moduliert, eine Auswirkungen 

auf die Insulinsekretion und die Insulinsensitivität konnte jedoch nicht festgestellt 

werden. Dies spricht zwar gegen einen klinisch relevanten Effekt der langsamen 

vertieften Atmung auf den Glukosestoffwechsel in der durchgeführten Studie, 

jedoch hätte eine längere Dauer der langsamen vertieften Atmung 

möglicherweise Auswirkungen auf den Metabolismus induzieren können.  
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Die dritte Studie (Vosseler et al., 2022) zeigte einen vom viszeralen Fettgehalt 

unabhängigen Zusammenhang der Interskapular-Fettmasse mit Insulinresistenz 

und eingeschränkter Glukosetoleranz. Eine Assoziation von interskapularem Fett 

und Insulinsekretion konnte hingegen nicht gezeigt werden.  

Eine Limitation dieser Studie besteht darin, dass die histologische Art der 

Fettmasse nicht untersucht wurde. Zudem blieb eine mögliche Modulation des 

autonomen Nervensystems durch die nicht-invasive Vagusnerv-Stimulation und 

die langsame vertiefte Atmung in den durchgeführten Studien ohne relevante 

Auswirkung auf die Insulinsensitivität und -sekretion. Im Gegensatz dazu konnte 

in vorherigen Arbeiten  (D’Alessio et al., 2001; Heni et al., 2014; Kullmann et al., 

2021) eine Modulation des autonomen Nervensystems mit anderen Ansätzen 

(z.B. medikamentösen Interventionen) festgestellt werden, welche sich auf den 

Glukosestoffwechsel im ganzen Körper auswirkten. 

 

Das autonome Nervensystem ist ein wichtiger Ansatzpunkt für die Entwicklung 

von Therapie-Strategien für die Prävention von Diabetes mellitus Typ 2 und 

seiner Behandlung. In zukünftigen Studien sollten daher neue Ansätze zur nicht-

invasiven Modulation des autonomen Nervensystems entwickelt werden.  

Interskapularer Fettgehalt ist mit Insulinresistenz und eingeschränkter 

Glukosetoleranz assoziiert und könnte ein klinisch relevanter Prädiktor für 

metabolisches Risiko sein und zukünftig mit anderen Techniken (z.B. Ultraschall) 

einfacher quantifiziert werden. 
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