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  Summary 

1 
 

1 Summary 
Genetic variations within the Fat mass and obesity associated (FTO) gene have been linked to 

obesity and cardiovascular diseases in humans. In line with this linkage, global Fto deficiency 

in mice was found to protect against the development of obesity and obesity-induced metabolic 

changes such as hyperglycemia. These effects have been reported to have a significant and direct 

effect on cardiovascular health. Indeed, human studies have linked FTO to hypertension. 

Although FTO is clearly associated with obesity and hypertension, there have not been any 

mechanistic studies analyzing a role of Fto in blood pressure regulation. In order to accomplish 

this, the influence of vascular Fto on myogenic tone (MT) in resistance arterioles should be 

investigated, as MT directly regulates blood pressure by altering peripheral resistance. 

A role of vascular Fto in myogenic tone was initially indicated by microarray analysis of thoracic 

aortae of Fto+/+ and Fto-/- mice, as pathway analysis revealed that Fto deficiency affected SMC 

contraction. Because of this, endothelial cell (EC)- and smooth muscle cell (SMC)- specific Fto 

deficient mice were generated. In both mouse models, there was a strong influence on MT, but 

not on body weight by Fto deficiency. While EC-specific Fto deficient mice were protected from 

high fat diet- (HFD-) induced changes on MT, SMC-specific Fto deficiency significantly 

reduced MT in normal chow- (NC-) fed mice. Further metabolic analysis in HFD-fed mice 

revealed that EC-specific Fto deficiency significantly improved glucose and insulin tolerance, 

while dyslipidemia was not affected. Data from our initial microarray analysis helped us to 

identify a mechanism whereby this could be occurring and pointed to a role of the Prostaglandin 

D2 synthase in ECs and the Serum response factor in SMCs. 

In conclusion, these data revealed that vascular Fto is not only important in regulation of MT, 

but also in HFD-induced metabolic changes. EC-specific Fto deficiency protected from HFD-

induced changes on MT and improved glucose homeostasis indicating it may be important in the 

development of obesity-induced insulin resistance, hyperglycemia and hypertension. 

Remarkably, collaborative studies could verify a reduced blood pressure in EC-specific Fto 

deficient HFD-fed mice suggesting that EC-specific Fto deficiency protected from obesity-

induced hypertension. In contrast, SMC-specific Fto deficiency reduced MT in NC-fed mice. 

Also here, collaborative studies verified that SMC-specific Fto deficiency significantly reduced 

blood pressure in mice. 

These data show for the first time that vascular Fto is important in regulation of MT and blood 

pressure in both NC-fed and HFD-fed mice independent from its known protective effects on 

obesity. Furthermore, endothelial Fto appeared to be central in mediating obesity-induced 

metabolic changes in glucose homeostasis in HFD-fed mice. 



  Zusammenfassung 

2 
 

2 Zusammenfassung 
Genetische Variationen innerhalb des „Fat mass and obesity associated” (FTO) Gens sind dafür 
bekannt, mit Übergewicht und kardiovaskulären Krankheiten im Menschen zu korrelieren. In 
Übereinstimmung mit diesen Daten sind globale Fto-defiziente Mäuse nicht nur vor Übergewicht 
geschützt, sondern auch vor der Entstehung von übergewichtsbedingten metabolischen 
Veränderungen wie beispielsweise Hyperglykämie. Diese metabolischen Veränderungen sind 
dafür bekannt, einen signifikanten und direkten Einfluss auf die kardiovaskuläre Gesundheit zu 
haben. In der Tat zeigen humane Studien eine Korrelation von genetischen Variationen des FTO 
Locus mit Bluthochdruck. Obwohl FTO mit Übergewicht und Bluthochdruck assoziiert ist, gab 
es noch keine mechanistischen Analysen darüber, ob und wie Fto den Blutdruck beeinflusst. Um 
dies herauszufinden, soll die Rolle von vaskulärem Fto in der Regulation von myogenen Ton 
(MT) in Resistenzarterien analysiert werden, da dieser den Blutdruck durch eine Änderung der 
peripheren Resistenz direkt beeinflusst. 
Dass vaskuläres Fto in der Regulation von myogenen Ton von Bedeutung sein könnte, wurde 
durch initiale Microarray-Analysen von thorakalen Aorten aus Fto wildtypischen und Fto-
defizienten Mäusen angedeutet, da Signalwegsanalysen zeigten, dass Fto Defizienz glatte 
Muskelzellkontraktion beeinflusst. Daraufhin wurden endotheliale und glattmuskuläre Fto-
defiziente Mäuse generiert. In beiden Mausmodellen zeigte eine Fto Defizienz starken Einfluss 
auf den MT, aber nicht auf das Körpergewicht. Während endothelial Fto-defiziente Mäuse vor 
den Einflüssen einer hochkalorischen Diät (HD) auf den MT geschützt waren, bedingte die 
glattmuskuläre Fto-Defizienz einen signifikant reduzierten MT in Mäusen auf einer normalen 
Diät (ND). Weitere metabolische Analysen in HD-gefütterten Mäusen konnten zeigen, dass 
endotheliale Fto-Defizienz Glukose- und Insulintoleranz verbesserte, wobei es keinen Einfluss 
auf die Dyslipidemie hatte. Daten des initialen Microarrays halfen bei der Identifizierung 
möglicher zellulärer Mechanismen und deuteten auf eine Rolle der Prostaglandin D2 Synthase in 
Endothelzellen und des „Serum response factors“ in glatten Muskelzellen hin. 
Schlussfolgernd zeigen diese Daten, dass vaskuläres Fto nicht nur wichtig ist in der Regulation 
von MT, sondern auch in der Entwicklung von HD-induzierten metabolischen Veränderungen. 
Endotheliale Fto-Defizienz in HD-gefütterten Mäusen schützte vor den durch eine HD 
ausgelösten Veränderungen auf den MT und verbesserte den Glukosehaushalt signifikant. Diese 
Daten deuten darauf hin, dass endotheliales Fto in der Entstehung von übergewichtsbedingter 
Insulinresistenz, Hyperglykämie und Bluthochdruck wichtig sein könnte. In Kollaboration 
durchgeführte Blutdruckmessungen konnten bestätigen, dass endotheliale Fto-Defizienz den 
Blutdruck in HD-gefütterten Mäusen signifikant reduzierte und lässt vermuten, dass endotheliale 
Fto-Defizienz vor der Entstehung von übergewichtsbedingtem Bluthochdruck schützen kann. Im 
Gegensatz dazu führte eine Fto Defizienz in glatten Muskelzellen zu signifikant reduziertem MT 
in ND-gefütterten Mäusen. Auch hier konnte eine Reduktion des Blutdrucks durch eine 
glattmuskuläre Fto-Defizienz bestätigt werden. 
Diese Daten zeigen zum ersten Mal, dass vaskuläres Fto wichtig ist in der Regulation von MT in 
mesenterialen Arterien und im Blutdruck in ND- und HD-gefütterten Mäusen, unabhängig von 
dem bekannten protektiven Effekt gegenüber Übergewicht. Darüber hinaus scheint endotheliales 
Fto zentral an der Entstehung von übergewichtsbedingten metabolischen Veränderungen im 
Glukosehaushalt in HD-gefütterten Mäusen beteiligt zu sein. 
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3 Introduction 

3.1 Mesenteric arteries are key regulators of peripheral vascular 

resistance 

Mesenteric arteries are small resistance arteries which are the most important vascular 

regulators of blood pressure. Pathophysiological changes in mesenteric artery function 

are known to cause hypertension which is a risk factor for cardiovascular diseases 

(CVDs), the global number 1 cause of death [1-4]. Therefore, it is important to understand 

the mechanisms leading to mesenteric artery dysfunction which would allow the 

development of new therapeutics for treating hypertension and resulting CVDs. 

3.1.1 Anatomy of mesenteric arteries 
Mesenteric arteries are located within the gastrointestinal tract. Arising from the 

abdominal aorta, the superior and inferior mesenteric artery branch into smaller arteries 

and arterioles with subsequent capillaries to allow proper distribution of blood to different 

parts of the gut. As mesenteric arteries branch into smaller arterioles, the lumen size and 

vessel properties change to fulfill their physiological roles. While bigger vessels such as 

the thoracic aorta function as a balloon reservoir for blood leaving the heart, smaller 

vessels are more important in regulating blood flow to protect the following organs. To 

fulfill these demands, large vessels have a different vessel wall composition compared to 

smaller vessels.  

 

 

Fig. 1: Vessel wall structure of an elastic artery and arteriole in comparison 
Both an elastic artery (left) and an arteriole (right) vessel wall are composed of three layers: the tunica 
intima, the tunica media and the tunica externa. Starting from the lumen, the first layer is the tunica intima 
which consists of endothelial cells (ECs) followed by an elastic layer, the internal elastic lamina (IEL). The 
next layer, the tunica media, shows vessel-type specific differences: while elastic arteries have various 
layers of smooth muscle cells (SMCs) and a high percentage of elastic fibers, arterioles have nearly no 
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elastic fibers and usually one to two layers of SMCs. The last elastic layer of the tunica media is the external 
elastic lamina (EEL) which is only present in elastic arteries and separates the SMCs from the outermost 
layer, the tunica externa. The tunica externa of both vessel types consists of loose collagen fibers and 
anchors the vessel to the surrounding tissue (Modified, [5]). 

As illustrated in Figure 1 (Fig. 1), in large vessels close to the heart, which are also called 

elastic arteries (e.g. the aorta), the vessel wall has a high percentage of elastic fibers 

surrounding the smooth muscle cells (SMCs). Starting from the lumen, the innermost part 

of the vessel wall, the tunica intima consists of endothelial cells (ECs) which line the 

lumen of the artery and represent the cell type being in contact to the flowing blood. This 

one cell layer is surrounded by loose connective tissue and followed by an internal elastic 

lamina (IEL) that consists of elastic fibers and delimits the tunica intima from the next 

layer, the tunica media. The tunica media of elastic arteries is compared to other vessel 

types very thick as it consists of repetitive sheets of circumferential ordered SMCs and 

elastic laminae layers. The last elastic layer which is called the external elastic lamina 

(EEL) separates the tunica media from the outermost layer, the tunica adventitia. This 

layer consists of loose collagen fibers, anchors the vessel to adjacent tissue and contains 

exclusively in large vessels “vasa vasori”, which are small arteries and veins needed to 

supply nutrients to the different vascular cell types within large vessels [6].  

In contrast to elastic arteries, resistance arteries (e.g. 3rd order mesenteric arteries) are part 

of the microcirculation and have a lumen diameter between 15 and 300 µm depending on 

species. They derive from arteries and branch out to subsequent capillaries. As their 

physiological role is to propagate sufficient blood supply depending on the metabolic 

need of the following organs, their main function is to regulate blood flow and pressure 

by changing their lumen diameter. To allow proper regulation of blood flow, these vessels 

have a comparatively low amount of elastic fibers. The only elastic layer present in this 

vessel type is the IEL (see Fig. 1). Furthermore, these vessels are characterized by a thin 

tunica intima consisting of a monolayer of ECs with nearly no surrounding connective 

tissue. Also, the tunica media is comparatively thinner and consists nearly exclusively of 

SMCs. Depending on the vessel size, the SMCs can build up one to two repetitive layers 

which allow a fast constriction of these vessels [6]. In addition, resistance arteries are 

characterized by a high number of myoendothelial junctions (MEJs). MEJs are 

projections of mainly ECs, but also of SMCs through the IEL to the other respective cell 

type and connect the cells directly via gap junctions [7]. As the contractile status of 

resistance vessels is a highly regulated process, MEJs allow heterocellular crosstalk 



  Introduction 

5 
 

between ECs and SMCs of these vessels revealing the importance of different cell types 

in regulating SMC contraction in resistance arteries.  

3.1.2 Physiological role of mesenteric arteries 
Resistance arteries, such as 3rd order mesenteric arteries, are the main contributor to 

vascular resistance. The importance of vascular resistance is apparent, if considering the 

equation between blood flow (F), blood pressure (bp) and vascular resistance (R) which 

is comparable to Ohm’s law for the relation of current, resistance and voltage: 

𝐹 =
△ 𝑃

𝑅
 

This equation says that the blood flow is equal to the quotient of the pressure gradient 

(△P) and the resistance inside the system. For example in the systemic circulation the 

blood flow is equal to the pressure gradient between the root of the thoracic aorta and the 

right atrium, while the resistance is equal to the systemic vascular resistance. Thereby, 

higher resistance is reducing blood flow, if the pressure gradient is kept constant. Vice 

versa, an increase in resistance is affecting the pressure gradient, if the flow is constant. 

The dependence of these variables shows the importance of vascular resistance as this 

can be adapted to the metabolic need in a rapid and efficient way.  

In detail, the first equation can be extended to Pouseuille’s law to understand the 

importance of different factors attributing to resistance: the vessel radius (r), the viscosity 

of blood and the length of all tubes inside the system. This leads to the following equation: 

𝐹 =
𝜋×△ 𝑃×𝑟4

8× (𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑙𝑜𝑜𝑑)×𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑢𝑏𝑒
 

This equation says that blood flow is equal to the pressure gradient multiplied with the 

vessel radius to the power of 4 divided by the viscosity of blood and the length of tubes 

inside the system. In the circulation, neither length of tubes nor blood viscosity can be 

changed (quickly). However, it is possible to alter the diameter of vessels by either 

increasing lumen diameter (vasodilation) or decreasing lumen diameter 

(vasoconstriction), especially in resistance arteries. Furthermore, this equation 

emphasizes the importance of the radius on blood flow and vice versa blood pressure, as 

doubling the radius leads to a 16-fold increase in blood flow or pressure, respectively [8]. 

 

 

 



  Introduction 

6 
 

3.2 Vasoactive properties of mesenteric arteries 

The importance of resistance arteries (e.g. 3rd order mesenteric arteries) in vascular 

resistance is becoming obvious by contemplating their vessel properties to other vessel 

types (e.g. thoracic aorta). In 1902, Bayliss observed that if the pressure in resistance 

vessels is increased causing a stretch of the vessel, the vessel starts to constrict to decrease 

the lumen diameter and thereby increasing the resistance [9]. Although this Bayliss effect, 

known as myogenic tone, is not unique to resistance arteries, it gains importance with 

decreasing vessel size and only small resistance arteries can provoke a substantial 

decrease of lumen diameter in response to pressure increases [10, 11].  

Interestingly, further studies could reveal that neither ECs nor neuronal input are 

mandatory for myogenic tone as their removal does not inhibit myogenic tone 

development; however, they are important in proper regulation of myogenic tone [12]. 

The only obligatory cell type for myogenic tone are SMCs which induce contraction by 

a cellular signaling pathway. Briefly, an increased intraluminal pressure leads to 

stretching of the vessel wall which is sensed by mechanosensitive receptors. Their 

activation induces a Calcium (Ca2+)-dependent SMC contraction and therewith decrease 

of lumen diameter. As seen in Fig. 2 A, an incremental increase of intraluminal pressure 

of a resistance artery from 10 mmHg to 100 mmHg induces an incremental increase of 

lumen diameter from 100 µm to 194 µm if no Ca2+ is present. However, with normal 

extracellular Ca2+ concentration, the lumen diameter does not increase if pressure is 

increased higher than 40 mmHg, but slightly decreases to a lumen diameter of 133 µm at 

100 mmHg (Fig. 2 A). This observation is caused by myogenic tone and is important in 

autoregulation of flow. As illustrated in Fig. 2 B, blood flow is constantly increasing in 

both fully constricted and fully dilated vessels with increasing pressure, but myogenic 

tone allows autoregulation of flow. This leads to a nearly constant flow over a range of 

pressure to allow proper nutrient supply of the following organs and to protect 

downstream capillaries from elevated pressure. Its limitations are only reached if the 

vessel is either fully dilated or fully constricted.  
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Fig. 2: The Bayliss effect influences vessel diameter of resistance arteries with increasing pressure 
(A) and the relationship between blood flow and perfusion pressure (B) 
(A) Recording of the lumen diameter of a resistance artery with increasing intraluminal pressure from 10 
mmHg up to 100 mmHg with Ca2+ (solid line) and without Ca2+ (dashed line). Without Ca2+ the lumen 
diameter incrementally increases with pressure from 100 µm at 10 mmHg to 194 µm at 100 mmHg. In 
contrast, the lumen diameter starts to decrease if the pressure is increased to more than 40 mmHg resulting 
in a lumen diameter of 133 µm at 100 mmHg when Ca2+ is present. The difference between these curves is 
called the Bayliss effect (or myogenic tone). (B) The Bayliss effect leads to a non-linear relation between 
blood flow and perfusion pressure of a resistance artery. If a vessel is fully dilated (no constriction of 
SMCs), an increase of pressure induces increased flow (dashed line). Also, if a vessel is fully constricted, 
increased pressure leads to an increased blood flow (dashed line). Comparing these two curves, it is obvious 
that the dilated vessel has a higher blood flow at each pressure compared to the constricted vessel. The 
Bayliss effect (red line) induces that a resistance vessel is keeping blood flow nearly constant between a 
high range of perfusion pressure, which limits are if the vessel is fully vasodilated or fully vasoconstricted 
(Modified, from [13] (A) and [6] (B)). 

3.2.1 Myogenic tone 
Although myogenic tone is still present even if ECs or nerves are not functional, both cell 

types can regulate myogenic tone by a variety of factors. This is necessary as the 

physiological role of resistance arteries is to allow proper nutrient supply depending on 

the tissues demand. For instance, when a person is digesting food, the gastrointestinal 

tract needs a higher blood supply to allow transportation of all nutrients as compared to a 

person not digesting food. Therefore, resistance arteries can either constrict leading to 

higher vascular resistance and reduced blood flow or dilate inducing decreased vascular 

resistance and increased blood flow. This mechanism should allow a proper distribution 

of blood to all organs.  
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Fig. 3: Schematic illustration of the relationship between arterial pressure, resistance artery radius 
and blood supply of the following organs 
In both conditions (I and II), the arterial pressure is the same. While in (I) resistance arteries to organs 1, 3 
and 4 are constricted leading to a reduced blood flow and supply of their following organs, in (II) resistance 
artery to organs 2, 4, and 5 are constricted resulting in reduced blood supply of their following organs. In 
this way, resistance arteries can influence the distribution of blood depending on the tissues demand 
(Modified, from [14]). 

As illustrated in Fig. 3, vasoconstriction of resistance arteries affects blood flow and 

supply to their following organs while the arterial pressure is constant. In (I) vessels 1, 3 

and 4 are more constricted compared to vessel 2 and 5 which causes a reduced blood 

supply to the following organs of the constricted resistance arteries. In contrast, in (II) the 

blood supply is highest for organs 1 and 3, whose resistance arteries are less constricted 

compared to organ 2, 4 and 5. This illustrates the physiological role of resistance arteries 

in regulation of blood flow and blood supply by changing lumen diameter. 

To allow constriction of resistance arteries depending on the local and systemic situation, 

the “basal” myogenic tone can be modulated by various stimuli such as neurohumoral, 

mechanical, metabolic, local as well as paracrine mechanisms, which all together define 

vascular tone. At a specific pressure, myogenic tone induces a partial vasoconstriction of 

the resistance artery. Depending on the influencing factors, the vessel can then either 

vasodilate to increase blood flow or further constrict inducing less blood flow. In this 

way, the lumen diameter of resistance arteries is adapted to both, systemic and local 

requirements. 
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3.2.2 Regulation of vascular tone in mesenteric arteries 
Both ECs and SMCs in resistance arteries have important roles in the regulation of 

vascular tone. As ECs are in contact with blood, they can sense factors such as blood flow 

(in particular shear stress), metabolites and nutrients in the blood. The ECs can then 

transduce the stimulus into a cellular mechanism via the release of vasoactive compounds 

or electrical signals to the adjacent SMCs which can react with increased or decreased 

vasoconstriction. Similar to ECs, also SMCs themselves are able to initiate 

vasoconstriction, e.g. via activation of cell surface receptors. 

To understand the effect of different factors on vascular tone, it is first important to 

understand the cellular signaling in both ECs and SMCs in regulation of vascular tone.  

In both cell types, the regulation of cytosolic Ca2+ (via internal store release or from 

extracellular sources) and membrane potential are important in regulation of vascular 

tone. However, an increase of intracellular Ca2+ in ECs induces vasodilation while 

respective increase of Ca2+ in SMCs induces vasoconstriction revealing cell-type specific 

differences. Therefore, the following two chapters (3.3 and 3.4) will explain the role of 

both cell types in regulation of vascular tone in more detail. 

 

3.3 Smooth muscle cells in regulation of vascular tone 

Smooth muscle cells are crucial to vascular tone generation. Their constriction depends 

on the crossbridge-cycle of sliding actin and myosin filaments. To allow binding of actin 

and myosin filaments, myosin has to be in a high-energy form where the myosin head is 

bound to adenosine diphosphate (ADP) and phosphate (Pi). In the next step, the “power 

stroke”, ADP and Pi get released from the myosin head and the free energy is used to 

move the myosin head with the attached actin filament. Now, myosin is in its low-energy 

form until adenosine triphosphate (ATP) binds to the myosin head inducing a 

conformational change and releasing the bound actin filament. To get back in its high-

energy status, the myosin ATPase hydrolyzes bound ATP to ADP and Pi to allow new 

binding of actin for starting a new crossbridge-cycle. 

Regulation of the crossbridge-cycle is mainly dependent on the phosphorylation of the 

myosin light chain 20 (MLC 20). MLC 20 phosphorylation can be regulated by different 

pathways including pressure-induced constriction (myogenic tone) or agonist-induced 
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constriction. While myogenic tone is induced by a cellular cascade following an increase 

in intraluminal pressure, agonist-induced constriction is mainly dependent on activation 

of G protein coupled receptors (GPCR). Both pathways influence intracellular Ca2+ 

concentration and Ca2+ sensitivity to regulate the phosphorylation of MLC 20 and reveal 

the dependence of both pathways.  

3.3.1 Agonist-induced smooth muscle cell contraction 
Agonist-induced contraction of smooth muscle cells is primarily initiated by activation of 

GPRCs or membrane depolarization and transduces intracellular effects via two 

pathways: A Ca2+-dependent pathway and a Ca2+-independent (Ca2+-sensitization) 

pathway (see Fig. 4). 

In the Ca2+-dependent pathway, intracellular Ca2+ levels can be increased by two different 

mechanisms. First, membrane-depolarization induces opening of voltage-dependent Ca2+ 

channels (VDCC) allowing influx of extracellular Ca2+. Second, activation of 

phospholipase C (PLC) leads to increased levels of inositol-triphosphate (IP3) which 

subsequently activates ryanodine receptors on the sarcoplasmic reticulum (SR) inducing 

SR-stored Ca2+-release. The increased cytosolic Ca2+ concentration then induces binding 

of Ca2+ to Calmodulin which activates the Myosin light chain kinase (MLCK). MLCK in 

turn is phosphorylating MLC 20 on Serine 19 (Ser 19) and Threonine 18 (Thr 18) to 

initiate contraction [15].  

In comparison, the Ca2+-sensitization pathway affects MLC 20 phosphorylation by 

inhibiting the Myosin light chain phosphatase (MLCP) resulting in increased levels of 

phosphorylated MLC 20. This inactivation of MLCP is induced by the Ras homolog gene 

family member A- (RhoA-) dependent pathway. Activation of various GPRCs induces 

activation of their coupled G-protein. Coupled Gq/11 and G12/13 proteins are known to 

activate Rho-Guanine exchange factors (RhoGEFs) which sequentially activate the 

monomeric GTPase RhoA by exchanging bound GDP to GTP. GTP-bound RhoA can 

then in turn activate the Rho-associated protein kinase (ROCK) which phosphorylates 

and thereby inhibits MLCP leading to more phosphorylated MLC 20 (reviewed in [16]).  
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Fig. 4: Schematic illustration of cellular pathways regulating smooth muscle cell contraction 
Smooth muscle cell contraction is mainly dependent on the myosin light chain 20 phosphorylation 
(MLC20). This phosphorylation is regulated by two antagonists- the myosin light chain kinase (MLCK) 
which is inducing the phosphorylation and the myosin light chain phosphatase (MLCP) which 
dephosphorylates MLC20. Both enzymes are regulated by different cellular pathways. While the MLCK is 
activated by increased Ca2+ levels, the MLCP is inactivated by a phosphorylation. An increase of 
intracellular Ca2+ can be achieved by two pathways: Activation of voltage-operated Ca2+ channels (VDCC) 
leading to Ca2+ influx from extracellular space or by IP3-dependent activation of ryanodine receptors on 
sarcoplasmic reticulae inducing release from intracellular Ca2+ stores (not shown). While VDCC are 
regulated by membrane potential, IP3 is being released by activation of the PLC which is activated by 
GPCR coupled to Gq/11 heterotrimeric proteins. 
In contrast, the phosphorylation of MLCP is conducted by the Rho-Kinase (ROCK) which is activated by 
GPCR coupled to G12/13 proteins. They activate different RhoGEFs which are activating RhoA and 
subsequently ROCK. In addition to these classical pathways, also Gq/11 heterotrimeric proteins can activate 
RhoGEF demonstrating a crosstalk between both pathways (Modified, from [16]). 

Not only the phosphorylation of MLC20 is affecting SMC contraction, also cytoskeletal 

properties are important. For instance, inhibition of actin stress fiber assembly is known 

to drastically reduce SMC contraction [17-19]. Interestingly, a main factor in regulation 

of a “contractile” phenotype is the transcription factor Serum response factor (Srf). Srf 

activates transcript expression of various contractile proteins such as calponin and 

vimentin and different myosin light and heavy chain proteins inducing a more 

“contractile” phenotype [20]. In line, inhibition of Srf activity or of Srf-regulated 

transcripts does not only affect agonist-induced SMC contraction, but also pressure-

induced SMC contraction revealing the importance of the cytoskeleton in both processes 

[20-22]. 
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3.3.2 Pressure-induced smooth muscle cell contraction 
Compared to agonist-induced SMC contraction, in pressure-induced SMC contraction the 

SMCs “sense” altered intraluminal pressure and subsequent vessel wall stretching to 

transfer a mechanical stimulus into a cellular pathway rather than stimulus-induced 

activation of a GPCR. 

Stretch-activated ion channels (SAC) are thought to be the first step in this process as a 

“sensor” of the stretch and their activation induces membrane depolarization and influx 

of extracellular Ca2+. Similar to agonist-induced contraction, SAC-induced membrane 

depolarization activates VDCC leading to a further increase of intracellular Ca2+ levels 

which induces increased MLCK activity and MLC20 phosphorylation. Comparable to 

agonist-induced SMC contraction, not only Ca2+-dependent pathways are important in 

myogenic tone. Also Ca2+-sensitization could be shown to be important in regulation of 

myogenic tone as inhibition of ROCK activity decreased myogenic tone [23, 24]. 

However, the cellular pathways underlying myogenic tone are rather complex and still 

not fully understood.  

Although myogenic tone was discovered more than 100 years ago, the identity of SACs 

is still under investigation. Until now, two candidates as putative SAC channels could be 

identified: the epithelial Na+ channel (ENaC) and the transient receptor potential channel 

homologue 6 (TRPC6). ENaC channels are mechanosensitive non-voltage gated sodium 

channels and are thought to initiate membrane depolarization by cation influx (most likely 

Ca2+ or sodium (Na+)) [25]. Similarly for TRPC6, it is postulated that their activation 

induces cation influx inducing membrane depolarization [26].  

But not only SACs are important in regulation of myogenic tone. Also other ion channels 

influence SMC contraction such as the sodium-potassium adenosine triphosphatase 

(Na+/K+- ATPase) and the large conductance Ca2+-activated potassium channel (BKCa). 

While the Na+/K+- ATPase is important in maintaining the resting potential of the cell, 

activation of BKCa induces potassium (K+) efflux and thus membrane hyperpolarization 

and termination of contraction. Na+/K+- ATPase influences resting potential by pumping 

K+ ions out and Na+ into the cell- both against their concentration gradient by using ATP. 

In contrast, BKCa channels are activated by membrane depolarization and/or increased 

intracellular Ca2+ leading to K+ efflux from the cell and membrane hyperpolarization to 

terminate contraction [27]. 

Furthermore, evidence suggests that SACs are not the only mechanosensors and thus 

being important in “detecting” myogenic tone. It could be revealed that the cytoskeletal 
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proteins integrin alpha-v beta-3 and alpha-5 beta-1 and different GPCRs are also 

mechanosensitive [28]. For instance, the angiotensin II receptor 1 (AT1R) can be 

independently activated by stretch thus revealing the importance of cytoskeletal 

properties and GPCR-mediated signaling in myogenic tone [29, 30]. 

 

3.4 Endothelial cell-dependent regulation of vascular tone 

That ECs are important in the regulation of vascular tone was irrevocably proven by 

Furchgott and Zawadzki in 1980 where they showed that ECs are obligatory to induce 

vasodilation in response to acetylcholine (ACh). They revealed that in ex vivo 

preparations without functional ECs, ACh induced vasoconstriction. However, if the ex 

vivo preparations had functional ECs, ACh induced vasodilation and they attributed this 

to an unknown endothelial factor which was released and induced subsequent relaxation 

in adjacent SMCs [31].  

Since then, researchers have been attempting to unravel the role of ECs in regulation of 

tone and could prove that ECs can not only induce vasodilation, but also vasoconstriction 

of SMCs. Among all endothelial mediators of vascular tone, the most important signaling 

molecules identified are nitric oxide (NO), prostaglandins, endothelial dependent 

hyperpolarization (EDH) and endothelin-1 (ET-1). All of them are activated by an 

increase of intracellular Ca2+ or membrane depolarization in ECs and can affect the 

contractile state of SMCs either by the release of substances or by generation of electrical 

signals.  

3.4.1 Regulation of membrane potential and intracellular Calcium in ECs 
Membrane potential and intracellular Ca2+ are not only important in SMCs, but also in 

ECs. However, while increases in smooth muscle intracellular Ca2+ induce 

vasoconstriction, increases of endothelial intracellular Ca2+ induce vasodilation. 

Compared to SMCs, ECs do not express VDCC, but the Ca2+-permeable TRP channel 

homolog called transient receptor vanilloid channel 4 (TRPV4) [32]. Similar to VDCC, 

activation of TRPV4 induces membrane depolarization and Ca2+ influx. However, while 

VDCCs are voltage-dependent and inhibited by membrane hyperpolarization, TRPV4 

activity is additionally increased by hyperpolarization. Thus, activation of the Ca2+ -

activated potassium channel BKCa in SMCs inhibits further Ca2+ influx. In contrast, 

hyperpolarization of ECs by activation of the endothelial small (SKCa) and intermediate 
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conductance (IKCa) Ca2+ -activated potassium channel further activates TRPV4 [32-35]. 

Thus, SMC hyperpolarization inhibits further Ca2+ influx while EC hyperpolarization 

favors further Ca2+ influx. 

The importance of EC hyperpolarization and activation of SKCa and IKCa channels in 

regulation of vascular tone has been shown in several publications. The chemical 

compound 6,7-dichloro-1H-indole-2,3-dione 3-oxime (NS309) is a specific activator of 

SKCa and IKCa channels. Remarkably, 1µM NS309 is sufficient to induce up to 90% 

vasodilation of tone if added to mesenteric arteries with functional ECs demonstrating 

again the importance of ECs in regulation of tone [36, 37].  

In addition to SKCa and IKCa channels, another potassium channel is important in 

regulation of EC membrane potential- the inward rectifier K+ (Kir) channel [38, 39]. In 

contrast to KCa channels, Kir channels are not activated by an increased intracellular Ca2+ 

level, but by membrane hyperpolarization or increased extracellular potassium 

concentrations. Therefore, these channels are supposed to be “hyperpolarization booster” 

amplifying and stabilizing a hyperpolarization. Compared to SKCa and IKCa channels, Kir 

channels are not activated by NS309. To analyze the functional role of Kir channels, up 

to 100 µM barium can be used to inhibit Kir channel activity [40]. Interestingly, Sonkusare 

et al. found that Kir channels can “boost” SKCa and IKCa-induced hyperpolarization. They 

showed that activation of SKCa and IKCa channels by 0.3-1 µM NS309 led to subsequent 

hyperpolarization and vasodilation of mesenteric arteries, which could be reduced by 

barium-induced inhibition of Kir channels. However, if the concentration of NS309 was 

further increased to 2 µM, inhibition of Kir channels did not reduce vasodilation 

suggesting a “booster” effect of Kir channels in SKCa and IKCa-channel induced 

hyperpolarization [41].  

Collectively, these data show that regulation of membrane potential and intracellular Ca2+ 

is different in ECs compared to SMCs. However, ECs can influence intracellular Ca2+ and 

membrane potential of SMCs either by spreading membrane potential (e.g. EDH) or by 

the release of endothelial-derived factors (e.g. prostaglandins, NO, ET-1). These can 

either induce vasodilation or vasoconstriction, depending on their effect on intracellular 

Ca2+ in SMCs (see Fig. 5). 
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Fig. 5: Cellular pathways of endothelial-derived factors in regulation of vascular tone 
A simplified schematic of different endothelial pathways in regulation of vascular tone. In the endothelial 
cell (EC), increased intracellular Ca2+ can activate eNOS, phospholipase A2 (Pla2) and IKCa as well as SKCa 
channels. While eNOS activation induces the formation of nitric oxide (NO) by using the substrate L-
Arginine (L-Arg), Pla2 activation induces the formation of arachidonic acid (AA) by using phospholipids 
as substrate which is further metabolized by cyclooxygenase (COX) and different prostaglandin synthases 
(not illustrated) to various prostaglandins. Additionally, activation of IKCa and SKCa channels induces 
increase of extracellular potassium (K+) and EC hyperpolarization (shown as △Em). Endothelial cells can 
also synthesize endothelin 1 (ET-1) by the endothelin converting enzyme (ECE) using the substrate big 
endothelin-1. In adjacent SMCs, all these factors can influence intracellular Ca2+concentration and thus the 
contractile state of the cell. While NO, endothelial-dependent hyperpolarization (EDH) and some 
prostaglandins (Pgi2, Pgd2, Pge2) induce decreases in SMC Ca2+ and thus vasodilation, other 
prostaglandins (Txa2, Pge2, Pgf2, Pgd2) and ET-1 induce increases of SMC Ca2+ leading to 
vasoconstriction. To do so, NO activates the soluble guanylate cyclase (sGC) leading to increased cGMP 
levels which reduce intracellular Ca2+. EDH decreases intracellular SMC Ca2+ by spreading endothelial 
hyperpolarization via gap junctions in MEJs. Parallel increases of extracellular K+ further support SMC 
hyperpolarization by affecting Na+K+ATPase and Kir channel function. Prostaglandins induce effects on 
SMC Ca2+ by activation of different prostaglandin receptors. These can either increase intracellular cAMP 
levels leading to decreased or increased intracellular SMC Ca2+. ET-1 mediates vasoconstriction by 
activation of smooth muscle endothelin 1 receptor A (ETA) and subsequent increases of SMC Ca2+.  
 

3.4.2 Endothelial nitric oxide in regulation of vascular tone 
The first identified and likely the most extensively characterized endothelial factor is NO, 

which induces vasodilation of SMCs [42-46]. NO is a gaseous molecule synthesized by 

endothelial nitric oxide synthase (eNOS), inducible NOS (iNOS) and neuronal NOS 

(nNOS) using the amino acid L-arginine and molecular oxygen as a substrate [47]. In 

ECs, all three NO synthases have been detected, although eNOS is the predominant active 

isoform under physiological conditions [48, 49]. If intracellular Ca2+ levels are increasing, 
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eNOS is activated by a Ca2+-calmodulin dependent mechanism [50]. eNOS in turn 

synthesizes NO which is released from ECs and activates the soluble guanylate cyclase 

(sGC) in adjacent SMCs leading to increased levels of the second messenger cyclic 

guanosine monophosphate (cGMP) [51, 52]. cGMP is activating the cGMP-dependent 

protein kinase G (PKG) which is attributing to the vasodilative effects of NO by two 

processes: a decrease in intracellular Ca2+ concentration and a decreased Ca2+-

sensitization. Decreased intracellular Ca2+ concentration is caused by inhibition of Ca2+- 

release from both the SR and extracellular space [51, 53-55]. A reduced Ca2+ sensitization 

is caused by PKG-dependent activation of MLCP [56].  

The importance of NO and cGMP-dependent PKG activation on vascular tone became 

further evident by various genetic studies and effects of drug-dependent inhibition of NO. 

For instance, Albertini et al. could show that inhibition of NO formation using the NOS-

inhibitor NG-nitro-L-arginine methyl ester (L-NAME) significantly increased vascular 

resistance and arterial blood pressure in mice [57, 58]. Similarly, also inactivation of 

either Pkg or eNOS induced higher blood pressure in mice demonstrating the importance 

of NO as an influencing factor of vascular tone in vivo [59-62]. 

3.4.3 Prostaglandins in regulation of vascular tone 
Prostaglandins are fatty acid derivates produced in various tissues and important in 

physiological and pathophysiological processes such as blood coagulation, vascular 

resistance, pain and asthma [63]. In ECs, prostaglandins are mostly involved in 

vasoconstriction or vasodilation as well as regulation of platelet aggregation [64].  

To fulfill their physiological functions, prostaglandin synthesis is tightly regulated by 

different enzymes. In the first step, increased intracellular Ca2+ activates the 

phospholipase A2 (Pla2) which enzymatically modifies membrane phospholipids to the 

free fatty acid arachidonic acid (AA). Then, AA is converted into prostaglandin H2 

(Pgh2) via the intermediate product prostaglandin G2 (Pgg2) which is the rate-limiting 

step performed by two different cyclooxygenases (COXs): COX-1 and COX-2 with 

COX-1 being the predominant isoform in healthy ECs [65, 66]. In the next step, Pgh2 is 

converted into the different prostaglandins D2 (Pgd2), E2 (Pge2), F2 (Pgf2), thromboxane 

A2 (Txa2) and prostacyclin (Pgi2) by prostaglandin D2 synthase (Pgds), prostaglandin 

E2 synthase (Pges), prostaglandin F2 synthase (Pgfs), thromboxane A2 synthase (Txs) 

and prostacyclin synthase (Pgis), respectively. To mediate their effect, prostaglandins can 
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either directly interact with prostanoid (P) receptors or can be further metabolized into 

other prostaglandin derivates.  

As different prostaglandins exist, there are a number of P receptors found which are 

named correspondingly to the prostaglandin with the highest affinity to it, e.g. Pgd2 has 

the highest affinity to the DP receptor. However, prostaglandins do not only bind to one 

receptor, they can also activate other P receptors to induce other physiological effects.  

 

Fig. 6: Synthesis and vascular effects of prostaglandins within the vascular system 
Arachidonic acid (AA) is the main substrate for the synthesis of all prostaglandins. First, COX-1 and COX-
2 mediate the formation of AA to the intermediate prostaglandin Pgg2 and finally Pgh2. Pgh2 is then used 
by the prostaglandin-specific synthases Pgis, Pgds, Pges, Pgfs and Txs for the formation of Pgi2, Pgd2, 
Pge2, Pgf2 and Txa2, respectively. Their biological effect is depending on the activation of the respective 
prostanoid (P) receptor and its coupled heterotrimeric G-protein. In detail, IP, DP1, EP4 and EP2 activation 
induce vasodilation by Ga/s-mediated increase of cytosolic cAMP levels. In contrast, activation of EP1, FP, 
EP3, TP and DP2 receptors induce vasoconstriction. While EP1 and FP receptors are coupled to Ga/q-
proteins which induce PLC-dependent increase in intracellular Ca2+ levels to induce vasoconstriction, EP3 
and DP2 receptors decreased intracellular cAMP levels via Ga/i proteins. TP receptors are primarily coupled 
to Ga/q- or G12/13-proteins which induce constriction via increased intracellular Ca2+ levels or by activation 
of different RhoGEF-proteins, respectively (modified, from [64]). 

In terms of vascular resistance, prostaglandins can be both vasoconstrictive and 

vasodilative depending on the receptor they activate. As all P receptors are GPCRs, the 

physiological effect is depending on the coupled heterotrimeric G protein and its 

following signaling cascade (see Fig. 6). Pgi2 which is the main prostaglandin produced 

in ECs is primarily vasodilative by activating IP receptors. IP receptors are coupled to 

Ga/s-heterotrimeric proteins leading to activation of the adenylate cyclase and subsequent 

increase of cyclic adenosine monophosphate (cAMP) levels which inhibit the activation 

of MLCK thereby inducing vasodilation [67]. In contrast to Pgi2, Txa2 induces 

vasoconstriction mostly by activating TP receptors in SMCs. TP receptors are mainly 

Gq/11- or G12/13- coupled and induce vasoconstriction by an increase of intracellular Ca2+ 
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leading to activation of the MLCK or by ROCK-dependent inhibition of the MLCP, 

respectively [68].  

Compared to the “classical” prostaglandins, other prostaglandins are more diverse in their 

effects. For example, Pge2 can be both, vasoconstrictive and vasodilative by activating 

different EP receptor subtypes. While EP2 and EP4 are Ga/s-coupled receptors, whose 

activation induces increased levels of intracellular cAMP leading to vasodilation, EP3 

receptors are mainly coupled to Gα/I resulting in decreased cAMP levels and subsequent 

vasoconstriction [69]. Also the activation of the EP1 receptor induces vasoconstriction 

by activating its coupled Gq/11- protein [70]. Similar to EP1 receptors, FP receptors which 

are mainly activated by Pgf2 are also Gq/11-coupled leading to subsequent 

vasoconstriction. Additionally, Pgf2 has been shown to also activate TP receptors 

inducing vasoconstriction and illustrating the complexity of prostaglandin-mediated 

vascular effects [71]. The last prostaglandin, Pgd2, has also divergent effects on tone. 

Pgd2 can either increase or decrease intracellular cAMP levels in SMCs by activating 

Ga/s-coupled DP1 receptor or by activating Gα/I-coupled DP2 receptors, respectively. 

Furthermore, Pgd2 can be dehydrated to produce the J series of prostaglandins (Pgj2 

analogues). Pgj2 analogues are known ligands of the transcription factor peroxisome 

proliferator- activated receptor-gamma (Ppar-γ), whose activation is also known to reduce 

blood pressure [72].  

Overall, prostaglandins regulate vascular resistance by activating different GPCR-

coupled receptors to induce either vasodilation or vasoconstriction. As the interaction 

between the different prostaglandins and the P receptors is rather complex, there are still 

many open questions concerning their regulation and dysregulation in diseases including 

hypertension.  

3.4.4 Endothelium-derived hyperpolarization (EDH) in regulation of 

vascular tone 
The existence of a third endothelial vasodilative factor was discovered, because EC-

dependent vasodilation could not be fully inhibited using a combination of NO- and 

prostaglandin- blockade [73, 74]. Therefore, it was postulated that ECs can influence 

SMC vasodilation via a third pathway leading to EC and subsequent SMC 

hyperpolarization. At that point, researchers were assuming that a diffusible factor named 

endothelial derived hyperpolarization factor (EDHF) is released by EC hyperpolarization 

to induce SMC hyperpolarization. However, it is now mostly accepted, that endothelial 
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derived hyperpolarization (EDH) is mediated by electrical coupling of both cell types and 

the parallel release of K+ ions from ECs and not by a diffusible factor [75].  

In ECs, EDH is activated by an increase of intracellular Ca2+ which activates endothelial 

SKCa and IKCa channels [76-79]. These channels are enriched in endothelial projections 

(MEJs) to adjacent SMCs through the IEL and they induce EC hyperpolarization via 

increasing extracellular K+ concentration. The increased extracellular K+ is thought to 

activate smooth muscle Na+/K+ ATPase and Kir channels as a diffusible “K cloud” [80, 

81]. In parallel, the hyperpolarization in the EC can spread to the adjacent SMC via 

electrical coupling of both cell types by gap junctions in the MEJs. These gap junctions 

are formed by connexins building a heterocellular hemichannel which allows direct 

electrical coupling and second messenger transfer between the cells [82-84]. It is known 

that the connexins (Cx) Cx37, Cx40 and Cx43 compose gap junctions in the vasculature 

and for Cx40 and Cx43, an essential role in EDH-mediated vasodilation could be proven 

in mice [85-91]. 

That different vessel types have diverse vasoactive properties is also emphasized by EDH. 

While EDH gains importance with decreasing vessel size, the opposite is true for NO [92-

94]. In parallel, the number of MEJs also increases with decreasing vessel size revealing 

a correlation of MEJ numbers and importance of EDH signaling [93, 95]. 

3.4.5 Endothelin-1 in regulation of vascular tone 
Endothelin-1 (ET-1) is a vasoactive peptide which is produced in ECs and presents one 

of the most potent vasoconstrictors, although it has only a minimal role in healthy vessels 

[96, 97]. ET-1 is formed from its precursors preproendothelin-1 and big endothelin-1 by 

proteolytic cleavage through the endothelin-converting enzyme (ECE) [96]. To induce its 

vascular effects, ET-1 is released from ECs primarily towards vascular SMCs to activate 

the GPCRs endothelin-1 receptor A (ETA) and endothelin-1 receptor B (ETB) [98, 99].  

Under physiological conditions, the ETA is the most important receptor which is 

expressed only in SMCs and its activation induces constriction via its coupled Gq/11 

proteins. The ETB receptor is less important in physiological conditions and is primarily 

expressed in ECs and to a lesser extent in SMCs and can induce cell type-dependent 

vascular effects [100]. If ETB is activated only in SMCs or in SMCs and ECs 

simultaneously, it induces contraction. However, being only activated in ECs, it induces 

vasodilation by the release of NO and prostacyclins thereby representing a negative 

feedback mechanism [101].  
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In sum, ET-1 induces vasoconstriction in physiological conditions as the ETA receptor is 

the dominant receptor. However, ET-1 is gaining importance in pathological conditions. 

 

3.5 Modulators of vascular tone in mesenteric arteries 

Both ECs and SMCs control vascular tone by their intracellular Ca2+ concentrations, 

membrane potential and associated cellular signaling pathways. Depending on the local 

and collective situation of the organism, vascular tone has to be adapted. Therefore, both 

extrinsic and intrinsic factors affect vascular tone. While intrinsic factors such as shear 

stress, metabolites and intraluminal pressure are reactions to the local situation, extrinsic 

factors mediate vascular tone by neural or humoral factors e.g. to adjust vascular 

resistance for maintaining blood pressure [102]. This complex network allows regulation 

of vascular tone dependent on both local and systemic demand. 

3.5.1 Extrinsic factors in regulation of vascular tone 
Extrinsic factors, namely neural and humoral factors (see Fig. 7 for illustration) are known 

to regulate vascular tone. Neural factors are released from the autonomous nervous 

system (ANS) which has a central role in adjusting cardiac output, heart rate and vascular 

resistance for maintenance of blood pressure. Within the cardiovascular system this is 

predominantly a function of sympathetic adrenergic and parasympathetic cholinergic 

nerves. While activation of the sympathetic system increases heart rate, cardiac 

contractility and vascular resistance leading to an increase of blood pressure, the 

parasympathetic system acts as an antagonist to decrease blood pressure mostly by 

decreasing the heart rate and, to a lesser impact, reducing vascular resistance [102]. 

The importance of the sympathetic system in regulation of vascular resistance is evident 

due to sympathetic neurons that have a high resting activity in “basal” vascular resistance 

called sympathetic tone. This high sympathetic tone together with myogenic tone are 

determining the “basal vascular tone” which can be adapted if needed. While increased 

sympathetic activity increases vascular tone, a decreased activity induces vasodilation. 

To persuade these effects, arteries are innervated by sympathetic adrenergic nerves which 

release norepinephrine (NE) as a neurotransmitter. NE in turn activates mainly alpha1-

adrenergic receptors on SMCs which are GPCRs coupled to Gq/11 [102, 103]. Activation 

of Gq/11 then induces increased intracellular Ca2+ levels and subsequent vasoconstriction. 
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Interestingly, although the sympathetic system is more important for regulation of “basal 

vascular tone”, acetylcholine (ACh), the neurotransmitter of parasympathetic cholinergic 

nerves, can also affect vascular resistance. In resistance arteries, ACh induces 

vasodilation by activating endothelial muscarinic acetylcholine receptor type 3 (M3) 

[104]. As M3 receptors are Gq/11 coupled GPCRs their activation induces an increase of 

intracellular Ca2+ which primarily activates eNOS and to a lesser extent IKCa and SKCa 

channels. Activation of eNOS and IKCa and SKCa channels in turn induces vasodilation 

of adjacent SMCs mostly via NO and EDH, respectively [46, 105-107]. 

In addition to the ANS, circulating humoral factors within the blood can influence 

vascular tone. The most important factors are circulating catecholamines (epinephrine (E) 

and NE) and the renin-angiotensin-aldosterone system (RAAS). Circulating 

catecholamines are produced by sympathetic activation by the adrenal medulla in 

response to stress [102]. Additionally, NE is also released by spillover from sympathetic 

nerves innervating blood vessels [102, 108]. While NE induces vasoconstriction by 

smooth muscle alpha1- (α1-) adrenergic receptor stimulation, E can be either vasodilative 

or vasoconstrictive depending on its plasma concentration. At low concentration, E 

activates beta2- (β2-) adrenergic receptors which induce vasodilation by activation of their 

coupled Gs proteins [109]. This leads to subsequent increase of intracellular cAMP 

concentration which decreases intracellular Ca2+ levels. At higher concentrations, E 

mainly activates α1-adrenoreceptors, thereby shutting of its antagonizing vasodilative 

response to further enhance NE-induced vasoconstriction [109]. Therefore, the ratio of 

both compounds, but also their concentrations are important to understand their 

physiological effect in vivo. 

Compared to catecholamines, RAAS influences blood pressure and cardiac output by 

affecting blood volume and vascular resistance. RAAS is activated by sympathetic nerve 

activation, decreased intraluminal pressure in kidney arterioles and decreased Na+-levels 

in the distal tubules [110]. Activation of RAAS leads to the release of renin from the 

kidney, which proteolytically cleaves circulating angiotensinogen to angiotensin 1. 

Angiotensin 1 in turn is enzymatically cut to angiotensin II (Ang II) by the angiotensin 

converting enzyme (ACE), e.g. in vascular endothelium [110]. In regulation of vascular 

resistance, Ang II actives AT1Rs on SMCs which induces vasoconstriction. The AT1R is 

also a GPCR coupled to Gq/11 or Gi which can result in increased IP3-dependent or 

reduced cAMP-dependent increase of intracellular Ca2+ [111].  
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Fig. 7: Cellular effects of extrinsic and intrinsic factors on vascular tone 
Extrinsic factors such as acetylcholine (ACh), norepinephrine (NE), epinephrine (E) and angiotensin II 
(AngII) and intrinsic factors (shear stress and intraluminal pressure) can affect vascular tone by influencing 
intracellular SMC Ca2+ levels. While shear stress and acetylcholine are sensed by receptors on ECs, all other 
factors activate SMC receptors.  
Shear stress is sensed by ECs, most likely by TRPV4 and induces an increase of EC Ca2+. Similarly, ACh 
binds to endothelial muscarinic M3 receptors which also increases endothelial intracellular Ca2+. The 
increase of endothelial intracellular Ca2+ in turn leads to generation of NO and EDH which decrease SMC 
Ca2+ and induce vasodilation. In contrast, increased intraluminal pressure is sensed by stretch-activated 
channels (SAC) on SMCs which induces membrane depolarization and subsequent increase of SMC Ca2+. 
Also, AngII-dependent activation of the GPCR AT1R leads to activation of primarily coupled Gq/11 
heterotrimeric proteins which induce increases of SMC Ca2+. While NE mainly activates alpha1- (α1-) 
adrenergic receptors leading to increases of SMC Ca2+, E has dose-dependent effect on SMC Ca2+. At low 
concentrations E activates beta2- (β2-) adrenergic receptors which induce vasodilation by decreasing SMC 
Ca2+ thus antagonizing effects of NE. However, if concentrations of E are higher, they active α1- adrenergic 
receptors thereby further enhancing NE-induced increases of SMC Ca2+ and shutting of its antagonizing 
effects on SMC contraction. 

3.5.2 Intrinsic factors in regulation of vascular tone 
While extrinsic factors are important to adapt vascular tone to systemic effects, intrinsic 

regulation of myogenic tone allows adaptation in response to local changes e.g. changes 

in intraluminal pressure or blood flow. The effects of pressure-induced myogenic tone 

have been extensively described in 3.3.2.. Briefly, if the intraluminal pressure changes, 

myogenic tone is adapted to allow a constant blood flow. Usually, a decrease of 

intraluminal pressure reduces myogenic tone while an increase of pressure also leads to 

an increase in myogenic tone.  

Conversely, blood flow also influences myogenic tone. Increases in blood flow lead to a 

proportional increase of shear stress at the vessel wall. This shear stress is sensed by ECs 
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and increases in shear stress induce vasodilation which in turn leads to a decrease in shear 

stress (and respective blood flow). As ECs are in contact to the blood, it is assumed that 

a mechanosensor, most likely endothelial TRPV4, can “sense” the shear stress leading to 

increases of endothelial Ca2+ levels [112, 113]. This in turn induces flow-dependent 

vasodilation by Ca2+-dependent activation of eNOS and EDH [113, 114]. The obligatory 

function of ECs in mediation of this process was demonstrated as EC removal inhibits 

shear-stress dependent vasodilation [115]. Thus, sensing of shear stress by ECs allows to 

adapt myogenic tone for maintaining a constant blood flow within resistance arteries 

[116].  

In conclusion, regulation of vascular tone is influenced by intrinsic and extrinsic factors 

which allow adaptation of vascular tone depending on both local and systemic demands. 

This complex regulation is of high importance in maintaining a physiological vascular 

resistance and blood pressure regulation, respectively. Any changes in expression levels 

of factors influencing vascular tone can lead to pathological alterations in vascular 

resistance and blood pressure. 

 

3.6 Obesity-dependent pathological changes in the cardiovascular 

system 

Obesity and its associated comorbidities are known risk factors for CVDs including 

coronary heart disease, myocardial infarction or stroke with dramatically increasing 

prevalence [117-119]. Worldwide, the incidence of obesity has more than doubled since 

1980 with 52% of adults being either overweighted or obese and the number is still 

increasing [117, 120]. Similarly, also the number of CVDs is growing, although they 

already represent the leading cause of death worldwide accounting for 17.3 million deaths 

per year [117]. Therefore, it is of particular importance to decrease the number of 

cardiovascular deaths by better understanding obesity-dependent pathological changes in 

CVDs to find a putative therapy.  

Both obesity and being overweighted are defined by an abnormal fat accumulation which 

presents a health risk. To assess the level of obesity, the most commonly used tool is 

determining the relative weight of a person by the body mass index (BMI). The BMI is 

equal to the ratio of total body weight (in kg) over the squared height (in m2) of the person. 

While a BMI between 18.5 and 24.9 kg/m2 is defined as normal or acceptable weight, a 

BMI between 25 and 29.9 kg/m2 is accounted to overweight. BMIs higher than 30 kg/m2 
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are defined as obese [120]. Although the BMI does not take fat to lean mass ratio into 

account, it is a population-wide guide to estimate if a person is overweight or obese. 

3.6.1 Risk factors for obesity 
The prevalence of obesity is increasing worldwide and its primary cause is an increased 

consumption of high-caloric food in combination with decreased physical activity [120, 

121]. This leads to an imbalance between consumed calories and energy expenditure and 

the excess calories are stored as fat deposits causing increased body weight. Additionally, 

this balance is influenced by other factors such as age, lifestyle (e.g. insufficient sleep, 

smoking) and genetic factors revealing an interaction between environment and genetics 

[122]. Special interest was set to genetic contributions to obesity since the opportunity of 

genome wide association studies (GWAS). GWAS allow to identify correlations of 

genetic variations with a trait (e.g. obesity) and enabled to identify more than 100 genetic 

variations to be correlated with obesity [123, 124].  

3.6.2 Obesity as a metabolic cardiovascular disease risk factor 
Obesity itself is a known risk factor for CVDs as it effects various metabolic pathways. 

These pathological changes favor the development of comorbidities such as type II 

diabetes, hypertension and subsequent CVDs [125]. To understand how obesity affects 

metabolic processes, it is important to first explain the physiological regulation of blood 

glucose levels and insulin regulation in normal-weighted subjects. 

In healthy subjects, blood glucose levels are accurately regulated by insulin. Insulin is a 

hormone produced in beta-cells of the pancreas in response to increased blood glucose 

levels. Insulin in turn helps to decrease blood glucose by mediating insulin-dependent 

glucose-uptake to different organs (e.g. fat and skeletal muscle) [126]. However, some 

organs (e.g. the liver) take up glucose insulin-independent [127]. After glucose is uptaken 

by the tissue, it is converted to glucagon (in the skeletal muscle) or fat (in adipose tissue) 

or both (in the liver) for storing. Independent of mediating glucose uptake, insulin also 

affects other processes. In the liver, insulin inhibits the generation of new glucose 

(gluconeogenesis) and stimulates triglyceride synthesis in the liver [128]. These 

triglycerides are released to the blood and are known to decrease high density lipoprotein 

cholesterol (HDL) levels [129]. Furthermore, insulin also affects vascular tone as it can 

adapt blood flow to support transportation of glucose to organs. This is mediated by 

regulating both NO and ET-1 release [130].  
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In contrast to healthy subjects, obese subjects are more likely to develop elevated blood 

glucose levels (hyperglycemia), elevated blood lipid levels (dyslipidemia), insulin 

resistance and an impairment of endothelial function. These obesity-induced pathological 

changes are primarily depending on two initial factors: an increase of adipose tissue mass 

and permanently hyperglycemic glucose levels in the blood caused by increased caloric 

intake. Both factors can induce cellular cascades in different tissues leading to insulin 

resistance and obesity-induced metabolic comorbidities. 

In obesity, the pancreas tries to produce more insulin by expanding islets to decrease 

hyperglycemic blood glucose levels [131]. Although the exact mechanisms are still 

unknown, this situation leads to decreased or inhibited response of tissues to insulin which 

is defined as insulin resistance. Insulin resistance favors hyperglycemia as the insulin-

dependent glucose uptake is abolished. Furthermore, insulin resistance in the liver 

increases gluconeogenesis which additionally supports hyperglycemia and leads to 

increased fat accumulation in the liver. This in turn favors the release of triglycerides into 

the blood, which subsequently reduces HDL-levels [132]. In addition to its effect on the 

liver, insulin resistance also supports endothelial dysfunction which is defined by an 

imbalance of vasodilators and vasoconstrictors. Insulin-resistant ECs have impaired 

insulin-dependent NO generation, but maintained ET-1 levels leading to a shift to more 

vasoconstriction [130]. In addition to decreased vasodilation, the impairment of insulin-

induced NO-dependent vasodilation was shown to inhibit insulin-dependent glucose 

uptake in the skeletal muscle [133]. This suggests that endothelial insulin resistance might 

be detrimental for the progress of insulin resistance and hyperglycemia. 

In addition to hyperglycemia, the increase of adipose tissue itself also induces 

pathological changes in metabolism. As fat is an endocrine organ, it releases substances 

which are called adipokines. Among these, the most important ones are adiponectin, 

tumor necrosis factor alpha (TNF- α) and interleukin-6 (IL-6) [134]. While the 

adiponectin level is reduced in obesity, IL-6 and TNF- α levels are increased [135, 136]. 

These changes in adipokines are known to support the development of hyperglycemia, 

dyslipidemia and endothelial dysfunction. Increased TNF- α levels can induce insulin 

resistance in different organs and also increased IL-6 levels are correlating with reduced 

insulin sensitivity [136, 137]. Additionally, increased IL-6 serum levels are known to 

impair NO-dependent endothelial vasodilation and could induce hypertension in rats 

[138]. Also, low adiponectin levels have been shown to correlate with dyslipidemia, 

insulin resistance and endothelial dysfunction [139, 140]. These data reveal that increases 
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in fat mass itself are promoting metabolic changes in obesity by affecting adipokine 

release. Additionally, as obese persons have increased adipose tissue masses, they also 

have increased free fatty acid (FFA) levels in the blood as they are derived from adipose 

tissue by lipolysis [141]. FFAs are known to support the development of hyperglycemia, 

dyslipidemia and endothelial dysfunction by different mechanisms. First, increased influx 

of FFA into skeletal muscle favors insulin resistance [142]. Second, increased influx of 

FFA into the liver leads to fat accumulation which supports insulin resistance [129]. 

Lastly, increased FFA levels also support the development of endothelial dysfunction 

[143]. 

Collectively, these data show that obesity favors an inflammatory pathological state 

which can lead to dyslipidemia, insulin resistance, type II diabetes, endothelial 

dysfunction and hypertension. Interestingly, all these factors have been shown to further 

increase the risk for CVDs [125, 144-148].  

3.6.3 Metabolic syndrome 
Obesity favors the development of metabolic comorbidities by hyperglycemia, 

dyslipidemia, endothelial dysfunction and insulin resistance. Therefore, a common 

complication of obesity is the metabolic syndrome (MetS) affecting approximately 

(approx.) 34% of all adults in the USA and around 20-22% in Germany [149, 150]. 

Although the exact definition of the MetS is controversially discussed, the most broadly 

used definition was published in 2009 in agreement of the International Diabetes 

Foundation and the American Heart Association [151]. According to this definition, a 

person has the MetS if three of the following five criteria are fulfilled: Elevated waist 

circumference, elevated serum triglycerides, reduced serum HDL levels, elevated blood 

pressure and elevated fasting glucose level or diabetes (see Table (Tab.) 1 for details). 

Compared to other definitions, there is no obligatory criteria which has to be fulfilled for 

diagnosis of the MetS. Also, insulin resistance is not included in this definition although 

it was obligatory for diagnosis of the MetS according to the initial definition by the WHO 

in 1998 [152]. However, type II diabetic patients mainly have the MetS [151].  
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Criteria for diagnosis of the MetS Threshold 

Elevated waist circumference Population-specific, for EU: 

≥94 cm in males 

≥94 cm in females 

Elevated serum triglycerides >150 mg/dL 

Reduced serum HDL <40 mg/dL in males 

<50 mg/dL in females 

Elevated blood pressure ≥130 mmHg systolic and/or 

≥85 mmHg diastolic 

Elevated fasting glucose level  

or diabetes 

≥100 mg/dL 

 
Tab. 1: Unified criteria for diagnosis of the metabolic syndrome (MetS) 
For diagnosis of the MetS, 3 of the described 5 criteria have to be fulfilled: Elevated waist circumference 
with population-specific differences, elevated serum triglycerides, reduced serum HDL, elevated blood 
pressure and elevated fasting glucose level (or diabetes) [151]. 

In concern to CVDs, the influence of the MetS is very striking as it doubles the risk 

compared to persons without the MetS [151]. Although less is known about the exact time 

line of events, hypertension is thought to be a main risk factor for the development of 

subsequent CVDs in subjects with the MetS. Furthermore, endothelial dysfunction is 

thought to be of particular importance in the development of obesity-induced 

hypertension revealing the importance of ECs in the development of the MetS and 

subsequent CVDs [153]. 

3.6.4 Obesity-dependent endothelial dysfunction  
A key role in the development of metabolic changes in obesity and following CVDs plays 

the endothelium. ECs are not only important in regulation of vascular tone, but also in 

glucose homeostasis and inflammatory processes. Pathological changes in ECs lead to 

endothelial dysfunction which is known to affect insulin response, vascular tone and 

blood pressure [126]. However, endothelial dysfunction is heterogeneous and can vary 

depending on vessel type and cause. It is defined by an imbalance between endothelial 

vasodilators and vasoconstrictors which no longer allow proper physiological functioning 

(Fig. 8) [154].  

Obesity was shown to impair EC function by various factors such as hyperglycemia, 

dyslipidemia and increased insulin levels (hyperinsulinemia) mainly by the generation of 

reactive oxygen species (ROS) [143, 155-157]. During the progression of obesity and 
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obesity-induced comorbidities, EC dysfunction is thought to develop in the early stages 

and to further support the development of obesity-dependent hypertension and following 

CVDs [158].  

 

Fig. 8: Cellular pathways affected in endothelial dysfunction 
Schematic and simplified illustration of endothelium-dependent effects on vascular tone which have been 
shown to be affected in endothelial dysfunction. The risk factors obesity, dyslipidemia, hyperglycemia, 
hyperinsulinemia can influence generation of NO, EDH, prostaglandins and ET-1 by different mechanisms 
(marked with a green flash). The risk factors can lead to increased generation of superoxide (O2

-) which 
inhibits eNOS-dependent synthesis of NO and interferes with NO directly, thus decreasing bioavailability 
of NO. They can also influence the generation of EDH and affect the balance of different prostaglandins. 
Thus, some prostaglandins (Txa2, Pge2) have been shown to be increased in endothelial dysfunction. In 
parallel, ET-1 is gaining importance in EC dysfunction, most likely by increased ETA receptor expression. 
Collectively, the changes in endothelial mediators of vascular tone result in an imbalance of vasodilation 
and vasoconstriction, the characteristic of EC dysfunction. 

 

As already described, EC dysfunction is a heterogeneous pathological state. In obesity, it 

is known that different risk factors contribute to reduced NO bioavailability leading to 

decreased ACh-mediated vasodilation [159-161]. This is mainly caused by an increased 

generation of ROS which reduces the bioavailability of NO by different pathways [155, 

162]. For example, hyperglycemia increases mitochondria-dependent generation of the 

ROS superoxide (O2-) which reduces NO levels by interacting with NO leading to the 
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formation of peroxynitrate [156, 163, 164]. Second, O2- can uncouple eNOS leading to 

the generation of O2- instead of NO thereby further decreasing NO bioavailability [165, 

166].  

Interestingly, reduced NO bioavailability in endothelial dysfunction has been shown to 

induce activation of compensatory vasodilative pathways, similar to eNOS negative mice. 

In eNOS-/- mice, ACh-induced vasodilation was reduced compared to wildtypic mice and 

was completely dependent on EDH [167]. Also, in endothelial dysfunction ACh-mediated 

vasodilation is reduced and EDH was shown to have an increased importance [168]. 

But endothelial dysfunction does not only affect vasodilators, it also influences 

vasoconstrictors. ET-1 has been shown to gain importance in endothelial dysfunction. In 

diabetic rats, the vasoconstriction to ET-1 is enhanced most likely by increased ET-A 

receptor expression [169]. Additionally, it could be revealed that insulin resistance 

specifically decreases insulin-dependent eNOS activation without influencing insulin-

dependent ET1 generation in spontaneously hypertensive rats [170]. Thus, insulin 

resistance favors an imbalance towards ET-1 mediated vasoconstriction.  

Further studies could reveal that also prostaglandin expression levels can be affected in 

endothelial dysfunction. In insulin resistant mice, increased FFA levels reduced 

prostacyclin synthase expression by increased generation of O2- [171]. Others revealed 

an increased expression of the EP1 receptor in diabetic mice pointing to an increased 

importance of Pge2 in endothelial dysfunction [172]. Additionally, it could be shown that 

ACh-induced vasodilation in spontaneously hypertensive rats led to an increased release 

of Pgi2 and Pgh2 which favored vasoconstriction rather than vasodilation [173]. 

In conclusion, obesity induces endothelial dysfunction mainly by an increased generation 

of ROS which affects various endothelial mediators of vascular tone, leading to an 

imbalance between vasodilation and vasoconstriction.  

3.6.5 Effects of obesity-dependent endothelial dysfunction on vascular tone 
As endothelial mediators are known to affect vascular tone and subsequently blood 

pressure, endothelial dysfunction is important in the development of hypertension. 

However, similar to endothelial dysfunction itself, the reports about obesity-dependent 

changes in vascular tone are diverse. While some papers reported increases in pressure-

induced myogenic tone, others reported respective decreases [172, 174, 175]. Increased 

myogenic tone and hypertension was reported in a diabetic mouse model. They could 

show that 12-16 week old diabetic mice had enhanced myogenic tone and blood pressure 
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which was reversed by inhibition of COX-activity or by blocking TP receptors. In 

respective non-diabetic mice, neither inhibition of COX-activity nor TP-receptor 

blocking affected myogenic tone suggesting a pathological effect of prostaglandins in 

diabetic alterations of myogenic tone [174, 176]. Similarly, another group also reported 

increased myogenic tone and blood pressure in 12 week old diabetic mice. However, they 

showed that EP1 receptor expression was increased in diabetic mice and that inhibition 

of EP1 receptor activation could reduce myogenic tone and blood pressure in diabetic, 

but not control mice [172]. These data suggest that diabetes may alter prostaglandin 

expression leading to increased myogenic tone and hypertension. However, the identified 

prostaglandin to be causative for this effect were different. Interestingly, another 

publication showed that inhibition of one prostaglandin synthase affected also the 

expression level of other prostaglandins and thereby altered myogenic tone suggesting a 

complex interaction between the different prostaglandins [177-179]. Collectively, these 

data suggest that interfering with the physiological balance between the different 

prostaglandins affects myogenic tone which may be a reason for obesity-dependent 

changes in myogenic tone.  

In contrast to these studies, other publications reported decreased myogenic tone induced 

by diabetes. Schofield et al. compared resistance vessels of hypertensive type 2 diabetic 

patients to control subjects and saw decreased myogenic tone simultaneously to 

endothelial dysfunction [175]. Similarly, a study using high fat diet- (HFD-) fed rats also 

reported decreased myogenic tone and endothelial dysfunction in mesenteric arteries 

compared to normal chow- (NC-) fed rats [180]. Ito et al. could confirm reduced 

myogenic tone in type II diabetic rats compared to control rats and were suggesting that 

increased glucose levels caused this effect [181]. 

In conclusion, obesity-induced endothelial dysfunction is associated with divergent 

effects on myogenic tone. As endothelial dysfunction is a heterogeneous adaptation, a 

putative explanation might be that EC function was differentially impaired between the 

studies. Additionally, the vessel type and species may also affect the results. Therefore, 

although endothelial dysfunction is a known risk factor for hypertension, its contribution 

to effects on myogenic tone and hypertension is still not clear.  
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3.7 Fat mass and obesity associated gene 

The first gene identified in human GWAS to be linked to obesity is the gene called Fat 

mass and obesity associated (FTO). This study could reveal that risk allele carriers of the 

single nucleotide polymorphism (SNP) rs9939609 within the FTO locus weight in 

average 3 kg more and have an increased risk of being obese compared to non-risk allele 

carriers [182]. Highlighting the significance of this association, the correlation could be 

confirmed in different populations and ages pointing to a global validity [183-185]. 

Although GWASs unravel correlations, they do not allow conclusion about the cause. For 

this, murine loss or gain of function analysis can help understanding the functional role 

of a protein.  

For Fto the first mouse mutant was described already 8 years earlier in 1999 as part of a 

deletion in the murine Fused toes (Ft) mutant. To this time, Fto was called Fatso due to 

having the largest size of all genes being affected in this mutation [186]. Peters et al. could 

show that homozygous Ft mutants died in utero having drastic embryonic developmental 

defects such as polydactyly of fore- and hindlimbs and defects in establishing left-right 

asymmetry. Heterozygous Ft mutant mice had fused toes on the forelimbs and thymic 

hyperplasia, but body weight was not analyzed [186]. Only after the first GWAS was 

published, a Fto-specific inactivation was generated. Mice having a global deletion of Fto 

showed significantly reduced body weight and body length and confirmed also a 

functional role of Fto in obesity [187]. However, the cellular mechanism revealing how 

Fto affects obesity, remains unknown.  

3.7.1 Fto is a m6A-specific RNA demethylase 
Later studies aimed to investigate the molecular function of Fto. Therefore, different 

studies analyzed protein structure, cellular localization and tissue expression of Fto. 

These studies could show that the gene Fto is highly conserved in vertebrates and algae 

and is ubiquitously expressed in various tissues during embryogenesis and adolescence 

in both, human and mice [182, 186, 188]. Further structural analysis revealed that the 

protein Fto has a size of 58 kilodalton (kDa) and has a N-terminal nuclear localization 

sequence (NLS) which allows Fto to shuttle between nucleus and cytosol [189]. 

Furthermore, Fto was identified to be a family member of the alpha-ketoglutarate 

dependent dioxygenase (AlkB) family which has been identified to be important in DNA 

repair [189-191]. In 2011, Jia et al. could finally reveal that Fto is an efficient demethylase 

of a RNA-modification on nitrogen-6 of adenosines (m6A) [192]. The importance of 
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m6A was emphasized by a study revealing that m6A is one of the most abundant RNA 

modifications present in eukaryotic mRNA with around 0.1-0.4% methylated adenosines 

of total adenosine residues in cellular RNA [193]. Moreover, m6A was shown to be 

highly conserved throughout mammals, yeast, bacteria and viruses strengthening its 

biological importance [194-196]. Although m6A methylation had been discovered 

already in the 1970s, for a long time little was known about its biological function in 

mRNA regulation because of missing detection strategies [197, 198]. First in 2012, two 

groups published a protocol which allowed transcriptome-wide mapping of m6A-sides 

by RNA immunoprecipitation using an m6A-specific antibody combined with RNA 

sequencing (MeRIP-sequencing). These studies revealed that approximately 7000 

mRNAs were methylated with 2-3 m6A-methylation sites per gene on average and 

suggesting a high physiological role of m6A [199, 200]. 

 

Fig. 9: Regulation of m6A methylation and its putative role in mRNA regulation 
Adenosine (A) can be reversible methylated by the Mettl3/Mettl14 complex on nitrogen 6 to m6A. Fto and 
Alkbh5 can both reverse the process by removing the methylation. The cellular function of m6A is most 
likely mediated by m6A binding proteins and affect the nuclear export, splicing, translation, stability and 
localization of the RNA [201]. 

As m6A methylation is a reversible process, different proteins next to Fto have been 

identified to affect m6A methylation: a “writer” complex which methylate respective 

adenosines in RNA, “readers” which can bind and recognize m6A and “erasers” such as 

Fto which can remove the methylation making the process reversible (Fig. 9). To 

understand the physiological role of Fto, it is therefore important to understand the 

regulation of m6A methylation as well as its biological importance. 

In contrast to the “erasers”, only one “writer” complex exists consisting of different 

proteins [202]. Until now 3 proteins have been identified being part of this complex: 

Methyltransferase-like 3 (Mettl3), methyltransferase-like 14 (Mettl14) and Wilms tumour 

1-associated protein (WTAP) [203-206]. For detection of m6A, one “reader“ named YTH 
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domain family 2 protein (YTHDF2) have been identified and its binding to m6A has been 

shown to induce mRNA translocation to processing bodies thereby inducing mRNA 

decay [207]. To remove the methylation, two different erasers have been identified which 

are both members of the alpha-ketoglutarate-dependent deoxygenase family: Fto and 

AlkB Homolog 5 (AlkBH5) [192, 208-211]. These erasers have been shown to have gene- 

and tissue-specific preferences pointing to different functions [187, 209, 212]. 

As m6A-methylation is a highly regulated process, different studies analyzed its 

biological importance. Until now, m6A-methylation could be shown to influence mRNA 

stability, nuclear export, translation and alternative splicing [199, 200, 213, 214]. 

Furthermore, m6A has been revealed to be also present in microRNAs (miRNA) and to 

regulate miRNA processing [215]. Also, m6A methylation could be revealed to be an 

influencing factor in biological processes such as cell differentiation, regulation of 

circadian rhythm and heat shock responses revealing its broad biological importance in 

various processes [213, 216-218]. Also, some Fto-specific effects on m6A-methylation 

could be revealed. First, comparative analysis of transcriptome wide m6A analysis 

comparing “methylomes” of midbrains from Fto wildtypic and Fto deficient mice 

revealed that 1514 transcripts were differently m6A-methlyated. This altered m6A 

methylation was shown to affect transcript expression and thus was suggested to be the 

physiological effect of Fto on influencing dopaminergic signaling [219]. Second, Fto 

deficiency increased m6A methylation of the transcript coding for the transcription factor 

runt-related transcription factor 1 (Runx1) in adipose tissue leading to the inclusion of 

an alternatively spliced exon and thus impeding adipogenesis [217]. Therefore, the data 

on m6A regulation suggest that Fto exerts its cellular function by influencing m6A 

methylation of different transcripts and thereby affecting transcript expression and 

splicing. It remains to be determined if RNA demethylation by Fto also regulates the 

effects of Fto in the development of obesity.  

3.7.2 Role of Fto in obesity  
After the discovery that Fto regulates body weight, further studies analyzed how Fto 

affects obesity and if Fto might be associated with other obesity-dependent comorbidities. 

Therefore, different murine loss- and gain of function analyses were performed to 

understand how Fto affects obesity. Additionally, as Fto has been shown to be 

ubiquitously expressed, the effect of tissue-specific Fto deficiency on obesity was 

investigated [182]. 
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First it was analyzed if Fto affects body weight and body composition. In four different 

global Fto deficient mouse models body weight was reduced, while Fto overexpression 

increased body weight [187, 220-222]. Also, neuronal-specific loss of Fto reduced body 

weight indicating that Fto expression in the central nervous system (CNS) is important in 

regulation of obesity [223]. However, further analysis of body composition in these 

mouse strains revealed differences. While the fat mass was reduced in all global Fto 

deficient mice and increased in Fto overexpressing mice, neuronal loss of Fto increased 

fat mass [187, 220-223]. This suggests that either 1) Fto has divergent effects on obesity 

in different cell types or 2) that strain-specific differences are causing differences in 

adipose tissue accumulation. Similarly, also the effect of loss of Fto on lean mass was 

different. While neuronal loss of Fto and two global Fto-deficient mouse strains showed 

reduced lean mass, lean mass was unchanged in Fto overexpressing mice and in one 

global Fto deficient mouse model [187, 220-223]. Most likely, these differing effects are 

caused by strain-specific differences or variances in experimental design and make it 

more difficult to understand the effect of Fto on body composition. 

Furthermore, as obesity is principally the result of an imbalance between food intake and 

energy expenditure, these parameters were also analyzed in the different mouse models 

and did not show congruent results. In two global Fto-deficient mouse models and in 

neural-specific Fto-deficient mice, energy expenditure was increased [187, 221, 223]. In 

contrast, neither in mice overexpressing Fto nor in another global Fto-deficient mouse 

model these results could be confirmed, as energy expenditure was unchanged [220, 222]. 

Further analysis of food intake revealed that contrary to expectations, Fto deficiency did 

not reduce food intake in any mouse model. In two global Fto-deficient mouse models 

and in mice overexpressing Fto, food intake was unchanged [220-222]. In one global Fto-

deficient mouse model and in the neuronal-specific Fto-deficient mouse model, food 

intake was increased suggesting that Fto deficiency does not induce effects on body 

weight by reducing food intake [187, 223]. 

Collectively, these data confirm that murine loss of Fto reduces body weight most likely 

by reducing fat mass and possibly lean mass. Additionally, loss of Fto also protected from 

HFD- induced obesity underlining that loss of Fto has a protective role in the development 

of obesity [187]. However, which cell types other than neurons are important in mediating 

Fto-dependent effects on body weight has to be determined in the future. 

Similar to murine studies, also GWAS analyzed correlation of FTO SNPs with food 

intake and energy expenditure. In contrast to expectations, these data revealed that the 
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risk allele of the FTO SNPs correlated with increased food intake and unchanged energy 

expenditure, in contrast to the murine studies [224-226]. This suggests that the effect of 

genetic variations in human FTO might be different to the effects observed in Fto mouse 

models. Furthermore, there is an ongoing discussion about whether human FTO SNPs 

regulate FTO expression, or the expression of the Iroquois-class homeodomain protein 3 

(IRX 3) or RPGRIP1L, two genes located close to the FTO gene [227, 228]. Further 

studies are necessary to answer this question. 

In conclusion, murine loss of Fto reduces body weight although the effect on fat and lean 

mass vary among the different mouse models. Similarly, effects on energy expenditure 

and food intake are inconsistent between the mouse models making it difficult to analyze 

the cellular effects of Fto during the development of obesity. Similar to the murine data, 

human GWAS show a correlation of risk allele FTO SNPs with obesity. However, 

whether the effect seen in murine Fto-deficient mouse models explains the correlation of 

human FTO SNPs with obesity remains to be determined in further studies.  

3.7.3 Role of Fto in obesity-dependent comorbidities 
As obesity is a risk factor for metabolic comorbidities and CVDs, numerous studies have 

investigated the role of Fto in these pathological changes. The first indication was a 

human GWAS showing that FTO SNPs correlate with increased risk for type 2 diabetes 

which was in turn also investigated in murine mouse models [182]. In mice, Fto 

overexpression was shown to not affect glucose tolerance in NC-fed mice, but to worsen 

glucose tolerance in HFD-fed mice [220]. This indicates that Fto may affect the regulation 

of glucose homeostasis and insulin signaling in obesity. Interestingly, Ikels et al. could 

confirm a role of Fto in glucose homeostasis. They could show that loss of Fto 

significantly improved glucose tolerance in Leptin-resistant Lepob/ob mice, a mouse model 

for the metabolic syndrome [229]. Additionally, they analyzed whether Fto may exert its 

effect on improving glucose homeostasis by affecting insulin sensitivity in these mice, 

but there was no significant difference. This suggests that Fto affects glucose homeostasis 

most likely by influencing insulin-independent glucose uptake. Furthermore, Ikels et al. 

analyzed if loss of Fto affects Lepob/ob mice from other signs of the MetS. Interestingly, 

they could show that Fto-deficiency protected Lepob/ob mice from increases in body 

weight gain, fat accumulation in the liver and pancreatic islet size. These data suggest 

that Fto has a role in the development of the MetS and that global loss of Fto appears to 

be protective to most signs of obesity-dependent comorbidities [229]. Surprisingly, as 
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obesity and the MetS are known risk factors for hypertension, it is unknown if Fto may 

protect from obesity-dependent hypertension. Until now, only different GWAS analyzed 

a putative correlation between FTO SNPs and hypertension with divergent results. While 

five studies could reveal a significant correlation of FTO SNPs with hypertension, two 

other publications could not confirm these results [230-236]. He et al. claimed that these 

divergent results might be depending on an obesity-dependent effect of Fto on blood 

pressure. Therefore, they performed a meta-analysis using these seven publications and 

could show that FTO SNPs correlate with hypertension in obese subjects, but not in non-

obese subjects [237]. These data suggest that FTO may play a role in the development of 

hypertension depending on body weight, as genetic variations within FTO are a known 

risk factors for both, hypertension and subsequent CVDs [238, 239]. 

 

3.8 Aim of the project 

Although Fto is known to affect obesity and obesity-dependent comorbidities, a role of 

Fto in blood pressure regulation has not yet been explored. A meta-analysis of multiple 

human GWASs showed a correlation between FTO SNPs and obesity-dependent 

hypertension indicating that FTO is important in blood pressure regulation. As 

unpublished data from our lab revealed that loss of Fto affected ACh-induced 

vasodilation in aortic ring assays, we hypothesized that vascular Fto influences blood 

pressure by altering vascular tone (Stefanie Seehaus, unpublished data). Therefore, we 

started with microarray analysis to see whether Fto affects cellular signaling in the 

vasculature to mediate blood pressure. As both cell types can influence vascular tone, EC- 

and SMC-specific Fto deficient mice were generated to analyze cell-type specific effects 

of Fto in regulation of myogenic tone and blood pressure. Furthermore, as ECs are known 

to be important in obesity-dependent comorbidities and hypertension, the role of EC-

specific Fto-deficiency should be analyzed in HFD-fed mice to understand the role of 

endothelial Fto in obesity-dependent comorbidities and hypertension. 
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4 Material and methods 

4.1 Material 

4.1.1 Animals 

Animal species Genetic background 

Global Fto-/- C57BL6J/NMRI background 

VeCadherin-CreERT2 Ftoflox/flox C57BL6 

SMMHC CreERT2 Ftoflox/flox C57BL6 

Tab. 2: Animal species used  

4.1.2 Human primary cell donors 

Cell type Catalogue number Company 

Human coronary smooth muscle cells (HCoSMC) CC-2583 Lonza 

Human aortic endothelial cells (HAoEC) C-12271 Promocell 

Tab. 3: Human donor for primary cell culture 

4.1.3 Equipment and expendable material 

 

Equipment Type Company 

Accuracy weighing machine EW 6000-M Kern& Sohn GmbH 

Agarose gel chamber Not applicable (n.a). Manufactured at the 

University of Düsseldorf 

Blood glucose meter Ascensia Contour  Bayer 

Blood glucose test strips Ascensia Contour Bayer 

Cell culture dishes 10 cm VWR 

Cell culture flasks  25 cm2; 75 cm2; 175 cm2 VWR 

Cell culture plate 6 well, 12 well, 24 well VWR 

Centrifuge Centrifuge 5424 R 

Megafuge 1.0 

Eppendorf 

Heraeus Instruments 

Collecting tubes 15 mL, 50 mL Becton Dickson 

Confocal microscope Fluoview 1000  Olympus 

Cover slips Menzel cover slips, 12 mm ThermoFisher 
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Gel electrophoresis chamber n.a. Manufactured at 

University of Düsseldorf 

Heating block Thermomixer compact Eppendorf 

Imaging system (agarose gel 

electrophoresis) 

Phase 312 nm, professional 

system 

Phase 

Incubator HeraCell Heraeus Instruments 

Micropipette puller Model P-2000 Sutter instrument Co. 

Microplate reader FLUOstar Omega BMG Labtech 

Microscope 

Microscope camera 

Axio Imager A.2 

AxioCam TRm 

Zeiss 

Microscope slide SuperFrost ROSA, cut 

edges 

Roth 

PCR machine T3000 Thermocycler 

Sensoquest 

Biometra 

Labcycler 

PCR tubes 0.2ml, 8-stripes Sarstedt 

pH-meter MP220 Mettler TOLEDO 

Power supply E83T Consort Welabo 

Precellys Precellys 24 homogenizer+ 

CryoLys 

PeqLab 

Pressure myograph Culture Myograph System, 

model 202CM 

Danish Myo 

Technologies (DMT) 

Reaction tubes 1.5/2.0 mL Sarstedt 

Real-time PCR machine CFX96 Real time System Bio-Rad 

Shaking device VortexGenie 2 Scientific Industries 

Spectrophotometer 1000  BioPhotometer Eppendorf 

Sterile bench HeraSafe Hereaus Instruments 

Tissue embedding  OCT compound Tissue Tek 

Water bath Type 1003 GFL 

Tab. 4: Equipment and expendable materials 

4.1.4 Chemicals 
All chemicals were analytically pure ordered from the companies AppliChem, Merck, 

Roth and Sigma Aldrich. 
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4.1.5 Fine chemicals and reagents 

Fine chemical Company 

Acetylcholine Sigma Aldrich 

Agarose  BioBudget Technologies GmbH 

Bariumchloride Sigma Aldrich 

DNA-ladder, 100 bp plus DNA New England BioLabs 

dNTP ThermoFisher 

Donkey Serum Millipore 

Fibronectin, human  Millipore 

Insulin (Human insulin 100 U/mL) Novolin R 

L-Pgds inhibitor (AT 56) Tocris Bioscience 

Mounting media for cells Roche 

Mounting media for tissue: ProLong Gold Invitrogen 

NS309 Tocris 

Peanut oil Sigma Aldrich 

Phenylephrine Sigma Aldrich 

Prostaglandin D2 Cayman Chemicals 

Proteinase K, recombinant, PCR grade Roche 

Sodium nitroprusside  Sigma Aldrich 

Tamoxifen Sigma Aldrich 

Tab. 5: Fine chemicals and substrates 

4.1.6 Cell culture media, buffers and substances 

Cell culture substance Company 

PBS without Ca2+and Mg2 Millipore 

Non-essential amino acids (NEAA) Thermo Fisher 

DMEM : F-12, Glutamax, without HEPES, with 

pyruvates 

Thermo Fisher 

DMEM Glutamax, 1 g/L glucose, with 

pyruvates 

Thermo Fisher 

Fetal bovine serum (FBS) Thermo Fisher 

Penicillin-streptomycin liquid (P/S) (100x)  

10000 U/ mL penicillin,  

Thermo Fisher 
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10000 µg / mL streptomycin 

Trypsin (for cell preparation) Thermo Fisher 

Trypsin-EDTA 0.05% Thermo Fisher 

Collagenase Type II, CLS II BioChrom 

Hanks balanced salt solution (HBSS) with 

Ca2+and Mg2+ 

Thermo Fisher 

EBM-2 Basal Medium Lonza 

EGM-2 MV Single Quot Kit Supplement and  

Growth Factors 

Lonza 

SmBM Basal Medium Lonza 

SmGM-2 Single Quot Kit Supplements and 

Growth Factors 

Lonza 

Lipofectamine RNAiMAX transfection reagent Thermo Fisher 

Tab. 6: Cell culture media, buffers and substances 
 

4.1.7 Buffer and culture medium 
4.1.7.1 Buffer for pressure myography 

Krebs-HEPES-buffer:     118.4 mM NaCl 

       4.7 mM KCl 

       1.2 mM MgSO4 

       4 mM NaHCO3 

       1.2 mM KH2PO4 

       10 mM Hepes 

       6 mM Glucose 

       pH 7.38-7.42 

 

Ca2+-containing HEPES buffer:    Krebs-HEPES buffer 

       2 mM CaCl2 

 

Ca2+-containing HEPES buffer with BSA:  Krebs-HEPES buffer 

       2 mM CaCl2 

       1% BSA (w/v) 
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Ca2+-free HEPES buffer:    Krebs-HEPES buffer 

       1 mM EGTA 

       10 µM Sodium nitroprusside (SNP) 

 

4.1.7.2 Buffer for molecular biological methods 

50x TAE buffer     2 M Tris 

       6% acetic acid (v/v) 

       50 mM EDTA  

       pH 8- 8.5 

 

Genotyping-buffer     100 mM NaCl 

       50 mM Tris-HCl pH 8 

       100 mM EDTA 

       1% SDS (w/v) 

4.1.7.3 Buffer for histochemical analysis 

Blocking solution for IF on tissue slides:  0.5% BSA (w/v)  

       5% goat serum (v/v) 

       0.25% Tritox X-100 (v/v) 

       PBS 

4.1.7.4 Buffer for cell preparation  

Collagenase II -solution    HBSS 

100 U/ mL collagenase II 

0.1% trypsin (w/v) 

4.1.7.5 Cell culture media 

Murine cell culture: 

Growing medium:     DMEM/ F-12 + Glutamax 

       10% FBS (v/v) 

       1 x P/S 

       0.1% non-essential amino acid (w/v) 
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Serum-starved medium:    DMEM, low glucose 

       0.4% fetal calf serum (v/v) 

       1 x P/S 

 

HAoEC cell culture: 

Growing medium: EBM- Basal Medium  

EGM-2 MV Single Quot Kit 

Supplement and Growth Factors with 

5% fetal bovine serum (FBS) (v/v) 

 

Transfection medium:  EBM- Basal Medium  

EGM-2 MV Single Quot Kit 

Supplement and Growth Factors with 

0.5% FBS (v/v) 

without gentamycin 

 

Growing medium for transfected cells: EBM- Basal Medium  

EGM-2 MV Single Quot Kit 

Supplement and Growth Factors with 

5% FBS (v/v)  

without gentamycin 

 

HCoSMC cell culture: 

Growing medium: SmBM- Basal Medium  

 SmGM-2 Single Quot Kit 

Supplement and Growth Factors with 

5% FBS (v/v) 

 

Transfection medium: SmBM- Basal Medium  

 SmGM-2 Single Quot Kit 

Supplement and Growth Factors with 

1% FBS (v/v) 

 without gentamycin 
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Growing medium for transfected cells: SmBM- Basal Medium  

 SmGM-2 Single Quot Kit 

Supplement and Growth Factors with 

0.5% FBS (v/v) 

 without gentamycin 

 

4.1.8 Antibodies 
4.1.8.1 Primary antibodies for immunofluorescence analysis 

All primary antibody incubations were performed overnight at 4°C while constantly 

shaking. 

Primary antibody 
target 

Protein 
size 

Dilution 
IF 

Species Company 

Alpha-smooth muscle 
actin 

42 kDa 1:200 Rabbit Abcam 

Fto 58 kDa 1:1500  Guinea 
Pig 

Produced by 
EMT 

Tab. 7: Primary antibodies for immunofluorescence (IF) 
 

4.1.8.2 Secondary antibodies and fluorescently-labeled toxin for 

immunofluorescence analysis 

Secondary antibody target Dilution Produced 
in 

Clone/ company 

Anti rabbit IgG AlexaFluor 488 1:200 Donkey Jackson 
ImmunoResearch 

Anti guinea pig IgG Alexa Fluor 
568 

1:400 Goat Thermo Fisher 

Tab. 8: Fluorescently-labeled secondary antibody for immunofluorescence analysis 
 

Fluorescently-labeled 

toxin 

Target Dilution Company 

TRITC-phalloidin F-actin 1:500 P 1951 Sigma Aldrich 

Tab. 9: Fluorescently-coupled toxin for immunofluorescence analysis 
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4.1.9 Enzymes and kits 
RNA isolation from tissue 

RNeasy Lipid Tissue kit     Qiagen (Cat. No.: 74804) 

 

RNA isolation from cells 

RNeasy Mini Kit     Qiagen (Cat. No.: 74104)  

 

DNaseI- digestion 

RNase-Free DNase Set    Qiagen (Cat. No.: 79254) 

cDNA synthesis: 

SuperScript III First strand synthesis system ThermoFisher (Cat. No.: 18080051) 

 

qRT-PCR master mix: 

Power Up SYBR Green master mix   ThermoFisher (Cat. No.: A25742) 

 

Endpoint-PCR master mix: 

5x GoTaq Green Master Mix Promega (Cat. No: 7911) 

 

Endpoint-PCR polymerase: 

Taq polymerase Produced at the EMT, University of 

Düsseldorf as described previously 

[240]. 

4.1.10 siRNA 
The following siRNAs were ordered from Origene, Cat. No.: SR312322 

Name Species Sequence Company 

FTO 

siRNA A 

Human GCAGCUGAAAUAUCCUAAACUAATT Origene 

FTO 

siRNA B 

Human  AGACAGAACUUAGAGACAUCCCAGT Origene 

FTO 

siRNA C 

Human AGCGUGUGACAAAGCCUAACCUACT Origene 
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Scrambled 

siRNA 

Human Not listed Origene 

Tab. 10: siRNA sequences used for siRNA-mediated transcript knockdown 

4.1.11 Gene-specific primers 

Name Species Sequence (5’3’ direction) 

FTO For Human AAG AGG AAA GTG AGG ATG AC 

FTO Rev Human TCA AGC ATG AAA TAG CAG TC 

GAPDH For Human ACA GTT GCC ATG TAG ACC 

GAPDH Rev Human TTT TTG GTT GAG CAC AGG 

Tab. 11: Gene-specific primer sequences used for quantitative real time PCR  
 

Mouse 

genotype 

PCR 

name 

Primer 

name 

Sequence (5’3’ direction) 

VeCadherin-

CreERT2 

Ftoflox/flox 

Cre 

PCR 

EC-Cre 

FOR 

TTAATCCATATTGGCAGAACGAAAACG 

EC-Cre 

REV 

CAGGCTAAGTGCCTTCTCTACA 

Flox 

PCR 

Fto flox 

FOR 

GAGCAGAGAGCTGGAGCTT 

Fto flox 

REV 

ACAGAAACGAGAGCAGGAAAAGAC 

SMMHC-

CreERT2 

Ftoflox/flox 

Cre 

PCR 

SMC-

Cre FOR 

TCCTGGGCATTGCCTACAAC 

SMC-

Cre REV 

CTTCACTCTGATTCTGGCAATTTCG 

Flox 

PCR 

Fto flox 

FOR 

GAGCAGAGAGCTGGAGCTT 

Fto flox 

REV 

ACAGAAACGAGAGCAGGAAAAGAC 

Global Fto-/- Fto 

WT 

Fto wt 

FOR 

CGCCTCTCCCCCATCTAAATCCT  

Fto wt 

REV 

AAGCCAAGAACAAGTCCATACCTG  
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Neo 

PCR 

Neo 

FOR 

CTGTGCTCGACGTTGTCACTG 

Neo 

REV 

GATCCCCTCAGAAGAACTCGT 

Tab. 12: Gene-specific primer sequences for genotyping 

4.1.12 Mouse laboratory diet 

Mice Company Product number 

High fat diet, 60% fat calories  BioServ F3282 

 

4.1.13 Software and statistical analysis 
For statistical analysis, Microsoft Office Excel 2016 and GraphPad Prism 7 were used. 

Depending on experimental design, unpaired t-test, 1-way or 2-way ANOVA were 

performed as indicated in the respective figure description. 

 

4.2 Methods 

4.2.1 Mouse housing 
For animal care, all guidelines of the National Institutes of Health were complied. Mice 

were kept in standard cages at 12 h light/ 12 h dark cycle at 22-24°C. Mice had access to 

water and food (either normal rodent chow or high fat diet) ad libitum. 

4.2.2 Generation of cell type-specific Fto deficient mice 
To create cell-type specific Fto-deficient mice, the Cre- loxP system was used. As 

previously published, a Cre recombinase is under the control of a tissue-specific promotor 

while the target gene sequence is flanked by two loxP sites. If the Cre recombinase is 

expressed, it cuts at the respective loxP sites thus inducing a tissue-specific gene knockout 

[241].  

In this study, a previously published mouse having exon 3 of the gene Fto flanked by 

loxP sites (Ftofloxed/floxed) was used [219]. This mouse was crossed to Cre-recombinase 

expressing (Cre+) mice to allow Cre-loxP mediated generation of tissue-specific Fto 

deficient mice. In detail, Cre-;Ftofloxed/floxed (Cre-;Ftofl/fl) mice were crossed with 

Cre+;Fto+/+  mice resulting in offspring being either Cre-;Ftofl/+ or Cre-;Ftofl/+. Mating of 

Cre+;Ftofl/+ litters allowed to obtain Cre+;Ftofl/fl mice.  
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For breeding, Cre+;Ftofl/fl and Cre-;Ftofl/fl mice were used to get litters being either 

Cre+;Ftofl/fl or Cre-;Ftofl/fl. 

4.2.2.1 Generation of endothelial cell-specific Fto-deficient mice 

To generate endothelial cell-specific Fto deficient mice, a tamoxifen-inducible Cre-

recombinase (Cre-ERT2) under the regulatory control of the vascular endothelial Cadherin 

(VeCadherin) promoter was used. The endothelial cell-type specificity of the 

VeCadherin-CreERT2 has been proved before and was a kind gift from R. Adams (Max 

Planck Institute, Germany) [242]. 

To induce Cre-recombinase expression, 6 week old VeCadherin-CreERT2+; Ftofl/fl mice 

were intraperitoneally injected with tamoxifen dissolved in peanut oil (1 mg Tmx in 100 

µL peanut oil per day) for 10 days. Control groups (VeCadherin-CreERT2+; Ftofl/fl and 

VeCadherin-CreERT2 -; Ftofl/fl) were injected with either peanut oil (Po) with or without 

tamoxifen (Tmx) for 10 days, respectively.  

4.2.2.2 Generation of smooth muscle cell-specific Fto-deficient mice 

To induce SMC-specific depletion of Fto, mice expressing Cre-recombinase under the 

regulatory control of the smooth muscle myosin, heavy polypeptide 11, smooth muscle 

(Myh11, also called SMMHC) promoter/enhancer were used. The mice were a kind gift 

of S. Offermann and their tissue specificity has been proven before [243, 244]. 

To induce Cre- recombinase expression, 6 week old SMMHC CreERT2+; Ftofl/fl mice were 

intraperitoneally injected for 10 days with Tmx (1 mg Tmx in 100 µL Po) per day). 

Control groups (SMMHC CreERT2+; Ftofl/fl and SMMHC CreERT2-; Ftofl/fl) were injected 

with either Po with or without Tmx for 10 days, respectively. 

4.2.2.3 High fat diet feeding 

To analyze obesity-dependent effects, a subgroup of tamoxifen- injected VeCadherin-

CreERT2+; Ftofl/fl mice, peanut oil- injected VeCadherin-CreERT2+; Ftofl/fl mice and 

tamoxifen- injected VeCadherin-CreERT2-; Ftofl/fl mice were set on HFD. HFD-feeding ad 

libitum started with an age of 8 weeks for a time period of 12 weeks until mice were 

sacrificed. 

4.2.3 In vivo methods 
4.2.3.1 Measurement of body weight 

To obtain data for body weight curves over time, mice were weighted weekly on the same 

day. Therefore, a single mouse was removed from the cage, put in a container on a scale 
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and body weight was measured. Body weight measurements started with an age of 7 

weeks until an age of 20 weeks.  

4.2.3.2 Measurement of blood glucose levels 

To measure blood glucose levels, the tail of the mouse was cleaned with 70% ethanol 

before cutting the end of the tail with sterile scissors. Using a blood glucose meter, a 

blood droplet was put onto a blood glucose strip and blood glucose level were measured. 

After successful measurement, the mouse was placed back into the mouse cage.  

4.2.3.3 Glucose tolerance test 

Glucose tolerance tests (GTTs) are used to assess the glucose tolerance of mice. 

Therefore, mice are challenged with an exogenously administered glucose amount and 

blood glucose clearance is analyzed. In healthy subjects increases in blood glucose induce 

insulin secretion and a quick glucose uptake from the blood. However, if glucose 

homeostasis is impaired (e.g. by insulin resistance or diabetes), glucose clearance from 

blood is diminished resulting in prolonged higher blood glucose levels.  

For measuring glucose tolerance, mice were fasted over night for 16 h without food, but 

with water ad libitum. A sterile-filtered prewarmed D-glucose solution (400 mg/ml in 

physiological saline) was prepared and mice were weighted. Each mouse was challenged 

with 2 mg glucose per g body weight which was injected i.p.. Blood glucose level were 

measured 0, 15, 30, 45, 60 and 120 min after glucose injection as described in 4.2.3.2. 

Afterwards, mice were returned to housing colony cages. 

4.2.3.4 Insulin tolerance test 

To measure if mice have impaired insulin sensitivity, mice were challenged with an 

exogenously administered amount of insulin. In healthy subjects, insulin induces a 

decrease in blood glucose levels. However, if insulin sensitivity is impaired (e.g. insulin 

resistance, diabetes), blood glucose levels are either unchanged or decrease less compared 

to healthy subjects. 

To measure insulin sensitivity, mice were fasted for 5 h without food, but with water ad 

libitum. After determining fasting glucose levels, mice were weighted and 0.75 U insulin 

per kg body weight i.p. injected (insulin solution: 0.0001 U/µl in physiological saline). 

Blood glucose was measured after 15, 30, 45, 60 and 90 min and the relative blood 

glucose level quantified as percentage to fasted glucose level. 
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4.2.4 Ex vivo methods 
4.2.4.1 Measurement of body weight, body length and epigonadal fat weight 

After cervical dislocation, 20 week old mice were weighted and body length measured 

(from nose to anus). Afterwards, epigonadal fat was isolated and weighted. 

4.2.4.2 Analysis of serum lipids in murine blood samples 

For measuring serum lipids, blood was isolated by cardiac puncture using a 1 ml syringe 

with 27-gauge needle. 600 µl whole blood was transferred into BD Vacutainer blood 

collection tubes (light green lid) which contain lithium heparin and gel for plasma 

separation. The samples were inverted several times and stored on ice until further 

processing. Lipid panel analyses were performed by the University of Virginia Health 

System, clinical pathology laboratory to determine triglyceride, cholesterol, HDL and 

low-density lipoprotein (LDL) levels as well as ratios of LDL to HDL and cholesterol to 

HDL. 

4.2.4.3 Isolation of living 3rd order mesenteric arteries 

For isolation of living 3rd order mesenteric arteries, mice were euthanized using carbon 

dioxide (CO2) and cervical dislocation. Afterwards, the abdominal cavity was opened and 

sutures tightened around the beginning (after the stomach) and the end of the intestine. 

The intestine was then quickly isolated and washed in ice-cold Krebs-HEPES buffer with 

Ca2+. The intestine was spread on a silicon-covered 10 cm dish to see the mesenteric tree. 

Here, 3rd order mesenteric arteries (lumen diameter approx. between 80-100 µm at 20 

mmHg) were isolated by carefully using a microscissor and fine forceps. After successful 

removal of the surrounding perivascular fat tissue, a segment of the vessel was cut out 

and transferred into a 1.5 mL reaction tube containing Krebs-HEPES buffer with Ca2+. 

The vessel could be stored in the tube for up to two to three hours on ice. In general, for 

isolation of living mesenteric arteries it should be avoided to touch or overstretch the part 

of the vessel which is used for further analysis. 

4.2.4.4 Pressure myograph analysis of isolated mesenteric arteries 

Pressure myography allows to analyze vasoactive properties of small vessels with a lumen 

diameter between 60- 600 µm. For example, response to vasodilators or vasoconstrictors 

as well as myogenic tone can be assessed.  

To allow these analyses, the setup of the pressure myograph contains a pressure myograph 

chamber in which two micropipettes are inserted on opposing sites (Fig, 10 A). These 









  Material and methods 

53 
 

4.2.5 Cell biological methods 
4.2.5.1 Preparation of adult mouse smooth muscle cells from the thoracic aorta 

For isolation of primary smooth muscle cells from the thoracic aorta, 3-4 22 week old 

mice per genotype (global Fto+/+ and Fto-/-) were sacrificed. After perfusion of the mouse 

with ice-cold PBS, the thoracic aorta was removed by cutting at the aortic arch and in 

proximity to the diaphragm. Then, the thoracic aorta was washed in ice-cold PBS and put 

in a 10 cm dish with ice-cold PBS to remove the adventitia. Afterwards, the aorta was cut 

longitudinally, remaining blood clots were removed and endothelial cells scrapped off 

with forceps. In the next step, all vessels of one genotype were pooled together, cut into 

small 2 mm long rings, transferred into a collagenase solution and kept at 37°C for 20 

min to allow successful digestion. Then, collagenase solution was removed, growing 

medium added to the tissue and transferred to a 25 cm2 cell culture flask. The volume of 

the media was adjusted to allow that the tissue was attached to the bottom to allow 

outgrowth of SMCs. After 48 h, medium was exchanged and after additional 5-7 days, 

the tissue was removed. After cells reached confluence of approx. 80%, cells were 

passaged. For experiments, passages 1-4 were used. 

4.2.5.2 Cultivation and passaging of cells 

All cells were kept in growing medium at 37°C with 5% CO2 in a humidified atmosphere. 

Before reaching confluency, cells were passaged as follows. The medium was removed 

and cells once washed with PBS. After incubation with 0.05% trypsin for 5 min at 37°C 

and cell detachment occurred, an equivalent amount of growing medium was added and 

transferred into a 50 mL falcon. To remove trypsin, cells were centrifuged for 5 min at 

200 g, cells resuspended in an appropriate growing media volume and seeded in cell 

culture plates or flasks depending on need. 

For murine primary smooth muscle cells passages 1-4 and for HAoECs and HCoSMCs 

passages 4-10 were used. 

4.2.5.3 siRNA-mediated knockdown of FTO in HAoECs and HCoSMCs  

For siRNA-mediated knockdown of FTO in HAoECs and HCoSMCs, forward 

transfection was performed. Therefore, cells were seeded in 6 and 96 well dishes one day 

before transfection allowing to have a cell confluency of 30-70% to the time of 

transfection. To prepare transfection, the needed amount of siRNA was first mixed with 

transfection media (mix 1) and in parallel the appropriate amount of transfection reagent 

(2 µl per mL) was mixed with transfection media (mix 2). Both solutions (mix 1 and 2) 
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were then combined (mix 3), several times inverted and incubated for 10 min at RT. For 

transfection, the media was removed from the cells, cells washed one time with PBS and 

either 2 mL or 0.5 mL of the prepared mix 3 added per 6 well or 96 well. To decrease cell 

death, medium was exchanged to growing media for transfected cells after 18 h.  

For transfection of both HCoSMCs and HAoECs siRNA-mediated knockdown was 

revealed to be most efficient using a combination of 1 nM of each siRNA A, B and C; 

scrambled siRNA was used as a respective control. 

4.2.5.4 Seahorse assay of transfected HAoECs and HCoSMCs 

For analyzing the metabolic activity of both HAoECs and HCoSMCs after siRNA-

mediated knockdown of FTO, seahorse assays were performed. 

The seahorse assay analyzes the oxygen consumption rate (OCR) and by specifically 

modulating components of the electron transport chain, the metabolic function can be 

assessed (see Fig. 11). Briefly, first basal respiration is measured and then the compounds 

oligomycin, FCCP, and a mixture of antimycin A and rotenone are serially added to the 

cells to inhibit ATP-dependent respiration, maximal respiration and non-mitochondrial 

respiration, respectively. Additionally, this allows the calculation of proton leakage and 

spare capacity. 

 

Fig. 11: Measurement of oxygen consumption rate in a seahorse assay  
Oxygen consumption rate (OCR) is measured over time while different components of the respiratory chain 
are specifically inhibited. After measuring basal respiration, oligomycin addition inhibits ATP production 
leading to a decreased OCR. After washout, FCCP is added to the cells allowing to analyze maximal 
respiration by disrupting ATP synthesis. In the last step, FCCP is washed out and antimycin A and rotenone 
added to the cells allowing to analyze non-mitochondrial respiration by inhibiting the respiratory chain. 
Differences between OCR after oligomycin-addition to OCR after antimycin A and rotenone addition allow 
calculation of the proton leak. Similarly, difference between OCR after FCCP addition to basal respiration 
allows to determine spare capacity [247]. 



  Material and methods 

55 
 

For measuring FTO-dependent effects on metabolic function, 5000 HCoSMCs or 

HAoECs were seeded per well in Seahorse XF24 cell culture microplates. One day later, 

transfection was performed as explained in 4.2.5.3. Measurement of metabolic function 

was assessed 48 hours after transfection using a Seahorse XF-24 Flux analyzer in 

collaboration with Vlad Serbulea in the lab of Norbert Leitinger, University of Virginia 

as previously published [248, 249].  

4.2.5.5 Indirect immunofluorescence analysis and actin staining of cells 

To analyze cellular localization of proteins, indirect immunofluorescence was used. 

Therefore, glass coverslips were placed in 24 well plates. To allow cell detachment on 

glass, coverslips were precoated with 2.5 µg/cm2 fibronectin for 30 min at 37°C. After 

washing with PBS twice, 15000 cells per well were seeded. 24 h later, cells were set 

serum-free for 48 h. Cells were once washed with PBS and fixed for 15 min at RT using 

4% paraformaldehyde (PFA) in PBS. After two washing steps with PBS, cells were 

permeabilized using 0.5% Triton X-100 in PBS for 5 min. Cells were three times washed 

with PBS before blocking with 10% (v/v) donkey serum in 0.2% Triton X-100 in PBS 

(PBS-T) for 1 h at RT was performed. To allow binding of protein-specific antibodies, 

cells were incubated with primary antibodies diluted in 1% (v/v) donkey serum in PBS-

T overnight at 4°C (see Tab. 7 for dilution factor). On the next day, cells were washed 

three times with PBS-T. Fluorescence-coupled secondary antibody incubation with 

additional nuclei staining using 1 µg/mL 4′,6-Diamidin-2-phenylindol (DAPI) was 

performed at RT for 1 h in the dark (see Tab. 8 for dilution factor). In case of additional 

actin cytoskeleton staining, 1 µg/mL TRITC-Phalloidin (Tab. 9) was added to the 

secondary-antibody solution. Finally, cells were washed with PBS-T for three times, 

before glass coverslips were mounted using mounting media. 

 

4.2.6 Molecular biological methods 
4.2.6.1 Total RNA isolation 

To isolate total RNA from the thoracic aorta or cells the RNeasy Lipid Tissue Kit or the 

RNeasy Mini Kit (Qiagen) were used according to manufacturer’s instruction.  

Briefly, for RNA isolation from the thoracic aorta homogenization was performed using 

the Precellis system. Therefore, up to 30 mg tissue was transferred into an 0.5 mL 

Precellis tube containing 1.4 mm ceramic beads (CK14 0.5 mL) and 500 µl QIAzol lysis 

buffer. Homogenization was performed for 30 seconds with 5000 rpm at 4°C using the 
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Precellis system. Afterwards, the tissue homogenate was transferred into a 1.5 mL 

reaction tube, chloroform was added and mixed. After incubation for 2 min and 

centrifugation, the upper aqueous phase was transferred into a new tube, the equal volume 

of 70% ethanol added and transferred on a RNeasy spin column. After centrifugation, the 

membrane of the column was washed once with RW1 buffer until DNase digestion was 

performed. Afterwards, the column was washed once with RW1 and twice with RPE 

buffer. To elute the RNA, the column was transferred into a new collection tube and 20 

µl RNase-free water added. RNA concentration was determined using the NanoDrop 

system and RNA stored at -80°C until further use. 

For RNA isolation from cells, cells were grown until reaching confluency of approx. 80%. 

Cells were washed twice with PBS before adding RLT buffer to lyse cells. The equal 

volume of 70% ethanol was added, mixed by pipetting and transferred on an RNeasy spin 

column. All further steps were performed as described for RNA isolation from tissue. 

4.2.6.2 cDNA synthesis 

For cDNA synthesis, 1 µg total RNA was used as a template for reverse transcribing 

mRNA into cDNA using the SuperScript III first strand synthesis system according to 

manufacturer’s instruction. 

Table 13 and 14 show pipetting schemes: 

 

Substrate Volume 

Total RNA (1 µg) x µL 

Random hexamers 1 µL 

10 mM dNTP 1 µL 

RNase-free water Ad 10 µL 

Tab. 13: Pre-reaction mixture for cDNA synthesis 
 

After heating for 5 min at 65°C (lid temperature 95°C), following reagents were added: 
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Substrate Volume 

Pre-reaction mixture 10 µL 

35 mM MgCl2 4 µL 

100 mM DTT 2 µL 

RNase Out  1 µL 

SuperScript III reverse transcriptase 1 µL 

Tab. 14: Reaction mixture for cDNA synthesis 
 

Samples were heated for 10 min at 25°C to allow binding of primers and were then reverse 

transcribed into copy DNA (cDNA) for 50 min at 50°C. At the end, reaction was 

terminated for 5 min at 85°C. Samples were stored at -20°C until further use with a final 

concentration was 50 ng/µl. 

4.2.6.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 

For quantitative analysis of transcript expression, cDNA was used as a template for qRT-

PCR using the Power Up SYBR Green master mix. All data were measured in duplicates 

and relative transcript expression was determined using the housekeeping gene 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). For statistical analysis, delta 

delta Ct method was performed using the CFX Manager Software (Biorad). 

The following tables show the pipetting scheme and amplification protocol for all 

samples, gene-specific primer sequences are listed in Tab. 11: 

Reagent Volume 

Primer FOR (10 µM) 1 µL 

Primer REV (10 µM) 1 µL 

25 ng cDNA      4 µL 

2x Power Up SYBR Green Master Mix 10 µL 

RNase-free water 4 µL 

Total volume 20 µL 

Tab. 15: Reagent mixture for qRT-PCR 
 
Amplification was performed as indicated below and fluorescence detection was 

performed after elongation of every cycle. 
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Cycle Temperature Time Number of 

cycles 

UDG activation 50°C 2 min 1 

Ampli Taq Fast DNA polymerase, 

UP activation 

95°C 2 min 1 

Denaturation 95°C 15 s 
42  

Annealing/elongation 60°C 1 min 

Melting curve to determine primer 

specificity 

60°C to 95°C 

increment 

0.5°C each 

10 sec 

1 

Tab. 16: Protocol for gene-specific amplification using qRT-PCR 
 

4.2.6.4 Isolation and purification of genomic DNA from tail biopsies 

To allow genotyping of mice, tail biopsies of 3 week old mice were used to extract 

genomic DNA. Therefore, tail biopsies were incubated with 750 µl genotyping-buffer 

with additional 30 µl proteinase K over night at 56°C while constantly shaking. In the 

next step, 250 µl saturated NaCl solution (> 6M) was added, the sample shaken and 

centrifuged at 13000 g for 10 min. The supernatant was then transferred into a new 

reaction tube, 500 µl isopropanol added and centrifuged at 13000 g for 10 min to 

precipitate the DNA. After discarding the supernatant, the pellet was washed with 500 µl 

70% ethanol and was a last time centrifuged at 13000 g for 10 min. In the last step, 

supernatant was removed and the DNA pellet dried at RT for 30 min before getting 

dissolved in 150 µl dd H2O at 56°C for 10 min.  

Until further use for genotyping, the DNA was stored at 4°C. 

4.2.6.5 Genotyping of mice 

For genotyping of mice, genomic DNA was isolated from tail biopsies and used as a 

template for PCR amplification. For every sample, two PCR reactions were performed. 

For global Fto-deficient mice, one PCR using Fto wt primers and another PCR using Neo 

primers was performed (see Tab. 12 for primer sequences). If the Fto PCR did amplify a 

product, the mouse had at least one wildtype Fto allele. Vice versa, Neo primers could 

just bind to the genomic DNA, if the mouse had at least one mutant allele. 

For VeCadherinCreERT2 and SMMHCCreERT2 mouse strains, also two PCRs were 

performed. First one PCR using Fto floxed primers and a second PCR using either EC-

Cre for the VeCadherinCreERT2 mouse strain or SMC-Cre primers for the 
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SMMHCCreERT2 mouse strain (see Tab. 12 for primer sequences). Successful 

amplification of a product using the Fto floxed primers was possible if the mouse had at 

least one wildtype allele. EC-Cre or SMC-Cre primers could bind to the DNA if the 

respective VeCadherin- or SM MHC Cre was successfully integrated to the genome. 

For cell-type specific Fto-deficient mice, genotyping was performed by Transnetyx using 

real time PCR as previously published [250]. For global Fto+/+ and Fto-/- mice, the 

following pipetting scheme was used: 

 

Substrate Volume in µl 

Primer FOR (10 µM) 1  

Primer REV (10 µM) 1 

Endpoint PCR buffer (5x) 4 

Taq-polymerase (5 U/µl) 0.2 

dNTPs (10 mM) 0.4 

Genomic DNA 1 

dd H2O 12.4 

Tab. 17: PCR reaction mix for genotyping 
 

The PCR reaction mix for genotyping was pipetted on ice and transferred to a PCR 

machine using the following program: 

 

Cycle Temperature Time Number of cycles 

Lid heating 95°C continously 

Initial denaturation 95°C 5 min 1 

Denaturation 94°C 1 min  

35 cycles Annealing 56°C 1 min 

Elongation 72°C 1 min 

Final elongation 72°C 5 min 1 

Cooling 20°C forever 1 

Tab. 18: PCR program for genotyping 
 

4.2.6.6 Agarose gel electrophoresis 

To analyze PCR products, agarose gel electrophoresis was performed using gels 

containing 1.5% agarose and GelRed Nucleic acid stain (5 µl/100 mL) in 1x TAE buffer. 
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Electrophoresis was performed at 120 V in 1x TAE buffer and DNA detected using the 

Imager Phase 312 with UV-light. 

4.2.6.7 Microarray 

Microarrays were performed at the Biologisch-Medizinisches Forschungszentrum 

(BMFZ) of the University of Düsseldorf by Dr. René Deenen. 

After successful isolation of RNA from thoracic aortae of global Fto+/+ and Fto-/- mice 

(n=4), RNA quality was assessed using a RNA 6000 Pico Chip (Agilent). Only samples 

with an RNA integrity number (RIN) >8 were used for further experiments.  

Following cRNA synthesis was performed according to manufactory’s instruction (One-

Color Microarray-Based Gene Expression Analysis / Low Input Quick Amp Labeling, 

Agilent Technologies). First, 100 ng of respective sample RNA were reverse transcribed 

in cDNA. cDNA was then used as a template for in vitro transcription into cRNA using 

Cy3-dCTP to allow photometric determination of cRNA yield. Successful labeled cRNA 

was fragmented according to manufactory’s instruction, hybridized for 17 h at 65°C to an 

Agilent SurePrint G3 Mouse GE 8x60K Microarray and scanned. Using 20bit tiff-pictures 

of the scan, fluorescence-signal intensities for each oligonucleotide-probe for each array 

were extracted using the feature Extraction Software (Vers. 11.0.1.1; Agilent 

Technologies). 

For data analysis, GeneSpring GX Software (Vers. 12.5; Agilent Technologies) was used. 

Raw signal intensities of every single oligonucleotide-probes were first quantile-

normalized across all arrays. Afterwards, normalized signal intensities were baseline-

transformed by dividing every probe from every array with the respective median of 

signal intensities. After each biological replicate was assigned to its respective genotype 

(wt vs. ko), transcripts which were not detected in all replicates of at least one genotype 

were excluded from further analysis as being “not transcribed” (Feature Extraction 

Software). To asses significantly different expressed transcripts, moderated unpaired t-

test was used. Significance threshold was set to p<0.01. 

4.2.6.8 Database for Annotation, Visualization and Integrated Discovery 

(DAVID)-based bioinformatical analysis of microarray data 

To bioinformatically analyze microarray data, the Database for Annotation, Visualization 

and Integrated Discovery (DAVID) was used. This online program allows identification 

of significantly enriched pathways and gene ontology (GO) by functional chart analysis. 

Respective functional chart analysis were performed as previously published [251]. 
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For data analysis, microarray lists with significantly altered transcripts was uploaded, the 

species selected and transcripts identified using the official gene symbol nomenclature. 

Functional chart analysis was performed and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathways analyzed.  

4.2.6.9 Ingenuity pathway analysis- (IPA-) based analysis of microarray data 

IPA-based upstream analysis of microarray data allows to identify significantly altered 

signaling cascades. It identifies upstream regulators (e.g. transcription factor) together 

with their known target genes to more easily identify affected pathways. 

For data analysis, lists of significantly altered transcripts identified by microarray analysis 

were uploaded into the IPA software (Qiagen). Afterwards, core analysis was performed 

using presettings and revealed significantly altered upstream regulators as well as their 

target genes. 

4.2.7 Histochemical analysis 
4.2.7.1 Removal of mesenteric arteries and paraffin embedding 

For histochemical analysis of mesenteric arteries, the vessels were quickly isolated after 

sacrificing the mouse. After washing with PBS, samples were fixed in 4% PFA over night 

at 4°C. Mesenteric arteries were then embedded in 3% agarose to allow a better detection 

of the vessel and transferred into 70% ethanol until further use.  

To allow dehydration of the vessel, ethanol series were performed. The vessel was 

transferred first into 80% ethanol and then 90% ethanol for 30 min each. Afterwards, the 

tissue was stored in 96% ethanol for 1 h and twice in 100% ethanol for 1 h or 30 min, 

respectively. The vessel was then transferred into a 1:1 mixture of toluol and ethanol for 

15 min and then moved to toluol for 1 h. At the end, new toluol was added for 30 min and 

the vessel transferred into warm paraffin and stored at 55°C overnight. 

The mesenteric artery was then embedded in paraffin longitudinally to allow cross-

sectional cutting. Until further use, the embedded tissues were kept at RT. 

4.2.7.2 Sectioning and deparaffinization of paraffin-embedded tissues 

After tissues were embedded in paraffin, 6 µm thick slices were cut and transferred to a 

cover slide. To allow immunofluorescence staining of the tissues, deparaffinization and 

antigen retrieval had to be performed. Briefly, slides were incubated twice in xylene for 

4 min each. Afterwards, the slides were transferred to 100% ethanol for two times 3 min. 

Ethanol series was performed by first washing slides twice in 95% ethanol for 3 min 
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before being incubated in 70% ethanol for 3 min. Before antigen retrieval was started, 

slides were washed 20 min in 100% H2O.  

4.2.7.3 Indirect immunofluorescence analysis of tissue 

Before indirect immunofluorescence could be performed, deparaffinized sections were 

prepared for antigen retrieval by heat activation. Therefore, 2.34 mL of antigen retrieval 

solution were dissolved in 250 mL water. Afterwards, the slides were placed in a slide 

rack in a container and antigen retrieval solution added. For heating the container was put 

into a microwave and heated for a total of 11 min. After 4, 7 and 10 min, the container 

was filled back up with antigen retrieval solution. Then the container was removed from 

the microwave, antigen retrieval solution filled up a last time and the container stored at 

4°C for 30 min. After successful antigen retrieval, slides were stored in PBS until further 

use. 

Before staining was performed, slides were incubated in blocking solution for 30 min at 

RT. Afterwards, blocking solution was removed, the diluted primary antibody (dissolved 

in blocking solution, see Tab.7) added to the slide and incubated over night at 4°C. On 

the next day, the slides were washed three times for 5 min in PBS. Afterwards, the diluted 

secondary antibody (diluted in blocking solution, see Tab. 8) was added to the slide and 

incubated at RT for 1 h in the dark. Afterwards, slides were washed one time for 5 min in 

PBS before slides were mounted using mounting media (with DAPI). The cover glass 

was sealed with nail polish and stainings analyzed using a confocal microscope.  
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5 Results 

5.1 Microarray analysis of thoracic aortae of Fto+/+ and Fto-/- mice 

Previous work in our laboratory could show that Fto is expressed in ECs and SMCs of 

the vasculature. Furthermore, thoracic aortae of Fto-deficient mice showed reduced ACh-

induced vasodilation in aortic rings suggesting that Fto is functionally important in the 

vasculature (Stefanie Seehaus, unpublished data). To identify cellular pathways which 

are regulated by vascular Fto expression, microarray analysis of thoracic aortae of global 

Fto+/+ and Fto-/- mice were performed. 

Interestingly, microarray analysis identified that 1997 transcripts were significantly 

altered in expression between thoracic aortae of Fto+/+ and Fto-/- mice (p<0.01). In order 

to identify cellular pathways which are affected by Fto depletion, the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) was used. This online 

program allows identification of significantly enriched pathways and gene ontology (GO) 

classes by functional chart analysis. Respective functional chart analyses of thoracic 

aortae microarray data revealed that 344 GO terms were significantly different between 

both genotypes including 22 pathways. Strikingly, the pathway with the lowest p-value 

was vascular smooth muscle cell contraction, as 21 different transcripts in this pathway 

were altered in expression levels (see Tab. 19). Furthermore, also regulation of actin 

cytoskeleton and insulin signaling were among the identified pathways which are both 

known to be important in regulation of myogenic tone (p=0.0099 and p=0.028) [130, 

252]. 

As these data indicated a functional role of vascular Fto in smooth muscle cell contraction, 

we wanted to analyze the role of endothelial and smooth muscle Fto in regulation of 

myogenic tone. 
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Pathway Count P value 
mmu04270: Vascular smooth muscle contraction 21 5,46E-05 
mmu05410: Hypertrophic cardiomyopathy (HCM) 17 5,90E-05 
mmu04120: Ubiquitin mediated proteolysis 21 3,21E-04 
mmu04310: Wnt signaling pathway 22 4,14E-04 
mmu05412: Arrhythmogenic right ventricular cardiomyopathy  14 7,52E-04 
mmu00565: Ether lipid metabolism 9 1,25E-03 
mmu05414: Dilated cardiomyopathy 15 1,79E-03 
mmu04510: Focal adhesion 24 0,003278 
mmu05222: Small cell lung cancer 13 0,006914 
mmu04144: Endocytosis 23 0,008553 
mmu04810: Regulation of actin cytoskeleton 24 0,009979 
mmu04730: Long-term depression 11 0,014676 
mmu00240: Pyrimidine metabolism 13 0,017572 
mmu05200: Pathways in cancer 31 0,021211 
mmu04916: Melanogenesis 13 0,023565 
mmu00564: Glycerophospholipid metabolism 10 0,02454 
mmu03020: RNA polymerase 6 0,025352 
mmu04910: Insulin signaling pathway 16 0,027723 
mmu04010: MAPK signaling pathway 26 0,028508 
mmu00230: Purine metabolism 17 0,039628 
mmu05210: Colorectal cancer 11 0,044455 
mmu04350: TGF-beta signaling pathway 11 0,047525 

Tab. 19: Identified affected pathways in microarray data of thoracic aortae of Fto+/+ and Fto-/- mice 
 

5.2 Characterization of EC Cre+/- ;Ftofl/fl mice 

For investigating cell-type specific functions of vascular Fto, EC-specific Fto-deficient 

mice were generated using a tamoxifen-inducible VeCadherin-CreERT2 lox P system.  

For inducing EC-specific Fto-deficient mice, 6 week old VeCadherin CreERT2+ 

Ftofloxed/floxed mice were injected for 10 days with tamoxifen dissolved in peanut oil 

(abbreviated EC Cre+ ;Ftofl/fl +Tmx). Additionally, two control groups were used to rule 

out leakiness of the Cre loxP system or of tamoxifen itself. Therefore, VeCadherin-

CreERT2+ ;Ftofloxed/floxed mice were injected with peanut oil (abbreviated EC Cre+ ;Ftofl/fl 

+Po) and VeCadherin-CreERT2- ;Ftofloxed/floxed were injected with tamoxifen dissolved in 

peanut oil (abbreviated EC Cre- ;Ftofl/fl +Tmx), respectively (see Fig. 12). The successful 

endothelial depletion of Fto was verified by immunofluorescent analysis of mesenteric 

arteries of EC Cre+ ;Ftofl/fl +Po and EC Cre+ ;Ftofl/fl +Tmx mice showing a reduced Fto 

staining in ECs (see suppl. Fig. 1). 

Furthermore, as Fto is known to be associated with obesity, the three different groups 

were analyzed after feeding of NC and compared to mice being fed a HFD for 12 weeks. 
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Thus, a total of six groups were compared in the following analyses to investigate the 

cell-type specific function of Fto in ECs in both basal and HFD conditions (Fig. 12). 

 

Fig. 12: Overview about experimental groups in EC Cre+/- ;Ftofl/fl mice 
For analyzing the function role of Fto in ECs, three different groups of mice were compared: EC Cre+ 
;Ftofl/fl +Po, EC Cre+ ;Ftofl/fl +Tmx and EC Cre- ;Ftofl/fl +Tmx mice. For generation of these groups, six 
week old EC Cre+ ;Ftofl/fl were injected with either peanut oil (EC Cre+ ;Ftofl/fl +Po) or tamoxifen dissolved 
in peanut oil (EC Cre- ;Ftofl/fl +Tmx) for 10 days. In parallel, EC Cre- ;Ftofl/fl were only injected with 
tamoxifen (EC Cre- ;Ftofl/fl +Tmx), respectively. To analyze obesity-dependent effects, mice from all three 
groups were divided into two groups which were either fed a NC or a HFD for 12 weeks. Mice from all six 
groups were then analyzed with an age of 20 weeks.  
 

5.2.1 Phenotypic characterization of NC- and HFD-fed EC Cre+/- ;Ftofl/fl 

mice 
As Fto is known to affect obesity, we wanted to investigate if endothelial-specific loss of 

Fto also influences body weight. Therefore, different parameters which are known to be 

affected in global Fto-/- mice were analyzed [187]. First, body weight was measured 

weekly during week 7 and week 20 in NC- or HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; 

Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx mice. And second, 20 week old mice were analyzed 

for epigonadal fat weight and body length.  

As visualized in Fig. 13 A, weight gain over time was not affected by EC-specific Fto 

deficiency in both NC-fed (left column) and HFD-fed (right column) mice. All NC-fed 

EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx mice gained 

approx. 40% body weight over time, while respective HFD-fed mice increased body 

weight about 120%. In line with body weight gain over time, also body weight was not 

significantly different between the analyzed groups in both NC-fed and HFD-fed mice 

(Fig. 13 B). While all NC-fed mice weighted around 30 g, HFD-fed mice weighted 

significantly more with a mean of approx. 45 g. Further analysis of epigonadal fat weight 
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and body length also revealed no significant differences between the genotypes (Fig. 13 

C-D). All three groups of NC-fed mice had a mean epigonadal fat weight of approx. 0.5 

g which was significantly increased in all groups of HFD-fed mice to a mean of 3 g. In 

line, analysis of body length revealed a mean body length of 9 cm in all NC-fed and 10 

cm in all HFD-fed mice, respectively. 

Collectively, these data reveal that EC-specific Fto deficiency did not affect body weight, 

epigonadal fat accumulation or body length in both NC- and HFD-fed mice. 
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Fig. 13: Phenotypic characterization of NC- and HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl 

+Po and EC Cre-; Ftofl/fl +Tmx mice 
EC Cre+; Ftofl/fl +Tmx mice were phenotypically compared to both control EC Cre+; Ftofl/fl +Po and EC 
Cre-; Ftofl/fl +Tmx mice in both NC-fed (left column) and HFD-fed (right column) male mice. In (A) 
percentage body weight gain from week 7 to week 20 is shown. HFD-fed mice gained more weight over 
time compared to NC-fed mice, but endothelial-specific Fto deficiency did not affect body weight gain in 
both NC-fed (n=9, 13, 11) and HFD-fed (n=7, 15, 11) mice. (B) Body weight measurement in 20 week old 
mice also revealed no influence of endothelial Fto-deficiency in both NC-fed (n=11, 19, 12) and HFD-fed 
(n=11, 16, 14) mice. (C) Epigonadal fat weight in 20 week old mice did not show significant differences 
between all analyzed genotypes in both NC-fed (n=10, 14, 9) and HFD-fed (n=10, 10, 10) mice. (D) 
Measurement of body length of 20 week old mice was not affected by endothelial Fto-deficiency in both 
NC-fed (n=11, 19, 12) and HFD-fed (n=11, 14, 13) mice.  
Data represent mean ± SEM, for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 
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5.2.2 Vasoactive analyses in mesenteric arteries of EC Cre+/- ;Ftofl/fl mice 
As human GWAS point to a role of Fto in the development of hypertension, resistance 

arteries are of particular importance as they are the main contributor to vascular resistance 

and thus influence blood pressure. To investigate if endothelial Fto may be important in 

regulation of vascular resistance, 3rd order mesenteric arteries were isolated from 20 week 

old NC-fed and HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl 

+Tmx mice. These vessels were then analyzed for their vasoactive properties using 

pressure myography.  

5.2.2.1 Myogenic tone analysis  

To analyze if endothelial Fto influences myogenic tone, lumen diameter of 3rd order 

mesenteric arteries were recorded at different intraluminal pressures either in the presence 

of Ca2+ (active curve) or in the absence of Ca2+ (passive curve) using pressure myography. 

With respective lumen diameter of the active and passive curve, myogenic tone was 

calculated for each pressure. 

As shown in Fig. 14 A, left column, EC-specific loss of Fto did not affect myogenic tone 

in mesenteric arteries of NC-fed mice. In each group, mesenteric arteries started to 

develop myogenic tone at 40– 60 mmHg and reached its maximum of approx. 38% at a 

pressure of 100- 120 mmHg. However, in contrast to mesenteric arteries of NC-fed mice 

myogenic tone of mesenteric arteries from HFD-fed EC Cre+; Ftofl/fl +Tmx mice was 

significantly different to mesenteric arteries of both HFD-fed control groups (Fig. 14 A, 

right column). While mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre-; 

Ftofl/fl +Tmx mice developed maximal myogenic tone of approx. 32% at 120 mmHg, 

mesenteric arteries of endothelial-specific Fto deficient mice developed myogenic tone 

of approx. 38% at 120 mmHg which was comparable to maximal myogenic tone of 

mesenteric arteries of all NC-fed mice. 

As myogenic tone is depending on both active and passive lumen diameter, respective 

changes in relative lumen diameter were analyzed for both active and passive curve. 

Analysis of relative lumen diameter in active curves revealed no significant differences 

in mesenteric arteries of all NC-fed mice (Fig. 14 B, left column). With increasing 

pressure, the relative lumen diameter increased first to 140-150% of initial lumen 

diameter at 40- 60 mmHg and then decreased to 120% of initial lumen diameter for 

pressures between 80 and 120 mmHg. In contrast to mesenteric arteries of NC-fed mice, 

respective vessels of HFD-fed mice showed significant differences in relative lumen 
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diameter of the active curves between the groups (Fig. 14 B, right column). In mesenteric 

arteries of both control groups, the relative lumen diameter first increased to approx. 

140% of initial lumen diameter at 40- 60 mmHg and then further decreased to approx. 

130% of initial lumen diameter at 120 mmHg. In comparison, mesenteric arteries of HFD-

fed EC Cre+; Ftofl/fl +Tmx mice also first increased to approx. 140% of initial lumen 

diameter at 40 mmHg, but had a significantly reduced lumen diameter compared to both 

controls between 80 and 120 mmHg. Respective analysis of relative lumen diameter of 

the passive curve revealed no significant differences between mesenteric arteries of all 

groups in both NC-fed and HFD-fed mice (Fig. 14 C, left and right column). All analyzed 

mesenteric arteries showed incremental increase of relative lumen diameter with 

increasing pressure reaching a maximal relative lumen diameter of 160- 170% at 120 

mmHg. 

In summary, the data revealed that loss of endothelial Fto did not affect myogenic tone 

in mesenteric arteries of NC-fed mice, but significantly increased myogenic tone in 

mesenteric arteries of HFD-fed mice. While mesenteric arteries of both control groups 

had a decreased myogenic tone after HFD compared to NC, this was not present in 

mesenteric arteries of EC Cre+; Ftofl/fl +Tmx mice. In line with these data, loss of 

endothelial Fto did not affect relative lumen diameter of active and passive curves in 

mesenteric arteries in NC-fed mice. Only in mesenteric arteries of HFD-fed mice, loss of 

endothelial Fto significantly reduced relative lumen diameter in active curves compared 

to mesenteric arteries of control mice. 
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Fig. 14: Analysis of myogenic tone in mesenteric arteries of NC- or HFD-fed EC Cre+; Ftofl/fl +Tmx, 
EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx mice 
3rd order mesenteric arteries were isolated from NC-fed (left column) and HFD-fed (right column) EC Cre+; 
Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx male mice and pressure curves were 
performed. (A) Myogenic tone curves showed no significant differences between all genotypes in NC-fed 
mice (n=4, 5, 6). In HFD-fed mice, mesenteric arteries of EC Cre+ Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx 
mice had significantly reduced myogenic tone compared to mesenteric arteries of EC Cre+; Ftofl/fl +Tmx 
mice (n=6, 6, 4) between 80 and 120 mmHg. (B) Pressure curves were performed in Ca2+-containing buffer 
allowing SMC contraction (active curve). Lumen diameter at different pressures were plotted as percentage 
of initial lumen diameter at 20 mmHg. While active curves showed no significant differences in NC-fed 
mice (n=4, 5, 6), active curves of HFD-fed mice (n=6, 6, 4) revealed significant differences. Lumen 
diameter of mesenteric arteries from EC Cre+; Ftofl/fl +Tmx was significantly reduced between 80 and 120 
mmHg compared to both controls. (C) Pressure curves were performed in Ca2+-free buffer (passive curve) 
to measure stiffness of mesenteric arteries of NC-fed mice (n=4, 5, 6) and HFD-fed mice (n=6, 6, 4). Lumen 
diameter at different pressures were plotted as percentage of initial lumen diameter at 20 mmHg. Passive 
curves showed no significant differences independent of genotype and chow between all analyzed groups. 
Data represent mean ± SEM, for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 
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5.2.2.2 Agonist-induced vasoactive analysis 

Within mesenteric arteries, the endothelial ion channels IKCa, SKCa and Kir are known to 

be important regulators of myogenic tone. Also, general SMC contractility is known to 

affect vascular tone. To identify if loss of endothelial Fto may exert its effect on myogenic 

tone in mesenteric arteries of HFD-mice by affecting ion channel properties, lumen 

diameter changes to pharmacological activators or inhibitors of these channels were 

analyzed. Therefore, mesenteric arteries from NC-fed and HFD-fed EC Cre+; Ftofl/fl 

+Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx mice were pressurized at 80 

mmHg until myogenic tone developed and vasodilation or vasoconstriction to 1µM 

NS309, 30 µM BaCl2 and 40 mM KCl were assessed. While NS309 is a known activator 

of IKCa and SKCa channels which leads to EC and subsequent SMC hyperpolarization, 

BaCl2 inhibits endothelial Kir channels leading to EC depolarization and subsequent 

vasoconstriction of SMCs. KCl in contrast induces non-agonist induced depolarization-

dependent SMC contraction. 

Interestingly, analysis of NS309-induced vasodilation showed no significant differences 

between mesenteric arteries of EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-

; Ftofl/fl +Tmx mice after both NC-feeding and HFD-feeding (Fig. 15 A, left and right 

column). In all vessels, addition of 1 µM NS309 induced a mean vasodilation of around 

90% of myogenic tone. Similarly, also BaCl2- induced vasoconstriction was similar in 

mesenteric arteries of all NC-fed and HFD-fed mice (Fig. 15 B, left and right column). 

Ba2+-induced vasoconstriction was in mean approx. 9% of initial lumen diameter in 

mesenteric arteries of NC-fed mice, while it was slightly decreased in mesenteric arteries 

of HFD-fed mice to a mean of approx. 7.5%. Also, KCl-induced vasoconstriction was not 

affected by EC-specific Fto deficiency (Fig. 15 C, left and right column) as mean 

percentage of constriction was between 22 and 28% in mesenteric arteries of all NC-fed 

and HFD-fed mice.  

Thus, loss of endothelial Fto seems to affect myogenic tone in HFD-fed mice without 

affecting endothelial IKCa, SKCa and Kir channel function or general SMC contractility. 
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Fig. 15: Analysis of vasoactive response to different pharmacological compounds in mesenteric 
arteries of NC- or HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx 
mice 
3rd order mesenteric arteries were isolated from 20 week old NC-fed (left column) and HFD-fed (right 
column) EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx male mice and equilibrated 
at 80 mmHg until myogenic tone developed. (A) 1 µM of the IKCa- and SKCa- channel activator NS309 was 
added to mesenteric arteries and vasodilation analyzed. In both NC-fed (n=3, 3, 7) and HFD-fed (n=4, 3, 
3) mice, vasodilation in response to NS309 accounted to approx. 90% vasodilation which was unaltered 
between all genotypes. (B) 30 µM BaCl2 was added to mesenteric arteries to inhibit endothelial Kir channels. 
Ba2+- induced contraction was in mean approx. 9% or 7.5% in mesenteric arteries of NC-fed (n=3, 3, 4) 
and HFD-fed (3, 3, 4) mice, respectively and revealed no differences between the genotypes. (C) 40 mM 
KCl was added to induce depolarization and subsequent contraction of SMCs in mesenteric arteries. Mean 
contraction was approx. 25% in mesenteric arteries of both NC-fed (n=4, 7, 6) and HFD-fed (n=8, 6, 5) 
mice with no significant differences between the genotypes.  
Data represent mean ± SEM, for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 
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5.2.2.3 Acetylcholine-induced vasodilation in mesenteric arteries of HFD-fed EC 

Cre+/- ;Ftofl/fl mice  

ACh-induced vasodilation, which is mainly NO-dependent, is known to be reduced in 

HFD-fed mice and to influence vascular tone. In order to analyze if endothelial Fto 

deficiency exerts its effect on myogenic tone in mesenteric arteries of HFD-fed mice by 

influencing NO bioavailability, dose-dependent ACh-induced vasodilation was measured 

in mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; Ftofl/fl +Po and EC 

Cre-; Ftofl/fl +Tmx mice. As a comparison, mesenteric arteries of NC-fed EC Cre+; Ftofl/fl 

+Po were measured in parallel. To allow measurement of ACh-induced vasodilation, 

mesenteric arteries were isolated, pressurized at 80 mmHg until myogenic tone developed 

and pre-constricted using 1 µM PE. After a stable contraction was achieved, dose-

dependent ACh-induced vasodilation was measured. 

PE-induced vasocontraction revealed no significant differences between mesenteric 

arteries of all analyzed groups (data not shown). Also, the following ACh-induced 

vasodilation was not affected by loss of endothelial Fto (Fig. 16). Mesenteric arteries 

from all HFD-fed mice showed a significantly decreased vasodilation in response to 4 

and 10 µM ACh compared to mesenteric arteries of NC-fed EC Cre+; Ftofl/fl +Po mice. 

While mesenteric arteries of all HFD-fed mice showed nearly no increased vasodilation 

with increasing doses of ACh, mesenteric arteries of NC-fed EC Cre+; Ftofl/fl +Po mice 

further vasodilated with increasing doses of ACh. 1 µM to 10 µM ACh-induced 

vasodilation was between 10 and 30% in mesenteric arteries of HFD-fed mice while it 

induced vasodilation up to 70% in mesenteric arteries of NC-fed EC Cre+; Ftofl/fl +Po 

mice. 

Collectively, these data show that loss of endothelial Fto did not affect HFD-induced 

reduction of ACh-dependent vasodilation. Thus, effects of endothelial-specific Fto-

deficiency on myogenic tone in HFD-fed mice seem to be independent of HFD-induced 

effects on ACh-dependent vasodilation. 
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Fig. 16: Analysis of endothelial loss of Fto on acetylcholine-induced vasodilation in mesenteric 
arteries of HFD-fed mice 
3rd order mesenteric arteries were isolated from 20 week old HFD-fed EC Cre+; Ftofl/fl +Tmx, EC Cre+; 
Ftofl/fl +Po and EC Cre-; Ftofl/fl +Tmx mice (n=3, 4, 3) and compared to 3rd order mesenteric arteries from 
20 week NC-fed EC Cre+; Ftofl/fl +Po mice (n=3). Vessels were equilibrated at 80 mmHg until myogenic 
tone developed and were then preconstricted with 1 µM phenylephrine. After stable contraction was 
achieved, ACh was dose-dependently added and maximal vasodilation measured.  
1 µM ACh induced vasodilation was not significantly different between mesenteric arteries of NC-fed EC 
Cre+; Ftofl/fl +Po mice compared to mesenteric arteries of all HFD-fed mice. However, ACh-induced 
vasodilation was significantly reduced in all mesenteric arteries of HFD-fed mice compared to mesenteric 
arteries of NC-fed EC Cre+; Ftofl/fl +Po mice at both 4 µM and 10 µM.  
Data represent mean ± SEM, for statistical analysis 2-way repeated measurement (RM) ANOVA with 
Tukey’s post-hoc test was performed; p<0.05 was defined as significant. 

 

5.2.3 Analysis of obesity-induced metabolic changes in HFD-fed EC Cre+/- 

;Ftofl/fl mice 
As loss of endothelial Fto protected from HFD-induced effects on myogenic tone, 

analysis should identify if endothelial-specific Fto-deficiency also influenced other 

obesity-dependent metabolic changes such as dyslipidemia or hyperglycemia. Therefore, 

blood lipid levels as well as glucose homeostasis should be analyzed in HFD-fed EC 

Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice. For investigating glucose homeostasis, 

glucose and insulin tolerance as well as blood glucose levels were measured. 

5.2.3.1 Analysis of blood serum lipids in HFD-fed EC Cre+/- ;Ftofl/fl mice 

For analyzing blood serum lipids, 20 week old HFD-fed EC Cre+; Ftofl/fl +Tmx and EC 

Cre+; Ftofl/fl +Po mice were sacrificed and blood isolated by cardiac puncture. After 

centrifugation of the blood, serum was analyzed for concentration of triglycerides, total 

cholesterol and HDL- as well as LDL- cholesterol levels. 
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Interestingly, serum analysis of different lipids did not reveal differences between HFD-

fed EC Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice. Mean serum cholesterol (Fig. 

17 A) and triglyceride levels (Fig. 17 B) showed no significant differences between both 

analyzed groups with mean values of approx. 200 mg/dL in both groups. Also, respective 

analysis of HDL-cholesterol (Fig. 17 C) and LDL-cholesterol (Fig. 17 D) concentrations 

were similar between HFD-fed EC Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice. In 

line, also analysis of ratios of total cholesterol to HDL (Fig. 17 E) and LDL to HDL (Fig. 

17 F) revealed no differences. While ratios of total cholesterol to HDL were approx. 2- 

2.5 in both groups, respective LDL to HDL ratio were approx. 1:1. 

Collectively, these data revealed that loss of endothelial Fto did not affect blood lipid 

levels in HFD-fed mice.  

 

Fig. 17: Serum lipid analysis of HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx mice 
20 week old HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx male mice were sacrificed and blood 
isolated by cardiac puncture (n=5, 7). Serum was analyzed for triglyceride, total cholesterol and HDL- and 
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LDL- cholesterol levels. Also, ratios of total cholesterol to HDL and ratios of LDL to HDL were calculated. 
(A) Total cholesterol levels were in mean 200 mg/dL and showed no significant differences between both 
genotypes. (B) Also total triglyceride levels with approx. means of 200 mg/dL for both HFD-fed EC Cre+; 
Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx mice was unaffected by endothelial Fto-deficiency. Measurement of 
HDL-cholesterol levels (C) and LDL-cholesterol levels (D) also revealed no difference between both 
genotypes. Similarly, also ratios of total cholesterol to HDL (E) and LDL to HDL (F) was not influenced 
by endothelial Fto-deficiency. 
Data represent mean ± SEM, for statistical analysis unpaired, two-tailed t-test was performed; p<0.05 was 
defined as significant. 
 

5.2.3.2 Analysis of glucose metabolism in HFD-fed EC Cre+/- ;Ftofl/fl mice 

In addition to blood lipid levels, also glucose metabolism was investigated in 20-23 week 

old HFD-fed EC Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice. As HFD is known to 

induce hyperglycemia and hyperinsulinemia in mice which is characterized by increased 

blood glucose levels as well as decreased insulin and glucose tolerance.  

For assessing if HFD-fed EC Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice had an 

impaired glucose metabolism, fasted and unfasted blood glucose levels were measured. 

In addition, also glucose and insulin tolerance were analyzed. 

Analysis of glucose tolerance revealed that blood glucose levels were significantly 

reduced in HFD-fed EC Cre+; Ftofl/fl +Tmx compared respective Po-injected mice 15, 30 

and 45 min after glucose administration (Fig. 18 A). Also, respective analysis of area 

under curve values from the GTT measurement tended to be decreased in endothelial-

specific Fto deficient HFD-fed mice compared to EC Cre+; Ftofl/fl +Po mice (p=0.065) 

(Fig. 18 B). In addition to improved glucose tolerance, also insulin tolerance was 

significantly better in HFD-fed EC Cre+; Ftofl/fl +Tmx compared to control mice (Fig. 18 

C). Blood glucose levels were significantly reduced in HFD-fed EC Cre+; Ftofl/fl +Tmx 

mice 30 and 45 min after insulin administration and tended to stay improved after 60 and 

90 min, respectively (p=0.08 and p=0.06).  

In addition to glucose tolerance, blood glucose levels were measured in unfasted mice 

and after 5 and 17 h fasting. Interestingly, while unfasted blood glucose levels (Suppl. 

Fig. 2 A) and blood glucose levels after 5 h (Suppl. Fig. 2 B) were unchanged between 

both groups, fasted blood glucose levels after 17 h were significantly reduced in HFD-

fed EC Cre+; Ftofl/fl +Tmx mice compared to respective Po-injected litters (Fig.18 D).  

These data revealed that loss of endothelial Fto significantly improved glucose and 

insulin tolerance as well as fasted glucose levels in HFD-fed mice, although unfasted 

blood glucose levels were not affected. 
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Fig. 18: Analysis of glucose and insulin tolerance in HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; 
Ftofl/fl +Tmx mice 
20-23 week old HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx male mice were fasted and either 
challenged with i.p. injected glucose or insulin. (A) After 17 h fasting, glucose was i.p. injected and blood 
glucose level measured at different time points. Blood glucose level were significantly reduced in EC Cre+; 
Ftofl/fl +Tmx mice (n=6) compared to EC Cre+; Ftofl/fl +Po mice (n=4) after 15, 30 and 45 min. (B) Area 
under curve (AUC) was calculated from performed GTTs and showed a trend to reduced AUC in EC Cre+; 
Ftofl/fl +Tmx mice (n=6) compared to EC Cre+; Ftofl/fl +Po mice (n=4) (p=0.065). (C) After fasting, insulin 
was i.p. injected into HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx male mice (n=6, 3) and 
blood glucose levels measured at different time points. Analysis of blood glucose level as percentage of 
baseline glucose level revealed significantly reduced levels in EC Cre+; Ftofl/fl +Tmx mice compared to EC 
Cre+; Ftofl/fl +Po mice after 30 and 45 min and a trend to reduced glucose levels after 60 and 90 min (p=0.08 
and 0.06, respectively). (D) Blood glucose levels were measured after 17 h fasting in HFD-fed EC Cre+; 
Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx mice (n=4, 6). Blood glucose levels were significantly reduced in 
EC Cre+; Ftofl/fl +Tmx mice compared to EC Cre+; Ftofl/fl +Po mice. 
Data represent mean ± SEM, calculation of area under curve was performed using GraphPad Prism, and 
statistical analysis were performed using either 2-way RM ANOVA (A and C) or unpaired, two-tailed t-
test (B and D); p<0.05 was defined as significant. 
 

5.2.4 Measurement of cellular metabolism in human aortic endothelial cells 

after siRNA-mediated FTO knockdown 
As loss of endothelial Fto in HFD-fed mice protected from HFD-induced changes on 

myogenic tone and significantly improved glucose and insulin tolerance in HFD-fed 

mice, analysis should investigate if endothelial Fto affected ROS production and 

subsequently mitochondrial respiration. To allow analyzing the role of FTO in respiration 
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of endothelial cells, human aortic endothelial cells (HAoECs) were transfected using 

either FTO or scrambled siRNA and seahorse assays were performed. 

First, successful downregulation of FTO transcript expression was verified using qRT-

PCR. In comparison to scrambled siRNA transfected cells, relative transcript expression 

of FTO was significantly downregulated to approx. 10% in FTO siRNA-transfected 

HAoECs (Fig.19 A). Respective FTO and scrambled siRNA transfected HAoECs were 

then used for seahorse assay analysis. This analysis revealed that downregulation of FTO 

in HAoECs did not affect respiration. Neither basal respiration, ATP-dependent 

respiration, maximal respiration nor non-mitochondrial respiration was significantly 

different between FTO and scrambled siRNA transfected HAoECs (Fig.19 B). These data 

reveal that endothelial FTO did not affect mitochondrial respiration in ECs and is thus 

unlikely to be the cellular pathway causing EC-specific effects of Fto on myogenic tone 

in HFD-fed mice. 

 

 

Fig. 19: Analysis of FTO knockdown on mitochondrial function in siRNA-transfected HAoECs 
HAoECs were either transfected with FTO or scrambled siRNA. After 48 h, FTO knockdown efficiency 
was quantified and mitochondrial function assessed by performing seahorse assays. (A) Transcript 
expression of FTO was quantified in FTO and scrambled siRNA transfected HAoECs (n=3, 3) by qRT-
PCR and normalized to GAPDH transcript expression levels. Delta-delta Ct analysis revealed that relative 
FTO transcript expression was significantly reduced in FTO siRNA transfected cells compared to 
scrambled siRNA transfected cells. (B) Seahorse assay was performed in FTO and scrambled siRNA 
transfected HAoECs (n=4, 4) and oxygen consumption rate (OCR) was measured. Analyses revealed no 
significant differences in basal respiration. Also, ATP-dependent respiration (inhibited by oligomycin), 
maximal respiration (induced by FCCP) and non-mitochondrial respiration (Antimycin A + rotenone inhibit 
mitochondrial-dependent respiration) were not different between FTO and scrambled siRNA transfected 
HAoECs. 
Data represent mean ± SEM, for statistical analysis either unpaired, two-tailed t-test (A) or 2-way RM 
ANOVA (B) was performed; p<0.05 was defined as significant. 
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5.2.5 Influence of Pgd2 levels on myogenic tone in mesenteric arteries of 

HFD-fed EC Cre+/- Ftofl/fl mice 
To analyze putative pathways being affected in ECs by Fto deficiency in the vasculature, 

further bioinformatical analysis of microarray data from thoracic aortae of Fto+/+ and   

Fto-/- mice were performed. Interestingly, the transcript of Pgds was shown to be 4.4-fold 

upregulated in thoracic aortae of Fto-/- mice compared to those of Fto+/+mice (Fig. 20 A). 

As prostaglandins, such as Pgd2 which is synthesized by Pgds are known to affect 

myogenic tone, it should be analyzed if altered Pgd2 levels may be causative for increased 

myogenic tone in mesenteric arteries of HFD-fed EC-specific Fto deficient mice.  

To allow analysis of vasoactive effects of Pgd2 on myogenic tone, 3rd order mesenteric 

arteries of HFD-fed mice were isolated and myogenic tone measured after either adding 

Pgd2 to vessels of EC Cre+; Ftofl/fl +Po mice, or AT56, a Pgds inhibitor, to vessels of 

respective EC Cre+; Ftofl/fl +Tmx mice. 

Interestingly, in mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po mice external supply 

of 10 µM Pgd2 significantly increased myogenic tone curves in comparison to respective 

DMSO-treated vessels (Fig. 20 B). While DMSO-treated vessels of HFD-fed EC Cre+; 

Ftofl/fl +Po mice maximally reached myogenic tone of approx. 25- 30% between 80 and 

120 mmHg, Pgd2-treated vessels developed myogenic tone up to 38% at 100 mmHg 

which was comparable to mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Tmx mice. In 

line, respective analyses of active and passive curves revealed that in the active curve, 

relative lumen diameter was significantly reduced between 60 and 100 mmHg in vessels 

with Pgd2 addition compared to DMSO-treated vessels (Suppl. Fig. 3 A) while relative 

lumen diameter of passive curves were not altered (Suppl. Fig. 3 C). 

In comparison, myogenic tone was measured in mesenteric arteries of HFD-fed EC Cre+; 

Ftofl/fl +Tmx mice after addition of the Pgds inhibitor AT56. These data could reveal that 

myogenic tone in mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Tmx mice tended to 

be decreased after addition of AT56 compared to respective non-treated vessels (Fig. 20 

C). While non-treated vessels of EC Cre+; Ftofl/fl +Tmx mice developed myogenic tone 

of approx. 38% and 120 mmHg, myogenic tone was significantly reduced after AT56 

addition to approx. 25%. Also at 100 mmHg, a trend to decreased myogenic tone was 

observed in AT56-treated vessels in comparison to non-treated vessels (p=0.08) which 

was similar to myogenic tone of vessels from HFD-fed EC Cre+; Ftofl/fl +Po mice. 

However, respective analyses of relative lumen diameter of active and passive curves 



  Results 

80 
 

showed that AT56 only significant affected respective relative lumen diameter at 40 

mmHg. In both, the active and passive curves lumen diameter was significantly reduced 

in AT-56 treated vessels compared to respective non-treated vessels (Suppl. Fig. 3 B and 

D). 

Collectively, these data show that influencing Pgd2 levels or Pgds activity affected 

myogenic tone. While external addition of Pgd2 could increase myogenic tone curves in 

mesenteric arteries of HFD- EC Cre+; Ftofl/fl +Po mice to myogenic tone curves of vessels 

from HFD-fed EC Cre+; Ftofl/fl +Tmx mice, Pgds inhibition could decrease myogenic 

tone at higher intraluminal pressure in vessels of HFD-fed EC Cre+; Ftofl/fl +Tmx mice. 

However, Pgds inhibition had less effect on myogenic tone development compared to 

respective Pgd2 addition. 

 

Fig. 20: A putative role of Pgd2 in Fto-dependent effects on myogenic tone in mesenteric arteries 
(A) Microarray analysis of thoracic aortae of global Fto+/+ and Fto-/- mice (n=4, 4) were screened for altered 
expression levels of transcripts which are known to influence myogenic tone. Pgds transcript expression 
was shown to be 4.4-fold upregulated in thoracic aortae of global Fto-/- mice compared to Fto+/+ mice. (B) 
Myogenic tone was analyzed in 3rd order mesenteric arteries of 20 week old HFD-fed EC Cre+; Ftofl/fl +Po 
mice in the presence of 10 µM Pgd2 (dissolved in DMSO) or DMSO alone. Curves were compared to 
myogenic tone of mesenteric arteries from HFD-fed EC Cre+; Ftofl/fl +Tmx mice (n=3, 3, 3). Myogenic 
tone was significantly increased between 60 and 100 mmHg in mesenteric arteries of HFD-fed EC Cre+; 
Ftofl/fl +Po mice in the presence of 10 µM Pgd2 compared to mesenteric arteries respective DMSO-treated 
vessels. Furthermore, myogenic tone in mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po mice in the 
presence of 10 µM Pgd2 was similar to myogenic tone in mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl 

+Tmx mice. (C) Myogenic tone was analyzed in 3rd order mesenteric arteries of 20 week old HFD-fed EC 
Cre+; Ftofl/fl +Tmx mice in the presence of 100 µM AT56, a specific Pgds inhibitor and compared to 
myogenic tone of mesenteric arteries from HFD-fed EC Cre+; Ftofl/fl +Tmx and EC Cre+; Ftofl/fl +Po mice 
(n=3, 3, 6). Data analysis revealed that myogenic tone of HFD-fed EC Cre+; Ftofl/fl +Tmx mice in the 
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presence of 100 µM AT56 was significantly reduced to respective vessels without Pgds inhibition at 120 
mmHg and showed a trend to reduced myogenic tone already at 100 mmHg (p=0.08). 
Data represent mean ± SEM, for statistical analysis either ordinary 2-way ANOVA (A) or 1-way ANOVA 
(B) was performed; p<0.05 was defined as significant. 
 
 
 

5.3 Characterization of SMC Cre+/- ;Ftofl/fl mice 

To induce SMC-specific depletion of Fto, a tamoxifen-inducible SmMHC-CreERT2 

system was used. For activation of Cre expression, 6 week old SmMHC-CreERT2+ 

;Ftofloxed/floxed mice were injected with Tmx dissolved in Po for 10 days (abbreviated: SMC 

Cre+ ;Ftofl/fl +Tmx). As respective control groups, SmMHC-CreERT2+ ;Ftofloxed/floxed mice 

were injected with Po without Tmx (abbreviated: SMC Cre+ ;Ftofl/fl +Po) and SmMHC-

CreERT2+ ;Ftofloxed/floxed mice with Tmx dissolved in Po (abbreviated: SMC Cre- ;Ftofl/fl 

+Tmx). For all experiments, mice with an age of 20 weeks were used to get comparable 

results to VeCadherin-CreERT2+ ;Ftofloxed/floxed mice (Fig. 21). 

 

Fig. 21: Overview about experimental groups in SMC Cre+/- ;Ftofl/fl mice  
6 week old mice were i.p. injected for 10 days with Po or Tmx dissolved in Po. With an age of 20 weeks, 
mice were sacrificed and tissues isolated. For verifying specificity of effects, three different groups were 
analyzed: The two control groups SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ ;Ftofl/fl +Po and SMC-specific 
Fto-deficient mice (SMC Cre+ ;Ftofl/fl +Tmx). 

To verify that Fto was successfully depleted in SMCs of SMC Cre+ ;Ftofl/fl +Tmx mice, 

mesenteric arteries were isolated from SMC Cre+ ;Ftofl/fl +Po and SMC Cre+ ;Ftofl/fl 

+Tmx mice, paraffin embedded, cross-sectioned and fluorescently stained for Fto. 

Immunofluorescence analysis revealed Fto expression in adventitia (A), smooth muscle 

layer (S) and endothelial layer (E) of mesenteric arteries from SMC Cre+ ;Ftofl/fl +Po 

mice (Fig. 22). In comparison, respective Tmx-injected mice showed Fto expression in E 

and A, but not in respective SMCs. Thus, Fto expression was successfully depleted in 

SMCs of SMC Cre+ ;Ftofl/fl +Tmx mice and allowed analysis of the function of smooth 

muscle Fto expression in vivo. 
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Fig. 22: Immunofluorescence analysis of smooth muscle Fto expression in mesenteric arteries of SMC 
Cre+ ;Ftofl/fl +Po and SMC Cre+ ;Ftofl/fl +Tmx mice 

3rd order mesenteric arteries were isolated from 20 week old SMC Cre+ ;Ftofl/fl +Po and SMC Cre+ ;Ftofl/fl 
+Tmx mice, paraffin-embedded and sectioned. Fto expression was fluorescently analyzed and cell nuclei 
stained using DAPI. Mesenteric arteries of SMC Cre+ ;Ftofl/fl +Po (upper panel) show Fto staining in 
endothelial cells (E), smooth muscle cells (S) and in the adventitia (A) in both overview (left panel) and 
close-up (right panel). In comparison, mesenteric arteries of SMC Cre+ ;Ftofl/fl +Tmx mice show Fto 
staining in endothelial cells (E) and the adventitia (A), but not in respective smooth muscle cells (S). Scale 
bar represents 50 µm. 
 

5.3.1 Phenotypic characterization of SMC Cre+/- ;Ftofl/fl mice 
As global Fto-deficient mice have a reduced body weight, body length and reduced white 

adipose tissue accumulation, a putative influence of smooth muscle Fto on body weight 

should be investigated [187]. 

For analyzing body weight gain, SMC Cre+ ;Ftofl/fl +Tmx, SMC Cre+ ;Ftofl/fl +Po and 

SMC Cre- ;Ftofl/fl +Tmx mice were weighted once weekly between an age of 7 and 20 

weeks to assess body weight gain over time. With an age of 20 weeks, body length was 

determined in all three groups and after sacrificing the mice, epigonadal fat was removed 

and weighted. 

Analysis of body weight gain revealed no significant differences between the three groups 

(Fig. 23 A) as all mice gained approx. 40% of initial weight gain during measurement 

time. Similarly, also mean body weight was similar between 20 week old SMC Cre+ 

;Ftofl/fl +Tmx, SMC Cre+ ;Ftofl/fl +Po and SMC Cre- ;Ftofl/fl +Tmx mice with approx. 28 

g in mean (Fig. 23 B). Also, mean epigonadal fat weight showed no significant differences 
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between the analyzed groups with mean values of approx. 0.5 g (Fig. 23 C). Lastly, also 

analyzed body length revealed no significant differences between the three groups with 

mean body lengths of approx. 9 cm (Fig. 23 D). 

Collectively, these data demonstrate that loss of smooth muscle Fto did not affect body 

weight or fat accumulation as well as body length in mice. 

 

Fig. 23: Phenotypic characterization of SMC Cre+/- ;Ftofl/fl mice 
SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ ;Ftofl/fl +Tmx mice were phenotypically 
analyzed. (A) Percentage body weight gain was analyzed in all three genotypes between an age of 7 to 20 
weeks (n=8, 13, 8) and revealed no differences. In all three groups mice gained approx. 40% of initial body 
weight. (B) 20 week old SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ ;Ftofl/fl +Tmx mice 
were weighted and body weight determined (n=7, 19, 8). Comparable to (A), mean body weight was similar 
in all analyzed genotypes. (C) 20 week old SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ 
;Ftofl/fl +Tmx mice were sacrificed, epigonadal fat isolated and weighted. Also, mean epigonadal fat weight 
showed no significant differences between all three groups (n=7, 14, 5). (D) Body length was determined 
in 20 week old SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ ;Ftofl/fl +Tmx mice and 
revealed that SMC-specific Fto deficiency did not affect body length (n=7, 19, 8). 
Data represent mean ± SEM for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 
  

5.3.2 Vasoactive analyses in mesenteric arteries of SMC Cre+/-; Ftofl/fl mice 
Similar to analysis in endothelial Fto deficient mice, a putative role of smooth muscle Fto 

in regulation of vasoactive properties of mesenteric arteries should be analyzed. 

Therefore, 3rd order mesenteric arteries were isolated from 20 week old SMC Cre+ ;Ftofl/fl 
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+Tmx, SMC Cre+ ;Ftofl/fl +Po and SMC Cre- ;Ftofl/fl +Tmx mice and used for vasoactive 

analyses using pressure myography.  

5.3.2.1 Myogenic tone analysis 

To assess pressure-induced contraction of mesenteric arteries, 3rd order mesenteric 

arteries were isolated, equilibrated at 80 mmHg until myogenic tone developed and 

pressure curves performed. Relative lumen diameter was measured at different 

intraluminal pressures either in presence of Ca2+ (active curve) or in the absence of Ca2+ 

(passive curve). With respective lumen diameter values, myogenic tone was calculated 

for each pressure.  

Fig. 24 A shows myogenic tone curves of all analyzed groups. Mesenteric arteries from 

both control groups (SMC Cre+ ;Ftofl/fl +Po and SMC Cre- ;Ftofl/fl +Tmx) developed 

similar myogenic tone with increasing pressure which was significantly impaired in 

vessels of SMC-specific Fto deficient mice between 80 and 120 mmHg. While myogenic 

tone in both control groups increased from 10% at 40 mmHg up to 35% at 100-120 

mmHg, vessels of SMC Cre+ ;Ftofl/fl +Tmx mice maintained myogenic tone levels of 

approx. 10% throughout all pressures. Furthermore, mesenteric arteries of SMC Cre+ 

;Ftofl/fl +Tmx mice also needed longer time until myogenic tone developed (data not 

shown).  

Respective analysis of relative lumen diameter of active and passive pressure curves 

revealed that SMC-specific Fto deficiency affected respective active and not passive 

curves (Fig.24 B and C). While relative lumen diameter of active curves from vessels of 

both control groups decreased with increasing pressure to approx. 80% of initial diameter 

at 120 mmHg, relative lumen diameter of vessels of SMC Cre+ ;Ftofl/fl +Tmx mice did 

not decrease with increasing pressure resulting in a relative lumen diameter of approx. 

100% at 120 mmHg. Thus, in presence of Ca2+ relative lumen diameter was significantly 

increased between 80 and 120 mmHg in mesenteric arteries of SMC Cre+ ;Ftofl/fl +Tmx 

mice. In contrast, relative lumen diameter of passive curves showed no differences 

between all groups as all vessels had a relative lumen diameter of approx. 110% at 120 

mmHg. 

In conclusion, SMC-specific Fto deficiency significantly impaired development of 

myogenic tone in mesenteric arteries which was caused by significantly increased relative 

lumen diameter in the active curve. 
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Fig. 24: Myogenic tone analysis in mesenteric arteries of SMC Cre+/- ;Ftofl/fl mice 
3rd order mesenteric arteries were isolated from 20 week old SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl 
+Tmx and SMC Cre+ ;Ftofl/fl +Tmx mice and used for pressure myography. After equilibration and tone 
development, a pressure curve was first performed in presence of Ca2+ (active curve) and then without Ca2+ 

(passive curve) and myogenic tone was calculated using respective lumen diameter at each pressure step 
(n=3, 5, 7). (A) Myogenic tone analysis showed that mesenteric arteries of both control groups (SMC Cre+ 
;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx) developed up to 35% myogenic tone at 120 mmHg. In comparison, 
mesenteric arteries of SMC-specific Fto deficient mice developed significantly less myogenic tone between 
80 mmHg and 120 mmHg with a mean of approx. 10% myogenic tone at 120 mmHg. (B) Lumen diameter 
of active curve measurements are plotted in percentage to the initial lumen diameter at 40 mmHg. While in 
mesenteric arteries of both control groups SMC Cre+ ;Ftofl/fl +Po and SMC Cre- ;Ftofl/fl +Tmx lumen 
diameter was decreased at higher pressures, mesenteric arteries of SMC Cre+ ;Ftofl/fl +Tmx mice had a 
significantly increased lumen diameter between 80 mmHg and 120 mmHg. (C) Lumen diameter of passive 
curve measurements is plotted as percentage of initial lumen diameter (40 mmHg) and showed no 
significant differences between all three genotypes. 
Data represent mean ± SEM, for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 

 

5.3.2.2 Agonist-induced vasoactive analysis 

As myogenic tone development was significantly impaired in mesenteric arteries of SMC 

Cre- ;Ftofl/fl +Tmx mice, analysis should investigate if only pressure-induced contraction 

or general contractility was affected by smooth muscle Fto deficiency. Therefore, 

mesenteric arteries of SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ 

;Ftofl/fl +Tmx mice were isolated, equilibrated at 80 mmHg and contraction to 40 mM 

KCl assessed which induced non-agonist dependent depolarization of SMCs and 
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subsequent contraction. To verify that the isolated mesenteric arteries were alive, 

vasodilation in response to NS309 was measured. 

Interestingly, mesenteric arteries of SMC-specific Fto deficient mice showed a tendency 

to decreased KCl-induced contraction, while NS309-dependent vasodilation was not 

affected. Mesenteric arteries of both control groups (SMC Cre+ ;Ftofl/fl +Po, SMC Cre- 

;Ftofl/fl +Tmx) constricted approx. 25% in response to KCl (Fig.25 A). In contrast, 

mesenteric arteries of SMC Cre+ ;Ftofl/fl +Tmx mice constricted to approx. 8% showing 

a trend to reduced contraction in comparison to respective control vessels (p=0.08 and 

p=0.07). Contrary to KCl-induced contraction, NS309 induced approx. 90% vasodilation 

in mesenteric arteries of all mice revealing that all vessels were alive (Fig.25 B). 

Together with the myogenic tone data, these data revealed that SMC-specific Fto-

deficiency generally impaired SMC contraction in response to both intraluminal pressure 

and KCl. 

 

Fig. 25: Analysis of vasoactive properties in mesenteric arteries of SMC Cre+/-;Ftofl/fl mice 
3rd order mesenteric arteries were isolated from 20 week old SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl 
+Tmx and SMC Cre+ ;Ftofl/fl +Tmx mice, equilibrated at 80 mmHg until myogenic tone developed. After 
myogenic tone plateaued, vasoconstriction in response to 40 mM KCl (A) or vasodilation in response to 1 
µM NS309 (B) was assessed (n=4, 3, 3). (A) KCl induced contraction of approx. 25% in mesenteric arteries 
of both control groups (SMC Cre+ ;Ftofl/fl +Po, SMC Cre- ;Ftofl/fl +Tmx and SMC Cre+ ;Ftofl/fl +Tmx) 
which tended to be decreased to 8% in mesenteric arteries of SMC Cre+ ;Ftofl/fl +Tmx mice (p=0.08 and 
0.07) (B) In comparison, the IKCa and SKCa channel activator induced in all three groups mean vasodilation 
around 90% of tone and showed no significant differences. 
Data represent mean ± SEM, for statistical analysis one-way ANOVA with Tukey’s post-hoc test was 
performed; p<0.05 was defined as significant. 
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5.3.3 Measurement of cellular metabolism in human coronary smooth 

muscle cells after siRNA-mediated FTO knockdown  
As SMC-specific Fto deficiency significantly reduced myogenic tone in mesenteric 

arteries, further analysis should identify the cellular mechanism. As mitochondria are 

known to be important in SMC contraction, analysis should reveal if loss of smooth 

muscle Fto may affect mitochondrial function leading to changes in myogenic tone. 

To assess if FTO affects mitochondrial function, human coronary smooth muscle cells 

(HCoSMCs) were used and transfected with either FTO or scrambled siRNA. For 

successful downregulation of FTO transcript expression, qRT-PCR was performed 

comparing relative transcript expression of FTO in FTO and scrambled siRNA 

transfected cells. These data revealed that transcript expression of FTO was significantly 

reduced to approx. 30% in FTO siRNA-transfected HCoSMCs (Fig.26 A). In turn, FTO 

and scrambled siRNA-transfected HCoSMCs were used for seahorse assays to analyze 

mitochondrial respiration. However, these data revealed that downregulation of FTO did 

not affect mitochondrial function (Fig. 26 B). Neither basal respiration, ATP-dependent 

respiration, maximal respiration nor non-mitochondrial respiration were significantly 

altered by FTO knockdown. 

These data suggest that SMC-specific Fto deficiency affected myogenic tone independent 

of mitochondrial respiration, as FTO knockdown did not influence respiration in 

HCoSMCs. 

 

Fig. 26: Analysis of FTO knockdown on mitochondrial function in siRNA-transfected HCoSMCs 
HCoSMCs were transfected with either FTO siRNA or scrambled siRNA. 48 h after transfection, RNA was 
isolated from cells and FTO knockdown efficiency analyzed by comparing FTO transcript expression levels 
to GAPDH transcript expression levels using qRT-PCR and the delta-delta Ct method. In parallel, 48 h after 
transfection, mitochondrial function was assessed in either FTO siRNA or scrambled siRNA transfected 
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cells (n=5, 5). Oxygen consumption rate (OCR) was measured under basal conditions. Also, ATP-
dependent respiration (inhibited by oligomycin), maximal respiration (induced by FCCP) and non-
mitochondrial respiration (Antimycin A + rotenone) inhibit mitochondrial-dependent respiration) were 
analyzed. (A) qRT-PCR analysis revealed that FTO was significantly downregulated in FTO siRNA-
transfected cells compared to respective scrambled siRNA-transfected cells (n=3, 3). (B) Seahorse assay 
revealed that neither basal respiration, ATP-dependent respiration, maximal respiration as well as non-
mitochondrial respiration was significantly different between FTO cells and respective scrambled siRNA-
transfected cells (n=5, 5). 
Data represent mean ± SEM, for statistical analysis either unpaired, two-tailed t-test (A) or 2-way RM 
ANOVA (B) was performed; p<0.05 was defined as significant. 

5.3.4 Analysis of Fto-dependent effects on cytoskeletal proteins in smooth 

muscle cells 
Loss of smooth muscle Fto reduced myogenic tone in mice independent of mitochondrial 

function. To unravel the cellular mechanism inducing this effect, bioinformatic analyses 

of microarray data from thoracic aortae of Fto+/+ and Fto-/- mice were performed to 

identify pathways which are affected by Fto deficiency. Interestingly, upstream regulator 

analyses revealed that transcript expression of the transcription factor Serum response 

factor (Srf) and 14 downstream targets of Srf were changed in expression in thoracic 

aortae of Fto-/- mice (Fig. 27 A). As Srf is known to induce a more contractile phenotype 

in SMCs, we wanted to analyze the cellular localization of different cytoskeletal proteins 

in Fto-deficient SMCs. Therefore, primary SMCs were isolated from thoracic aortae of 

global Fto+/+ and Fto-/- mice, cultivated and the cellular localization of filamentous actin 

(F-actin) and alpha-smooth muscle actin (α-SMA) analyzed using immunofluorescence. 

Interestingly, SMCs isolated from Fto-wildtypic mice showed filamentous structure of 

both F-actin and α-SMA staining (Fig. 27 B). SMCs from Fto-/- mice showed also a 

filamentous, although less intense staining of F-actin. α-SMA staining showed a more 

perinuclear and less filamentous localization. 

Collectively, these data suggest that loss of Fto in SMCs affected the cellular localization 

of α-SMA indicating a putative role of altered Srf expression leading to the observed 

effects on myogenic tone and blood pressure by SMC-specific Fto deficiency. 
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Fig. 27: Analysis of Fto dependent effects on cytoskeletal proteins in primary smooth muscle cells 
(A) Bioinformatical upstream analysis of microarray data from thoracic aortae of global Fto+/+ and Fto-/- 
mice using Ingenuity Pathway Analysis (IPA) revealed that the transcription factor Serum response factor 
(Srf) and 17 of its downstream targets were significantly altered in expression between both genotypes 
(n=4, 4). Srf transcript levels were 1.6-fold downregulated in thoracic aortae of Fto-/- mice. (B) As Srf is 
known to affect cytoskeletal properties of SMCs, primary smooth muscle cells were derived from thoracic 
aortae of global Fto+/+ and Fto-/- mice (n=3 per genotype, pooled), fixed and stained for filamentous actin, 
α-SMA and cell nuclei using DAPI. From top to bottom, filamentous actin staining, α-SMA localization, 
cell nuclei and a merge of all channels are visualized. While SMCs derived from Fto+/+ mice (left panel) 
showed filamentous staining of actin and α-SMA, SMCs derived from Fto-/- mice revealed a less 
filamentous, but more perinuclear localization of α-SMA. Scale bar represents 100 µm.   
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6 Discussion 

The aim of this project was to analyze whether vascular Fto influences myogenic tone of 

resistance arteries, as myogenic tone participates in regulation of vascular resistance and 

blood pressure. A possible role of vascular Fto in regulation of myogenic tone was 

indicated by microarray data from thoracic aortae of global Fto+/+ and Fto-/- mice. As ECs 

and SMCs have divergent roles in regulation of vascular tone, tamoxifen inducible, cell-

type specific Fto deficient mice were generated revealing no effect of vascular Fto 

deficiency on body weight. Subsequent analysis of myogenic tone in EC- and SMC-

specific Fto deficient mice revealed that EC-specific Fto deficiency protected from HFD-

induced changes on myogenic tone. In contrast, SMC-specific Fto deficiency decreased 

myogenic tone in NC-fed mice. As endothelial Fto deficiency protected from HFD-

induced changes in myogenic tone and ECs are known to be important in progression of 

obesity-induced comorbidities, metabolic parameters in HFD-fed mice with and without 

endothelial Fto were analyzed. These data demonstrated that EC-specific Fto deficiency 

significantly amerliorated glucose homeostasis in HFD-fed mice by improving glucose 

and insulin tolerance while dyslipidemia was not affected.  

Collectively, these data reveal that vascular Fto has cell-type specific functions in 

regulation of myogenic tone. As myogenic tone influences vascular resistance, 

endothelial and smooth muscle Fto may be important in regulation of blood pressure. 

Furthermore, endothelial Fto deficiency significantly improved glucose homeostasis in 

HFD-fed mice suggesting that endothelial Fto may be important in the development of 

obesity-induced metabolic comorbidities. 

6.1 Vascular Fto in regulation of body weight 

As global Fto-/- mice have reduced body weight, body length and epigonadal fat weight, 

these parameters were measured in EC- and SMC-specific Fto deficient mice [187]. 

Although SMCs are not known to influence body weight, ECs have been shown to affect 

body weight and to increase adipose tissue in murine models of obesity by regulating 

neovascularization [253]. However, in contrast to global Fto deficiency, vascular cell-

type specific Fto deficiency did not affect any of the analyzed parameters (Fig. 13 and 

Fig. 23). Thus, it can be concluded that Fto exerts its effects on body weight 

independently from its expression in ECs and SMCs.  
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Previous studies showed that neuron-specific Fto deficiency reduces body weight in mice 

suggesting that Fto exerts its effect on obesity at least partially by neuronal regulation 

[223]. However, neuron-specific Fto deficiency did contribute to reduced body weight by 

reducing rather lean mass than epigonadal fat mass [252]. This phenotype is in contrast 

to mice with global Fto deficiency which were characterized by a significantly reduced 

fat mass accumulation [187]. These data suggest that Fto is affecting body weight not 

only by its expression in neurons, but by a cooperative effect of different cell types. 

However it remains unknown, which other cell types contribute to a reduced body mass 

in global Fto-/- mice, but it seems to be independent of its expression in ECs and SMCs. 

6.2 Vascular Fto in regulation of myogenic tone 

As human GWAS reveal a correlation of genetic variations of FTO with hypertension and 

aortic rings of Fto-/- mice show impaired ACh-induced vasodilation, we hypothesized that 

vascular Fto affects myogenic tone in resistance arteries to influence blood pressure 

(Stefanie Seehaus, unpublished data) [12, 230]. Therefore, myogenic tone was measured 

in mesenteric arteries of EC- and SMC- specific Fto deficient mice. Furthermore, as ECs 

are known to be important in obesity-induced hypertension, myogenic tone was also 

investigated in EC-specific Fto deficient HFD-fed mice. 

6.2.1 Endothelial Fto in regulation of myogenic tone 
Interestingly, we could reveal that EC-specific Fto deficiency did not influence myogenic 

tone in mesenteric arteries of NC-fed mice, but protected from HFD-induced decrease of 

myogenic tone (Fig. 14 A). The HFD-induced decrease of myogenic tone was caused by 

reduced pressure-induced constriction, as vessel stiffness was not influenced (Fig. 14 B, 

C). As depolarization-induced contraction was not impaired, HFD specifically impaired 

myogenic tone by decreased pressure-induced contractility, which was absent if 

endothelial Fto was not expressed (Fig. 14 B, C and Fig. 15 C).  

Although no other study has investigated the role of Fto in regulation of myogenic tone, 

different studies analyzed the influence of obesity on myogenic tone in resistance arteries 

with divergent results. Sweazea et al. reported decreased myogenic tone caused by 

impaired SMC contraction in mesenteric arteries isolated from rats after six weeks of 

HFD [180]. Similarly, Ogalla et al. reported decreased myogenic tone in mesenteric 

arteries after 20 weeks of HFD [254]. In contrast, Sauve et al reported unaltered myogenic 

tone in mesenteric arteries of HFD-fed mice [255]. Other studies measured myogenic 
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tone in resistance vessels of diabetic rats which mainly showed increased myogenic tone, 

although this was induced by different mechanisms. While some studies suggested that 

obesity-induced increase in myogenic tone was caused by augmented pressure-induced 

contraction, others proposed that obesity-induced alterations in vessel stiffness affected 

myogenic tone. For example, Frisbee et al. showed in obese zucker rats, a genetic mouse 

model of type II diabetes, increased myogenic tone by augmented pressure-induced 

contraction [256]. Also, Osmond et al. reported increased myogenic tone in resistance 

arteries of obese zucker rats, but caused by increased vascular stiffness [257].  

As obesity itself is a heterogenous disease, it is possible that metabolic differences in vivo 

such as free fatty acid levels or adiponectin levels differently affect resistance arteries 

leading to the heterogenous results of myogenic tone [139, 143]. Furthermore, glucose 

levels are known to influence vascular tone which were not analyzed in every study [181]. 

Independent of metabolic variations, genetic differences between the models of obesity 

may have affected the results. These data emphasize the complexity of obesity-induced 

effects on vascular tone. Further studies specifically focusing on the influence of different 

metabolic parameters on vascular tone would help to better understand obesity-induced 

effects on myogenic tone and endothelial dysfunction. 

6.2.2 Smooth muscle Fto in regulation of myogenic tone  
Similar to EC-specific Fto deficiency, SMC-specific Fto deficiency also decreased 

myogenic tone development by impairing pressure-induced and depolarization-induced 

contraction in mesenteric arteries (Fig. 24 A, B and Fig. 25 A).  

That SMC-specific gene inactivation can influence SMC-contractility and myogenic tone 

has been shown before. Similar to SMC-specific Fto deficiency, also SMC-specific 

deletion of the mineralocorticoide receptor or the Serum response factor (Srf) were 

shown to significantly impair SMC contractility and the development of myogenic tone 

in resistance arteries [258]. These effects were primarily caused by impairment of cellular 

pathways such as MLCK or cytoskeletal proteins, which are important in both pressure- 

and depolarization-induced contraction [22]. These data reveal the importance of proper 

cellular signaling within SMCs to allow myogenic tone development. 
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6.3 Endothelial Fto in regulation of obesity-induced metabolic 

comorbidities 

Endothelial dysfunction is known to occur early in the development of obesity-induced 

metabolic comorbidities [126]. However, its role in the progress of hyperglycemia, 

insulin resistance and dyslipidemia is not well understood. As global Fto deficiency has 

been shown to improve glucose homeostasis, analyses were performed to investigate 

whether EC-specific Fto deficiency may alter glucose homeostasis or dyslipidemia in 

HFD-fed mice. Interestingly, EC-specific Fto deficiency significantly improved both 

glucose and insulin tolerance in HFD-fed mice, while serum lipid levels were unaltered 

(Fig. 17 and 18). Also, fasting glucose levels were significantly reduced in HFD-fed EC-

specific Fto deficient mice (Fig. 18). These data suggest that the loss of endothelial Fto 

specifically improved glucose homeostasis without influencing serum lipids and revealed 

that altered cellular signaling in ECs can significantly improve the outcome of obesity-

induced metabolic changes.  

The importance of ECs in glucose homeostasis has been shown previously. Kanda et al. 

could show that the endothelial-specific loss of the transcription factor Ppar-γ 

significantly improved glucose and insulin tolerance in HFD-fed mice [259]. Kubota et 

al. revealed that impaired insulin-signaling within ECs decreased glucose uptake in the 

skeletal muscle. In detail, a decreased expression of the insulin receptor substrate 2 (Irs2) 

and decreased insulin-dependent activation of eNOS in ECs reduced insulin-mediated 

glucose uptake in the skeletal muscle by affecting capillary recruitment [133]. 

Interestingly, although we have not investigated eNOS phosphorylation or Irs2 

expression in ECs of EC-specific Fto deficient mice, microarray analysis of thoracic 

aortae point to a role of vascular Fto in insulin signaling (Tab. 19). Though this hypothesis 

has to be verified, it would explain how endothelial Fto may exert its effect on glucose 

and insulin tolerance.  

Interestingly, in contrast to EC-specific loss of Fto, global Fto deficiency in Lep ob/ob mice 

improved glucose tolerance without affecting insulin resistance [229]. As leptin and 

insulin share some intracellular signaling cascades, leptin-resistance in Lep ob/ob mice may 

affect these signaling cascades. In detail, leptin-dependent activation of the leptin-

receptor has been shown to decrease insulin-mediated phosphorylation of Irs2 [260]. 

Furthermore, leptin and insulin can both induce phosphorylation of eNOS which is known 

to be important in EC-dependent development of insulin resistance in skeletal muscle in 
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conjunction with Irs2 [133, 261]. Therefore, a putative crosstalk between leptin and 

insulin signaling may explain the difference in insulin resistance between both mouse 

models. Further analysis in HFD-fed global Fto deficient mice as well as analysis of Irs2 

expression levels and eNOS phosphorylation in ECs of all mouse models would allow 

conclusions about the role of Fto in glucose homeostasis. In addition, comparing glucose 

and insulin tolerance between HFD-fed global and EC-specific Fto deficient mice would 

allow to specifically analyze the role of endothelial Fto in this process.  

In conclusion, these data verify that ECs are important in regulation of glucose 

homeostasis and revealed that endothelial Fto is important in regulation of glucose 

metabolism. Furthermore, these data demonstrate that Fto can exert effects on obesity-

induced comorbidities independently from its role in body weight regulation. 

 

6.4 Vascular Fto in regulation of blood pressure 

6.4.1 Endothelial Fto in regulation of blood pressure 
EC-specific Fto deficiency protected from HFD-induced changes on myogenic tone and 

as alterations on myogenic tone are known to influence blood pressure, we hypothesized 

that EC-specific Fto deficiency influenced blood pressure in HFD-fed mice. Therefore, 

blood pressure was measured in HFD-fed mice with and without endothelial Fto in 

collaboration with B. Isakson (University of Virginia, USA). These data revealed that 

HFD-fed EC specific Fto deficient mice had a significantly reduced MAP and heart rate 

(Suppl. Fig. 4). 

Usually, increased myogenic tone and thus augmented vascular resistance induce a 

subsequent increase of blood pressure. However, HFD-fed EC specific Fto deficient mice 

had significantly increased myogenic tone compared to HFD-fed control mice while 

blood pressure was significantly reduced (Fig. 14 and Suppl. Fig. 4). A putative 

explanation would be that myogenic tone was measured ex vivo. Thus, it is possible that 

in vivo vascular tone was influenced by external factors leading to a higher vascular tone 

in mesenteric arteries of HFD-fed control mice compared to EC-specific Fto deficient 

mice.  

As obesity is known to influence levels of adipokines, blood glucose and insulin, it is 

possible that loss of endothelial Fto deficiency either 1) altered the vasoactive response 

to the respective factor or 2) the respective factor was influenced in its expression level 
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[126, 162, 262]. Indeed, HFD-fed EC-specific Fto deficient mice had improved glucose 

and insulin tolerance (Fig. 18) implying that mesenteric arteries of HFD-fed EC-specific 

Fto deficient mice may be still insulin sensitive. Thus, it is possible that mesenteric 

arteries of HFD-fed EC-specific Fto deficient mice still show insulin-dependent 

vasodilation, while the response is impaired in mesenteric arteries of HFD-fed control 

mice. This would increase vascular tone in mesenteric arteries of HFD-control mice in 

vivo. Furthermore, altered blood glucose levels are known to influence vascular tone. As 

HFD-fed EC-specific Fto deficient mice had significantly reduced fasting blood glucose 

levels, this could also influence vascular tone in vivo (Fig. 18 D).  

Independent of its metabolic effects, obesity is known to increase sympathetic nerve 

activity [153]. Therefore, a putative explanation could be that HFD induced a decrease of 

pressure-induced myogenic tone as a control mechanism to compensate for increased 

sympathetic tone. Similarly, myogenic tone was decreased in mesenteric arteries of 

hypertensive rats after a high sodium diet, although high sodium diet is known to increase 

blood pressure [263]. Furthermore, it is possible that EC-specific Fto deficiency affected 

the vasoactive response to NE. Interestingly, global Fto deficient mice were shown to 

have altered serum NE and E levels pointing to either 1) altered sympathetic nerve activity 

or 2) vasoactive response to these factors [187]. Therefore, it is possible that EC-specific 

Fto deficiency impaired the vasoactive response to NE and myogenic tone was not 

decreased as a control mechanism to obesity-induced increases of sympathetic nerve 

activity. Thus, it would be interesting to perform vasoactive analyses in mesenteric 

arteries in response to NE, E, insulin or glucose in mesenteric arteries of HFD-fed mice 

with and without Fto. Furthermore, measurement of serum NE and E levels in HFD-fed 

EC-specific Fto deficient mice could help to understand the cellular mechanism of this 

paradox phenomenon. 

In conclusion, independent of the unknown mechanism being responsible for the invers 

correlation of myogenic tone and blood pressure, EC-specific Fto deficiency has been 

shown to significantly reduce blood pressure in HFD-fed mice. Further blood pressure 

measurement in respective NC-fed mice would allow to conclude if endothelial Fto only 

affected blood pressure in HFD-fed mice or if EC-specific Fto deficiency also influences 

blood pressure in NC-fed mice. Furthermore, these data would allow to specifically 

analyze if HFD-fed mice are hypertensive in comparison to respective NC-fed mice and 

if EC-specific Fto deficiency protects from HFD-induced changes of blood pressure. 
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In addition to changes in blood pressure, HFD-fed EC specific Fto deficient mice had a 

significantly reduced heart rate (Suppl. Fig. 4 D). Interestingly, EC-derived factors have 

been shown before to not only influence vascular tone, but also the heart rate. Endothelial 

dysfunction and subsequent altered release of EC-derived factors have been shown to 

affect baroreceptor sensitivity which influences their function in regulation of the heart 

rate [264]. Therefore, it is possible that EC-specific Fto deficiency affected EC-derived 

factors and subsequently led to a decreased heart rate. However, further analysis of serum 

levels of different EC-factors, especially prostaglandins, in HFD-fed mice with and 

without Fto would help to unravel the cellular mechanism of this effect. 

Interestingly, a similar effect of a gene inactivation in ECs has been reported for Ppar-γ, 

as EC- specific Ppar-γ deficiency has been shown to increase blood pressure and heart 

rate in mice [265]. Thus, a putative explanation would be that loss of endothelial Fto not 

only affected myogenic tone, but also heart rate by an altered release of EC-derived 

factors in HFD-fed mice. However, further analysis would be necessary to identify these 

factors. 

6.4.2 Smooth muscle Fto in regulation of blood pressure 
As SMC-specific Fto deficient mice had a decreased myogenic tone in mesenteric arteries 

(Fig. 24 A), we hypothesized that vascular resistance was decreased and caused a 

reduction of blood pressure. Therefore, blood pressure was measured in collaboration 

with B. Isakson (University of Virginia) and revealed that SMC-specific Fto deficient 

mice had a significantly reduced MAP, systolic and diastolic blood pressure while the 

heart rate was unaltered (Suppl. Fig. 5). These data support our hypothesis that SMC-

specific Fto deficiency decreased vascular resistance which in turn reduced blood 

pressure. A positive correlation of reduced myogenic tone and blood pressure is supported 

by Pouseuille’s law stating that small changes in the lumen diameter of resistance arteries 

can influence blood pressure. 

Collectively, these data show that vascular Fto influenced myogenic tone cell-type 

specifically and also respective blood pressure in vivo. Furthermore, while EC-specific 

Fto deficiency has been shown to reduce blood pressure in HFD-fed mice, SMC-specific 

Fto deficiency decreased blood pressure in NC-fed mice. Thus, these data demonstrate a 

functional role of vascular Fto in regulation of blood pressure, which is most likely 

induced by changes in pressure-induced myogenic tone. Until now, different GWAS 

could only identify a correlation of genetic variations within the FTO locus with blood 
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pressure, but no causative effect. Furthermore, GWAS were inconsistent regarding the 

effect of BMI on the correlation of genetic variations of FTO with hypertension. While a 

meta-analysis reported that genetic variations within FTO were associated with obesity-

dependent hypertension in humans [237], other GWAS showed a correlation with 

hypertension independent of the BMI [230, 231]. Thus, the blood pressure data of EC- 

and SMC-specific Fto deficient mice support the hypothesis that Fto influences blood 

pressure in both obese and non-obese subjects. 

6.5 Cellular effects of Fto in the vascular system 

Fto is a m6A-specific RNA demethylase, which is assumed to be important for mediating 

the cellular effects of Fto  [192]. Interestingly, microarray analysis of thoracic aortae of 

global Fto+/+ and Fto-/- mice revealed that 1997 transcripts were altered in expression 

which is possibly caused by increased m6A-levels by Fto deficiency. However, 

verification of transcript expression levels via qRT-PCR as well as MeRIP-sequencing 

would be necessary to verify that vascular Fto mediate its effects on cellular processes by 

influencing m6A-levels. Interestingly, although microarray data were not verified by       

q-RT PCR, bioinformatical analysis pointed to a role of Fto in vascular smooth muscle 

cell contraction and insulin signaling (Tab. 19). Both processes could be revealed to be 

affected by Fto deficiency in later experiments, as we could show that vascular Fto was 

important in pressure-induced contraction (Fig. 14 and 24) and glucose homeostasis (Fig. 

19). Therefore, further analysis of other bioinformatically identified pathway may reveal 

additional functions of vascular Fto. 

6.5.1 Endothelial Fto in HFD-induced endothelial dysfunction and vascular 

tone 
Different cellular pathways in resistance vessels are known to be affected in HFD-fed 

mice leading to subsequent effects on vascular tone. The most prominent vascular damage 

caused by HFD is endothelial dysfunction which is characterized by an imbalance of 

endothelial vasodilators and vasoconstrictors [126]. One hallmark of endothelial 

dysfunction is reduced NO-bioavailability which leads to significantly decreased ACh-

induced vasodilation in resistance arteries in obese mouse models [126]. Interestingly, 

EC-specific Fto deficiency did not improve NO-bioavailability, as ACh-induced 

vasodilation was similar between mesenteric arteries of all HFD-fed mice (Fig. 16). In 

line, also a seahorse assay could not reveal differences in mitochondrial respiration 



  Discussion 

98 
 

suggesting that Fto did not affect ROS production and subsequently NO bioavailability 

(Fig. 19). In addition to reduced NO-bioavailability, also altered EDH-mediated 

vasodilation has been described in mesenteric arteries of HFD-fed mice. Climent et al. 

reported an increased expression of IKCa and SKCa channels in obese zucker rats and 

hypothesized that this was induced to compensate for reduced NO bioavailability in early 

obesity [266]. Concurrent with this finding, they could show that in obese zucker rats 

EDH gained importance in ACh-mediated vasodilation and that NS309-induced 

vasodilation was significantly increased compared to vessels of lean rats [266]. In 

contrast, Haddock et al. revealed that endothelial IKCa and Kir channel expression was 

decreased in mesenteric arteries of HFD-fed mice implying a reduced EDH-mediated 

vasodilation and supporting the heterogenous nature of endothelial dysfunction [267]. 

Despite differentially reported effects of obesity on EDH, we investigated IKCa, SKCa and 

Kir channel function by measuring the vasoactive response to NS309 and Ba2+. However, 

neither Fto deficiency nor HFD did influence NS309-dependent vasodilation or Ba2+-

induced constriction in mesenteric arteries (Fig. 15 A and B). Although the contribution 

of EDH to ACh-induced vasodilation was not assessed, these data suggest that EDH-

mediated signaling was not affected between mesenteric arteries of NC-fed and HFD-fed 

mice. In conclusion, loss of endothelial Fto did not mediate its effect on myogenic tone 

by affecting NO- or EDH-mediated vasodilation.  

Similar to NO and EDH, prostaglandins are also known to be altered in endothelial 

dysfunction [176]. Interestingly, microarray analysis revealed that the transcript of one 

prostaglandin synthase, Pgds, was upregulated in thoracic aortae of global Fto-/- mice 

(Fig. 20 A). Although the influence of Pgd2 on pressure-induced myogenic tone was not 

analyzed before, previous studies investigated the influence of Pgd2 injection on blood 

pressure. In anaesthetized cats, infusion of Pgd2 decreased blood pressure and heart rate, 

while increasing carotid blood flow [268]. Similarly, Town et al. were able to show that 

intravenous injection of BW 245 C, a selective agonist of the DP1 receptor, significantly 

lowered systolic and diastolic blood pressure in spontaneously hypertensive rats [269]. 

These data suggest that Pgd2 may influence pressure-induced myogenic tone in resistance 

arteries by activating DP1 receptors on SMCs leading to a subsequent decrease in blood 

pressure.  

To analyze if altered Pgd2 levels may be responsible for increased myogenic tone in 

mesenteric arteries of HFD-fed EC-specific Fto deficient mice, myogenic tone was 

measured after addition of Pgd2 or an inhibitor of its respective synthase (Fig. 20 B and 
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C). Strikingly, exogenously added Pgd2 could increase myogenic tone of mesenteric 

arteries from HFD-fed control mice to comparable levels of mesenteric arteries from 

HFD-fed EC-specific Fto deficient mice (Fig. 20 B). Vice versa, inhibition of Pgds in 

mesenteric arteries of HFD-fed EC-specific Fto deficient mice could decrease myogenic 

tone, although this effect was less pronounced (Fig. 20 C). Interestingly, these data reveal 

that altered levels of Pgd2 affect pressure-induced myogenic tone in mesenteric arteries 

of HFD-fed mice. Although the Pgd2-induced increase in myogenic tone in mesenteric 

arteries of HFD-fed control mice exactly correlated with myogenic tone in mesenteric 

arteries of respective EC-specific Fto deficient mice, it did not prove a causative effect. 

Comparative analysis of Pgd2 levels in lysates of mesenteric arteries of NC-fed and HFD-

fed mice with and without Fto would allow to conclude whether Fto affected Pgd2 

expression levels and if HFD may influence Pgd2 levels. As Pgds expression has been 

shown to be decreased in thoracic aortae of spontaneously hypertensive rats, it is possible 

that Fto deficiency increases Pgds expression which could rescue HFD-induced 

decreased Pgd2 levels and subsequent decreases in myogenic tone [270]. Furthermore, 

Pgd2 injection into NC-fed and HFD-fed mice with and without Fto and respective 

analysis of blood pressure would allow to unravel the influence of Fto on Pgd2-induced 

effects on myogenic tone and blood pressure in vivo. 

Interestingly, independent from its function in blood pressure, Pgds is also known to be 

important in glucose homeostasis, as Pgds-deficient mice have significantly impaired 

glucose and insulin tolerance [271]. As Pgd2 is known to be spontaneously converted to 

the Pgj2 series of prostaglandins which are activators of Ppar-γ in ECs, it is possible that 

Fto influences glucose homeostasis by affecting Ppar-γ activity [259, 272]. Therefore, it 

would be interesting to analyze if EC-specific Fto deficiency influences glucose 

homeostasis by affecting Pgd2 levels and subsequently Ppar-γ activation. That Fto can 

influence Ppar-γ expression was shown in Lepob/ob mice, as global Fto deficiency rescued 

obesity-induced transcriptional decrease of Ppar-γ in adipose tissue [229]. However, 

further analysis of expression levels of Ppar-γ, Pgd2 and Pgj2 in mesenteric arteries of 

NC-fed and HFD-fed mice with and without endothelial Fto would be necessary to 

analyze this hypothesis.  

6.5.2 Smooth muscle Fto in regulation of vascular tone 
As pressure-induced and depolarization-induced contraction were significantly impaired 

in mesenteric arteries of SMC-specific Fto deficient mice (Fig. 24 B and 25 A), we 



  Discussion 

100 
 

analyzed different factors which are known to influence general SMC contraction. 

Mitochondrial function has been shown to influence both pressure- and depolarization- 

induced contraction of resistance arteries, so we investigated if smooth muscle Fto 

influences mitochondrial respiration [273]. However, an effect of FTO on mitochondria 

function could not be revealed (Fig. 26). To identify other factors which could influence 

SMC contraction, we performed bioinformatical analysis of microarray data from 

thoracic aortae of Fto+/+ and Fto-/- mice and could identify that the transcription factor Srf 

and 14 of its regulated transcripts were altered in expression (Fig. 27 A). As smooth 

muscle-specific Srf deficiency is known to reduce pressure-induced myogenic tone and 

KCl-induced constriction by affecting cytoskeletal properties, it is possible that SMC-

specific effects of Fto on myogenic tone are mediated by Srf [22, 252]. Because Srf is a 

regulator of different cytoskeletal proteins, we investigated Fto-dependent effects on 

cytoskeletal properties in murine SMCs and could show that Fto-deficiency induced a 

more perinuclear and less filamentous localization of α-SMA. As Srf is known to regulate 

α-SMA expression and stress fibers containing α-SMA are known to generate a greater 

contractile force, it is possible that Fto regulates Srf expression which affects α-SMA 

localization and in turn myogenic tone [274, 275]. Although Srf transcript expression was 

only 1.6-fold downregulated in microarray analysis, Srf transcript expression was also 

decreased to only 50% in vessels of SMC-specific Srf deficient mice suggesting that 

already slight changes in Srf expression level can affect myogenic tone (Fig. 27 A) [252]. 

However, to verify that smooth muscle Fto regulated Srf transcript expression, it would 

be necessary to analyze Srf transcript expression in isolated SMCs with and without Fto. 

Furthermore, as Fto is known to be a RNA demethylase, it would be interesting to analyze 

if Srf is m6A-methylated in SMCs and if this is affected by Fto-deficiency. That Srf can 

be m6A-methylated has been shown for human U2OS and HepG2 cells, but a putative 

role of Fto in Srf-dependent demethylation was not yet investigated [199, 216]. 

Furthermore, m6A methylation has been shown to have tissue-specific differences. 

Therefore, it would be important to analyze m6A-methylation of Srf in SMCs with and 

without Fto. Interestingly, Fto was shown to regulate another transcription factor by m6A 

methylation. In adipose tissue, Fto deficiency increased m6A methylation of the 

transcription factor Runx1 which was shown to influence adipogenesis [276]. Similarly, 

Srf is known to regulate a contractile phenotype of SMCs so it is possible that Fto 

influences myogenic tone and contractility by influencing Srf m6A methylation [20]. 

However, further analysis would be necessary to verify this hypothesis. 
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6.6 Conclusion 

The data reveal that vascular Fto has cell type-specific functions in regulation of 

myogenic tone in resistance arteries. Its biological importance was underlined by 

respective blood pressure measurements which verified a significant effect of EC- or 

SMC-specific Fto deficiency on blood pressure. Furthermore, loss of endothelial Fto 

significantly improved glucose homeostasis in HFD-fed mice.  

While EC-specific Fto deficiency did not affect myogenic tone in mesenteric arteries of 

NC-fed mice, it protected vessels from HFD-induced changes on myogenic tone. Further 

analysis in HFD-fed mice showed that EC-specific Fto deficiency significantly decreased 

blood pressure and improved glucose tolerance as well as insulin sensitivity. Thus, the 

data suggest that loss of endothelial Fto might be of importance in the development of 

obesity-induced comorbidities such as hypertension, insulin resistance and 

hyperglycemia. Although the underlying cellular mechanisms remain unknown, EC-

specific Fto deficiency induced its effect on myogenic tone independent of NO- or EDH-

mediated vasodilation. Presumably, increased Pgd2 levels might be important in the 

protective effect of EC-specific Fto deficiency as higher Pgd2 levels significantly 

increased myogenic tone in mesenteric arteries of HFD-fed control mice to levels of 

vessels of HFD-fed EC-specific Fto deficient mice. However, to verify this hypothesis, 

further studies are necessary to confirm that Fto regulates Pgds expression e.g. by 

analyzing transcript expression of Pgds in ECs of mesenteric arteries of NC-fed and HFD-

fed mice with and without endothelial Fto.  

In contrast, SMC-specific Fto deficiency was shown to significantly decrease pressure-

induced myogenic tone and depolarization-induced constriction in mesenteric arteries of 

NC-fed mice. SMC-specific Fto deficient mice had a significantly decreased blood 

pressure supporting the biological importance. Similar to EC-specific Fto deficiency, the 

cellular mechanism of SMC-specific Fto deficiency on myogenic tone and blood pressure 

have to be further analyzed. However, preliminary data point to altered cytoskeletal 

properties in SMCs without Fto, which might be caused by altered Srf expression. Further 

analysis of Srf transcript expression and its m6A-methylation in SMCs with and without 

Fto would be important to verify that Fto regulates Srf transcript expression. Additionally, 

further immunofluorescence analysis of different cytoskeletal proteins as well as their 

expression levels in SMCs with and without Fto could identify the cellular mechanism 

explaning how smooth muscle Fto influences myogenic tone. 
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In conclusion, the data reveal for the first time that vascular Fto is important in regulation 

of myogenic tone and blood pressure. Furthermore, these data demonstrate that vascular 

Fto regulated blood pressure in both, NC-fed and HFD-fed mice, although the cellular 

mechanisms are different. Additionally, we could show that EC-specific Fto deficiency 

significantly improved glucose and insulin tolerance in HFD-fed mice. Although further 

studies would be necessary, these data suggest that Fto may be a promising 

pharmaceutical target to treat obesity- induced comorbidities such as hypertension, 

insulin resistance and hyperglycemia. 
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8 Supplements 

 

 

Suppl. Fig. 1: Immunofluorescence analysis of endothelial Fto expression in mesenteric arteries of 
EC Cre+ ;Ftofl/fl +Po and EC Cre+ ;Ftofl/fl +Tmx mice 
3rd order mesenteric arteries were isolated from 20 week old EC Cre+; Ftofl/fl +PO and EC Cre+; Ftofl/fl 

+Tmx mice, paraffin-embedded, sectioned and fluorescently stained for Fto (red) and cell nuclei (blue). 
Negative control was performed on vessels with secondary antibody only and DAPI. Lumen of the vessel 
was indicated with an asterisk 
Immunofluorescence analysis of mesenteric arteries of EC Cre+; Ftofl/fl +Tmx mice showed reduced Fto 
staining in ECs compared to respective ECs of mesenteric arteries of EC Cre+; Ftofl/fl +Po mice while no 
Fto staining was visible in the negative control. 
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Suppl. Fig. 2: Measurement of blood glucose levels of unfasted and 5 h fasted HFD-fed EC Cre+; 
Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx mice 
Blood glucose levels were analyzed in 20- 23 week old HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl 

+Tmx mice (A) Measurement of unfasted blood glucose levels revealed no significant differences between 
both genotypes (n=6, 6). (B) Similarly, blood glucose levels were unaltered between mice of both genotypes 
if the mice were fasted for 5 h (n=3 for HFD-fed EC Cre+; Ftofl/fl +Po, n=6 for HFD-fed EC Cre+; Ftofl/fl 

+Tmx). 
Data represent mean ± SEM, for statistical analysis unpaired, two-tailed t-test was performed; p<0.05 was 
defined as significant. 
 

 
Suppl. Fig. 3: Analysis of active and passive pressure curves in mesenteric arteries in dependence of 
altered Pgd2 levels 
Pressure curves were performed on 3rd order mesenteric arteries of 20 week old HFD-fed EC Cre+; Ftofl/fl 

+Po and EC Cre+; Ftofl/fl +Tmx mice in presence of Ca2+ (A and B) and without Ca2+ (C and D). Lumen 
diameter at each pressure is shown as percentage of initial lumen diameter at 20mmHg. In A and C 
mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po were analyzed in either the presence of 10 µM Pgd2 
(dissolved in DMSO) or DMSO alone and compared to mesenteric arteries of EC Cre+; Ftofl/fl +Tmx mice 
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(n=3, 3, 3). In contrast, Pgds was inhibited by adding 100 µM AT56 to mesenteric arteries of EC Cre+; 
Ftofl/fl +Tmx mice and pressure curves compared to mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po 
and EC Cre+; Ftofl/fl +Tmx mice (n=3, 6, 3) (B and D). (A) Active curve measurement revealed significantly 
reduced lumen diameter between 60 mmHg and 100 mmHg in mesenteric arteries of HFD-fed EC Cre+; 
Ftofl/fl +Po mice with 10 µM Pgd2 levels compared to respective vessels treated with DMSO alone. (B) 100 
µM AT 56 induced a significantly reduced lumen diameter at 40 mmHg and a trend at 60 mmHg (p=0.09) 
compared to respective mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx 
mice without inhibitor in the active curve. (C) Passive pressure curves showed no significant effect of either 
DMSO alone or 10 µM Pgd2 dissolved in DMSO. (D) Analysis of passive curves in mesenteric arteries 
revealed that addition of AT56 to mesenteric arteries of HFD-fed EC Cre+; Ftofl/fl +Tmx mice showed a 
trend to reduced lumen diameter compared to respective vessels without AT56 addition at 40 mmHg 
(p=0.06). 
Data represent mean ± SEM, for statistical analysis either ordinary 2-way ANOVA (A and C) or 1-way 
ANOVA (B and D) were performed; p<0.05 was defined as significant. 
 

 

Suppl. Fig. 4: Blood pressure analysis in HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx 
mice 
Blood pressure was measured in 20 week old HFD-fed EC Cre+; Ftofl/fl +Po and EC Cre+; Ftofl/fl +Tmx 
mice for 7 following days using radiotelemetry. Systolic and diastolic blood pressure as well as heart rate 
were assessed and mean arterial pressure calculated (n=7, 9). (A) Day time mean arterial pressure was 
significantly reduced in HFD-fed EC Cre+; Ftofl/fl +Tmx mice compared to HFD-fed EC Cre+; Ftofl/fl +Po 
mice. (B) Day time systolic blood pressure showed a trend to reduced blood pressure in HFD-fed EC Cre+; 
Ftofl/fl +Tmx mice compared to HFD-fed EC Cre+; Ftofl/fl +Po mice (p=0.059). (C) Diastolic blood pressure 
showed no significant differences between both genotypes. (D) Heart rate was significantly reduced by 
endothelial Fto-deficiency compared to Po-injected litters in HFD-fed mice.  
Data represent mean ± SEM, for statistical analysis unpaired, two-tailed t-test was performed; p<0.05 was 
defined as significant. 
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Suppl. Fig. 5: Blood pressure analysis in SMC Cre+; Ftofl/fl +Po and SMC Cre+; Ftofl/fl +Tmx mice 
Blood pressure was measured in 20 week old SMC Cre+; Ftofl/fl +Po and SMC Cre+; Ftofl/fl +Tmx mice for 
7 following days using radiotelemetry (n=3, 3). Systolic and diastolic blood pressure as well as heart rate 
were assessed and mean arterial pressure calculated. (A) 24 h mean arterial pressure (MAP) was 
significantly reduced in SMC-specific Fto-deficient mice compared to SMC Cre+; Ftofl/fl +Po mice. (B) 24 
h systolic blood pressure was also significantly reduced in SMC Cre+; Ftofl/fl +Tmx mice compared to 
respective Po-injected litters. (C) Similar to systolic blood pressure, 24 h diastolic blood pressure was also 
significantly reduced in SMC Cre+; Ftofl/fl +Tmx mice compared to SMC Cre+; Ftofl/fl +Po mice. (D) 24 h 
analysis of heart rate revealed no significant differences between both groups. 
Data represent mean ± SEM for statistical analysis unpaired, two-tailed t-test was performed; p<0.05 was 
defined as significant. 
 


