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ABBREVIATIONS 

AC   Adenylyl cyclase 
AS160   Akt substrate 160 
BAT   Brown adipose tissue  
cAMP   Cyclic adenosine monophosphate 
CREB   cAMP response element-binding protein 
DAG   Diacylglycerol 
Epac   Exchange protein directly activated by cAMP 
GI   Gastrointestinal 
GLUT   Glucose transporter 
GPCR   G-protein coupled receptor 
GRKs   G-protein coupled receptor kinase 
GSK3   Glycogen synthase kinase 3 
GTT   Glucose tolerant test 
HDAC   Histone deacetylases 
hMADS  Human multipotent adipose-derived stem 
HSL   Hormone-sensitive lipase 
IRS1   Insulin receptor substrate 1 
MAPK   Mitogen-activated protein kinase 
mTOR   Mechanistic target of rapamycin 
PA2   Phospholipase A2 
PI3K   Phosphatidylinositol-4,5-bisphosphate 3-kinase 
PIKK   Phosphatidylinositol 3-kinase-related kinases 
PIP3   Phosphatidylinositol 3-phosphate 
PKA   Protein kinase A 
PKC   Protein kinase C 
PLA2   Phospholipase A2 
PLC   Phospholipase family C 
PLD   Phospholipase family D 
Raptor   Regulatory-associated protein of mTOR 
Rictor   Rapamycin-insensitive companion of mTOR 
S6K1   Ribosomal protein S6 kinase beta-1 
SNS   Sympathetic nervous system 
UCP1   Uncoupling protein 1 
WAT   White adipose tissue 
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1. INTRODUCTION 

Adrenergic signalling is part of the sympathetic nervous system (SNS) and 
the main function is to activate a systemic fight-or-flight-response and 
regulate distinct organs in order to maintain everyday homeostasis. This 
includes increasing heart rate, mobilizing energy, inhibiting digestion and 
diverting blood flow to important organs. Adrenergic signalling is activated 
upon stimulation of the catecholamines epinephrine and norepinephrine that 
activates α- and β-adrenergic receptors on the cell surface of organs. 
Epinephrine and norepinephrine act as neurotransmitters in the central 
nervous system and as hormones in the blood circulation and are involved in 
several different crucial physiological processes. These hormones will for 
instance cause catabolic breakdown to mobilize energy for other organs, like 
the processes in white adipose tissue (WAT), or for use by the organ itself, as 
occurring in skeletal muscle. 
 
The opposing metabolic regulator is the anabolic action of insulin. These two 
opposite hormone systems are known to antagonize each other, since 
catabolic response from catecholamines is seen as “destructive metabolism”, 
and anabolic action as “constructive metabolism”. 
Since two of the major nodes in anabolic signalling are activation of Akt and 
mechanistic target of rapamycin (mTOR), which both play key roles in 
multiple cellular processes, it has for a long time been thought that adrenergic 
signalling would antagonize these and inhibit them. However, publications 
during the last decades, from our lab and others, have shown that one or both 
of them play important regulating roles in catabolic as well as anabolic 
pathways. This opens up a whole new field of signalling that might gives us a 
deeper understanding in the interaction of these two opposing hormone 
systems that together regulate many physiological functions and processes.  
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In this thesis, β-adrenergic signalling in muscles, adipose tissue as well as in a 
few other tissues will be discussed, with emphasis on the function of mTOR 
in these pathways. Furthermore, there will be a deeper focus on the regulating 
role of mTOR in β-adrenergic stimulated glucose uptake in skeletal muscle 
and brown adipose tissue (BAT). 



  7 

2. β-ADRENERGIC SIGNALLING 

2.1 β-Adrenergic Receptors 
 
Activation of the SNS leads to release of the catecholamines norepinephrine 
and epinephrine that binds to adrenergic receptors. Epinephrine is produced 
and released from the adrenal gland and norepinephrine from nerve axons 
upon stimulation with acetylcholine. Adrenergic receptors are part of the G 
protein-coupled receptor (GPCR) family, GPCR is the largest group of cell 
surface receptors and comprising >1% of the human genome (Fredriksson et 
al., 2003). GPCRs are a seven-transmembrane domain receptor and the G 
protein binds in to the third intracellular loop, after a confirmation change of 
the intracellular loops upon activation (Kobilka et al., 1988). The G protein 
consist of three subunits; Gα, Gβ, and Gγ. When a GPCR is activated, Gα 
dissociates from Gβγ, allowing both subunits to perform their respective 
downstream signalling effects.  
 
Adrenergic receptors are divided into α1, α2, and β, which are divided into 
several subtypes. The subtypes for α1-adrenergic receptors are α 1A, α 1B and α 

1D and couple to the G-proteins Gαq that initiate several different signalling 
pathways; phospholipase family C (PLC), phospholipase family D (PLD), 
phospholipase family A2 (PLA2) and activation of Ca2+ channels, Na+/H+ 
exchangers and K+ channels (Shi et al., 2006; Bylund et al., 1994). α2-
adrenergic receptors have the subtypes α2A, α2B and α2C and the typical 
signalling pathway for the α2-subtypes is activation of Gαi result in 
inactivated adenylate cyclase (AC) and thereby an inhibition of the second 
messenger cyclic adenosine monophosphate (cAMP) and activates the 
mitogen-activated protein kinase (MAPK) pathway (Wade et al., 1999). β-
adrenergic receptors are divided into β1, β2 and β3 and are primarily coupled 
to Gαs. Stimulation of these receptors activates AC resulting in increased 
concentrations of cAMP and activation of protein kinase A (PKA). However, 
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some of the β-adrenergic receptors are also known to switch from Gαs to Gαi 
and thereby inhibiting the Gαs pathway (Xiao et al., 1999). 
 
There are several different GPCRs that have more than one isoform. Even 
though the same agonists can activate these different variants, the activated 
signalling pathway might vary. The β3-adrenergic receptor in mice has for 
example two splice variant; a and b (Evans et al., 1999). These two variants 
differ in their C-terminal tail where the β3b-adrenergic receptor is 4 amino 
acids shorter and because of this, they can activate different signalling 
pathways. While β3a increase cAMP by signalling through Gαs, β3b can signal 
through both Gαs and Gαi. These isoforms are expressed differently in 
different tissues, the shorter transcript, β3b, is predominant in WAT and the 
longer, β3a, in BAT (Hutchinson et al., 2002). Since different isoforms has 
shown to activate different pathways there is also a possibility that activation 
of these isoforms result in different endpoints. Understanding how different 
isoforms can activate these signalling pathways is then of high importance 
since it then might be possible to design agonists that can activate the 
pathway of interest without the possible effects (or side effects) of the other 
signalling pathway. 
 
Stimulation of the β-adrenergic receptor does not only activate Gα stimulated 
signalling but also signalling through the Gβγ subunit (Yano et al., 2007; 
Lopez-Ilasaca et al., 1997; Murga et al., 1998; Murga et al., 2000; Zhu et al., 
2001). The Gβγ subunit has shown to regulate as many different protein 
targets as the Gα subunit (Clapham and Neer, 1997). One of the primary 
functions of Gβγ is as a negative regulator of Gα, however, there are several 
other signalling cascades upon activation of this subunit, for instance; 
regulation of ion- (Logothetis et al., 1987) and calcium channels (Ikeda, 
1996). Since signalling through Gβγ is not as explored as Gα signalling, the 
full extent of this has not been discovered. However, there are exciting results 
binding adrenergic signalling trough Gβγ in adipose tissue and muscle 
mTOR, discussed in upcoming sections.  
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Figure 1. Overview of the three different groups of adrenergic receptors; α1, α2 and 
β, and their respective signalling pathways. 

2.1.1 Desensitization and atypical signalling 
 
Upon activation of the β-adrenergic receptor, there is a substantial increase in 
cAMP. This increase occurs within only a few seconds and can reach high 
levels within minutes. Although the receptor continues to be stimulated by 
the agonist, the level of cAMP will return to near basal within a few minutes. 
This is due to desensitization (Shear et al., 1976; Benovic et al., 1988). 
Desensitization of a receptor can occur in several different ways: by 
phosphorylation of the receptor, affecting the final level of cAMP, through 
down-regulation of the expression of the receptor, which would decrease the 
new synthesis of the receptors or through internalization, where the receptor 
is removed from the plasma membrane (Freedman and Lefkowitz, 1996; 
Hadcock and Malbon, 1993). 
 
The classical view of β-adrenergic receptor stimulation has until recently 
been Gαs activation, AC stimulation, increased levels of cAMP and 
ultimately desensitization of the receptor. Upon desensitization of the 
receptor, G-protein-coupled receptor kinases (GRKs) will phosphorylate the 
N-terminal tail of the receptor followed by recruitment of β-arrestins, these 
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will be accumulated in clathrin-coated vesicles resulting in either endocytosis 
or recycling to the plasma membrane (Laporte et al., 1999). Resulting in 
termination of the Gαs signal. This was thought to be the only occurring 
event, however, it has now been shown that the β-arrestins plays an additional 
role as adapter proteins, resulting in recruitment of additional signalling 
molecules and starting an atypical signalling pathway (Lefkowitz and 
Shenoy, 2005; Miller and Lefkowitz, 2001).  
 
 

 
Figure 2. β-adrenergic signalling is divided into classical signalling resulting in 
activation of Gα and Gβγ pathways and atypical signalling, where GRKs 
phosphorylate the C-terminal of the receptor resulting in recruitment of β-arrestins 
and initiating an atypical signalling pathway. 

2.2 β-adrenergic receptors and their role in muscles 
 
A muscle cell contains filaments of actin and myosin, which helps to produce 
contractions. Muscles are responsible for both locomotion and maintaining 
and changing posture as well as movement of organs, such as contraction of 
the heart and movement in the digestive system. There are three different 
types of muscles; cardiac, smooth and skeletal. They all express both α and β 
adrenergic receptors, however, the amount and ratio between these vary in the 
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different muscle tissues and their physiological response upon adrenergic 
activation. 

2.2.1 Cardiac muscle 
The β1-adrenergic receptor is the primary receptor in cardiac muscle and 
comprises 75-80 % of the β-adrenergic receptors found in heart. In addition to 
these, there are 20-25 % of β2-adrenergic receptors and possible a minimal 
amount of β3-adrenergic receptors (Hoffman and Lefkowitz, 1996). Long-
term activation of these receptors can result in congestive heart failure due to 
hypertrophy (Koch, 2004). Activation of adrenergic receptors in cardiac 
muscle couples to Gαs, resulting in increasing levels of cAMP and PKA. 
PKA will then phosphorylate troponin I, a Ca2+ channel and phospholamban, 
resulting in contractility (Freedman and Lefkowitz, 2004). They can also 
couple to Gαi, but via the β2-adrenergic receptor. This causes activation of 
MAPK and activates the cytosolic effector molecule phospholipase A2 
(PA2), which occurs independent of cAMP and causes enhancement of 
calcium signalling and cardiac contraction (Pavoine and Defer, 2005).  
Overexpressing β1-adrenergic receptors in mice cause dilated cardiomyopathy 
and heart failure already at a young age (Engelhardt et al., 1999), in the same 
way as chronic overstimulation of catecholamines. In contrast, knocking out 
the β2-adrenergic receptor in cardiac muscle show no significance in the 
cardiovascular phenotype (Chruscinski et al., 1999). This indicates that the 
β1-adrenergic receptor is the signalling conduct for the induced changes in 
cardiac contractility of catecholamines. 

2.2.2 Smooth muscle 
In smooth muscle, β-adrenergic stimulation trigger relaxation through cAMP 
and hyperpolarization of the membrane through different K+ channels. 
Smooth muscles are found in blood vessels, in the respiratory apparatus, 
gastrointestinal (GI) tract and in the lower urinary tract. These organs will 
together control blood pressure, the motility of the GI tract, the airways and 
the contractions of the bladder. The main adrenergic receptor varies between 
these organs; however, all three β-adrenergic receptor are found in smooth 
muscle and are often co-expressed. Generally, β2-adrenergic receptors are 
expressed in airways, β3-adrenergic receptor in the GI tract, except for the 
oesophageal smooth muscle where β1 is predominant, and the key receptor in 
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urinary bladder is the β3-adrenergic receptor (O'Donnell and Wanstall, 1985; 
Tanaka et al., 2004; O'Donnell and Wanstall, 1980; Horinouchi and Koike, 
1999b; Horinouchi and Koike, 1999a; Koike et al., 1997; Growcott et al., 
1993). In smooth muscle, most of the β-adrenergic receptors couples to Gαs 
resulting in elevated levels of cAMP and activation of PKA. This will later 
phosphorylate membrane and intracellular proteins associated with muscle 
relaxation. However, there are also results showing cAMP-independent 
mechanisms in the relaxant response, by activation of the β2 and β3-adrenergic 
receptor by the agonists BRL37344 and CGP12177A (Horinouchi and Koike, 
2002; Horinouchi et al., 2003). However, the mechanism here is still 
unknown, but is proposed to be coupling to the G-protein Gαi instead of Gαs. 

2.2.3 Skeletal muscle 
In contrast to cardiac muscle, where the adrenergic effects have been studies 
for decades, the interest in adrenergic stimulation on skeletal muscle begun 
when it became apparent that the action could increase the muscle mass. This 
occurs by increasing protein synthesis and decreasing protein degradation, 
resulting in a greater volume of muscle mass (Spurlock et al., 2006), and 
decrease body fat through increased lipolysis via HSL, the hormone sensitive 
lipase (Beermann et al., 1987; Hamby et al., 1986; Hulot et al., 1996; 
Koohmaraie et al., 1991; Miller et al., 1988; Reeds et al., 1986), which can be 
considered beneficial for athletes. β2-adrenergic activation of skeletal muscle 
also increases glycogen synthesis through Glycogen synthase kinase 3 
(GSK3) (Yamamoto et al., 2007) and increase in insulin-independent glucose 
uptake, which will be discussed more in section 3.1.3 (Paper I). 
This action has also lead to a great interest in the therapeutic field, especially 
for muscle wasting conditions, but also in metabolic disorders like type 2 
diabetes (Paper I). However, due to their undesirable side effects, like 
increased heart rate, tremor, headache and muscle cramps, their therapeutic 
potential has been limited. 
The adrenergic receptor that is predominant in skeletal muscle is the β2-
adreneric receptor (Kim et al., 1991), and the major response in skeletal 
muscle is believed to go through Gαs, cAMP and PKA. There is however a 
small population (7-10 %) of β1-adrenergic receptors (Kim et al., 1991; 
Williams et al., 1984), generally found in fast-twitch muscles. The density of 
β-adrenergic receptors are usually greater in slow-twitch muscle, like soleus, 
than in fast-twitched, like EDL.  
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Several signalling pathways are activated upon stimulation of the β2-
adrenergic receptor and increased cAMP and these pathways goes through 
the most commonly studied PKA which activate several protein and gene 
transcription through cAMP responsive element binding protein (CREB) 
(Tasken and Aandahl, 2004), Epac-P13K-AKT (Brennesvik et al., 2005) 
cyclic nucleotide-gated cation channels (Pak et al., 2002), and mTOR (paper 
I). 
 
There are additional findings of cAMP independent activation of the β2-
adrenergic receptor. This is believed to couple to the Gαi and will regulate 
myotube differentiation in a protein kinase C (PKC) and histone deacetylase 
(HDAC)-dependent manner (Minetti et al., 2014).  
The growth promoting effect of β2-adrenergic stimulation in skeletal muscle 
is due to the ability of the agonists, like clenbuterol, but also less potent ones 
like salbutamol, isoproterenol and cimaterol, to promote muscle protein 
synthesis (Choo et al., 1992; Claeys et al., 1989; Emery et al., 1984; Inkster et 
al., 1989; Reeds et al., 1986) and reduce degradation of muscle protein 
(Benson et al., 1991; Bohorov et al., 1987; Wang and Beermann, 1988), 
effects that are proposed to signal via the Akt/mTOR pathway (Kline et al., 
2007).  
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Figure 3. The different β-adrenergic signalling pathways in cardiac, smooth and 
skeletal muscle and their respective stimulating end points. 

2.3 β-adrenergic receptors and their role in adipose tissue 
 
There are two types of adipose tissue; WAT, that has storage of energy as the 
main function, and BAT, with the unique ability of transferring energy from 
fatty acids and glucose into heat in a process called non-shivering 
thermogenesis, based on the function of the uncoupling protein 1 (UCP1) 
(Cannon and Nedergaard, 2004). Activation of the SNS stimulates energy 
mobilization and utilization in various tissues and the adipose tissue is a 
preferred target for high-energy substrate storage, mobilization and 
utilization. Adipose tissue expresses all three β-adrenergic receptors. The 
predominantly receptor is the β3-adrenergic receptor, the functional β3-
adrenergic receptor appears however late in the progress of adipogenesis 
(Feve et al., 1994), there are also a large amount of β1-adrenergic receptors, 
although β1-adrenergic receptors are not coupled to Gαs when β3-adrenergic 
receptors are present (Bronnikov et al., 1999). β1- and β3-adrenergic receptors 
are known to have different functions in the different tissues. In BAT cultures 
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for instance, the β1-adrenergic receptor is dominant during the first days and 
is the receptor that drives the proliferation of the cell (Bronnikov et al., 1999). 
Then the β3-adrenergic receptors expression increases upon differentiation 
and is the predominant receptor for the thermogenic respond of the cell (Zhao 
et al., 1994). After this switch in receptor subtypes the cells are able to 
increase the expression of UCP1 upon stimulation with norepinephrine, 
through cAMP (Rehnmark et al., 1990). Even though there still are β1-
adrenergic receptors present on the fully mature brown adipocytes, there is no 
functional response detectable from these receptors. During the switch the 
Gαs is dramatically increased together with an increase in the activation of 
AC (Bourova et al., 2000). There is also evidence that ablation of β3-
adrenergic receptors in mice induces an alteration in the expression of β1-
adrenergic receptors due to a compensatory mechanism (Hutchinson et al., 
2001).  
There is only a low expression of the β2-adrenergic receptor in BAT (Revelli 
et al., 1991), this expression is however not continuously expressed, it is only 
noticeably upon acute stimulation with norepinephrine and the physiological 
significance of this receptor is not known.  
The relative proportion of β-adrenergic receptor subtypes varies between 
species, fat depots and the metabolic status (Lafontan and Berlan, 1993). In 
humans, for instance, the same receptors are found as in animals, however, 
the levels of these receptors are slightly different (Krief et al., 1993).  
The β-adrenergic receptors are in general coupled to the Gαs protein and 
PKA while the α-adrenergic is coupled to Gαi and the MAPK pathway 
having, respectively, stimulatory and inhibitory effects. In this way, the effect 
by the adrenergic receptors can be turned on and off. However, there are 
studies showing that the β3-adrenergic receptor can couple to both Gαs and 
Gαi simultaneously, and thereby activating both the PKA pathway and the 
MAP kinase and ERK1/2 pathway (Soeder et al., 1999).  
The main cellular effect upon adrenergic activation in WAT is lipolysis. 
Lipolysis is also activated in BAT, however, the primary effect here is 
activation of non-shivering thermogenesis. In obese and insulin sensitive 
animals, the ability to stimulate both lipolysis and thermogenesis is impaired; 
most likely do to impaired β-adrenergic receptor function. More specific, this 
is due to a decrease in the expression of β3-adrenergic receptors as well as the 
β1 adrenergic receptors in genetically obese mice (Collins et al., 1994), in 
Zucker fatty rats (Muzzin et al., 1989) and in high-fat feed mice (Collins et 
al., 1999). This decrease will change the proportion of α2-/β-adrenergic 
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receptors. One hypothesis to this is the consequence of obesity; 
hyperinsulinemia and insulin resistance, since there is evidence that insulin 
can affect the adrenergic receptors at the cell surface (Engfeldt et al., 1988; 
Feve et al., 1994). And that suppressing hyperinsulinemia result in 
improvement in stimulating lipolysis (Alemzadeh et al., 1996).  
 
Lipolysis is mainly regulated by the cAMP system. Increased levels of cAMP 
activate PKA that phosphorylates, and thereby activate HSL. Activated HSL 
is translocated towards the lipid droplet (Egan et al., 1992) and catalyses the 
rate-limiting step in the breakdown of triglyceride and lipolysis. Insulin, 
however, has an antilipolytic effect on adipose tissue that causes 
dephosphorylation on HSL and thereby deactivating it as the same time as 
cAMP-phosphodiesterase limits the cAMP production (Degerman et al., 
1990). Activation via phosphorylation of HSL is however only one of the 
downstream targets of PKA in adipose tissue. This is one of the explanations 
on why catecholamines have several effects in adipose tissue. β-adrenergic 
stimulation through PKA is only known to activate one transcription factor 
and that is CREB (Lee et al., 1990).  
 
There are many studies showing an anti-diabetic and anti-obese effect of β3-
adrenergic agonist in different animal models (Himms-Hagen et al., 1994; 
Collins and Surwit, 1996; Olsen et al., 2014; Olsen et al., 2017). These effects 
by the agonists are thought to occur do to increased glucose uptake. This 
effect has also been shown upon cold exposure (Guerra et al., 1998) . What is 
also fascinating is that these effects can persist up to several weeks (Collins et 
al., 1997). This is most likely due to the lack of functional desensitization. 
This means that the stimulation of the downstream targets will continue to be 
activated since there is no phosphorylation of the β3-adrenergic receptor 
(Liggett et al., 1993) or recruitment of β-arrestin (Lefkowitz, 1998).   
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Figure 4. The different β-adrenergic signalling pathways in WAT and BAT and their 
respective stimulating end points. 
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3. THE MECHANISTIC TARGET OF 
RAPAMYCIN 

 
mTOR is a serine/threonine protein kinase, belonging to the phos-
phatidylinositol 3-kinase-related kinases (PIKK) family, and is essential in 
the control of cell growth, metabolism and energy homeostasis and is 
deregulated in human diseases like cancer, metabolic disorders (like type 2 
diabetes), inflammation and neurological diseases (Polak and Hall, 2009; 
Laplante and Sabatini, 2012; Lamming and Sabatini, 2013). mTOR is a multi 
protein complex where the mTOR subunit is the catalytic part. There are two 
different mTOR complexes: the well-studied mTOR complex 1 (mTORC1) 
and the less-studied mTOR complex 2 (mTORC2).  

3.1.1 mTORC1 
In addition to the mTOR subunit, mTORC1 has 4 additional components. The 
regulatory protein raptor, regulating the assembly of the complex and thereby 
the activity of mTORC1 (Hara et al., 2002). mLST8, whose function still is 
unknown. PRAS40 that together with the fourth component deptor, works as 
a negative regulator of mTORC1 (Peterson et al., 2009) by regulating the 
binding of mTORC1 substrates (Wang et al., 2007).  
 
mTORC1 regulates the balance between anabolism and catabolism by having 
a central role in both production of protein and lipids and at the same time 
suppressing catabolic pathways such as autophagy. mTORC1 is activated in 
several different ways. The most studied activation is by amino acids, which 
occurs through interaction of mTORC1 and Rag proteins in an amino acid-
sensitive manner (Kim et al., 2008). Furthermore, mTORC1 is also activated 
by change in oxygen levels and through AMPK when there is a change in 
ATP levels (Hardie, 2007). mTORC1 is additionally stimulated following 
exercise where the activation of the complex can be maintained for up to 18 
hours, this however, only occurs in fast-twitch muscles (Drummond and 
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Rasmussen, 2008; Deldicque et al., 2005). Finally, the complex is stimulated 
by growth factors like insulin, via the PI3K-Akt pathway. In this pathway, 
mTORC1 works downstream of Akt and has an important feedback role since 
mTORC1 can repress the pathway by promoting phosphorylation of the 
insulin receptor substrate 1 (IRS1) and reduce the stability of the protein 
(Harrington et al., 2005).  
 
mTORC1 is pharmacologically inhibited by short-term treatment with the 
compound rapamycin, which forms a complex with FKBP12 and binds to the 
FRB domain of mTOR to narrow the catalytic site and block substrates from 
the active site (Yang et al., 2013). mTORC1 has therefore been thoroughly 
examined both in vitro and in vivo. mTORC1 has a regulatory role in several 
anabolic processes including protein synthesis, where it phosphorylates both 
4E-BP1 and p70S6 kinase 1 (S6K1) leading to increased mRNA biogenesis 
(Richter and Sonenberg, 2005) and promote ribosome biogenesis (Mayer et 
al., 2004). S6K1 will then activate several substrates promoting mRNA 
translation initiation, one of those is the elF4B that regulate the 5´cap binding 
elF4F complex (Holz et al., 2005). 4EBP1 inhibits translation by binding 
elF4E and thereby preventing assembly of the elF4F complex allowing 5´cap-
dependent mRNA translation to occur. Furthermore, mTORC1 inhibit 
autophagy by phosphorylating ULK1 and ATG13, an autophagy factor 
required for the formation of the autophagosome (Codogno and Meijer, 
2005). mTORC1 also regulating lipid synthesis by activating SREBP1 and 
PPARγ, both are involved in lipid and cholesterol homeostasis (Porstmann et 
al., 2008; Kim and Chen, 2004). Lastly, it regulates mitochondrial biogenesis 
since deletion of raptor change the expression of several genes involved in 
this process (Schieke et al., 2006).  
 

 
Figure 5. Structure and role of mechanistic target of rapamycin complex 1. mTORC1 
consist of five different subunits where raptor is the regulatory subunit. 
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3.1.2 mTORC2 
In contrast to mTORC1 much less is known about mTORC2. This is mostly 
due to the fact that there are no selective mTORC2 inhibitors, although long-
term treatment of rapamycin can prevent the complex assembly of mTORC2 
(Phung et al., 2006; Sarbassov et al., 2006).  
mTORC2 consist of 5 different component in addition to the catalytic mTOR. 
The regulatory protein of mTORC2 is rictor, which together with a second 
protein, mSIN1, stabilize the structural foundation of mTORC2 (Frias et al., 
2006). The third component of the complex is deptor that has the same role in 
this complex as in complex 1, it negatively regulates the activity (Peterson et 
al., 2009). The final component is mLST8, known to stabilize the activity of 
the complex (Guertin et al., 2006).  
 
There are two etablished roles of mTORC2: proliferation through growth 
factors and the PI3K-Akt pathway and cytoskeletal organization through 
PKC.  
Akt is a serine/threonine-specific protein kinase (Manning et al., 2002) and 
has a central role in metabolism, cell survival, transcription and motility. Akt 
comprise of three isoforms, Akt1, Akt2 and Akt3. Akt1 has shown to be 
involved in the regulation of the insulin pathway (Bernal-Mizrachi et al., 
2004). Akt2 in lipid synthesis (Schwertfeger et al., 2001; Schwertfeger et al., 
2003)  and Akt3 in brain development (Easton et al., 2005). Akt contains two 
regulatory phosphorylation sites, one in the activation loop within the kinase 

domain, Thr308, phosphorylated by PDK1 (Vivanco and Sawyers, 2002) and 

Ser473 phosphorylated by mTORC2 (Sarbassov et al., 2005) in the regulatory 
domain in the C-terminal. It has been concluded that Akt need both Ser473 
and Thr308 to be fully active (Alessi et al., 1996). Although, there are studies 
that have show that a phosphorylation at Thr308 can partially activate Akt, a 
single phosphorylation on Ser473 however, has no effect on the activity. 
 
PKC belongs to a family of kinase enzyme proteins that are lipid-dependent 
with wide ranging roles in signal transduction. They play an important role in 
insulin mediated glucose uptake where they are involved in both positive and 
negative modulation of insulin signalling (Schmitz-Peiffer and Biden, 2008). 
The family includes 10 isoforms and is divided into three subfamilies, the 
conventional (cPKC; α, β and γ) the novel (nPKC; δ, ε, η and θ) and the 
atypical (aPKC; ζ, ι and λ), based on their second messenger requirements 
and their sensitivity to Ca2+. The cPKCs and the nPKCs are dependent on 
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diacylglycerol (DAG) for full activation and therefore responsive to GPCR or 
receptor tyrosine kinases activation (Mellor and Parker, 1998). aPKCs are 
independent of both Ca2+ and DAG but can be activated trough the insulin 
receptor substrate/PI3K pathway and is known to work in parallel with Akt 
signalling during glucose uptake and glucose transporter 4 (GLUT4) 
translocation in muscle and adipose tissue (Farese et al., 2007). Even though 
some of the isoforms belonging to cPKC and nPKC are suppose to have a 
negative effect on insulin signalling, aPKC has shown to play an important 
positive role in this pathway. PKCs does not only affect glucose homeostasis 
through their effect on insulin, they also have an important role in β3-
adrenergic mediated glucose uptake in BAT (Chernogubova et al., 2004).  
However, there are indications that there is a difference in which PKCs that 
are activated in insulin- and β3-adrenoceptor mediated glucose uptake.  
Lately, there has been a focus on the interaction between PKCs and 
mTORC2, since there is evidence indicating that mTORC2 might be one of 
the activators of these classes. It is suggested that PKC activation by 
mTORC2 might be important for cell migration and cytoskeletal organization 
(Gough, 2012; Appenzeller-Herzog and Hall, 2012). Cytoskeletal 
organization occurs through mTORC2 and activation of both PKCα and 
PKCζ (Sarbassov et al., 2004). However, PKCδ, PKCγ and PKCε have also 
shown to affect actin (Thomanetz et al., 2013).  
 

 
Figure 6. Structure and role of mechanistic target of rapamycin complex 2. mTORC2 
consist of six different subunits where rictor is the regulatory subunit. 

 

mTOR is phosphorylated on several sites upon activation; two of them are 
Ser2448 and Ser2481. Ser2448 binds to both rictor and raptor but it is only 
correlated with mTORC1 activity (Rosner et al., 2010). However, decreasing 
the level of Ser2448 does not affect mTORC1 assembly. In the beginning it 
was believed that Ser2448 was phosphorylated by Akt (Nave et al., 1999), 
however, recent publications instead suggest that it is p70S6K that 
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phosphorylate. This means that mTORC1 first activate p70S6k by 
phosphorylation at T308 and then p70S6K phosphorylate mTORC1. This is 
an additional level of regulation of mTORC (Rosner et al., 2004; Guertin and 
Sabatini, 2007; Yang and Guan, 2007; Chiang and Abraham, 2005; Dann et 
al., 2007). Ser2481 is an auto-phosphorylation site (Peterson et al., 2000) but 
is specific to mTORC2. Decreasing the phosphorylation of Ser2481 does 
affect assembly of mTORC2 (Copp et al., 2009).  

3.2 Physiological functions of mTOR 
 

3.2.1 In glucose and lipid homeostasis 
Both mTOR complexes have shown to have important roles in metabolism in 
both muscle and adipose tissue. Mice with adipose specific knockouts of 
raptor are resistance to diet induced obesity and improved metabolic 
parameters like glucose tolerance and insulin sensitivity (Polak et al., 2008). 
This is most likely due to the loss of negative feedback by mTORC1 in the 
PI3K-Akt pathway. However, treating mice with rapamycin and thereby 
inhibiting mTORC1 does not improve glucose tolerance, it makes the mice 
diabetic. This is because rapamycin affect the pancreatic islets and thereby 
reduces insulin levels (Bussiere et al., 2006). They also display lipodystrophy 
and hepatic steatosis (Lee et al., 2016). Muscle specific raptor knockdown 
result in muscle dystrophy due to increased glycogen storage and a slightly 
reduced glucose tolerance (Bentzinger et al., 2008). Knocking out rictor in 
muscles has no major changes on the phenotype, they are only slightly 
glucose intolerant, which is believed to be due to decreased insulin signalling. 
However, adipose specific knockdown of rictor has a greater effect in mice. 
By knocking down mTORC2 in adipose tissue they increases their body 
weight especially lean body weight (Cybulski et al., 2009) and treating these 
mice with a high fat diet increased their liver weight with 75 % compared 
with the control mice. This is due to elevation in hepatic triglycerides. 
mTORC2 has also been shown to promote lipogenesis in the liver, suggesting 
a role in lipid synthesis (Hagiwara et al., 2012).  
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3.2.2 In growth 
One of the main functions of mTOR signalling is promoting muscle growth, 
this muscle hypertrophy occurs through mTORC1 (Bodine et al., 2001). 
Muscle specific raptor and mTOR knockout mice for instance display severe 
muscle atrophy leading to early death (Bentzinger et al., 2008) However, 
knocking out rictor does not result in hypertrophy, further suggesting the 
involvement of mTORC1, and not mTORC2.  

3.2.3 In cancer 
mTORC1 has been shown to be hyperactive in a high percentage of human 
cancer forms, this is due to the function of the complex in oncogenic 
pathways (Guertin and Sabatini, 2007). However, mTORC2 is also associated 
with cancer, mostly because of the role in PI3K/Akt driven tumours where 
mTORC2 activates Akt, which inhibits apoptosis in pro-proliferative 
processes. 
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4. β-ADRENERGIC SIGNALLING 
THROUGH mTOR 

 
The insulin and catecholamine hormone systems are normally working as 
opposing metabolic regulators. In adipocytes for instance, where the action of 
catecholamines is to stimulate lipolysis, insulin will instead degrade cAMP 
by activating phosphodiesterases (Manganiello and Degerman, 1999) and 
activate lipid synthesis pathways with help of Akt.  
Insulin and catecholamine are also known to antagonize each other. Both 
acute and chronic insulin exposure will decrease the binding of agonists to 
the β-adrenergic receptor as well as reduce the amount of cell surface 
receptors (Olansky and Pohl, 1984; Engfeldt et al., 1988). There is also 
evidence that insulin antagonize catecholamine stimulation of browning in 
white adipocytes (Mehran et al., 2012), which might be explained by the 
effect of insulin at the receptor level.  
Catecholamines are also proposed to have a negative effect on insulin 
stimulation, especially insulin stimulated glucose uptake (Sakata et al., 1996; 
Kashiwagi et al., 1983; Macaulay et al., 1994; Han and Bonen, 1998). The 
increased levels of cAMP upon adrenergic stimulation are believed to affect 
glucose transporter 4 (GLUT4), the transporter utilized for insulin stimulated 
glucose uptake in insulin sensitive tissue such as heart, skeletal muscle, WAT 
and BAT.  
Catecholamines inhibitory effect on insulin stimulated glucose uptake is 
however not observed in BAT. Stimulating BAT with β-adrenergic agonists 
result in glucose uptake independent of insulin (Chernogubova et al., 2004; 
Dallner et al., 2006; Olsen et al., 2014) and while insulin utilize GLUT4, β-
adrenergic stimulation result in glucose uptake through GLUT1. In paper IV, 
we examine if there is an antagonizing effect of insulin and isoproterenol, an 
β-adrenergic agonist, and we fail to see any negative effect. Instead we 
observe an additive effect, most likely since they utilize different glucose 
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transporters, suggesting that these pathways can work in parallel to each other 
in BAT. 
Since one of the major signalling nodes for anabolic actions of insulin is 
through the mTOR complexes it was thought that catecholamines might 
oppose this action and inhibit the complexes. This do occur in some tissues, 
however, there are studies today revealing the unexpected interactions 
between adrenergic signalling and both mTOR complexes. 
 
In the following part of the thesis I will discuss what is known up to today 
about how the β-adrenergic signalling pathway interacts with mTORC1 and 
mTORC2.  

4.1 In muscle 
Stimulation of β-adrenergic receptors in cardiac, smooth and skeletal muscle 
will primarily result in relaxation, hypertrophy and increased muscle mass 
and glucose uptake. All of these catabolic effects will either interact with 
mTOR by stimulating or inhibiting one or both of the complexes through 
signalling pathways that differ between the different muscle types.  

4.1.1 Cardiac muscle 
Activation of the β1-adrenergic receptors on cardiomyocytes result in 
increased levels of cAMP. This will activate PKA resulting in cardiac 
hypertrophy. This will lead to an activation of PI3K (Zhang et al., 2011; 
Tseng et al., 2005; Schluter et al., 1998; Yano et al., 2007). However, there is 
a disagreement on how PI3K is activated; while some studies claim that this 
is through activation by Gβγ (Yano et al., 2007), other say that PI3K is direct 
downstream of PKC (Schluter et al., 1998). Concerning the involvement of 
mTOR there are not much published at this time, however the are indications 
that mTORC1 might participate in the signalling from the β-adrenergic 
receptor to hypertrophy; both direct data showing phosphorylation on mTOR 
S2448, the predominant phosphorylation on mTORC1 (Zhang et al., 2011). 
There are also indirect results where an increase in the mTORC1 substrate 
p70S6k is observed upon stimulation of the β-adrenergic receptor in rat 
cardiac muscle (Tseng et al., 2005). If there is a role for mTORC2 in this 
signalling is still unknown, however, since both PI3K and mTOR belongs to 
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the same superfamily; phosphatidylinositol 3-kinase-related kinases (PIKKs), 
it can be difficult to distinguish between those by inhibitors, misleading the 
interpretation to believe that it might be PI3K when it instead is mTOR. I 
therefore believe that in some studies where PI3K has been suggested to be 
involved, might be incorrect and instead mTOR may be the important 
regulator.  
Taken together these results indicate that β1-adrenergic stimulated 
hypertrophy in cardiac muscle involves both PI3K and mTORC1 (Figure 7).  
 

 
Figure 7. β-adrenergic signalling pathway through the β1-adrenergic receptor 
interacts with mTORC1 via PI3K to promote hypertrophy in cardiomyocytes. 

4.1.2 Smooth muscle 
β-adrenergic stimulation in smooth muscle occurs through different 
adrenergic receptors in different organs and cause muscle relaxation. The 
activation will in general result in elevated levels of cAMP and activation of 
PKA. Studies have suggested that mTOR, most likely mTORC1, has a role as 
a negative regulator in this pathway (Graves et al., 1995; Scott et al., 1996). 
β-adrenergic stimulation has shown to decrease the activation of p70S6k, the 
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downstream substrate of mTORC1. This is thought to be due to increase in 
cAMP levels, since forskolin mimic this effect.  
Thus, one can hypothesise that β-adrenergic signalling in smooth muscle is 
regulated by mTORC1 by inhibiting the adrenergic respond and thereby 
muscle relaxation (Figure 8). 
 

 
Figure 8. β-adrenergic signalling interacts with mTORC1 and inhibit muscle 
relaxation in smooth muscle. This inhibition is most likely due to increase in cAMP 
levels. 

4.1.3 Skeletal muscle 
The most studied adrenergic effect in skeletal muscle is muscle specific 
hypertrophy by clenbuterol. Clenbuterol will stimulate the β2-adrenergic 
receptor and activate cAMP. Although there are no direct evidence that 
mTORC1 is involved in this process, there are several studies showing 
activation of Akt and increase in the mTORC1 substrates p70S6K (Kline et 
al., 2007; Sneddon et al., 2001; Brennesvik et al., 2005), and 4E-BP1 
(Sneddon et al., 2001). Thus indicating that mTORC1 has an important role 
in this pathway and that Akt might be one of the upstream activators of the 
complex. However, the role of mTORC2 in muscle specific hypertrophy by 
clenbuterol is still unknown. 
Although adrenergic stimulation of hypertrophy by clenbuterol is the most 
studied we have focused our research on β2-adrenergic stimulated glucose 
uptake (paper I). In this paper, we show that β2-adrenergic stimulation result 
in translocation of GLUT4 to the plasma membrane but occur independent on 
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the insulin-signalling pathway. In contrast to the other studies of β-adrenergic 
signalling in skeletal muscle, we show that neither Akt nor mTORC1 are 
involved in this pathway, but surprisingly, an activation of mTORC2. 
In addition to the finding that mTORC2 is a master regulator of β2-adrenergic 
stimulated glucose uptake we also showed that the translocation mechanism 
of GLUT4 is caused by actin remodelling, since inhibition of actin 
polymerization inhibits glucose uptake in these muscle cells. This is in 
agreement with what has been associated with mTORC2 before, since one of 
the known functions of the complex is actin reorganization. Recent studies 
demonstrate that the actin cytoskeleton is crucial in translocation of glucose 
transporters upon insulin stimulation (Pessin et al., 1999; Guilherme et al., 
2000). Additional, paper I also show a significant better glucose clearance 
after chronic treatment with clenbuterol. If this glucose clearance is 
dependent or not on mTORC1, or Akt, as we can see in clenbuterol 
stimulated muscle specific hypertrophy, is however still unknown. However, 
there are in vivo data that has demonstrated that there will be release of 
insulin upon stimulation of some β-adrenergic agonist under certain 
conditions. Therefore I believe that the activation of Akt (and perhaps also 
mTORC1) that is seen with clenbuterol might be a product of insulin working 
in parallel with the stimulated β-adrenergic pathway. 
All of these findings suggest that there might be different pathways activated 
upon stimulation of the β2-adrenergic receptor and that different β2-agonist 
might activate different pathways, since clenbuterol stimulates growth that 
involve Akt and mTORC1 and isoproterenol stimulated glucose uptake 
independently of mTORC1 but through mTORC2 (figure 9). 

4.2 In adipose tissue 
Stimulating adipose tissue with an adrenergic agonist will mainly activate 
lipolysis, in WAT it will provide fatty acid substrates to fuel peripheral 
tissues, while in BAT, lipolysis provides fatty acid substrates for generating 
heat through thermogenesis and UCP1. In addition to this, adrenergic 
stimulation will also stimulate browning of different WAT depots and 
increased glucose uptake in BAT. In the last decade there has been several 
new studies, including ours (paper II, III and IV), showing the importance 
of mTOR in these adrenergic pathways. 
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Figure 9. Activation of the β2-adrenergic receptor is hypothesised to activate Akt and 
mTORC1 resulting in hypertrophy and mTORC2 resulting in increased glucose 
uptake in skeletal muscle. 

4.2.1 White adipose tissue 
Adrenergic activation in WAT will result in increased levels of cAMP 
following activation of PKA. PKA will further phosphorylate and regulate 
several important targets including HSL and lipid droplet-associated perilipin. 
This will promote triglyceride hydrolysis and release of free fatty acids 
(Granneman and Moore, 2008). There are several studies suggesting that 
adrenergic stimulated lipolysis inactivates mTOR (Mullins et al., 2014; Scott 
and Lawrence, 1998). In 2014, Mullins and colleagues demonstrated that 
lipolysis causes the two different mTOR complexes to dissociate and thereby 
inactivating them (Mullins et al., 2014). This is in agreement with other 
studies proposing that increase in cAMP indirect prevent activation of 
mTOR, since there is a decrease in p70S6k (Scott and Lawrence, 1998).   
Conversely, there are new studies implying that stimulation of the β3-
adrenergic receptor in WAT does not inhibit the complexes but instead 
activate complex 1 through PKA (Liu et al., 2016), resulting in browning of 
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the WAT depot. This variance in results might be due to the fact that β-
adrenergic stimulation interacts differently with mTOR in different WAT 
depots. 
These results suggest that mTOR has an important role in a WAT, either by 
activation or inhibition by adrenergic signalling. This difference in result 
might be due to observations in different WAT depots (figure 10).  

 

 
Figure 10. In WAT there are two separate publications regarding mTOR after 
stimulation of the β3-adrenergic receptor. Firstly is has been demonstrated that 
lipolysis cause inhibition of the two complexes and in addition it has been shown that 
mTORC1 becomes activated by PKA ending in browning of the depots. 

4.2.2 Brown adipose tissue 
Activation of the β3-adrenergic receptor in BAT will result in increased 
thermogenesis and glucose uptake. The β3-adrenergic receptor couples to Gs 
and is followed by activation of AC resulting in increased levels of cAMP. 
This activation leads to uptake of fatty acids and glucose from the blood. The 
free fatty acids will thereby activate UCP1, which generates heat through a 
dissipated electrochemical gradient (Cannon and Nedergaard, 2004). This is 
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achieved when the free fatty acids are combusted in the respiratory chain 
resulting in a change in the proton gradient across the mitochondrial 
membrane. The changed proton gradient force the protons back through 
UCP1 and the energy from this is released as heat.  
In paper II, we examine the signalling pathway leading from activation of 
the β3-adrenergic receptor to glucose uptake. We observed that this pathway 
works independent of insulin and instead of activating vesicles containing 
GLUT4 as for insulin and β-adrenergic stimulated glucose uptake in skeletal 
muscle (paper I), we show that adrenergic activation will increases de novo 
synthesis of GLUT1 and later transport these newly synthesised transporters 
up to the plasma membrane. In addition, this signalling cascade works 
independent of PI3K, Akt and mTORC1 but involves mTORC2, both in vitro 
and in vivo. Interestingly, this is also the case in human multipotent adipose-
derived stem (hMADS) cells indicating that this is not only occurring in mice 
but also in humans. Further, we show that the translocation mechanism of 
GLUT1 is caused by actin remodelling since inhibition of actin 
polymerization inhibits glucose uptake in BAT. This is in agreement with 
previous results since one of the known functions of mTORC2 is actin 
reorganization (Huang et al., 2013). However, mTORC2 activation is not 
involved in the synthesis of GLUT1, only in the translocation mechanism 
indicating the importance of mTORC2 in the machinery of GLUT 
translocation. 
 
In paper III we study the role of UCP1 in β3-adrenergic glucose uptake and 
our results suggest that β-adrenergic glucose uptake in BAT occurs 
independent of UCP1. And we demonstrate that mTOR is the master 
regulator in this cascade. 
There are today additional studies demonstrating the involvement of 
mTORC2 in β-adrenergic signalling in BAT, both in glucose uptake (Albert 
et al., 2016) and in thermogenesis (Albert et al., 2016; Liu et al., 2016). 
However, in addition to mTORC2 activation, Albert and colleagues suggests 
activation of Akt, and Liu and colleagues activation of mTORC1 and increase 
in p70s6K, but independent of Akt. I believe that these differences can 
possibly be explained by the variations in activation of the receptor. While 
Albert and colleagues mostly stimulates with cold exposure, both we and Liu 
and colleagues use specific agonists. Another explanation can be the 
involvement of insulin. As mentioned before, β-adrenergic activation in vivo 
can in some cases cause release of insulin and that might explain why Albert 
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and colleagues observed a different result. They might be observing parallel 
signalling by norepinephrine and insulin, since it is challenging to observe 
one specific pathway when working in an animal. By instead examining this 
in vitro and inhibiting the insulin pathway, we could observe β-adrenergic 
signaling without interference of other pathways. This can then explain why 
the result differs from cell culture to whole animal. 
Taken together these results suggest that mTORC2 has a key role in both β-
adrenergic stimulated glucose uptake and thermogenesis in BAT. To fully 
understand these signalling cascades and the possible involvement of insulin 
further studies need to be performed (figure 11).  
 

 
Figure 11. β3-adrenergic stimulation in BAT result in glucose uptake through 
mTORC2, some studies has also demonstrated the involvement of Akt, however, we 
hypothesise that this works independently of Akt. β3-adrenergic stimulation of 
thermogenesis has shown to activate both mTORC2 and mTORC1. 



  33 

4.3 In hippocampus and cancer cells 
Although most studies on β-adrenergic signalling through mTOR are found 
in muscle and adipose tissue there are a few published findings in other 
organs, and those are the in the hippocampus area in the brain and in cancer 
cells. 

4.3.1 Hippocampus 
It is well established that β-adrenergic receptor activation by norepinephrine 
has an important role in memory storage, for instance in enhancement of 
memory retention (Dalmaz et al., 1993; Ferry and McGaugh, 2000; Ferry et 
al., 1999). Memory consolidations occur in the hippocampus, which is the 
process when a recent memory is crystallised into long-term memories 
(Squire, 1992) . Hippocampal long-term potentiation is a form of synaptic 
plasticity that has been studied as a synaptic mechanism underlying learning 
and memory (Stevens, 1998; Malenka and Nicoll, 1999; Martin et al., 2000). 
It is shown that activation of β-adrenergic receptors in the CA1 area in 
hippocampus, activates cAMP, PKA and MAPK. This cascade will then be 
essential for long-term potentiation and long-term memory (Abel et al., 1997; 
Selcher et al., 1999; Kandel, 2004). It has lately been shown that mTOR has 
an important role in synaptic plasticity. Since long-term potentiation requires 
protein synthesis and β-adrenergic receptors can couple to the transcriptional 
machinery via ERK and mTORC1, β-adrenergic activation will thereby 
modulate synaptic plasticity though mTORC1 and transcriptional initiation 
(Gelinas et al., 2007).  
These results suggest that mTORC1 has a key role in hippocampus and in the 
formation of memories via ERK upon β-adrenergic stimulation. 

4.3.1 Cancer cells 
Activation of β2-adrenergic receptors is engaged in cancer cell proliferation  
(Dhanasekaran et al., 1995; Faure et al., 1994; Cakir et al., 2002) and there is 
a correlation between increased levels of catecholamines in organs with 
malignant tumours (Palermo-Neto et al., 2003; Brenner et al., 1992).  
Catecholamines, and chronic stress, have been shown to influence tumour 
angiogenesis by inducing the release of pro-angiogenic factors (Thaker et al., 
2006; Shi et al., 2006). It has been shown that the pathway leading from the 
β-adrenergic receptor to tumour angiogenesis goes through PKA and 
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activation of mTOR, since treating human breast cancer cells with rapamycin 
long-term will inhibit the effect (Chen et al., 2014). However, since this 
treatment was long-term, one or both complexes might be involved in this 
pathway, further studies need to be performed to distinguish the complexes. 
These finding suggest that mTOR also have an important regulating role on 
tumour angiogenesis (figure 12). 

 

 
Figure 12. β-adrenergic signalling in hippocampus and cancer. Activation of 
transcriptional initiation in hippocampus goes through ERK1/2 and mTORC1 upon 
activation of PKA. PKA is also involved in β-adrenergic stimulation of tumour 
angiogenesis, however it is not distinguish by which complex this pathway goes 
through. 
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5. THE IMPORTANCE OF AKT 

 
Akt is a central node in anabolic signalling and has a key role in the signal 
transduction pathways activated in response to growth factors or insulin. Akt 
is thought to contribute to several cellular functions including nutrient 
metabolism, cell growth, transcriptional regulation and cell survival. Since 
Akt interacts with both mTORC1 and mTORC2. Akt is activated by 
phosphorylations at Ser473 by mTORC2 and at Thr308 by PDK1, and both 
phosphorylation sites are needed for full activation. The role of Akt in 
catabolic signalling has however been discussed, it was for a long time 
believe that catabolic action would inhibit the protein instead of activating it. 
 
In cardiomyocytes Akt appears to be activated upon stimulation resulting in 
hypertrophy (Zhang et al., 2011; Tseng et al., 2005; Morisco et al., 2005; 
Yano et al., 2007), but not apoptosis (Zhu et al., 2001). This is also the case 
in skeletal muscle where clenbuterol activates Akt (Sneddon et al., 2001; 
Kline et al., 2007; Brennesvik et al., 2005). However, in β-adrenergic 
stimulation by isoproterenol leading to glucose uptake in skeletal muscle 
(Paper I), there is no activation of Akt and no inhibition of glucose uptake in 
response to Akt inhibitors. There are studies demonstrating insulin release 
upon stimulation of clenbuterol, I think that this might explain the difference 
that we see in paper I compared to what others have seen when stimulating 
with clenbuterol, meaning that Akt is activated in parallel by insulin and not 
clenbuterol.  
There are also studies suggesting that this difference in activation of Akt 
might be due to the involvement of PKA or not (Meroni et al., 2002; 
Tsygankova et al., 2001) or that the signal goes thorough the Gβγ instead of 
Gα (Yano et al., 2007). However, in paper I, we suggest that there is an 
activation of PKA but still no involvement of Akt. 
 
In adipose tissue, while some studies claim that there is an involvement of 
Akt in β-adrenergic stimulation of WAT lipolysis (Moule et al., 1997) and in 
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BAT thermogenesis and glucose uptake (Albert et al., 2016) we (Paper II 
and IV) and others (Liu et al., 2016) fail to see this. I believe that it is due to 
the fact that it is complicated to examine Akt without interference by the 
insulin pathway. In paper IV we see that there is a β-adrenergic stimulation 
of Akt phosphorylation Ser473, but only in the presence of insulin, however, 
if we block the insulin pathway, this phosphorylation disappears, suggesting 
that the two pathways work in parallel. Therefore, we believe that one should 
be careful when analysing the role of Akt in the adrenergic pathway in vivo. 
One way to examine this is by in vitro studies and at the same time inhibit 
insulin signalling, and thus only studying the β-adrenergic pathway. It is then 
possible to draw the conclusions if Akt is activated upon sympathetic 
stimulation. Doing this we propose that Akt is not involved in β-adrenergic 
stimulated glucose uptake in BAT. 
 
Taken together, the role of Akt in β-adrenergic signalling is still unclear and 
needs further examination. However, it should also be understood that there is 
a possibility that studies that have shown Akt involvement observe a 
combination of insulin effect and adrenergic effect, indicating that anabolic 
and catabolic processes can work in parallel with each other.  
Since Akt has an important role in several physiological responses, such as 
inhibition of apoptosis and stimulation of cell proliferation, and therefore has 
a crucial role in several diseases such as cancer and metabolic disorders, 
finding a pathway where mTOR can be activated without interacting with Akt 
might be of great importance.  
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5. CONCLUDING REMARKS 

Since the discovery of the adrenergic receptor almost 70 years ago (Ahlquist, 
1948) the field of adrenergic signalling is growing each year. It has recently 
been interesting and exiting findings concerning the adrenergic pathway 
pointing to the involvement of the two major signalling nodes in anabolic 
signalling; mTOR and Akt. This unexpected finding open up a new and 
exiting field of signalling where the two opposite and antagonistic hormone 
systems might interact and how these physiological systems works to regulate 
homeostasis.   
In this thesis, I have discussed and compiled the field of β-adrenergic 
signalling and mainly focused on the interaction with mTOR and the two 
different complexes mTORC1 and mTORC2. Understanding the complex 
events in β-adrenergic response could further expand our knowledge of 
signalling in physiological states like for example heart failure, muscle 
hypertrophy and in metabolism, which has been the focusing area of my 
research.  
We have found that mTORC2 is the master regulator of β-adrenergic 
stimulation and that the complex has an important role in translocation of 
GLUT1 and GLUT4 in BAT and skeletal muscle respectively (Paper I, II 
and III). What was unexpected with these findings was that it was shown 
that mTORC2 worked independently of Akt, both in skeletal muscle (Paper 
I) and in BAT (Paper II and IV), which is normally considered one of the 
main downstream target of mTORC2. Finding a signalling pathway where 
mTORC2 works independent of Akt can be of high importance, because then 
there is a possible to study them individually and without them affecting each 
other.  
We have further showed the effect of β-adrenergic stimulated glucose uptake 
on glucose clearance in muscle (paper I) and in BAT (paper III) and have 
observed positive effects and lowering of blood glucose for mice and rats in 
type 2 diabetes models. 
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Our studies have contributed to a better understanding in β-adrenergic 
stimulated glucose uptake where mTORC2 is a master regulator and our 
current understanding is summarised in figure 13. 
 

 
Figure 13. Schematic overview over my scientific contribution in the field of β-
adrenergic signalling and the interaction with mTOR. In paper I and II we 
demonstrate the involvement of mTORC2 in skeletal muscle and BAT, respectively, 
and the regulatory role the complex has in GLUT translocation. In paper III we 
examine the role of UCP1 in β-adrenergic glucose uptake and show that glucose 
uptake and thermogenesis is working in parallel both independently of each other. 
Lastly, in paper IV we show that Akt, a known substrate for mTORC2, is not involved 
in the β-adrenergic pathway leading to glucose uptake in BAT. 
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6. SUMMARY OF THE PAPERS 

The work performed in this thesis has increased our knowledge of β-
adrenergic signalling in muscle and fat, and more specific; the signalling 
pathway leading to glucose uptake and blood glucose clearance in these 
tissues. Considering that this pathway is working in diabetic models in 
muscle and BAT can open up a new understanding of the potential of this 
pathway. 

6.1.1 Paper I 
 
Skeletal muscle is one of the most important organs for glucose clearance in 
the body and since the today is a worldwide epidemic of type 2 diabetes is it 
of high importance to find new treatments. Activation of adrenergic receptor 
has previously shown to stimulate glucose uptake in skeletal muscle, but, this 
signalling pathway have been unclear.  Therefore, we tried to characterize the 
pathway and investigated the potential to use it for glucose clearance.  
 
By treating Goto-Kakizaki rats and obese C57BL/6 mice with the β2-agonist 
clenbuterol and performing glucose tolerant test (GTT) we observed an 
improvement in blood glucose levels. This improvement was then 
investigated to further understand the signalling pathway leading to this.  
 
By measuring glucose uptake with [3H]-2-deoxy-D-glucose both in vivo and 
in vitro in L6 cells and human primary skeletal muscle cells we were able to 
understand that this pathway was not only independent of insulin, but also 
independently of two known signalling molecules in the insulin pathway; 
PI3K and Akt. However, we proved the involvement of mTOR, or more 
specific, mTORC2 and translocation of GLUT4. Suggesting that β2-
adrenergic stimulated glucose uptake utilize GLUT4 and that the mechanism 
behind this is mTORC2. 
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This was the first demonstration that GPCRs can stimulate mTORC2 in 
mammalian cells and this study disclosed a novel signalling pathway in 
skeletal muscle that promotes glucose uptake which could provide new 
opportunities for treatments of type 2 diabetes. 
    

6.1.2 Paper II 
Since the discovery that BAT is present in humans the interest in this organ 
and its abilities to take up glucose and affect glucose homeostasis has 
increased dramatically. It has been known that stimulation of the β-adrenergic 
receptor with cold exposure or with the catecholamine norepinephrine result 
in both thermogenesis and increased glucose uptake. However, the 
mechanism leading to this uptake has been unknown.  
 
We stimulated primary brown adipocytes, hMADS cells and mice with 
isoproterenol, a β-adrenergic receptor agonist and measured glucose uptake 
with [3H]-2-deoxy-D-glucose. Further, we performed immunohistochemistry 
and examined GLUT translocation upon stimulation and discovered that this 
signalling pathway was regulated by mTORC2 independent of insulin, Akt, 
PI3K and mTORC1. Interestingly, this pathway stimulated synthesis of new 
GLUT1 and activated translocation of them, and since we could block this 
uptake with an inhibitor for actin reorganization, this translocation most 
likely occur with help of actin filaments.  
 
The physiological relevance of these results can contribute to deeper 
understanding of β-adrenergic stimulation leading to glucose uptake in BAT. 

6.1.3 Paper III 
 
Sympathetic activation of BAT will activate thermogenesis through UCP1 
and it has been shown that this activation can potentially be used to 
ameliorate obesity and diabetes. The realization that BAT is present in adult 
humans was found by using [2-18F]-2-fluoro-2-deoxy-D-glucose positron 
emission scanning tomography (PET-FDG) data from a series of clinical 
investigations. The uptake seen by PET-FDG in BAT was considered to be 
equated with thermogenic activity and activation of UCP1. 
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To examine if UCP1 is needed for β3-adrenergic receptor stimulated glucose 
uptake in BAT, wildtype and UCP1-/- mice were stimulated with injections of 
the β3-agonist CL-316,243 using both microPET imaging with [18F]FDG and 
glucose uptake with [3H]-2-deoxy-D-glucose.  There was no significant 
difference between wildtype or UCP1-/- mice suggesting that β-adrenergic 
glucose uptake in BAT is independent of UCP1. 
However, after treating prediabetic wildtype and UCP1-/- mice with CL-
316,243 for 4 days and performing a GTT, there was a clear difference. The 
knockout mice did not decrease their fasting glucose or AUC of the GTTs, 
indicating that UCP1 is important for utilizing the glucose, which has been 
taken up by the cells. 
 
This has great implications in the BAT field, since it shows that both glucose 
uptake and thermogenesis is needed for full capacity to clear the glucose from 
the blood. 
 

6.1.4 Paper IV 
 
Akt has a central role in metabolism, cell survival, transcription and motility 
and is believed to have an important role in insulin stimulated glucose uptake. 
Akt is one of the major substrates of mTORC2. Akt is activated by 
phosphorylation at Thr308 by PDK1 and on Ser473 by mTORC2 and recent 
publications suggest that Akt is involved in β-adrenergic stimulated 
thermogenesis and glucose uptake in BAT. 
 
We treated primary culture BAT with the β-adrenergic agonist isoproterenol 
and the β3-agonist CL-316,243 together with a specific PI3K inhibitor 
(compound 15e). We could only observe a phosphorylation on Akt at Ser473 
and increase in glucose uptake by isoproterenol, however, when these cells 
were additionally treated with the PI3K inhibitor, only the phosphorylation 
was affected, not the glucose uptake. This indicates that Akt is not involved 
in β-adrenergic stimulated glucose uptake in BAT. 
 
Furthermore, injecting C57BL/6 mice with CL-316,243 did not 
phosphorylate Ser473 in BAT, suggesting that the phosphorylation only 
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occurs in vitro and strengthening the fact that Akt is not involved in β-
adrenergic stimulated glucose uptake. 
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7. SVENSK SAMMANFATTNING 

Adrenerg signalering är en del av det sympatiska nervsystemet och aktiveras 
av katekolaminerna noradrenalin och adrenalin. Detta system reglerar 
hjärtfrekvens, energimobilisering, matsmältning och hjälper till att leda 
blodflödet till viktiga organ. Insulin frigörs vid måltid för att reglera 
metabolismen av kolhydrater, fetter och proteiner, främst genom att ta upp 
glukos från blodet. Insulin- och katekolaminhormonsystemen arbetar normalt 
som motsatta metaboliska regulatorer, då det senare frigörs under fasta, och 
anses därför antagonisera varandra. 
 
En av de viktigaste proteinerna som reglerar insulinsignaleringen är 
mechanistic target of rapamycin (mTOR). mTOR finns i två olika 
proteinkomplex; mTORC1 och mTORC2, och de är viktiga för kontrollen av 
celltillväxt, metabolism och energihomeostas. Eftersom mTOR är viktig för 
insulins anabola signalering, trodde man länge att katekolaminer skulle kunna 
motverka denna åtgärd genom att hämma mTOR-komplexen. Det finns dock 
studier idag som visar att detta inte är fallet. mTOR är exempelvis en del av 
den adrenerga signaleringsvägen som resulterar i hypertrofi av hjärt- och 
skelettmuskelceller och glattmuskeln är mTOR involverad i inhibering av 
muskelavslappning. mTOR hjälper dessutom också till att reglera både 
förbränning och termogenes i vit fett respektive brunt fett. 
 
I denna avhandling visar jag att β-adrenergt stimulerat glukosupptag sker 
oberoende av insulin i skelettmuskel och brunt fett. Dessutom aktiveras varken 
Akt eller mTORC1, utan upptaget regleras huvudsakligen av mTORC2. 
Vidare visar mina medförfattare och jag att β-adrenerg stimulering i 
skelettmuskel och brunt fett använder olika glukostransportörer. I 
skelettmuskulaturen sker en translokering GLUT4 till plasmamembranet vid 
stimulering, medans β-adrenerg stimulering i brunt fett resulterar i upptag av 
glukos genom translokation av GLUT1. Betydelsefullt är, att i både 
skelettmuskler och brunt fett så har mTORC2 en roll i att reglera β-adrenerg 
stimulering av GLUTs translokering upp till plasmamembranet. 
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