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Abstract
Metabolic diseases like type II diabetes (T2D) and obesity largely stems from an unbalanced energy homeostasis with the
fails of the insulin pathway to the point in which the glucose homeostasis is severely disturbed leading to hyperglycemia.
We have investigated if the β-adrenergic signaling pathways, in both brown adipose tissue (BAT) and skeletal muscle,
could be used as a strategy to alleviate metabolic disease.

As an important protein regulating energy metabolism, Akt has been an interesting target for study also in BAT, but its
role in glucose uptake downstream the β-adrenergic receptors (β-ARs) have had conflicting outcomes. We have therefore
made efforts to separate Akt and insulin from the β-adrenergic pathway and shown that Akt is not involved in β-adrenergic
glucose uptake or thermogenesis in the brown adipocyte and norepinephrine (NE)-driven glucose clearance in vivo (Paper
I). We have also shown that a β2-adrenergic agonist, clenbuterol, at low dose, can be used to induce glucose uptake to
skeletal muscle, glucose clearance and increase insulin sensitivity in diet-induced obese mice, independently of insulin
(Paper II). Administrating an agonist that binds to either the β-ARs on BAT or on skeletal muscle, at low dose to minimize
cardiovascular adverse effects, would initiate processes independent of Akt and insulin, and could therefore be administered
to patients with T2D to target idle assets.

Further, we have identified Myosin 1c (Myo1c) as a major regulator of basal protein kinase A (PKA) activity and basal
glucose uptakein the brown adipocyte (Paper III) and also as a cofactor in chromatin remodeling for uncoupling protein
1 (UCP1) and peroxisome proliferator-activated receptor gamma coactivator 1α (Pgc1α) transcription in the thermogenic
adipocyte (Paper IV). These novel functions of Myo1c will open up the possibilities for future explorations concerning
motor proteins in thermogenic adipocytes.

This thesis has expanded current understanding about the independence of Akt and insulin in β-adrenergic metabolism
as well as identifying Myo1c as a key component of the β-adrenergic pathway in the thermogenic adipocyte. The work
presented herein will hopefully contribute to further exploration into adrenergic signaling in BAT and skeletal muscle.
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"We shall not cease from
exploration 
And the end of all
exploring
Will be to arrive where
we all started
And know the place for
the first time."
 
T.S. Eliot





Preface 

 

 

This thesis builds partly upon the author’s licentiate thesis (defended on June 

11th, 2020). Of the papers included in this thesis, Paper I and Paper II were 

part of the licentiate. By chapters, the contribution from the licentiate thesis is 

as follows: 

Chapter 2: Parts of this chapter were included in the licentiate; for this thesis 

it has been reviewed and updated, and around 10% of the text and references 

are new. The text in Chapter 2.2 is completely new. 

Chapter 3: This chapter was included in the licentiate; for this thesis it has 

been reviewed and updated, and around 25% of the text and references are 

new.  

Chapter 4: Parts of this chapter were included in the licentiate; for this thesis 

it has been reviewed and updated, and around 20% of the text and references 

are new. The text in Chapter 4.2.2, 4.2.3 is completely new. 
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HAT   Histone acetyltransferase 

HMT   Histone methyl transferase 

HSL   Hormone-sensitive lipase 

HSP   Heat-shock protein 
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MAPK  Mitogen-activated protein kinase 
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mTORC2 Mechanistic target of rapamycin complex 2 
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MyoII  Myosin II 

MYPT1  Myosin phosphatase target subunit 1 

NE   Norepinephrine 

NEFA  Non-esterified fatty acid 

Nm1   Nuclear myosin I  
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nt    Nucleotides 
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PDK1   Phosphoinositide-dependent protein kinase 1 
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PIP3    Phosphatidylinositol (3,4,5)-trisphosphate  

PKA   Protein kinase A 

PKC   Protein kinase C 

PLC   Phospholipase C 
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PRDM16 PR domain containing 16 receptor kinases 
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1. Introduction and Aim 

As insulin fails to clear glucose from circulation in the diseased state of type 

II diabetes (T2D), much effort has been put in to alleviating hyperglycaemia 

by targeting not only pancreas, the tissue responsible for insulin production, 

but also components downstream insulin signaling. However, some therapies 

targeting the insulin pathway, like insulin-sensitizing thiazolidinediones or ad-

ministrating exogenous insulin at increasingly high doses have either been 

discontinued because of cardiovascular risks or are last-in-line strategies when 

the disease is already far gone.  

 

Our research is aimed at understanding an alternative strategy via -adrenergic 

receptors (-Ars), circumventing the disturbed insulin pathway. The -adren-

ergic pathway leads to increased glucose uptake into skeletal muscle and 

brown adipose tissue (BAT), two tissues both known for their ability to clear 

glucose from the circulation.  

 

As the metabolic epidemic increases, so has the need to understand T2D and 

obesity from a physiological to the molecular level to increase development 

of therapeutic treatments. Our efforts have primarily been focusing on sympa-

thetic activation of glucose uptake into BAT and skeletal muscle and the mo-

lecular players involved. We have shown that the -adrenergic stimulated glu-

cose clearance acts independent of insulin output, but will nonetheless lead to 

an improved the insulin sensitivity in hyperglycaemic and obese rodent mod-

els. Both Paper I and Paper II present proof of principle for this strategy with 

promising outcomes.  

 

An important aim is to identify proteins in glucose burning tissues that have 

potential as therapeutic targets. Myosin 1c (Myo1c) has been shown to medi-

ate insulin-stimulated glucose by translocating glucose transporters to the 

plasma membrane. This led us to investigate the function of Myo1c in brown 

adipocytes. We were surprised to uncover several functions linked to meta-

bolic effects in the brown adipocyte. In Paper III, we discovered that Myo1c 

inhibits basal PKA activity in brown adipocytes and in Paper IV, that it is 

crucial in chromatin remodeling required for uncoupling protein 1 (UCP1) and 
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peroxisome proliferator-activated receptor gamma coactivator 1 (Pgc1)- 

transcription.  

 

In conclusion, this thesis explores strategies utilizing the -adrenergic path-

ways and signaling molecules to increase glucose uptake in BAT and skeletal 

muscle. Currently, there are no T2D-treatments targeting glucose uptake into 

these tissues, but their remarkable capacity for glucose uptake has governed 

an interest to use these tissues as target to ameliorate metabolic dysfunction 

associated with obesity and diabetes. 
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2. An introduction to -adrenergic signaling in 

skeletal muscle and brown adipose tissue 

The sympathetic nervous system (SNS) helps to maintain homeostasis through 

the release of norepinephrine (NE) from sympathetic nerve endings that lead 

to a broad variety of direct responses like increasing the heartbeat, relaxation 

of the airway as well as regulating glucose production by stimulation of gly-

cogenolysis and glucose release from the liver. It also stimulates secretion of 

the hormone epinephrine from the adrenal gland that, in contrast to the more 

discrete effects of innervation, can be seen as a systemic, “fight or flight” re-

action that is activated by an acute stress response, causing several uncon-

scious actions as the body prepares for maximum alertness by for instance 

preparing muscles for contraction by taking up glucose to use as fast energy. 

Stimulation of sympathetic nerves to adipose tissue or skeletal muscle, re-

leases NE that binds to all of the adrenergic receptors expressed by the cell, 

causing a rise or decrease in cyclic adenosine monophosphate (cAMP) pro-

duction thereby inducing or inhibiting a number of intracellular processes 

(Barbara Cannon and Nedergaard 2004).  

2.1 Adrenergic receptors 

G protein coupled receptors (GPCRs) are a diverse family of membrane pro-

teins, spanning all cell types and eukaryotes. Over 900 subgroups have been 

identified in human and they play important roles in many different physio-

logical processes, which makes them interesting targets as pharmaceutical tar-

gets and nearly 40% of current drugs binds to these membrane bound proteins 

(Brink et al. 2004). One important subgroup in this respect are the adrenergic 

receptors. Both agonists (inducing vasodilation in asthma) and antagonists (re-

ducing high blood pressure) have had enormous impact for billions of people, 

and a vast amount of research has been conducted on the structure and func-

tion of these receptors. The endogenous ligands are the catecholamines epi-

nephrine and NE released by the SNS, and targeting these receptors causes a 

confirmation change and subsequent binding of the G proteins to the intracel-

lular loops (Kobilka et al. 1988). The G protein consist of three subunits; Gα, 
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Gβ, and Gγ. When an agonist binds and activates a GPCR, Gα dissociates 

from Gβγ, with different signaling effects downstream each of the subunits. 

To cease signaling, the active receptor is phosphorylated by G protein coupled 

receptor kinases (GRKs) leading to the binding of β-arrestins, triggering de-

sensitization and internalization of the receptor. The initial division of the ad-

renergic receptors, based on their pharmacological characteristics, was made 

between α-adrenergic and β-ARs. Next were the identification of three phar-

macologically distinct types α1, α2, and β identified, further divided in to sub-

types, currently resulting in 9 members of the family (Bylund et al. 1994). In 

short, α1-AR-stimulation couple to Gq/11, activating phospholipase C (PLC) 

causing an increase in intracellular Ca2+-concentration and α2-AR, coupling to 

Gi/Go has antagonistic effects on cAMP production. However, further focus 

in this thesis will lay on the -ARs because of the effect these receptors have 

on glucose uptake and utilization in skeletal muscle and BAT.  

2.1.1 The β-ARs  

β-ARs are divided into β1, β2 and β3 and these are primarily coupled to Gαs, 

activating adenylyl cyclase (AC) resulting in increased concentrations of the 

second messenger cAMP. This in turn initiates activation of cAMP-dependent 

protein kinase A (PKA), signaling by ion channels and exchange proteins di-

rectly activated by cAMP (Epac). However, some of the β-ARs are also known 

to switch from Gαs to Gαi, thereby inhibiting the Gαs pathway, or couple to 

both simultaneously (Soeder et al. 1999; Xiao Rui-Ping et al. 1999). The β-

ARs are differentially expressed in many tissues, the β1-ARs are highly ex-

pressed in heart and brain, β2-ARs in uterus, skeletal muscle and lungs and 

the β3-ARs at high levels in adipose tissues and gall bladder (Wallukat 2002). 

 

 

Figure 1. Overview of the three different adrenergic receptors and their respective 

signaling effectors.  

-ARs 2-AR 1-AR 
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2.2 Metabolic functions of β2-ARs in skeletal muscle   

One important part of our research has been to understand the downstream 

effects of 2-activation in skeletal muscle and to correlate these to an impact 

on glucose homeostasis. There are three different types of muscles; cardiac, 

smooth and skeletal muscle and by the interaction of actin and myosin, they 

cause contraction in the heart, digestive system and skeletal muscle, respec-

tively. The ratio of expression between α- and β-ARs vary regarding the dif-

ferent physiological response upon catecholamine release. The major pathway 

downstream the receptor in skeletal muscle is believed to be downstream 

cAMP and PKA, which induces activation of various proteins, increases gene 

transcription through cAMP-response element binding protein (CREB) 

(Taskén and Aandahl 2004), (Taskén and Aandahl 2004), Epac-P13K-AKT 

(Brennesvik et al. 2005) and cyclic nucleotide-gated cation channels (Pak, 

Pham, and Rotin 2002). Below, three important mechanisms downstream the 

2-AR in skeletal muscle that are relevant to adrenergic metabolism are dis-

cussed, while glucose uptake downstream the 2-AR will be discussed more 

in depth in Chapter 4.  

2.2.1 Contraction  

Skeletal muscle movement is achieved via the contractile pathway, however 

2-adrenergic signaling can impact the ability of the skeletal muscle to con-

tract with a varying effect depending on the muscle type. Early studies showed 

adrenergic agonists increasing the force of contraction in fast-twitch muscles 

while decreasing it in slow-twitch muscles in cats (Bowman and Zaimis 1958), 

although later studies have also seen an increased force in slow-twitch muscles 

(S. P. Cairns and Dulhunty 1993).  

 

2-adrenergic stimulation leads to several mechanistic effects that increases 

the efficacy of the contraction, including a potentiation of peak force and 

faster relaxation of some muscles (Simeon P. Cairns and Borrani 2015). Stim-

ulation by isoprenaline has shown to increase Ca2+-flux also in cell cultures of 

embryonic muscles from chicken, conducted by the voltage sensitive channel 

CaV1, leading to increased muscle contraction which was additive to that of 

depolarization (Schmid, Renaud, and Lazdunski 1985). Furthermore, PKA is 

shown to phosphorylate the ryanodine receptor, involved in muscle contrac-

tion by sensitizing the Ca2+-release mechanism, in rabbit skeletal muscles 

(Suko et al. 1993). Finally, high-dose administration of -agonists (0.1 μm) 

increases sarcolemma Ca2+‐release rates downstream cAMP, maximum con-

traction strength and peak power in trained humans (Simeon P. Cairns and 
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Borrani 2015). Collectively, these studies indicate the importance of the 2-

ARs for the potency of the contractile function. 

2.2.2 Glycogen breakdown 

Skeletal muscles are used to store carbohydrates. Even if the amount is limited 

as an energy storage to around 300-500 grams of glycogen, this is, in compar-

ison to liver and the free glucose in blood circulation, five and ten times more 

respectively (Sylow et al. 2017). The glycogen stored is used for exercise in 

the muscle itself. Effects on glycogen downstream of the 2-AR will be dis-

cussed next. 

 

An increase in the activity of glycogen phosphorylase as well as a decreasing 

activity of glycogen synthase, was seen in biopsies from humans stimulated 

by NE, which lead to reduced glycogen levels (Raz, Katz, and Spencer 1991). 

This had also been seen in perfused rat hindlimb where it could be blocked by 

propranolol, indicating this process to be downstream of β-ARs (Dietz et al. 

1980). Studies on -adrenergic effects on glycogen stores in muscle during 

exercise have shown different results. While inhibition of the -ARs with pro-

pranolol was unable to decrease the rate of glycogenolysis in rat skeletal mus-

cle after 55 min of tread-milling (Juhlin-Dannfelt et al. 1982) or in biopsies 

from human thigh muscles during static contraction, the -blocker did de-

crease glycogen breakdown in the human biopsies collected after dynamic ex-

ercise (Chasiotis et al. 1983). Similarly, propranolol blocked breakdown in 

fast-twitch-muscles during low intensity exercise and in slow-twitch muscles 

during both high and low intensity exercise (Górski and Pietrzyk 1982). A 

study on healthy, lean men showed that muscle glycogen content was around 

30% lower for 2-agonist salbutamol (24 mg orally administered) than for 

placebo in recovery after leg muscle exercise, whereas no treatment differ-

ences were observed in muscle glycogen resynthesis or glycogen synthase ac-

tivity (Onslev et al. 2021).  

 

To conclude, β-adrenergic signaling can influence glycogenolysis during ex-

ercise but this depends on fiber-type as well as intensity of exercise. Intri-

guingly, we have seen that longer stimulation of 2-ARs lead to increased 

glycogen synthesis in differentiated rat muscle cells through glycogen syn-

thase kinase 3 (GSK3) (Yamamoto, Hutchinson, and Bengtsson 2007) allow-

ing for speculation that there could be a difference in acute stimulation of the 

2-AR in muscle, leading to breakdown of glycogen while longer stimulation 

could lead to synthesis.  
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2.2.3 Muscle growth 

The fact that chronic stimulation of certain 2-agonists acting on skeletal mus-

cle promotes muscle hypertrophy is an established effect downstream the re-

ceptor (Lynch and Ryall 2008). An early study on rats treated with clenbuterol 

showed that the 2-agonist increased the rate of protein and RNA accretion in 

gastrocnemius and soleus muscles without increasing protein synthesis. In-

stead, the authors proposed that clenbuterol exhibited an inhibitory effect on 

protein degradation (Reeds et al. 1986). Treatment of clenbuterol (3 

mg/kg/day for 9 days) in wildtype and 1-AR knockout (KO)/2-AR KO or 

in double-KO mice demonstrated that the 2-AR is responsible for both the 

hypertrophy and inhibition of denervation-induced atrophy of the innervated 

tibialis anterior and medial gastrocnemius muscles (Hinkle et al. 2002). In 

more detail, this growth occurs by both increasing protein synthesis, effects 

that are proposed to signal via the Akt/mTOR pathway (Kline et al. 2007; 

Woodall et al. 2016) and inhibiting proteolysis, likely to be mediated by PKA 

since it is mimicked by a PKA-selective cAMP-analogue 6-Bnz-cAMP 

(Baviera et al. 2010), which in combination results in a greater volume of 

muscle mass (Spurlock, McDaneld, and McIntyre 2006).   

 

In a study performed on patients with chronic heart failure, clenbuterol was 

given at 80 g/day for 3 months where it led to a significant increase in the 

lean/fat ratio. However, although they saw an increase in maximal strength, 

there was a decrease in endurance (Kamalakkannan et al. 2008). This is some-

thing that has been seen previously with clenbuterol (George et al. 2006), and 

has in animal studies been attributed to a shift in slow to fast twitch-fibers 

during treatment (Gosker et al. 2000). Additionally, results from a study with 

male Wistar rats treated with clenbuterol (4mg/kg for 21 days) showed that 

although EDL muscles from clenbuterol-treated animals displayed hypertro-

phy, the treatment also impaired Ca2+ signals associated with excitation-con-

traction coupling in fast-twitch skeletal muscles (Sirvent et al. 2014). Alt-

hough this anabolic effect is well documented with treatment of clenbuterol 

we did not find an effect on lean mass in diet obese mice treated up to 42 days  

(Paper II; van Beek et al. 2021), probably due to the much lower dose we 

administer. To understand the molecular pathways downstream of the 2-AR 

and how they lead to various endpoints and metabolic effects in skeletal mus-

cle is important because it opens up the possibilities for discovering novel 

treatments for T2D. 
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2.3 The role of β3-ARs in brown adipose tissue  

Even though there is clear distinction in both appearance and function between 

white and brown adipocytes, they share basic pathways activated by the 3-

ARs. Adipose tissue contain sympathetic innervation that signals to all three 

β-ARs for energy mobilization and utilization (Collins 2012). Mature adipose 

tissue mainly expresses the β3-AR, with its functional capacity developing 

upon differentiation of the adipocyte (Fève et al. 1994). One of the main cel-

lular events downstream the β3-AR is lipolysis, the breakdown of triglyceride 

into fatty acids and glycerol to supply energy to metabolically active organs, 

such as the liver, muscle, brain, and heart. This is mainly regulated by cAMP 

which activates PKA, which in turn phosphorylates hormone-sensitive lipase 

(HSL). Phosphorylated HSL will proceed to the lipid droplet and result in the 

subsequent breakdown of the triglyceride (Collins 2012). However, a second 

lipase, adipose triglyceride lipase (ATGL), is responsible for the initial cleav-

age of triglycerides to diglycerides and is rate limiting for lipolysis, yet is not 

regulated directly via PKA phosphorylation (Zimmermann et al. 2004). Insu-

lin, in contrast, will deactivate HSL by dephosphorylation simultaneously as 

cAMP-phosphodiesterase restricts cAMP production (Degerman et al. 1990). 

β-adrenergic stimulation in adipose tissue through PKA will also activate tran-

scription factor CREB that binds to CRE sites in gene promoters initiating 

transcription of many target genes. This pathway is also important in BAT, 

since CREB will induce adipogenesis in preadipocytes and increase expres-

sion of UCP1 and the nuclear co-activator Pgc1α (Rim et al. 2004).  

2.3.1 Non-shivering thermogenesis and UCP1 

BAT is found mostly in mammals, located within white adipose tissue (WAT) 

depots in cervical, axillary, perirenal, periadrenal, and pericardial regions. It 

is a greatly innervated tissue, rich in blood vessels and number of mitochon-

dria, that has the unique ability of transferring energy from fatty acids and 

glucose into heat in a process titled non shivering thermogenesis (NST), based 

on the function of protein UCP1 (Barbara Cannon and Nedergaard 2004). NST 

is a process that is facultative, meaning that it only occurs upon demand, and 

adaptive to the point that it increases when further required (Jan Nedergaard 

and Cannon 2018). Stimulation by NE to β-ARs causes an intracellular eleva-

tion of cAMP and the activation of UCP1 located within the inner membrane 

of the mitochondria. Activation of UCP1 leads to the uncoupling of the elec-

tron transport chain, bypassing the final complex and adenosine triphosphate 

(ATP) production, allowing the protons to move down their mitochondrial 

gradient, instead dissipating energy by generating heat to keep body tempera-

ture stable (Barbara Cannon and Nedergaard 2004) (Figure 2). When activated 
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even by mild cold, BAT which is specialized in energy dissipation, requires 

the same amount of nutrient combustion similar to the liver or the brain (B. 

Cannon and Nedergaard 2011).  

 

In contrast to WAT, with a unilocular lipid storage of energy as the main func-

tion, BAT is multilocular. Thus, it has the ability upon NE activation to pro-

vide a fast response for lipid breakdown by increasing the total surface that is 

exposed to triacylglycerol mobilization by ATGL, activating UCP1 and NST. 

In addition to the intracellular breakdown, fatty acids can also be acquired 

from the circulation from WAT and have shown to be sufficient in sustaining 

NST in BAT (Schreiber et al. 2017). Using inducible BAT-specific ATGL 

KO-mice, the authors observed that the loss of ATGL did not compromise β3-

adrenergic thermogenic response or cold-induced NST, instead this is depend-

ent on ATGL function in WAT (Schreiber et al. 2017).  

 

In mammals, UCP1 is exclusively expressed in adipose tissues, and while the 

other four homologues are expressed in various tissues, they exist in low num-

ber in the mitochondrial membrane and lack the biochemical properties as 

UCP1 (Matthias et al. 2000). Mice lacking UCP1 consume less oxygen after 

treatment with β3-AR agonist, yet the basal metabolism are identical to the 

wild type mouse, since UCP1 will only influence metabolism if it is activated 

(Golozoubova, Cannon, and Nedergaard 2006). 

 

Figure 2. Free fatty acids activate UCP1 and overcome the inhibition by purine nu-

cleotides. Active UCP1 leaks protons from across the mitochondrial inner membrane. 

The protons which would otherwise be used to drive ATP synthesis, are now instead 

released as heat, dissipating the proton gradient generated by the oxidation of respir-

atory substrates.  
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The UCP1 KO mice are, as expected, cold-sensitive (Enerbäck et al. 1997). 

However, if the mice get a chance to acclimatize to the cold in a step-wise 

manner, their defective thermoregulation will be compensated for. However, 

in which means this compensation occurs, is still under debate with one inter-

pretation that there is no other NST-process, independent of UCP1, activated 

by cold, but that the KO mice instead increase skeletal muscle shivering 

(Golozoubova et al. 2001). Indeed, shivering to sustain metabolism in cold 

will, in the wildtype mouse, be the first line of defence, before BAT has been 

sufficiently recruited by cold-acclimatization (Jan Nedergaard and Cannon 

2018). However, an enhanced capacity for shivering thermogenesis based on 

“training in the cold” has been met with the concern that the evidence for en-

hanced skeletal muscle metabolism, that surely would ensue, has shown to be 

inconsistent between studies (Chouchani, Kazak, and Spiegelman 2019). 

Upon cold-acclimation, blood flow should increase towards BAT (and not 

skeletal muscle) in the wild type mouse (Foster and Frydman 1979) and not 

towards BAT in the UCP1 KO mouse (Granneman et al. 2003), but instead 

towards skeletal muscle,  if indeed shivering is activated. Nonetheless, blood 

flow will still be directed towards BAT in the UCP1 KO mice, since it is 

driven by adrenergic receptors and not a secondary effect upon thermogenesis 

(Baron et al. 2012; Abreu-Vieira et al. 2015). However, comparing basal glu-

cose uptake, which could partly reflect blood flow, at thermoneutrality versus 

20C in the UCP1 KO mouse, show that there is no such increase into BAT 

or skeletal muscle at either condition (Maurer et al. 2020).  

 

Despite the physiological relevance between shivering and the presence or ab-

sence of UCP1, there is controversy regarding the view of UCP1 as the sole 

non-shivering thermoeffector. UCP1-independent mechanisms have been re-

ported in rodents and in humans, and these are claimed to be essential for ad-

ipocyte thermogenesis (Chouchani, Kazak, and Spiegelman 2019), and these 

will be discussed in short next.  

2.3.1.1 UCP1-independent mechanisms 

The heat production from BAT depends on an acute demand for thermogene-

sis and the amount of existent tissue in the mouse. The evolutionary gain of 

NST could be that it is more comfortable than shivering and that the animal 

now has a survival advantage where it can resume shivering on top of NST to 

sustain metabolism if exposed to a new state of cold challenge (Jan 

Nedergaard and Cannon 2018). However, UCP1 is not essential for mamma-

lian life since it has been lost in several group of mammals (Gaudry et al. 

2017) and removing UCP1 in mice does not exaggerate diet-induced obesity 

(Enerbäck et al. 1997), indicating that other pathways, independent of UCP1, 
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could potentially be activated for NST. Are these mechanisms part of basal 

NST, or are they facultative, only activated at extra need? Are they adaptive, 

so an increase of capacity can be implemented? Finally, are they potent 

enough to replace shivering in the cold? These are requirements set up by 

Cannon and Nedergaard (Jan Nedergaard and Cannon 2018), for the alternate 

thermogenesis to be considered fully functional.  

 

A futile cycle of triglycerol hydrolysis and re-synthesis in the adipose tissues 

has been proposed to be activated by adrenergic stimulation and  PPARγ 

(Guan et al. 2002). This futile cycle is facultative since it would be activated 

by lipolysis, and evidence of adrenergically-induced increase in expression 

and activity of glycerol kinase, an enzyme involved in the re-incorporation of 

glycerol into triglycerides, has been reported in human white adipocytes, 

which could be considered an adaptive response (Mazzucotelli et al. 2007). 

Although fatty acid synthesis and oxidation are tightly coupled under adren-

ergic stimulation, the potency, to which extent this could expend enough en-

ergy enough to drive increase in energy expenditure, remains to be elucidated. 

 

The addition of creatine to coupled mitochondria in brown and brite/beige ad-

ipocytes results in a production of phosphocreatine but more importantly, a 

molar excess of adenosine diphosphate (ADP), which would lead to enhanced 

respiration under ADP-limited conditions, creating a futile cycle (Kazak et al. 

2015). Cold was shown to stimulate mitochondrial creatine kinase activity, 

and induce expression of genes associated with creatine metabolism, as a fac-

ultative and adaptive response. Although these genes were induced in UCP1-

KO mice, the mice still shivered in the cold and therefore the potency of the 

system has been questioned (Jan Nedergaard and Cannon 2018). More re-

cently, creatine kinase B (CKB) (Rahbani et al. 2021) and tissue-nonspecific 

alkaline phosphatase (TNAP) (Y. Sun et al. 2021) were identified as key ef-

fectors to control the turnover of ATP indirectly in this futile cycle.   

 

Calcium cycling has been proposed to contribute to thermogenesis in 

brite/beige adipocytes by α1- and/or β3-adrenergic receptors (Ikeda et al. 

2017). Released calcium would be returned to intracellular depots via ATP-

driven smooth endoplasmic reticulum Ca2+ ATPase (SERCA) activity, with 

ATP derived from glycolysis. This leak of calcium from SERCA, uncoupled 

from ATP-hydrolysis, would be controlled by binding of peptide Sarcolipin. 

However, UCP1-KO mice with induced extra brite/beige adipose tissue, still 

shivered in the cold. 
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The alternative thermogenesis processes presented here all rely on futile cy-

cles; a process in which ATP is used in one direction, i.e., to phosphorylate a 

protein and for that protein to then be de-phosphorylated or that the reaction 

in the opposite direction is energetically spontaneous. Since BAT mitochon-

dria regulate the expression of the ATP-synthase to low levels, inevitably the 

cell would have a low capacity for any alternative ATP-utilizing heat-produc-

ing process making it doubtful, even in principal, for these processes to replace 

shivering (Jan Nedergaard and Cannon 2018). Interestingly, studies on UCP1-

independent proton leak provide an alternative to these ATP-driven NST by 

increase in substrate oxidation. This proton leak would be initiated at high 

membrane potential and appears to be a feature that is common to most mito-

chondria (Jastroch et al. 2010), although the factor(s) involved are still un-

clear. Indeed, proof of concept that un-coupling the mitochondria will drive 

metabolic rate to reduce obesity in humans can be seem from experience with 

ingestion of the uncoupling compound dinitrophenol (DNP) used in the 1930s 

for weight loss (Tainter, Cutting, and Stockton 1934).  

2.3.2 Proliferation and differentiation of brown adipocytes 

In BAT, NE will not only induce the acute thermogenic process but also cause 

anabolic processes such as proliferation, differentiation and tissue expansion 

(Barbara Cannon and Nedergaard 2004; Jan Nedergaard, Wang, and Cannon 

2019). Proliferation of BAT occurs under stimulation of the β1-AR by activa-

tion of stem cells and not by a general cell division of the pre-existing cells in 

the tissue. The pathway involves cAMP and PKA (Bronnikov, Houstĕk, and 

Nedergaard 1992). However, proliferation does not occur under the mitogenic 

activation of extracellular signal regulated kinases ½ (Erk1/2) , which instead 

holds a role in the inhibition of apoptosis, hence in any case contributing to 

the increase of the tissue (Jan Nedergaard, Wang, and Cannon 2019). Im-

portantly, proliferation is physiologically regulated as it will stop when the 

new capacity has been assessed to be sufficient (A. V. Kalinovich et al. 2017).  

 

In cultured brown adipocytes, the process of differentiation starts to occur 

upon adrenergic stimulation after roughly three days, when an increased pro-

liferation is lost (Bronnikov, Houstĕk, and Nedergaard 1992). The expression 

of β3-ARs is not induced until differentiation yet will be the main initiator of 

the thermogenic response, i.e. increasing the expression of UCP1, through 

cAMP (Barbara Cannon and Nedergaard 2004). Both β1- and β3-ARs are ex-

pressed in the mature brown cell, but β1-AR remains dormant in comparison, 

yet its expression and response will increase in an compensatory mechanism 

if the β3-ARs are removed in mice (Hutchinson, Evans, and Summers 2001).  
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The transcription factors PPARγ and the C/EBPα/β/δ have been recognized as 

necessary components of the transcriptional cascades that prepare for differ-

entiation into mature adipocytes of both white and brown adipocytes. How-

ever, the brown adipogenic program is specified and regulated by Pgc1α and 

the transcription factor PR domain containing 16 (PDRM16), which physi-

cally interacts with C/EBPβ (Seale, Kajimura, and Spiegelman 2009). 

 

The ability of the cell to respond to an increased need of heat generation de-

pend on three essential events, namely 1) stimulation of the intracellular re-

sponse leading to activation of UCP1 2) an enhanced cellular environment 

including de novo mitochondrial biogenesis, increased expression of thermo-

genic genes and enzymes involved in lipid breakdown 3) a growth in tissue 

cellularity for the animal to keep increasing the total thermogenic capacity.  

2.3.3 Browning of the brite/beige adipocytes 

In addition to classical brown and white adipocytes there is also a third cate-

gory- the brown in white (brite) (Petrovic et al. 2010) or beige adipocytes (Ve-

giopoulos et al. 2010; Ishibashi and Seale 2010), herein referred to as 

brite/beige. These adipocytes resemble brown adipocytes in the ability to in-

duce expression of functional UCP1 in mitochondria (Shabalina et al. 2013; 

Keipert and Jastroch 2014), even if they have their own distinct expression 

signature (Petrovic et al. 2010) as they derive from distinct progenitors (M. 

Harms and Seale 2013). They also share morphological and biochemical prop-

erties with brown adipocytes, specifically multilocular lipid droplets, abun-

dance in mitochondria and expression of several thermogenic genes (Ishibashi 

and Seale 2010) (Figure 3).  

 

Unlike the defined deposits of brown adipocytes, inducible brite/beige adipo-

cytes are located within inguinal and anterior subcutaneous WAT. These 

brite/beige adipocytes will, upon cold or β-adrenergic stimulation and ele-

vated cAMP, activate the thermogenic pathway (M. Harms and Seale 2013; 

Gesta, Tseng, and Kahn 2007; Vitali et al. 2012; Peirce, Carobbio, and Vidal-

Puig 2014), whereas the epididymal WAT is resistant to browning when ex-

posed to cold stimuli (Ohno et al. 2012). A remaining question is whether the 

browning process in WAT is caused by de-novo differentiation of precursor 

cells (Q. A. Wang et al. 2013), by trans-differentiation of present adipocytes 

(Rosenwald et al. 2013), or both.  

 

The appearance of brite/beige adipocytes in WAT depots has been described 

as highly relevant for protection against obesity and required for optimal adap-
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tive energy expenditure in rodents (Xue et al. 2007; Wu, Cohen, and Spiegel-

man 2013). Intriguingly, UCP1-positive adipocytes from the BAT supracla-

vicular region in adult humans show a molecular signature consistent with 

those of brite/beige adipocytes in mice (Sharp et al. 2012). This could have 

beneficial implications on energy homeostasis since the brite/beige cell has 

the ability to shift between energy storage and energy dissipation depending 

on the type of input that it receives from the surrounding (Wu et al. 2012; 

Ikeda, Maretich, and Kajimura 2018). Yet the thermogenic capacity of the 

brite/beige adipocytes have been challenged and their functions reviewed (A. 

V. Kalinovich et al. 2017; de Jong et al. 2019; Keipert and Jastroch 2014), 

with the total amount of UCP1 protein found in all brite/beige depots after 

prolonged cold-activation, maximally representing 10-25% of the total UCP1 

found in the mouse (Jan Nedergaard and Cannon 2018).   

 

 

 

 

 

 

 

 

 

 

Figure 3. Main morphological characteristics of white, brite/beige and brown adipo-

cytes. The white adipocyte is unilocular, has low mitochondria number and is UCP1-

negative. The induced brite/beige adipocyte shares similar function and morphology 

with the brown adipocyte – they are both multilocular, have a higher mitochondria 

density and are UCP1-positive.  
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Also, much of our current knowledge is based on rodent studies. It will thus 

be important to assess the relevance of these identified pathways in human 

adipocytes. Which is the most suitable mouse tissue to be used in these studies, 

when modelling for human brown or brite/beige adipose tissues? It is beyond 

doubt that the ambient temperature will have several effects on morphology, 

function and gene expression since cold is the primary activator for BAT and 

thermoneutrality regulates the atrophy of the tissue. Petrovic and colleagues 

(de Jong et al. 2019) have expanded upon this conundrum. The authors present 

the concept to “physiologically humanize BAT” by introducing a temperature, 

diet and age resembling that of a middle-aged, high-fat and high-sugar con-

suming human living under thermoneutral condition. Under these conditions, 

they see that mouse BAT, rather than mouse brite/beige, resemble human 

BAT in terms of morphology and molecular characteristics, and that this in 

fact should be the tissue of choice for translational studies (de Jong et al. 

2019). Others disagree with this conclusion (Kajimura and Spiegelman 2020), 

and claim that basing too much on UCP1 expression can be a caveat since 

there could be UCP1-independent mechanisms that are important in humans.  

 

The browning of white adipose tissue is an interesting strategy to activate me-

tabolism in a diseased state where the energy input and output has become 

unbalanced. In the next chapter, I will discuss current suggestions on the fea-

tures and functions of human BAT and if it could be used as a target for phar-

maceutical therapy.   
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3. Can we use human BAT to comBAT 

metabolic disorders? 

In adult humans, the presence of BAT has been known for almost four decades 

with expression of UCP1 observed in patients with pheochromocytoma, a can-

cer where excessive NE induces extreme formation of brown adipocytes close 

to the tumor (Lean and James 1983; Lean et al. 1986). However, the journals 

in which these studies were published were associated with clinical medicine, 

and it was only recently that the brown adipose depots started to make way 

onto the metabolism and obesity field, by observation with fluoro-D-glu-

cose positron emission tomography (FDG-PET) analysis and tissue biopsies 

(J. Nedergaard, Bengtsson, and Cannon 2007). Since then, several studies 

have confirmed that human adults have functional BAT (Cypess et al. 2009; 

Saito et al. 2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009). 

The human brown fat depots are localized in the supraclavicular, cervical, and 

paravertebral regions and express high levels of PR domain containing 16 

(PRDM16), Pgc1α, and UCP1 (Seale, Kajimura, and Spiegelman 2009). 

Cypess et al (Aaron M. Cypess et al. 2013) revealed that BAT in adult humans 

are composed of different adipocyte subclasses, where UCP1-positive cells 

colocalized with UCP1-negative, making the depots by description, heteroge-

neous.  

 

The concept that the presence of thermogenically active BAT is beneficial for 

metabolic health, by contributing to the regulation of glucose homeostasis, has 

driven interest towards the tissue. Indeed, BAT has been shown to be inversely 

associated to body-mass index (BMI) and declines with age (Trayhurn 2016). 

Additionally, a decrease in blood glucose was also seen in healthy obese hu-

mans, exposed to acute cold (Hanssen et al. 2016). Estimated 24 grams/24 

hours of glucose was removed from circulation, under similar cooling condi-

tions, but interestingly only in BAT-positive individuals (Chondronikola et al. 

2014). However, this result has been challenged by contrasting findings in 

rodents where an increase of glucose levels in circulation upon cold acclima-

tion was reported (Labbé et al. 2015) and where chronic exposure in individ-

uals with T2D showed no reduction of blood glucose, despite increased glu-

cose uptake to BAT (Hanssen et al. 2015). Also, studies performed in both 
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healthy men (Blondin, Labbé, Phoenix, et al. 2015) and type 2 diabetic male 

patients (Blondin, Labbé, Noll, et al. 2015) report that, even though BAT is 

an important site for glucose uptake per volume of tissue, the majority of glu-

cose turnover during cold exposure is mediated by skeletal muscle metabolic 

activation. Finally, the contribution of BAT to energy expenditure has been 

estimated to be low due to its small volume measured using FDG-PET (Car-

pentier et al. 2018). However, the authors add that it probably is an underesti-

mation of the true condition, especially in individuals with obesity, due to lim-

itations of the method and urge for the development of new imaging tech-

niques to delineate the true potential of targeting BAT to treat cardiometabolic 

disorders.  

 

Excitingly, a more recent meta-study grouped 135.000 FDG-scans from 

52.500 cancer patients undergoing diagnosis, treatment or surveillance, in re-

spect to the presence or absence of BAT. Patients with BAT had lower odds 

of T2D, dyslipidemia, coronary artery disease, cerebrovascular disease, con-

gestive heart failure and hypertension. The beneficial effects of BAT were 

also mirrored by an improved blood glucose and triglyceride values and these 

effects were more noticeable in overweight or obese patients, which indicates 

that BAT might be used to increase cardiometabolic health (Becher et al. 

2021).  

  

Interestingly, increased expression of UCP1 has alone been shown to induce 

basal glucose uptake by glucose transporter 1 (GLUT1) in human white adi-

pocytes (Tews et al. 2019). The UCP1 overexpression initiated an increase in 

oxygen consumption to the extent of 50%, by proton leak respiration, while 

the integrity of the mitochondria was assessed to be normal. Instead, the con-

stitutive activity of UCP1 was hypothesized to be due to free fatty acids from 

basal lipolysis. The increase in oxygen consumption preceded extracellular 

acidification and lactate secretion rate that caused a higher glycolytic flux. The 

authors postulate that the induction of this mechanism can improve human 

white adipocytes as a glucose sink, circumventing the need for initial brown-

ing of the tissue to respond to adrenergic stimuli (Tews et al. 2019).  Further 

studies to how UCP1 was activated to increase basal respiration in the human 

cells, and the physiological relevance to this effect needs further investiga-

tions. Contrastingly, if wild-type mice conditioned to thermoneutrality, which 

express no or little UCP1, are compared to animals with high UCP1 levels, 

the basal metabolism of the animals are identical. Endogenously expressed 

UCP1 only influences metabolism if it is activated (Matthias et al. 2000). Sim-

ilarly, the overall glucose uptake into white depots at 30C in the wild type 

(WT) mouse is not increased compared to the UCP1 KO mouse (Maurer et al. 
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2020). However, perhaps a direct comparison cannot be made between rodents 

and humans, since the inducible WAT in mice will only contain 10-25% of 

the total UCP1 found in the mouse (Jan Nedergaard and Cannon 2018), and 

could therefore not be detectable on whole mouse metabolism at a basal state.  

3.1 Which β-adrenergic receptor drive human brown 

adipose tissue; and why would it matter? 

Early studies from the 1990s found that expression of all three β-ARs in 

perirenal BAT from infants and adults, correlated to the expression of UCP1 

(Krief et al. 1993; Deng et al. 1996). Still, the β3-AR have mostly been tar-

geted, since it is the primary receptor involved in rodent BAT stimulation. 

While different selective β3-adrenergic agonists have been tested in clinical 

trials to induce BAT activity and weight loss, the outcome has been poor and 

also been shown to stimulate cardiovascular responses (Aaron M. Cypess et 

al. 2015; Baskin et al. 2018). However, targeting the β3-AR in humans would 

theoretically be beneficial due to it being highly expressed only in a few or-

gans such as urinary bladder, gall bladder and BAT (Krief et al. 1993). Despite 

this, more recent efforts have been made with the β3-AR agonist mirabegron, 

currently registered for treatment of overactive bladder disease, as a pharma-

cological intervention to target human BAT (Aaron M. Cypess et al. 2015; 

Baskin et al. 2018; Finlin et al. 2018; Loh et al. 2019; O’Mara et al. 2020; 

Finlin et al. 2020; Cero et al. 2021).  

 

Indeed, in healthy, lean individuals treated with a single oral dose of mira-

begron ranging between 50-200 mg, there was increased BAT activity and 

resting metabolic rate in the higher doses. However, at these effective doses 

there are also dose-dependent cardiovascular changes (Loh et al. 2019). Sim-

ilar results was seen in a recent study, where healthy women were given 100 

mg mirabegron for four weeks, which also reported higher insulin levels and 

insulin sensitivity upon glucose tolerance test (O’Mara et al. 2020). As Finlin 

et al treated obese individuals with a lower dose of 50 mg mirabegron/day for 

10 weeks, they observed increased expression of UCP1 and induced phos-

phorylation on HSL in biopsies from abdominal WAT. Interestingly, this ef-

fect was reported without any cardiovascular adverse effects (Finlin et al. 

2018), however another study report that, at that dose, mirabegron does not 

stimulate BAT thermogenesis (Blondin et al. 2020).  

 

However, these in vivo experiments demonstrate that only a maximal dose of 

mirabegron, which elicits a cross-activation with all three β-AR subtypes 
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(Dehvari et al. 2020), leading to the stimulation of cardiovascular responses 

(β1-AR-mediated) and WAT lipolysis (primarily β2-AR-mediated), could 

stimulate BAT oxidative metabolism. Therefore, the previous results on BAT 

with mirabegron and the adverse cardiovascular effects, can be explained by 

interaction with the β1-AR, which could be occupied at these higher concen-

trations used.  

 

Expanding on these claims, a recent study identify the β1-AR as the primary 

receptor responsible in human BAT, as it induced the adrenergic stimulation 

of UCP1 and lipolysis, both in differentiated human BAT cells and in BAT 

biopsies (Riis-Vestergaard et al. 2020). In line with this, Evans et al. evaluated 

RNA-sequence datasets for adrenoceptor mRNA expression in human BAT 

and adipocytes at thermoneutrality, and showed that β1-AR was highly ex-

pressed in supraclavicular BAT biopsies, as opposed to a relatively low level 

of β3-AR. However, with a sample from  cold, β3-AR and UCP1, were up-

regulated three-fold (Evans et al. 2019). As related to this point, Riis-

Vestergaard and colleagues allege lack of data on the temperature in which 

the BAT biopsies were collected (Riis-Vestergaard et al. 2020). Additionally, 

Cero et al. saw that while silencing the 1-AR gene in primary brown/beige 

adipocytes decreased UCP1 expression, it did not decrease lipolysis or cellular 

respiration. Instead, they show that mirabegron stimulated BAT lipolysis and 

thermogenesis, and that both processes were lost after silencing β3-AR ex-

pression (Cero et al. 2021).  

 

Interestingly, other studies have also investigated the effect of β2-AR agonists 

salbutamol intravenously and formoterol orally (Hoeks et al. 2003; P. Lee et 

al. 2013) in humans on thermogenesis and fatty acid oxidation. A similar re-

sponse to that of the maximal dose of mirabegron was observed, without the 

off-target cardiovascular responses. However, a potential link to UCP1 and 

NST was never determined. Interestingly, a recent study from three independ-

ent laboratories, found that human BAT from the deep neck region is activated 

through β2-AR signaling, and that human brown adipocytes does in fact not 

express the 3-AR nor do they respond to mirabegron in vitro (Blondin et al. 

2020). Instead, they propose that the main target for activation of human 

brown adipocytes should be the 2-AR. To this point, mirabegron given at a 

dose of 50 mg mirabegron/day for 12 weeks to obese, insulin-resistant humans 

saw an enhanced muscle oxidative capacity, an increased pgc1 expression in 

skeletal muscle and an improved  cell function (Finlin et al. 2020). The au-

thors suggest this to be secondary effects of beiging of subcutaneous WAT by 

mirabegron, even if the treatment did not increase weight loss or BAT activa-

tion. However, they do mention that they cannot exclude 2-AR agonism, 
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which could be attributed to the above-mentioned effects. Finally, even if the 

2-ARs themselves does not activate human brown adipocytes thermogenesis, 

due to the highly heterogeneous nature of human BAT (Aaron M. Cypess et 

al. 2013), the possibility of activating an adjacent white adipocyte could in-

deed cause lipolysis under the 2-AR and paracrine FAs uptake into the brown 

adipocyte, since it has been shown in rodents that the brown adipocyte ther-

mogenesis can be activated without endogenous lipolysis (Schreiber et al. 

2017).  

 

Which adrenergic receptor is involved in human BAT is under current inves-

tigation since it has implications for future therapeutic compounds. If indeed 

human BAT is activated through another subtype of β-AR than the β3-AR, 

since β1- and β2-ARs are distributed throughout the cardiovascular system, 

the potential to pharmacologically target BAT via the adrenergic system may 

seem less promising. Even though, β1-AR are more associated with the unde-

sired increased cardiovascular effects, using high doses of a β2-AR agonist as 

BAT activator could also increase blood pressure as a compensatory mecha-

nism for the vasodilation it induces. However, we believe that these adverse 

effects can be circumvented by long-term treatment of an 2-agonist with a 

low dose, or a biased agonist that could activate the 2-AR for the desired 

pathway while at the same time displaying an partial agonism towards cAMP 

activation (Mukaida et al. 2019). Finally, since both BAT and whole-body 

thermogenesis can increase while heart rate decreases significantly upon cold 

exposure (Aaron M. Cypess et al. 2012), it can be suggested that we might 

need to find a pharmacological agonist with the appropriate sympathomimet-

ics for these fine-tuned effects.  

 

Coupled to our results in Paper I, studies are needed to acquire a clearer rep-

resentation of the independence of phosphatidylinositol 3 kinase (PI3K) and 

Akt in human brown adipocytes by β-ARs, to pharmacologically activate ther-

mogenesis and drive glucose uptake without insulin, to balance blood glucose 

levels alongside metabolic disorders. The following chapter will investigate 

insulin-independent glucose uptake into both BAT and skeletal muscle and 

the involvement of Akt.  
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4. -adrenergic stimulated glucose uptake and 

the role of Akt  

The independence of Akt in the β-adrenergic pathway to stimulate glucose 

uptake and thermogenesis in BAT is important since this pathway could be 

utilized to balance glucose homeostasis in metabolic disease like T2D where 

insulin and Akt signaling are dysfunctional. Current studies in BAT regarding 

the direct involvement of Akt downstream the β-ARs have had conflicting 

outcomes. While we, and others, have shown that Akt is not involved in β-

adrenergic glucose uptake or thermogenesis in the brown adipocyte and NE-

driven glucose clearance in vivo (Paper I), there have been other reports im-

plying that it does play a role in these processes. To clarify, and discuss, the 

various observations regarding the involvement of Akt in glucose uptake 

downstream the β-ARs, the regulation of Akt will be introduced first.  

4.1 Activation and regulation of Akt 

The serine/threonine kinase Akt serves as a crucial mediator in response to 

insulin and other growth factors, that activate PI3K, regulating cellular 

growth, survival and metabolism (Liao and Hung 2010; Scheid and Woodgett 

2003; Huang et al. 2011; Lawlor and Alessi 2001). It exists in three isoforms 

(Akt1, Akt2, and Akt3) that all three are included in the AGC kinase subfamily 

with at least 80 other members, including PKA, sharing general similarities in 

activation mechanism and catalytic site (Lawlor and Alessi 2001; Scheid and 

Woodgett 2003). The isoforms also share functional domains, including 

a pleckstrin homology (PH) N-terminal domain, a kinase domain, and C-ter-

minal hydrophobic motif (Scheid and Woodgett 2003). Akt1 and Akt2 are ex-

pressed ubiquitously and Akt3 is expressed in the brain and testes. Although 

Akt1 is correlated to cell survival, Akt2 to metabolism and Akt3 to brain de-

velopment, the function of the three isoforms are overlapping (Gonzalez and 

McGraw 2009).   

 

The PH domain consists of a lipid binding site to which Akt interacts with the 

membrane phospholipids phosphatidylinositol 4,5-bisphosphate (PIP2) and 
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phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Binding to the plasma 

membrane causes a conformational change, that regulates Akt activity through 

phosphorylation of its catalytic domain by phosphoinositide-dependent pro-

tein kinase 1 (PDK1) on Thr308. This in turn, initiates a second conforma-

tional change of the C-terminal domain and following phosphorylation by 

mammalian target of rapamycin complex 2 (mTORC2) on Ser473 (P. L. Lee, 

Jung, and Guertin 2017) (Figure 4). It is generally accepted that Akt requires 

both sites to be phosphorylated for full activation, however it has been shown 

that downstream signal can be transduced with only the phosphorylation on 

Thr308 (Case et al. 2011). Binding of PIP2 and PIP3 to the PH domain has 

shown to be necessary for kinase activity of phosphorylated Akt  (Ebner et al. 

2017). Furthermore, Akt was shown to be rapidly dephosphorylated in ab-

sence of PIP3, as an autoinhibitory process driven by the interaction of its PH 

and kinase domains  (Lučić et al. 2018).  

 

 

 

 

Figure 4.To activate Akt, PIP3-formation will first recruit both Akt and PDK1 tophos-

phorylate Thr308, and then Ser473 will be phosphorylated by mTORC2.  

4.2 Glucose uptake into skeletal muscle and BAT 

Insulin stimulates glucose uptake in skeletal muscle and BAT, however there 

are several alternative ways to induce glucose uptake into these tissues. As 

there are both similarities and divergences between these pathways and that 

of insulin, the insulin pathway will be introduced first.  
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4.2.1 Insulin-stimulated glucose uptake 

Insulin-mediated glucose uptake occurs through a well characterized pathway. 

The hormone is released from the pancreatic β-cells upon high blood glucose 

levels. Binding to receptors on peripheral tissues such as adipose tissue and 

skeletal muscle, leads to the translocation and fusion of perinuclear glucose 

transporter 4 (GLUT4) vesicles to the plasma membrane thereby increasing 

the uptake of glucose to the cells.   

 

The insulin-mediated glucose uptake occurs through increased PI3K activity, 

subsequent PIP3 activation of PDK1 resulting in translocation to the plasma 

membrane and full activation of Akt by phosphorylation on Thr308 and 

Ser473 (Andjelkovic et al. 1997). Additionally, downstream of PI3K, a mem-

ber of the Rho-family- Rac1, a small GTPase, has been shown to play a role 

in insulin-induced cortical actin reorganization that is needed for the recruit-

ment of GLUT4 in skeletal muscle. Interestingly, Rac1 activation becomes 

impaired during conditions of insulin resistance (Chiu et al. 2011). In parallel, 

a downstream target of Akt, Akt-substrate 160 (AS160), a 160kDa Rab-GAP 

(GTPase-activating protein (GAP) of Rab-family proteins) (Mackenzie and 

Elliott 2014), that when phosphorylated by Akt, will allow the translocation 

and subsequent fusion of perinuclear GLUT4 vesicles to the plasma mem-

brane by Myo1c (Bose et al. 2002; Toyoda et al. 2011), thereby increasing 

cellular glucose uptake (Hernandez, Teruel, and Lorenzo 2001).  

 

Additionally, the insulin-mediated activation of Akt will have systemic glu-

cose effects due to the inhibition on hepatic glucose release into circulation 

(Mackenzie and Elliott 2014). Accordingly, insulin resistance has been ob-

served in Akt2 KO mice as well as in humans carrying a mutated Akt2-encod-

ing gene. Defects in Akt2 function could be linked to an impaired phosphory-

lation of AS160 and translocation of glucose transporters, hence this isoform 

of Akt is considered a crucial protein in the maintenance of euglycemia (Mac-

kenzie and Elliott 2014; George et al. 2004; Tremblay et al. 2001; Gonzalez 

and McGraw 2009). 

4.2.2 Exercise-stimulated glucose uptake 

Similar to insulin, exercise also causes translocation of GLUT4 vesicles to the 

plasma membrane in skeletal muscle (Douen et al. 1990) and glucose uptake 

can increase by up to 50-fold during bouts of exercise (Sylow et al. 2017). 

Exercise-induced glucose uptake is mediated either via intracellular metabolic 

stress-sensor AMP-activated protein kinase (AMPK) or the mechanical stress 

of the contraction itself (Sylow et al. 2017).  
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Although the contractile pathway shares other proteins with insulin-mediated 

GLUT4 translocation, for instance the actin remodelling  arm activated down-

stream of PI3K including Rac1 and Myo1c (Sylow et al. 2013; Toyoda et al. 

2011), it does not seem to activate Akt since signaling downstream of Akt was 

not decreased in muscles of Rac1-KO mice (Sylow et al. 2013). Similarly, 

contractile glucose uptake was not effected by PI3K inhibitor wortmannin, nor 

did it increase the activity of the kinase (Brozinick and Birnbaum 1998). This, 

in combination with the fact that contraction-mediated glucose uptake is ad-

ditive to insulin (Wallberg-Henriksson 1987), and maintained in rodent mod-

els of insulin resistance (O’Neill 2013), points towards an independence from 

Akt. This might be due to the end result of the glucose taken up by the respec-

tive signal route into the muscle cell, in which contractile uptake is used as 

energy supply for the actual contraction while insulin initiate anabolic func-

tions in the cell. 

 

Considering this argument, while we do not see an activation of Akt in sym-

pathetic glucose uptake downstream the 2-AR in skeletal muscle (refs, Pa-

per II), since 2-AR can initiate both catabolic and anabolic functions, for 

which the glucose would be utilized for different purposes, the role of Akt in 

this perspective is going to be further examined in the following section.  

4.2.3 β2-adrenergic stimulated glucose uptake in skeletal muscle 

and the role of Akt 

Even though adrenergic signaling has been shown to have antagonizing effects 

on insulin-mediated glucose uptake in skeletal muscles in both rats and hu-

mans (Chiasson et al. 1981; Jamerson et al. 1993; Lembo et al. 1994), there is 

evidence for -adrenergic stimulation to directly increase glucose uptake into 

skeletal muscle.  

 

Studies on sympathetic regulation regarding glucose uptake showed that elec-

trical stimulation of the ventromedial hypothalamus (VMH) increased uptake 

to skeletal muscles and heart, independent of insulin (Sudo, Minokoshi, and 

Shimazu 1991). Inhibiting release of NE from nerve endings, blocked the 

VMH-stimulated glucose uptake, while removal of the adrenal medulla did 

not alter the increase, indicating that the effects were downstream of sympa-

thetic nerves, rather than epinephrine release from the adrenal gland into cir-

culation (Minokoshi, Okano, and Shimazu 1994). Furthermore, we and others, 

have shown that injection of the β-AR agonists isoprenaline, clenbuterol and 

BRL37344 in anesthetized rats and mice increase glucose uptake in muscles 

via GLUT4 translocation (Abe, Minokoshi, and Shimazu 1993; Sato et al. 
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2014; Mukaida et al. 2019; Paper II). We have identified mTORC2 as an 

important component for this β-adrenoceptor driven glucose uptake (Sato et 

al. 2014). mTORC2 has been shown to be important for cytoskeletal organi-

zation through PKCα and PKCζ (Sarbassov et al. 2004), and when we either 

inhibit actin polymerization or mTORC2 function, the glucose transporters 

fail to translocate from the perinuclear storage to the plasma membrane, indi-

cating that it controls cytoskeletal rearrangement necessary for successful fu-

sion of these vesicles in skeletal muscle cells. Interestingly, it seems like it 

does so independently of Akt, both in both rodents (Sato et al. 2014; Mukaida 

et al. 2019) and humans exposed to a mild cold-acclimatization protocol 

(Hanssen et al. 2015), where an increase of GLUT4 to the muscle cell mem-

branes and an improved skeletal muscle glucose uptake was seen, independent 

of improved insulin signaling, activation of AMPK or importantly phosphor-

ylation of Akt at neither Thr308 or Ser473.  

 

 

 

Figure 5. Insulin, 2-AR and exercise signaling pathways resulting in GLUT4 trans-

location and fusion to the plasma membrane. 

 

  

Wanting to further explore this separation from insulin signaling, in Paper II, 

we treated high fat diet fed mice with a low-dose of clenbuterol (40 times 

lower than usually studied) to remove the glucose output from the liver down-

stream of the 2-ARs. The treatment improved glucose and insulin tolerance 

already at day 4, and remained for up to 42 days of treatment. These favorable 

metabolic effects were partly due to glucose uptake to skeletal muscle, as there 

was almost a 2-fold increase of basal uptake to the gastrocnemius muscle in 

the clenbuterol-treated group compared to control, without an increase in in-

sulin secretion. Cumulated leg glucose uptake was increased in healthy, lean 

men treated with an oral dose of salbutamol (24mg), in recovery from leg 

2-AR 

Insulin 
Exercise 
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muscle exercise. Salbutamol also increased leg lactate release after exercise, 

which can reflect an increase in glucose uptake (Onslev et al. 2021).  

 

Additionally, it has been shown that chronic treatment with 2-agonist ter-

butaline (15 mg/day for 1–2 weeks) in healthy men, increased insulin sensi-

tivity (Scheidegger, Robbins, and Danforth 1984) and in Paper II, we also see 

that treatment increased insulin sensitivity. Although, the underlying mecha-

nism is not clear, we see that the positive effects on insulin tolerance is not via 

improved Akt signaling (van Beek et al. 2021). We also show that clenbuterol 

induces GLUT4 translocation and glucose uptake in rat skeletal muscle cells. 

Therefore, the fact that selective 2-adrenergic agonists could be used as ther-

apeutics in T2D, where insulin resistance is present and Akt signaling is de-

fect, presents itself as interesting pharmacological intervention (Figure 6).  

 

 

 

Figure 6. Schematic image representing the effects of chronic low dose clenbuterol 

administration to diet-induced obese (DIO) mice (Paper II).  

4.2.4 β3-adrenergic stimulated glucose uptake in brown adipose 

tissue and the role of Akt 

The role of insulin and Akt in -AR-mediated glucose uptake into BAT is a 

subject of continued debate with respect to the potential entanglement between 

these two major pathways. In Paper I, we challenge the current understanding 



27 

regarding the extent to which PI3K and Akt are involved in glucose uptake; 

this is still under debate and we therefore investigated these apparent diver-

gences in the field. Firstly, the question whether β-AR can drive glucose up-

take into the cell independently of the presence of insulin, PI3K or Akt will 

be discussed.  

 

Upon NE exposure, BAT has shown to consume, in addition to fatty acids, 

high amounts of glucose both in vitro and in vivo to the extent that it can affect 

glucose clearance both acutely and chronically to support lipogenesis and ther-

mogenesis (Chernogubova, Cannon, and Bengtsson 2004; Chernogubova et 

al. 2005; Cooney, Caterson, and Newsholme 1985; Inokuma et al. 2005; X. 

Liu, Perusse, and Bukowiecki 1994; Marette and Bukowiecki 1989; Merlin, 

Sato, Nowell, et al. 2018; J. M. Olsen et al. 2017; Puchalski et al. 1987; Shi-

bata et al. 1989; Stanford et al. 2013).  

 

In contrast to insulin stimulated glucose uptake in BAT, where GLUT4 is 

translocated to the plasma membrane, -adrenergic stimulation utilizes 

GLUT1 as the major transporter for uptake of glucose (Dallner et al. 2006; 

Mössenböck et al. 2014; Jessica M. Olsen et al. 2014; Shimizu et al. 1996; 

1998). We have shown that adrenoceptor-mediated glucose uptake in BAT 

occurs primarily though the 3-AR, involving increases in cAMP levels and 

mTORC2 activation and result in both de novo synthesis of GLUT1 and trans-

location of these to the plasma membrane (Olsen et al. 2014; Paper I, Paper 

III). Targeting -ARs on BAT will also activate thermogenesis, and while 

thermogenesis utilizes combusted fuel, glucose uptake can occur inde-

pendently of UCP1 function and thermogenesis (J. M. Olsen et al. 2017; 

Hankir et al. 2017), indicating the importance and complexity of fuel regula-

tion during different physiological situations. This independence from Akt 

would indeed be beneficial when attempting to lower blood glucose by acti-

vation of -ARs in metabolic disease where the insulin pathway is not func-

tional. 

 

While we, and others (D. Liu et al. 2016)  have shown that many aspects of 

the β-adrenergic pathway in BAT are independent of Akt, including glucose 

uptake in vitro (Valverde et al. 1998; J. M. Olsen et al. 2014; Paper I) and 

glucose clearance in vivo (Paper I), there have been other reports that the ki-

nase is in fact needed for glucose uptake and clearance (Albert et al. 2016; 

Labbé et al. 2016). In more detail, Hall and colleagues reported that both cold 

and β-adrenergic agonist stimulation result in Akt Ser473 phosphorylation in 

BAT in an mTORC2-dependent manner. Furthermore, knocking down Rictor 
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(an important protein in the mTORC2 complex) in mice (AdRiKO), BAT dis-

plays a glucose uptake deficiency that is attributed to decreased Akt signaling 

to hexokinase 2 (Albert et al. 2016). By introduction of constitutively active 

Akt2 in BAT of AdRiKO mice, the authors could restore cold-induced glucose 

uptake to control levels.  Albert et al have reported in their study that mTORC2 

and Akt are essential for BAT thermogenesis, since knocking down Rictor, 

these mice cannot maintain body temperature during acute cold challenge 

(Albert et al. 2016). A limitation of this study is that it uses the fatty acid 

binding protein 4 (aP2) promotor to knock down Rictor, because using aP2-

Cre has off-target expression e.g. in endothelial and brain cells, and is there-

fore inefficient in solely targeting adipocytes (P. L. Lee, Jung, and Guertin 

2017). To this point, glucose uptake and thermogenesis in mice with Rictor 

deletion under the adiponectin promotor, was measured to assess the effect of 

mTORC2 deficiency in adipocytes (Castro et al. 2021). Despite a clear reduc-

tion of Akt Ser473 phosphorylation in the KO mice, the animals showed nei-

ther signs of hypothermy when chronically exposed to cold, nor a reduction 

in glucose uptake to either BAT or iWAT.  

 

Another study in mice lacking Raptor, an important protein in the Mechanistic 

target of rapamycin complex 1 (mTORC1), showed while using live metabolic 

imaging, that glucose uptake was increased into BAT of these mice (Labbé et 

al. 2016). The authors could detect a phosphorylation on Akt Ser473 upon 

either acute cold exposure or administration of rapamycin, an mTORC1 in-

hibitor, linking this effect to the reduction of the negative feedback loop from 

mTORC1- p70 S6 kinase (S6K) to PI3K-Akt.  

 

In terms of the β-AR-driven glucose uptake and thermogenesis in the brown 

adipocyte and glucose clearance in vivo (Paper I), we (Jessica M. Olsen et al. 

2014) and others (Mössenböck et al. 2014; D. Liu et al. 2016), have shown 

that the adrenoceptor-driven pathway work independently of PI3K and Akt, 

and the reason for discrepancies reported by others (Albert et al. 2016; Labbé 

et al. 2016) could be due to secondary effects of insulin. Therefore, this point 

in question will be discussed more in depth next.   

4.3 The caveat of secondary effects due to insulin 

secretion 

β3-AR signaling stimulates lipolysis and non-esterified fatty acid (NEFA) se-

cretion in WAT to balance the increased energy cost of BAT during NST. 
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Earlier studies have shown that chronic administration of β3-adrenergic ago-

nist CL 316,243 greatly induces plasmid lipid clearance mostly due to BAT 

activity (Bartelt et al. 2011) leading to an increase of insulin sensitivity 

(Weyer et al. 1998). Similarly, acute treatment with CL 316,243 distinctly 

lowers blood glucose. However, this effect was connected to transiently in-

creased plasma NEFAs which may result in an increase in plasma insulin 

(Grujic et al. 1997; MacPherson et al. 2014), ascribing it as an secondary effect 

following insulin secretion (Figure 7).  

Both studies of Labbè et al and Albert et al observed an induction of Akt 

Ser473 phosphorylation in BAT upon acute cold in control animals. Yet, the 

phosphorylation on Thr308, which is considered important for activity (Case 

et al. 2011), was not investigated in either of the studies. This, in line with that 

the cold-exposed Rictor KO mice and control mice both displayed a signifi-

cant increase in levels of circulating NEFAs, allows for speculation about a 

potential secondary effect of insulin release contributing to the phosphoryla-

tion on Akt in these studies. We show, in Paper II, that acute injection of a 

low dose -adrenergic agonist will indeed cause a rise in blood glucose, but 

that the circulating insulin concentration is normalized, and even lowered, 

upon longer administration (4-42 days). Therefore, it is interesting to point out 

that when the WT mice of the Raptor KO-study were subjected to chronic cold 

(14 days), the phosphorylation on Ser473 was lost (Labbé et al. 2016). This is 

probably not due to desensitization of the β3-AR, since there is no phosphor-

ylation of the β3-AR or recruitment of β-arrestin (Lefkowitz 1998).  

 

 

Figure 7. Schematic image showing the effects of adrenergic stimulation on periph-

eral tissues resulting in a secondary release of insulin.  



30 

Therefore, to remove any potential effect of insulin in adrenergic glucose 

clearance in vivo, in Paper I, we injected mice with the PI3K inhibitor, Com-

pound 15e (C15e). We found that NE-induced glucose clearance was indeed 

independent of the PI3K-Akt pathway, while the clearance was significantly 

reduced by the selective 3-AR antagonist L-748,337. These results show for 

the first time that although NE results in secondary insulin effects on glucose 

homeostasis, NE alone is sufficient to drive the blood glucose clearance.  

Although, BAT is the major site for NE-mediated glucose uptake and clear-

ance (Cooney et al., 1985; Inokuma et al., 2005; Liu et al., 1994; Marette and 

Bukowiecki, 1989; J. M. Olsen et al., 2014; Olsen et al., 2017; Puchalski et 

al., 1987; Shibata et al., 1989; Stanford et al., 2013), to further establish the 

importance of BAT in this adrenergic-driven glucose clearance, administering 

C15e with and without a 3-selective agonist, solely targeting adipose tissue, 

could be suggested. However, this would discard any potential importance of 

the 1-ARs for this process, as well as the well-known sympathetic drive of 

blood flow and vasodilation for BAT downstream 2-AR, leads to an under-

stimulation and -estimation of glucose clearance. Therefore, the full response 

to NE is important in this matter. Although we have previously shown, by 

FDG-PET scans, that the vast majority of glucose is taken up by BAT down-

stream the 3-AR, (J. M. Olsen et al. 2017), to further solidify our findings 

further, one could compare glucose clearance between thermoneutral and 

cold-acclimated mice upon acute treatment of NE, with and without C15e. 

Any increase of glucose clearance in the cold-acclimated mice, compared to 

the thermoneutral, would come from browning and could be attributed the in-

crease of brown and brite/beige adipose tissues. An additional point would be 

to perform the actual experiment at thermoneutrality, to avoid any endogenous 

sympathetic stimulation. Future studies in this regard require more attention 

to circumventing the caveat of these secondary insulin effects.  

 

In conclusion, we have shown that the insulin, even at low concentrations in 

the media, will have an effect on proteins shared by other pathways in brown 

adipocytes (Paper I). Additionally, studies in animals using the blunt force of 

non-physiological concentrations of β-agonist administration, will acutely 

drive up the blood glucose and subsequent insulin release, and we have shown 

that this effect can be avoided by administrating lower doses over time (Paper 

II). 
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5. An introduction to unconventional motor 

protein Myosin 1c  

It is well known that a muscle cell contains filaments of actin and myosin, 

which helps to produce contractions, but they are also a large family of un-

conventional myosins that have been shown to be involved in a plethora of 

cellular processes involved in cargo traffic and membrane tension by binding 

to actin in the cytoskeleton in many types of non-muscular cells.  

 

We have explored the function of Myo1c in -adrenergic glucose uptake in 

rat skeletal muscle cells and identified additional functions in mouse primary 

brown and brite/beige adipocytes. It is interesting to note that brown adipo-

cytes share progenitor cells with muscle tissue (Sanchez-Gurmaches and 

Guertin 2014) and they also have a highly developed actin cytoskeletal net-

work to keep order in the mitochondria-rich cytosol (J. I. Kim et al. 2019). 

Firstly, I will introduce Myo1c and discuss some aspects of the motor protein 

that are relevant to our discoveries in the brown adipocyte.  

5.1 Unconventional Myosin 1c 

Myosins form a superfamily of proteins that interact with actin to initiate sev-

eral cellular key processes mediated through ATP hydrolysis to cause diverse 

forms of motility including muscle contraction, cytokinesis, phagocytosis and 

intracellular trafficking  (Mermall, Post, and Mooseker 1998). There are two 

types of myosins; conventional myosin, that take on filamentous forms in the 

process of muscle contraction, and 10 classes of unconventional myosins tak-

ing on a monomeric form where its interaction with actin are linked to many 

other functions also in non-muscle cells (McConnell and Tyska 2010).  

 

Myo1c, one of eight Myosin 1 subtypes in humans, is important for several 

cellular functions associated with actin architecture, membrane dynamics, cell 

adhesion, regulation of the mitotic spindle and gene transcription (McIntosh 

and Ostap 2016). It is expressed in a wide range of tissues, localized near the 

plasma membrane as well as the cell nucleus and lipid membranes throughout 



32 

the cell (Gillespie and Cyr 2004; Tomáš Venit et al. 2016; Bond et al. 2013). 

Myo1c consists of a three-part domain structure: a tail domain that interacts 

with cargo, other proteins or acidic phospholipids, such as PIP2, via a pleck-

strin homology (PH) lipid binding motif (Bond et al. 2013), a neck domain 

functioning as a lever arm, that contains regulatory calmodulin sites and  

a N-terminal motor domain that causes force generation due to hydrolyzation 

of ATP and binds to actin (Figure 8). The initiation of the mechanotransduc-

tion process starts when ADP is bound and Myo1c interacts stably with actin 

(rigor). When replaced by ATP, the affinity for actin reduces enormously. 

Simultaneously, Myo1c will undergo a conformation change to a position 

where the lever arm domain can exert force. Hydrolyzation of ATP back to 

ADP and Pi, will again trigger a tight interaction with actin as the motor pro-

tein executes a power stroke and moving the lever arm by relieving this inter-

nal strain (Gillespie and Cyr 2004). Hence, Myo1c is a force generator that 

binds to the membrane-cytoskeleton juncture, that can react to the chemical 

environment by regulatory mechanisms, two presented in brief below.  

 

 

 

 

 

 

Figure 8. Structural features of Myosin 1c.  
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5.2 Regulation of Myosin 1c 

Myo1c has three -helical IQ-motifs that bind to calmodulin with two or three 

of these engaged in the absence of Ca2+; upon elevated Ca2+ concentrations 

calmodulin is released and the ATPase activity of Myo1c is increased 

(Barylko, Jung, and Albanesi 2005). As calmodulin releases, this new IQ mo-

tif could be found to instead bind to the PM as a second lipid-binding domain 

due to these residues being both hydrophobic and basic. This could suggest 

that a tight interaction of Myo1c with the plasma membrane may occur when 

Ca2+ enters the cell (Gillespie and Cyr 2004).  

 

Myo1c can also be regulated by phosphorylation, although the effects are not 

as clear as in the case of yeast myosins 1 where un-phosphorylated heavy 

chains leave the motor proteins essentially inactive. In mammalian Myo1c, 

these residues have been replaced with the phosphomimetic glutamate or as-

partate (Barylko, Jung, and Albanesi 2005). Therefore, perhaps the role of 

phosphorylation is less of catalytic nature, but more for modulating interac-

tions with other proteins. Studies have shown PKA to phosphorylate Myo1c, 

in vitro, on a serine residue (Ser701) located between the motor head and the 

neck domain, close to the first calmodulin site, even though it does not seem 

to affect actual binding of calmodulin, it could still affect the motor ability. 

This mechanism could explain the observed effects on cAMP levels modulat-

ing transduction in turtle hair cells and agents that activate PKA in mouse hair 

cells (Gillespie and Cyr 2004). Myo1c can also be phosphorylated by PKC, in 

vitro, and this reduces the binding of calmodulin (Williams and Coluccio 

1995).   

5.3 Different functions of Myosin 1c  

Most functions of Myo1c have been linked to phospholipid interaction tether-

ing the motor protein to the cortical actin network facilitating cell adhesion 

and spreading, membrane rigidity (Bose et al. 2004; Hagan et al. 2008; Fan et 

al. 2012; F.-S. Wang et al. 2003) and exocytosis of vesicles (Bose et al. 2002; 

Tiwari et al. 2013; Barile et al. 2005). Myo1c also has other functions in the 

cell, for instance as a mechanosensor in the hair cells of the inner ear (Gillespie 

and Cyr 2004), for adequate localization of sodium channels at the membrane 

in collecting duct cells (Wagner et al. 2005) and lipid raft localization (Brand-

staetter, Kendrick-Jones, and Buss 2012). However, its function in glucose 

uptake and gene transcription will be discussed in greater detail since these 

are two important processes we have identified in adrenergic metabolism.  
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5.3.1 Gene transcription 

The majority of actin filaments have the barbed end directed toward the 

plasma membrane and since all myosins (except myosin VI) move towards 

the barbed end, one could assume both localization and functionality of 

Myo1c tightly bound to the periphery of the cell. However, its role in the ini-

tiation of gene transcription have made it apparent that actin and Myo1c par-

take in essential regulation of nuclear function. There are three different pro-

tein isoforms of Myo1c with different lengths in N-terminal extensions: the 

shortest isoform C (referred to as Myo1c), a longer isoform B, named nuclear 

myosin I (Nm1) which has 16 extra amino acids and the longest isoform A, 

with 35 amino acids at the N-terminal (Tomáš Venit et al. 2016). Nm1 has 

been identified as a cofactor for chromatin remodelling involved in RNA pol-

ymerase II (Pol II) transcription initiation and elongation in in both mouse and 

HeLa cells (Tomas Venit et al. 2020; Percipalle et al. 2006; Almuzzaini et al. 

2015), needed for transcription of RNA polymerase I (Pol I) (Philimonenko et 

al. 2004; Percipalle et al. 2006; Sarshad et al. 2013) and has recently been 

shown to be important in DNA damage response and maintenance of genome 

stability, through a chromatin-based mechanism in mouse embryonic fibro-

blasts (Tomas Venit et al. 2020). Similar to NMI, this longer isoform A local-

izes to the nucleus and colocalizes with Pol II, but is not found in nucleoli and 

does not colocalize with Pol I (Ihnatovych et al. 2012). Also, isoform A is only 

expressed in a few tissues (specifically not in BAT or skeletal muscle) (Sielski 

et al. 2014), therefore most studies have focused on the functions of ubiqui-

tously expressed Nm1 in DNA transcription, chromatin remodelling  and 

RNA maturation (Tomáš Venit et al. 2013; Percipalle et al. 2006; Lanerolle 

and Serebryannyy 2011; Obrdlik et al. 2010) as a part of a complex that will 

be presented in short next.  

5.3.1.1 Nm1 is a part of the B-WICH complex 

As Nm1 associates with ribosomal RNA and is required for transcription of 

Pol I (Philimonenko et al. 2004), it does so as part of the chromatin remodel-

ling  complex B-WICH, where it is responsible for rearrangements of chro-

mosomal territories in response to external stimuli (Percipalle et al. 2006). 

Nm1 does this by either binding to polymerase-associated actin or the B-

WICH complex, that contains the subunits WSTF and the ATPase SNF2h. 

Upon association to the complex, this causes nucleosome repositioning activ-

ity and leads to recruitment of histone acetyltransferase (HAT) PCAF (Sar-

shad et al. 2013) and histone methyl transferase (HMT) Set1B (Almuzzaini et 

al. 2015) for transcriptional activation. Nm1 and B-WICH complex has also 

been shown to be involved in Pol II (Almuzzaini et al. 2015) and RNA Poly-

merase III (Pol III) transcription (Cavellán et al. 2006).  
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5.3.2 Myosin 1c and GLUT4 translocation  

Cortical actin has been shown to play a role in GLUT4 vesicle docking and 

fusion, because it must be remodeled before the vesicles can be successfully 

inserted into the plasma membrane (Kanzaki and Pessin 2001). The following 

sections will discuss the role of Myo1c in GLUT4 vesicle fusion downstream 

the insulin- and adrenergic-receptors.   

5.3.2.1 The role of Myosin 1c downstream insulin in adipocytes 

Myo1c was first identified to partake in the insulin-mediated GLUT4 translo-

cation to the plasma membrane in the white adipocyte cell line, 3T3-L1 cells 

(Bose et al. 2002). Myo1c was found in purified GLUT4-containing vesicles 

and insulin was shown to increase this co-localization, which was also seen 

when WT Myo1c was overexpressed, and inhibited with a dominant-negative 

cargo domain of Myo1c. Finally, insulin-mediated glucose uptake was inhib-

ited by siRNA of Myo1c (Bose et al. 2002). Additionally, overexpression of 

Myo1c was shown to compensate for the retained GLUT4-vesicles at the 

plasma membrane, caused by PI3K-inhibition hence indicating that Myo1c 

played a role in this final step of exocytosis (Bose et al. 2004).  

 

A following study in 3T3-L1 adipocytes have also shown that insulin stimu-

lation leads to a direct Calmodulin-Kinase II (CaMKII)-mediated phosphory-

lation of Myo1c at Ser701 (Yip et al. 2008). Phosphorylation of this site, leads 

to binding of 14-3-3, which then can interact with other downstream targets 

of insulin such as TBC1D4 and GSK3 and consequently when this site is mu-

tated to an alanine residue, the interaction ceases (Yip et al. 2008). The pro-

posed mechanism is that insulin causes a Ca2+ influx, which releases calmod-

ulin, and instead allows for biding of 14-3-3, mutually exclusive to the previ-

ous binding of calmodulin.  This seemed to be partly under regulation of PI3K, 

since wortmannin inhibition led to reduced phosphorylation of Myo1c and 14-

3-3 binding, however it did not directly reduce the catalytic activity of 

CaMKII, nor involvement of Akt, indicating that PI3K could be needed to 

juxtapose CaMKII and Myo1c.  

5.3.2.2 The role of Myosin 1c downstream adrenergic receptors in skeletal 

muscle cells 

Myo1c has also been shown to be important in the actin re-organization and 

GLUT4-vesicle fusion in skeletal muscle, both downstream insulin signaling 

(Toyoda et al. 2011; Boguslavsky et al. 2012) and contraction (Toyoda et al. 

2011). Myo1c protein levels were increased in skeletal muscle after exercise 

and overexpression of WT Myo1c increased, while an ATPase-mutant de-

creased the contraction-stimulated glucose uptake into mouse tibialis anterior 
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muscles. However, there was no effect on GLUT4 expression levels or con-

traction-stimulated signaling proteins in neither WT nor mutant Myo1c over-

expressed muscle (Toyoda et al. 2011). 

 

Given that exercise is associated with adrenergic-stimulated glucose uptake in 

skeletal muscle cells (Hutchinson and Bengtsson 2006), these findings make 

Myo1c a good candidate in actin rearrangement leading to GLUT4-mediated 

glucose uptake downstream the -AR in rat skeletal muscle cells. To this end, 

we used the inhibitor PClP (pentachloropseudilin), a halogenated pseudilin, 

isolated in 1966 from marine bacterium, that is a reversible and allosteric in-

hibitor of the ATPase and motor activity that selectively inhibits Myo1c func-

tion in mammalian cells (Chinthalapudi et al. 2011).  

 

We found that PClP decreased clenbuterol-mediated glucose uptake in a dose-

dependent way, and similarly, siRNA directed towards Myo1c reduced the 

uptake. We speculate that Myo1c probably enables the fusion of GLUT4 to 

the plasma membrane upon -adrenergic stimulated glucose uptake, because 

we see the dispersion of the transporter even in the stimulated cells inhibited 

by PClP (Figure 9, unpublished data).  

 

Collectively, the fact that Myo1c plays an important role in the GLUT4 vesicle 

fusion with subsequent glucose uptake downstream of various signaling path-

ways in several different cell types, is clear. Next, new functions for Myo1c 

in the brown adipocyte, a cell type that also utilizes GLUT1 as means to in-

crease adrenergic glucose uptake is discussed. We surprisingly find that 

Myo1c does not inhibit GLUT1 vesicle fusion but rather increases GLUT1 at 

the plasma membrane and we identify novel roles for signaling and transcrip-

tion specific for the brown adipocyte function.  
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Figure 9. A) Chemical structure of pentachloropseudilin (2,4-dichloro-6-(3,4,5-tri-

chloro-1H-pyrrol-2-yl)phenol). B) Glucose uptake in differentiated L6(Glut4myc)-

cells treated with insulin (1M) or clenbuterol (1M) for 2h with or without PClP 

(0,05-5 M). C) Glucose uptake in myoblasts exposed with scrambled or siRNA tar-

geting Myo1c (1200 pmol) for 48h before treatment with insulin (1M) or clenbuterol 

(1M) for 2h. D) Total cell microscopy, representative images showing immunostain-

ing for GLUT4 in differentiated L6(Glut4myc)-cells, treated with insulin (1M) or 

clenbuterol (1M) for 2h with or without PClP (5 M). Statistics were calculated 

using 2-way Anova followed by Tukey post-hoc test. ‘**’, P < 0.01 as compared to 

the control, ‘***’, P < 0.001 compared to control, ‘****’, P < 0.0001 compared to 

control, ‘#’ represents statistical differences within group. 
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6. The unexpected roles of Myosin 1c in BAT  

It is well known that cytoskeleton dynamics hold an important function in the 

regulation of adipocyte biology, specifically beige and brown fat development 

(Lin and Farmer 2016). Furthermore, it has recently been shown that brown 

adipocytes, compared to white, exhibit well-developed filamentous actin 

structure (J. I. Kim et al. 2019). And although Myo1c has been shown to di-

rectly regulate actin architecture by influencing cytoskeletal rearrangement in 

the neuronal growth cones (F.-S. Wang et al. 2003), and by facilitating G-actin 

transport to the leading edge of migrating epithelial cells (Fan et al. 2012), 

when we inhibit Myo1c in brown adipocytes, we do not see a direct effect on 

cytoskeletal arrangement (unpublished data). However, we found specific 

transcriptional and signaling functions in the brown adipocyte, which will be 

discussed in the following sections of this chapter.  

6.1 Myosin 1c as a PKA repressor 

In Paper III, using genetic and pharmacological approaches, we have shown, 

to our surprise, that the inhibition or knockdown of Myo1c results in a pro-

found induction, not inhibition, of glucose uptake into brown adipocytes. We 

have found this effect to be mediated primarily through de novo synthesis and 

translocation of GLUT1 and importantly, is specific to brown adipocytes. We 

propose that the upregulation of GLUT1 is due to increased PKA activity and 

that of its downstream substrates, p-38 and ATF-2, transcription factors im-

portant for brown adipocyte function. Finally, we were able to reproduce these 

effects in vivo, where pharmacologic inhibition of Myo1c resulted in glucose 

uptake exclusively into BAT (Figure 10). 

 

The serine/threonine kinase PKA is composed of two regulatory (R) subunits 

and two catalytic (C) subunits. The canonical activation pathway involves 

binding of cAMP-molecules to the R-subunits, as the intracellular concentra-

tion of cAMP increases upon Gs-coupling to AC. This causes a disassociation 

of the C-subunits, which are then free to interact with substrates to be phos-

phorylated. Interestingly, PKA has been shown to regulate the motor function 

of Myo1c (Gillespie and Cyr 2004) that also contains a PKA consensus site at 
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S701(Yip et al. 2008). In addition to this, PKA activation is known to induce 

Myosin phosphatase target subunit 1 (MYPT1) phosphatase activity (Law, 

White, and Hunzicker-Dunn 2016), and this is a protein predicted to interact 

with Myo1c (Hein et al. 2015). Collectively, these could be indications that 

there is a PKA-induced negative feedback system regulating the activity of 

Myo1c.  

 

In Paper III, we present a PKA-mediated phosphorylation, independent of 

increase in cAMP, which, while not a part of the canonical pathway, has as an 

occurrence previously been reported on (Kohr et al. 2010; Melville et al. 

2017). Apart from this, we do not know the actual mechanism of how Myo1c 

regulates PKA. In the following two subchapters (6.1.1 and 6.1.2), I present 

two hypotheses for the observed PKA activation upon Myo1c inhibition, in-

dependent of increase in cAMP.  

 

 

 

 

 

 

 

 

Figure 10. Proposed mechanism for Myosin 1c as a basal repressor for PKA in the 

brown adipocyte. 
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6.1.1 IKK-PKAc complex-disruption  

If there is no increase in intracellular concentrations of cAMP, then one could 

assume that phosphorylation by PKA would occur by the intact enzyme 

(R2C2) and not by dissociation of the C-subunit. However, disassociation of 

the catalytic subunit can occur independently of cAMP. The first hypothesis 

that could explain the basal repression of PKA by Myo1c involves disruption 

of the IKK-PKAc complex. 

 

Nuclear factor κB essential modulator (NEMO)/IKK-γ has been shown to re-

press the C-subunit of PKA by concealing the ATP binding site. Degradation 

of the IKK protein will lead the complex to disintegrate, which results in the 

dissociation of this complex, releasing the C-subunit and an activation of 

downstream PKA substrates independently of cAMP (Zhong et al. 1997). This 

cAMP independent activation of PKA has also been shown to be downstream 

stimulation of vasoactive peptide endothelin-1 (ET1) and angiotensin II in 

aortic smooth muscle cells (Dulin et al. 2001), and the authors even suggest 

this to be a general response to vasoactive peptides. Therefore, it is intriguing 

that Myo1c has been reported to play a crucial role in the intracellular traf-

ficking of NEMO/IKK up to the plasma membrane in 3T3-L1 adipocytes 

(Nakamori et al. 2006). This presents the notion that if Myo1c were to be in-

hibited, our observed effects in Paper III, could be in part due to a disruption 

of IKK-PKAc complexes.  

6.1.2 AKAP-Myo1c interaction and localization of PKA  

There are two isoforms of PKA, PKAI and PKAII, depending on which iso-

form of R-subunit is incorporated. The functional differences between these 

isoforms are not exactly clear, however they retain different subcellular local-

ization, with PKAI more likely to be found in the cytoplasm, and PKAII more 

prone to be confined with membranes (Scott 1991), and this is mediated by 

binding to A-kinase-anchoring proteins (AKAPs) that are tethered to define 

distinct intracellular signaling compartments (Di Benedetto et al. 2008). The 

second hypothesis why Myo1c inhibition leads to PKA activation could be 

explained by AKAP disassembly. 

  

AKAPs are a group of scaffold proteins that bind to the R-subunit of PKA, 

and other signaling proteins, downstream of cAMP-inducing GPCRs, for dis-

tinct localization and tethering of its biding partners to various membranes 

(Marin 2020). This meeting point allows specific targeting of PKA substrates 

and phosphatases but they also bind other kinases such as protein kinase C 
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(PKC) and the Mitogen-activated protein kinases (MAPKs) which allows for 

crosstalk between these different signaling pathways (Wong and Scott 2004).  

 

Hence, the localization of AKAP complexes is regulated by several mecha-

nisms, and the suggestion that Myo1c could potentially be involved in AKAP 

localization is interesting, since inhibiting Myo1c is known to disrupt lipid raft 

formation (Brandstaetter, Kendrick-Jones, and Buss 2012). Moreover, several 

other isoforms of myosins have been linked to PKA localization. In synapses, 

Myosin Va has been shown to colocalize with PKA mediating correct posi-

tioning of the kinase, likely by tethering PKA to the actin cytoskeleton (Röder 

et al. 2010). Also, Myosin VIIA has been published to be co-expressed with 

the PKA R-subunit in outer hair cells and retina, and the authors suggest that 

the function of the motor protein is to target PKA to subcellular sites of these 

sensory cells (Küssel-Andermann et al. 2000). Additionally, actin has also 

been shown to have a direct effect on AKAP localization, in which the 

WAVE1 complex has an overlapping region that binds both to the actin cyto-

skeleton and the R-subunit of PKA and these are mutually exclusive which 

could eventuate a situation in which one of these is favored (Wong and Scott 

2004). Finally, that disassembly of certain AKAPs that contain PKA, can lead 

to cAMP-independent activation of PKA with a currently unknown mecha-

nism (Niu et al. 2001).  

 

Collectively, the literature suggests that PKA can be regulated in a variety of 

ways, in many different cell types, some of which are cAMP-independent. 

Since PKA occupies a central role in the brown adipocyte, multiple levels of 

regulation are probably needed and this notion is discussed below.   

6.1.3 PKA- a potent kinase in the brown adipocyte that needs tight 

regulation  

The heat production from BAT depends on an acute demand for thermogene-

sis and the amount of tissue present to stimulate. There are a lot of adaptive 

changes upon signal to increase the potency, including priming of the cellular 

landscape, i.e., mitogenesis and an increased expression of enzymes involved 

in fatty acid regulation to sustain the extra need of heat. Indeed, the intake of 

both fatty acids and high amounts of glucose into BAT will occur upon adren-

ergic stimulation. While GLUT1 is ubiquitously expressed in all tissues and 

traditionally considered to be used for the basal glucose uptake, it increases 

glucose uptake rate in the brown and brite/beige adipocyte upon adrenergic 

stimulation (Dallner et al. 2006; Jessica M. Olsen et al. 2014; Mössenböck et 

al. 2014; Tews et al. 2019).   
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This, very potent, adrenergic drive needs to be under strict regulation since 

over- or understimulation of these adipocytes could have detrimental conse-

quences. We therefore believe that PKA, being one of the most important de-

terminants for BAT function, is one of the specific targets that would be highly 

regulated, even at a basal state because activation of a PKA/CREB axis is 

sufficient to induce GLUT1 transcription (M. O. Kim et al. 2012).   

6.1.3.1 Paused Polymerase II; a mechanism that regulates a rapid and powerful 

transcriptional response 

We have spent many years researching glucose uptake into the brown adipo-

cyte and one of the most fascinating features is its very unique ability to re-

spond to stimuli by altering both location and rapidly increase protein levels 

of GLUT1, already seeing newly translated protein at 2h (Jessica M. Olsen et 

al. 2014) and an increase in glucose uptake that is dependent on new mRNA 

transcription even at an earlier stage (Dallner et al. 2006). We hypothesize that 

this fast translation of GLUT1 in the brown adipocyte serves a “first re-

sponder”-function, supporting the cell with energy resources that are needed 

upon the initial changes and continued adrenergic signaling such as NST and 

mitogenesis. We suggest that Myo1c is an important player in this basal reg-

ulation of PKA activity and glucose uptake by inhibiting de novo GLUT1 

translation and translocation of already existing GLUT1s, until the potent ad-

renergic signal arrives.   

 

Based on the results in Paper III, in which we saw that the presence of the 

transcription factors p-CREB and p-ATF2 was enough to induce GLUT1 

mRNA and protein exclusively in brown adipocytes, we wondered if the chro-

matin landscape in the brown adipocytes could in fact be primed for such a 

rapid transcription, in contrast to the white adipocytes. Indeed, there is such a 

mechanism that “pauses” Pol II in early elongation, used as an early gene reg-

ulation to be released and have transcription initiated again (Core and 

Adelman 2019). Paused Pol II was first identified in studies regarding heat-

shock protein (HSP) genes in in Drosophila where Pol II was found to be re-

cruited to these promotors prior to heat shock, where it halted within the ini-

tially transcribed region, still bound to the short, nascent RNA. However, this 

paused Pol II could regain transcriptional activity upon conditions that initi-

ated it (Gilmour and Lis 1986; Rougvie and Lis 1988). More studies revealed 

mammalian relevance with paused Pol II on several locus such as β-globin, c-

myc and Fos genes centring the notion of this to be a part of checkpoint in 

gene expression and that promotors that inhabit a big population of paused 

polymerases can mediate faster gene expression upon a developmental signal 

(Core and Adelman 2019).   
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We therefore investigated the possibility of the presence of paused Pol II 30-

50nt upstream of GLUT1 gene initiation start site at a basal state in brown 

adipocytes by chromatin immunoprecipitation (ChIP). Pol II phosphorylated 

at Ser5 is an indication of a paused polymerase, which will upon initiated 

elongation become dephosphorylated and subsequent phosphorylation on 

Ser2 will take place as the elongation marker, as the polymerase is actively 

transcribing an mRNA (Core and Adelman 2019). A ratio between these will 

reveal a dynamic change upon stimulation. Excitingly, we saw that there is a 

population of paused Pol II at basal state, released into elongation upon adren-

ergic stimulation in the brown, but importantly, not the white adipocytes (Fig-

ure 11, unpublished data). This could yield a rapid transcription, and subse-

quent translation, of GLUT1 protein, if phosphorylated transcription factors 

are sufficient to release the paused polymerase, which to some extent, corrob-

orates our hypothesis that there is a need for a basal regulation of PKA in the 

brown adipocyte.  

6.2 Nuclear myosin I is a part of a chromatin remodelling 

complex needed for UCP1 expression in thermogenic 

adipose tissue 

In Paper IV, we expand on the role of Myo1c in the brown adipocyte and 

discover that nuclear isoform Nm1 has a direct impact on UCP1 and Pgc1 

gene expression. Although another unconventional motor protein, MyoII, has 

been shown to occupy a crucial role in maintaining brown adipocyte function 

and UCP1 transcription, the mechanism of which it influences the thermo-

genic program is derived through the mechanical regulation of the actin cyto-

skeleton by activation of mechanosensitive transcriptional co-activators YAP 

and TAZ (Tharp et al. 2018). We do not see a general effect on the cytoskele-

ton when we inhibit Myo1c, instead we identify isoform Nm1 to have a nu-

clear function as a part of a chromatin remodelling complex with Snf2h and 

zc3h10, two factors that have previously been shown to induce UCP1 expres-

sion (Yi et al. 2019; 2020). With this exciting finding, we extend the various 

functions of Myo1c, and motor proteins in general, in the adipocyte.  
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Figure 11. A) ChIP qPCR with Pol II S2 antibody showing its occupancy 30-50 nu-

cleotides (nt) upstream of GLUT1 transcription start site (TSS) upon isoprenaline 

treatment (3h) in mature brown and white adipocytes. B) ChIP qPCR ratio between 

Pol II S5 antibody occupancy over Pol II S2 antibody occupancy reflecting paused 

Pol II release upon isoprenaline treatment (3h) 30-50 nt upstream of GLUT1 TSS in 

mature brown and white adipocytes. C) Schematic representation showing release of 

paused Pol II upon adrenergic stimulation in brown adipocytes. Statistics were cal-

culated using 2-way Anova followed by Tukey post-hoc test. ‘*’, P < 0.05 as compared 

to the control, ‘**’, P < 0.01 as compared to the control, ‘#’ represents statistical 

differences within group. 

** ** 

# p = 0,06 



45 

6.2.1 Nm1 binds to a Super Enhancer upstream of UCP1 start site 

We show that upon adrenergic stimulation, by cold exposure in vivo or iso-

prenaline administration in vitro, Nm1 occupancy increases at the far up-

stream region from the distal −4 kb region to −5.5 kb upstream of ucp1 pro-

moter (Paper IV) (Figure 12). At the same region, in both primary brown and 

brite/beige adipocytes, isoprenaline stimulation also increase binding of two 

other proteins, transcription factor zc310h and chromatin remodeller Snf2h. 

These have previously been shown to bind at this region (Yi et al. 2019; Vil-

larroya, Peyrou, and Giralt 2017) which is a so-called super enhancer (SE), a 

region where transcription factors associate with mediator and enhancer-

bound transcription factors to recruit Pol II (Whyte et al. 2013; M. J. Harms 

et al. 2015). Snf2h and Nm1 have previously been shown to work together in 

chromatin remodelling in the B-WICH complex for initiation of both Pol I, 

Pol II and Pol III (Sarshad et al. 2013; Almuzzaini et al. 2015; Cavellán et al. 

2006). We also found that in addition to UCP1, Nm1 in complex with zc310h 

and Snf2h, binds to Pgc1α promoter region, which is a master regulator of 

mitochondrial biogenesis and is required for proper thermogenic profile.  

 

As the complex is completely removed when Nm1 is inhibited by PClP, this 

suggests a role in the initial step of transcription, supporting the indication that 

Nm1 acts as a chromatin remodelling recruiter, possibly Snf2h, playing an 

important role in tissue-specific and regulated UCP1 and Pgc1α transcription. 

 

 

 

 

 

 

Figure 12. Schematic figure of the transcriptional regulators and coregulators of the 

UCP1 promotor. We show that Nm1 binds to the distal promotor together with snf2h 

and zc310h. It is known that PPAR and Pgc1 bind to the enhancer site, and 

PRDM16 at the proximal promoter.  
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6.2.2. Is Nm1 required for browning? 

Browning could be described as the expansion of brite/beige adipocytes in 

WAT or BAT, with acquired non-shivering thermogenic functions. For the 

cell to evolve into this state with novel abilities, it needs to induce both the 

expression of UCP1, increase the number of mitochondria and stimulate ex-

pression of enzymes involved in fatty acid oxidation to sustain the increased 

need of fuel. Epigenetic changes resulting in chromatin remodeling allows for 

lineage-specific gene expression. Histone methyltransferase (EHMT1), forms 

a crucial enzymatic part of the PRDM16 complex, and disruption of the Ehmt1 

gene blocks brown adipocyte differentiation and induce expression of muscle-

specific genes, including myogenin (Inagaki, Sakai, and Kajimura 2016).  

 

In Paper IV, we investigate the expression levels of the three existing 

isoforms of Myo1c and identify Nm1 to be expressed at higher levels in brown 

relative to white adipocytes. Interestingly, as we investigate Nm1 protein lev-

els between the adipocytes, we discover that treating the white adipocytes with 

browning agent rosiglitazone for 7 days, which induces a brite/beige pheno-

type, increases the expression of Nm1 protein by 2-fold to similar levels seen 

in the brown adipocytes. Further exploring the effects of Nm1 on browning, 

we treat these cells with the inhibitor PClP over time and collect cells at day 

3, 5 and 7 to compare the effects between white and brite/beige cells with and 

without the inhibitor. We find that Nm1 levels are enriched in the mature ad-

ipocytes relative to the immature cells, especially upon rosiglitazone treat-

ment. We saw that treatment of PClP reduced the protein levels of aP2 and 

FAS (fatty acid synthesis), markers for differentiation, but even more dramat-

ically almost completely removed UCP1 protein. Similarly, inhibition reduced 

the rosiglitazone-induced mitochondrial complexes, while not having an ef-

fect on the expression levels in the white adipocytes.  

 

As we have identified Nm1 as a novel regulator of UCP1, we further expand 

on its function in thermogenic tissue regarding Pgc1 expression in the brown 

and brite/beige adipocyte in vitro and in vivo upon cold exposure in Paper IV. 

Even though we see these direct effects on Pgc1 gene expression in brown 

adipocytes, and decrease in mitochondrial complexes in brite/beige adipo-

cytes, upon PClP treatment, it is only in the brown adipocytes where we see 

an induction of Nm1 occupancy on the Pgc1 promotor site. This can be due 

to the fact that these cells have been treated with rosiglitazone for 7 days and 

will at this point already have saturated expression of Pgc1 protein, which 

cannot be induced further by isoprenaline. Indeed, the basal levels of Nm1 

occupancy at Pgc1 promotor in the brite/beige cells match the isoprenaline-
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induced brown adipocyte-levels. Why we still see an induction of Nm1 occu-

pancy at the distal UCP1 promotor site in the brite/beige cells, upon iso-

prenaline treatment, might be explained by the fact that the expression of 

UCP1 mRNA has been shown to have a synergistic effect with an adrenergic 

agonist and rosiglitazone and to both be required for a full browning effect 

(Chen et al. 2013; Merlin, Sato, Chia, et al. 2018). In conclusion, Nm1 seems 

to be involved in the maturation and browning of the brite/beige adipocyte, 

since when inhibited already at the precursor state until maturation, UCP1 lev-

els are ablated and the mitochondria complexes are dramatically reduced, 

while the white adipocytes are left non-affected.   

 

 

 

Figure 13. Proposed mechanism for Nuclear myosin I as a co-factor in a chromatin 

remodeling complex with snf2h and zc310h in the brown and brite/beige adipocyte. 
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6.3 Myosin 1c as a gatekeeper in adrenergic metabolism 

In Paper III we report that Myo1c indirectly inhibits transcription of GLUT1, 

while in Paper IV we observe that its nuclear isoform, Nm1, is instead im-

perative for transcription of UCP1 and the browning process in general. Both 

GLUT1 and UCP1 have important functions in the brown adipocyte and need 

to be rigorously regulated to induce proper response only upon a suitable need, 

i.e., cold stimulation. Therefore, while we can ascribe these contrary functions 

as isoform-specific, one can also see it as if Myo1c attains a gatekeeping role 

for the adrenergic pathway. First, Myo1c will negatively regulate PKA activ-

ity at a basal state (thermoneutrality) in the dormant brown adipocyte. Sec-

ondly, upon adrenergic stimulation, to defend body temperature, the potent 

NE-driven signalling downstream -ARs, will see its basal inhibition on PKA 

overridden by the dramatic increase of cAMP, which leads to an increase of 

GLUT1 protein translocation and translation and glucose uptake to sustain the 

need of fuel for the subsequent thermogenesis. In parallel, the -adrenergic 

pathway will also result in retention of Nm1 in the nucleus, where we believe 

it to be crucial for UCP1 and Pgc1 transcription, and proper maturation into 

a thermogenically competent adipocyte.  

 

Also, it is interesting to note that Nm1 bears resemblance to how UCP1 is 

regulated under the adrenergic pathway in thermogenic tissue. Since Nm1 

translation increases when the white adipocytes are treated with rosiglitazone 

to induce a brite/beige phenotype, Nm1 is adaptive. Additionally, as Nm1 is 

retained to the nucleus in the brown adipocyte upon adrenergic stimulation, 

this could be considered a facultative response to prime the genetic landscape 

for UCP1 and Pgc1 expression. However, the potency of Nm1 still remains 

to be elucidated since previous attempts to remove function in vivo showed no 

difference in the metabolic phenotype of Nm1 KO mice compared to wildtype 

littermates (Tomáš Venit et al. 2013). The lack of effects was explained by 

compensatory mechanisms from the other isoforms that exhibited redundancy 

and interchangeability with each other. Indeed, the nuclear localization signal 

is encoded in the middle part of the protein, implying that all isoforms can be 

targeted to the nucleus (Dzijak et al. 2012). Likewise, Nm1 has functions in 

the cytoplasm, regulating the cell membrane tension, and although it did not 

co-localize with Myo1c at the same domains of the plasma membrane, this 

still indicates overlapping functionalities between the isoforms (Tomáš Venit 

et al. 2016). Since knocking out Myo1c globally shows developmental hap-

loinsufficiency and is embryonically lethal (Gillespie 2004), it would be im-

perative to target all three isoforms in BAT and iWAT specifically. Although, 
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we have shown an increase in Nm1-occupancy for both UCP1 and Pgc1 pro-

motor sites upon cold exposure, in vivo (Paper IV), a KO mouse would yield 

important information on the role of Myo1c for thermogenic capacity in a 

physiological setting.  

6.3.1 To inhibit or not inhibit; the possible clinical implications of 

Myosin 1c as a pharmaceutical target 

In Paper III, we find that inhibiting Myo1c will result in an increase of 

GLUT1 translation, translocation and increased glucose uptake into the brown 

adipocyte, independently of cAMP, which has implications to target this path-

way without the administration of an adrenergic agonist. Because as BAT has 

a very large capacity for glucose uptake/gram tissue, this increase of basal 

uptake and its effects long-term on metabolism could have interesting impli-

cations for glucose homeostasis. However, the effects on inhibition of insulin-

stimulated Myo1c-GLUT4 translocation in WAT and skeletal muscle has a 

big effect on glucose clearance, which can collectively out-weigh the uptake 

into BAT. I am therefore hesitant to draw the conclusion that inhibiting Myo1c 

can be used to alleviate metabolic diseases. Specifically, in the brown and 

brite/beige adipocyte, because it would also stop transcription of UCP1 

mRNA and could have detrimental effects on mitogenesis that is required for 

proper thermogenic function.  

 

Instead, the identification of Nm1 as an important protein needed for the dif-

ferentiation of brite/beige adipocytes displays the possibility to screen for 

Nm1 as a pharmacological marker for adipocytes with enhanced competence 

for browning. In Paper IV we show that Nm1 needs to be functional for tran-

scription of UCP1 and Pgc1 to occur, in a mechanism we suggest results in 

chromatin remodelling upon adrenergic stimulation. This indicates that the 

presence of the transcription factors p-CREB and p-ATF2 is not sufficient for 

induction of transcription for these genes, in contrast to what we see is the 

case in Paper III with glut1 mRNA.  

 

Hence, efforts to identify transcription factors that induce UCP1 and Pgc1 

might work even better in brown or brite/beige adipocytes that elicits a high 

expression of Nm1. When we analyze the available transcriptomic data from 

public repositories, we find several studies report that Myo1c is increased in 

the brown adipocyte upon adrenergic stimulation or cold exposure (Shore et 

al. 2013; Rosell et al. 2014; Marcher et al. 2015). In addition, we have seen 

that Nm1 protein levels increase with acute isoprenaline stimulation after 5 h 

(unpublished data). Finally, we see a 2-fold increase of the number of cells 
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expressing Myo1c in mature adipocytes compared to the preadipocyte popu-

lation, with the expression levels increasing by 4-fold, when we perform anal-

ysis on data from a recent transcriptomics study on samples from human deep 

neck brown adipose tissue (W. Sun et al. 2020). Together, this data supports 

our findings that Myo1c is increasing as the cell differentiates into a thermo-

genically competent adipocyte, indicating the potential use of Nm1 as a phar-

macological target.  

 

Unravelling these novel roles for Myo1c in the thermogenic adipocyte, alludes 

to the existence of an unexplored landscape of unknown functions, not only 

for Myo1c, but also for other motor proteins. These cells are rich in cytoskel-

etal structure, proposed to be crucial for the formation of lipid droplets (J. I. 

Kim et al. 2019) and they are rich in mitochondria which need to be properly 

organized and actin dynamics have been identified to regulate mitochondrial 

function in mammalian cells (Beck et al. 2012). Finally, as actin plays a crucial 

role for the morphological maturation during adipocyte differentiation (Spie-

gelman and Farmer 1982; McDonald et al. 2015), this can also indicate a po-

tential significance for myosins in adipocytes.   
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7. Concluding remarks and future perspectives 

In this thesis, I have explored the involvement of Akt in glucose homeostasis 

downstream of the -AR in BAT and skeletal muscle, and assessed the poten-

tial for this pathway to be utilized for glucose clearance in a diseased state, 

like T2D, where the insulin signaling is disturbed. I have also identified the 

motor protein Myo1c, previously shown to be important in the final stages of 

insulin signaling, in GLUT4-vesicle fusion, to be important for basal repres-

sion of PKA and induction of UCP1 expression in the brown adipocyte. The 

ability of active BAT and skeletal muscle to expend high amounts of energy 

downstream the β-ARs, has governed interest to assert any significance to 

metabolic fitness with its potential to activate thermogenesis and fuel uptake 

to treat metabolic diseases.  

 

Currently, a basic search for “brown adipose tissue” on PubMed shows that in 

the last 5 years, the scientific community has published over 80 articles per 

month on average, about topics regarding BAT. This huge interest is of course 

due to the re-discovery of human active BAT 15 years ago. Whenever a re-

search field experiences such a rapid surge in production of data, many things 

can get out of context, i.e., what factors are actually important for the function 

of the brown adipocyte. If you remove function of protein X in the brown 

adipocyte and see a decrease in UCP1 expression or function, it does not in-

stantly mean that protein X is regulating UCP1. Any cell type will have an 

intricate signaling system, where the removal of a function or a protein can 

demonstrate trickle-down effects regardless of its involvement in the wild type 

cell. Therefore, I think it is important to show the mechanistical function of 

protein X, in regards to UCP1, to assess potential importance. In Paper IV, 

we do this by showing that Nm1 is a part of a chromatin remodeling complex, 

binding to the promotor sites of UCP1 and Pgc1 both in vitro and in vivo. 

However, to demonstrate the importance of Nm1 for the brown and brite/beige 

adipocyte differentiation and UCP1 expression in a UCP1-specific knock out 

of Nm1 in vivo, would solidify the data therein.  

 

In this same regard, I believe, although we clearly show that the PClP-medi-

ated activation on CREB and ATF-2 is downstream PKA and because we gain 

function of this kinase as we inhibit Myo1c, seen in Paper III, future studies 
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regarding this mechanism need to specify how Myo1c actually exhibits its 

basal repression on PKA.  

 

Additionally, the induction of both brown and brite/beige adipose tissue is of 

utter importance, and identifying epigenetic factors that drive transcription 

and adipose differentiation and processes that affect the thermogenic capacity 

of the tissue, namely; expansion and maturation, UCP1 expression and brown-

ing. Future studies regarding Myo1c in the brown and brite/beige adipocyte 

will surely shed new light on this matter and other unknown functions in these 

thermogenic adipocytes, making its study a rich and exciting area for the met-

abolic research field.  

 

Collectively, I believe that these papers will act as catalysts for further discov-

eries aimed at understanding these context specific roles of various myosins 

acting as integral structural or signaling components in thermogenic adipo-

cytes. 

I also discuss the idea and potential in stimulating BAT in humans, as a means 

to increase whole body energy expenditure and rate of glucose and free fatty 

acid disposal. The question whether there is a requirement to increase the BAT 

mass for it to have clinical relevance to treat cardiometabolic disorders, still 

remains. And with current estimation of the tissue mass and fuel utilization by 

BAT, we would probably benefit from higher amount of tissue to robustly 

lower blood glucose (Carpentier et al. 2018). The concept to induce browning 

of the excessive WAT depots in obese humans is therefore a prime focus in 

the field. The primary target, to activate human BAT, has been the 3-ARs, 

as this is the receptor responsible for thermogenic activation and glucose up-

take in rodents. However, several studies are emerging that claim activation 

of human BAT to be downstream the 1- or 2-ARs. This could be a limita-

tion since adverse effects on the heart is a critical issue and cardiovascular 

dysfunctions is often correlated with T2D and obesity, and the additional 

stress could be specifically detrimental for these individuals. To circumvent 

these problems, we implement a strategy to lower the doses of adrenergic ag-

onists (Paper II), or even use biased agonists with a full response for glucose 

uptake to skeletal muscle and a partial response for cAMP (Mukaida et al. 

2019).  

In Paper II, we have shown that 2-ARs on skeletal muscle can regulate glu-

cose homeostasis in obese mice by long-term administration of low doses of 

2-agonist clenbuterol. Even at these doses, it can sensitize insulin signaling, 

lower fasting blood glucose and improve glucose tolerance, in part by basal 
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glucose uptake to skeletal muscle, independent of insulin. This is an important 

mechanistic aspect since basal glucose uptake to skeletal muscle is reduced in 

diabetic patients (Ciaraldi et al. 2005). We also found that chronic treatment 

with clenbuterol drastically abolished hepatic steatosis and normalized glyco-

gen levels in the liver, importantly further efforts will be spent elucidating the 

molecular mechanism behind these effects. Considering skeletal muscle al-

ready regulates blood glucose levels by being a major site of insulin stimulated 

glucose disposal, targeting sympathetic glucose uptake could have a big im-

pact on energy expenditure due to the large mass of the tissue.  

 

Insulin resistance is linked to defects in both upstream- and downstream tar-

gets of Akt such as at the insulin receptor, reduced PI3K activity and impaired 

Akt phosphorylation of AS160 (Mackenzie and Elliott 2014). Therefore, the 

independence of the -adrenergic pathway from insulin-PI3K-Akt could po-

tentially have major implications for human health, activating glucose uptake 

to either BAT or skeletal muscle in metabolic disease, where the insulin path-

way is not functional 

 

In Paper I, we inhibit PI3K and can still utilize the -adrenergic pathway in 

brown adipocytes to translocate GLUT1 up to the plasma membrane to induce 

glucose uptake, and for NE-stimulated glucose clearance in vivo. While 

GLUT4 has been suggested to be the more important glucose transporter in 

human BAT (Paul Lee et al. 2016), interestingly, cAMP-driven glucose up-

take in white human adipocytes that overexpress UCP1, will instead be medi-

ated via GLUT1 (Tews et al. 2019). Even so, future studies must target the -

adrenergic pathway in human adipocytes to conclude that the pathway is con-

sistently independent of PI3K and Akt since this pathway could be utilized to 

balance glucose homeostasis in metabolic disease like T2D and obesity, where 

Akt is dysfunctional. 

 

Collectively, our findings support the divergence of -adrenergic- and insulin-

pathways in regulating glucose uptake, thereby providing a proof of concept 

for its possible utility as a therapeutic target in T2D and obesity. Furthermore, 

we have identified Myo1c as key regulator of adrenergic signaling in brown 

and brite/beige adipocytes establishing its role beyond cytoskeletal functions 

in these cells.  
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8. Summary of the papers 

8.1 Paper I  
 

As an important protein regulating energy metabolism, Akt has been an inter-

esting target for study, but its role in brown adipocyte development, thermo-

genesis and glucose uptake have been disputed. Insulin and -AR mediated 

glucose uptake in BAT have distinct subtypes of glucose transporter involved, 

yet, the necessity of insulin signaling and Akt activity downstream sympa-

thetic stimulation, leading to metabolic improvements, via i.e., glucose uptake 

in brown adipose tissue, is presently under debate.  

 

As we treat mature primary brown adipocytes with -agonist isoprenaline, we 

see a phosphorylation on Akt S473, that we believe is a remanent of insulin in 

the serum starvation media, since we remove said phosphorylation as we in-

crease time with media void of insulin. Nonetheless, to asses if this phosphor-

ylation has any function in the -AR stimulated glucose uptake, we treated 

primary brown adipocytes with -agonist isoprenaline or insulin together with 

a specific PI3K-inhibitor, compound 15e (C15e). While the inhibitor was suc-

cessful in removing both insulin-stimulated phosphorylation and glucose up-

take, the -AR stimulated glucose uptake, via GLUT1, and respiration, re-

mained intact.   

 

Furthermore, to test if adrenergic agonist norepinephrine (NE) could drive 

glucose clearance, independent of insulin, we administrated C15e to mice 

given a bolus of either glucose or NE, which will itself acutely release glucose 

from the liver, and saw that while C15e was successful in inhibiting insulin-

mediated clearance, NE could still clear the glucose from circulation.  

 

Together, these results show that the -adrenergic pathway is still functional 

upon the inhibition of PI3K and Akt, and that these proteins are not needed 

for the acute effects of -agonists on glucose homeostasis or thermogenesis.  

This independence from Akt would indeed be beneficial when attempting to 

lower blood glucose by activation of -ARs in metabolic disease where the 

insulin pathway is not functional. 



55 

8.2 Paper II 
 

While acute activation of -ARs lead to increase of blood glucose through 

liver output, prolonged treatments are reported to improve glycemia, glucose 

and insulin tolerance in diabetic rodents. However, the mechanism of actions 

is not clear. While we have shown that 2-agonists lead to glucose uptake in 

skeletal muscle, we wanted to further explore the relevance of these receptors 

for the improved glucose homeostasis.  

 

We treated diet-induced obese C57Bl/6N mice with multiple doses of 2-se-

lective agonist clenbuterol, for up to 42 days. We found that treatment of clen-

buterol, already at day 4, showed favorable effects on glucose clearance, that 

persisted up until day 42 and that this could be achieved with a very low dose. 

These beneficial effects were due to an increase of glucose uptake to skeletal 

muscle, independent of insulin release, however the treatment led to improved 

insulin sensitivity and dramatically reduced hepatic steatosis and glycogen.  

Mechanistically, we show that clenbuterol induces the glucose uptake via 

GLUT4 translocation in rat skeletal muscle cells  

 

As skeletal muscle is one of the organs with the highest capacity for glucose 

clearance, we believe that 2-agonists can be an attractive target as a potential 

treatment for Type II diabetes (T2D), where insulin signaling is impaired.   

 

 

8.3 Paper III 
 

As Myosin 1c (Myo1c) has been shown to be important for the final stages of 

both insulin- and contractile-mediated GLUT4 vesicle fusion in white adipo-

cytes and skeletal muscle, we were interested in the possible involvement of 

Myo1c in the -adrenergic pathway in brown adipocytes.  

 

While we could reproduce the importance of Myo1c in insulin-mediated glu-

cose uptake in the white adipocyte, with a reversible and allosteric inhibitor 

of the ATPase and motor activity that selectively inhibits Myo1c, pentachlo-

ropseudilin (PClP). The treatment resulted in a basal increase of glucose up-

take in the brown adipocytes and in BAT in vivo.  
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Mechanistically exclusive to the brown adipocyte, this was due to an increase 

in GLUT1 transcription, translation and translocation up to the plasma mem-

brane, dependent on an activation of PKA and its substrates - transcription 

factors CREB and ATF-2.   

 

In conclusion, Myo1c seems to exhibit a basal repression on PKA activity, 

that when removed, results in an increase of basal glucose uptake.  As we have 

identified this novel signaling function of Myo1c, we have opened up a new 

field for myosin proteins in the brown adipocyte, a cell that is rich in cytoskel-

etal structure.  

 
 

8.4 Paper IV 
 

We further explored the function of Myo1c in the primary brown adipocyte 

and found that nuclear isoform, nuclear myosin 1 (Nm1), was more expressed 

in the brown and brite/beige than the white adipocytes. To assess the involve-

ment of Nm1 in the browning of the white adipocyte, we treated primary cells 

with PClP from day 0 to harvest at day 7. Interestingly, this inhibition com-

pletely removed the rosiglitazone-induced UCP1 protein and severely de-

creased the mitochondria complexes. And although Nm1 protein was itself 

increased in both white and brite/beige cells over time, this effect on differen-

tiation or the mitochondrial proteins was not seen in PClP-treated white adi-

pocytes, and therefore we concluded Nm1 to have a specific role in the brown-

ing.  

 

Additionally, acute inhibition of Myo1c in brown adipocytes also removed 

isoprenaline-stimulated UCP1 protein. This effect was not due to disrupted 

cAMP or PKA-mediated signaling, but instead we shifted focus towards the 

nucleus since Nm1 has been shown to be involved in chromatin remodeling 

for Polymerase II (Pol II) gene transcription in both mouse and human cells. 

We saw that Nm1 was retained in the nucleus upon -adrenergic stimulation, 

and that its occupancy was increased at UCP1 and Pgc1 promotor sites both 

in vitro in brown and brite/beige cells by isoprenaline and in vivo in BAT and 

iWAT by sustained cold exposure. We also identified Nm1 to be a part of a 

complex with transcription factor zc310h and ATPase remodeler Snf2h, both 

previously published as key factors for UCP1 expression. Importantly, this 

complex was completely lost upon PClP-treatment. 
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Collectively, these results indicate that Nm1 is important for the expression of 

UCP1 and Pgc1, and therefore has a role in the differentiation of the brown-

ing adipocyte.  

 

 
 



58 

9. Sammanfattning på svenska 

Metabola sjukdomar som Typ II-diabetes (T2D) och fetma härrör till stor del 

från en obalanserad energihomeostas med brister i insulinsignalering tills 

glukoshomeostasen är allvarligt störd, vilket leder till ett farligt högt 

blodsocker. Vi har undersökt om -adrenerga signalvägar, i både brun 

fettvävnad och skelettmuskulatur, skulle kunna användas som en strategi för 

att lindra dessa metabola sjukdomar. 

 

Som ett viktigt protein som reglerar energimetabolism har Akt varit intressant 

för studier även inom brun fettvävnad, men dess roll i glukosupptag, aktiverat 

av -adrenerga receptorer (β-AR) har resulterat i motstridiga resultat. Vi har 

därför gjort ansträngningar för att separera Akt och insulin från den -

adrenerga signalvägen och visat att Akt inte är involverad i β-adrenergt 

glukosupptag eller den värmealstrande signalvägen, termogenes, i den bruna 

fettcellen samt inte heller i noradrenalin (NE)-drivet glukosupptag från 

blodcirkulationen in vivo (Papper I). Vi har också visat att en β2-adrenerg 

agonist, clenbuterol, i låg dos, kan användas för att inducera glukosupptag till 

skelettmuskulaturen, upptag av glukos från blodcirkulationen samt öka 

insulinkänsligheten hos överviktiga möss, oberoende av insulin (Papper II). 

Att administrera en agonist som binder till antingen β-ARs på brun fettvävnad 

eller skelettmuskulatur, i låg dos för att minimera biverkningar på hjärta och 

blodkärl, tror vi skulle initiera processer oberoende av Akt och insulin och 

skulle därför kunna ges till patienter med T2D.  

 

Vidare har vi identifierat Myosin 1c (Myo1c) som en viktig regulator av basal 

protein kinas A (PKA)-aktivitet och basalt glukosupptag i den bruna fettcellen 

(Papper III) och även som en kofaktor vid kromatinremodellering för 

uncoupling protein 1 (UCP1) och peroxisome proliferator-activated receptor 

gamma coactivator 1 (Pgc1)-transkription i den termogena fettcellen 

(Papper IV). Dessa nya funktioner hos Myo1c kommer att öppna upp 

möjligheterna för framtida utforskningar av motorproteiner i termogena 

fettceller. 
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Denna avhandling har utökat nuvarande förståelse för hur -adrenerg 

metabolismen agerar, oberoende av Akt och insulin, samt identifierat Myo1c 

som en nyckelkomponent i den -adrenerga signalvägen i den termogena 

fettcellen. Arbetet som presenteras här kommer förhoppningsvis att bidra till 

ytterligare kartläggning av adrenerg signalering i brun fettvävnad och 

skelettmuskelatur. 
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