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Abstract 
 

Insulin-stimulated glucose uptake requires an intricate network of proteins including 

phosphoinositide 3-kinase, Akt and glucose transporter 4 (GLUT4), and is key to maintaining whole 

body glucose homeostasis. Dysfunction of insulin action causes diminished glucose 

uptake/utilization in insulin target tissues. Adrenoceptors (ARs), members of the G protein-coupled 

receptor superfamily, are also involved in glucose metabolism, and activation of α1A-ARs, β2-ARs and 

β3-ARs increases glucose uptake in cardiomyocytes, skeletal muscle and brown adipocytes, 

respectively. However, there is a knowledge gap on the mechanisms involved in AR-mediated 

glucose uptake, and how they differ from that of insulin, which may be important in disease context 

(such as type 2 diabetes) where the insulin-signaling pathway is down-regulated. 

 

We examined the differences in signalling profiles between two β2-AR agonists, isoprenaline and 

BRL37344, in skeletal muscle. BRL37344 increased skeletal muscle glucose uptake in vivo and 

improved glucose tolerance in vivo in insulin-resistant mice, showing potential anti-diabetic effects. 

In skeletal muscle cells in vitro, BRL37344 increased GLUT4 translocation and glucose uptake with a 

similar potency and efficacy to that of isoprenaline. However, BRL37344 was a weak partial agonist 

for cAMP production and failed to desensitise the β2-AR, as it was unable to promote β-arrestin1/2 

binding to the β2-AR. The role of GRK (which has a primary role in receptor desensitisation) was 

further investigated in a recombinant system using several mutant β2-ARs partially or completely 

lacking putative GRK/PKA phosphorylation sites, since siRNA directed against GRK2 abolished β2-AR 

mediated glucose uptake. Attenuation of GRK phosphorylation sites disrupted isoprenaline-

stimulated receptor internalisation but did not affect GLUT4 translocation/glucose uptake. In 

contrast, BRL37344 stimulation did not induce internalisation and did not alter GLUT4 

translocation/glucose uptake in the presence or absence of GRK phosphorylation sites. This 

suggested that GRK phosphorylation sites in β2-AR C-terminal do not affect β2-AR mediated glucose 

uptake, and that GRK may function in a novel manner to regulate this pathway.  

Stimulation of cardiomyocyte α1A-ARs prevents pathologic remodeling in heart failure, potentially 

due to increased glucose uptake and protein synthesis.  In a recombinant system, we assessed the 

signalling pathways activated by two α1A-AR agonists: A61603 and dabuzalgron. A61603 increased 

cAMP production, which is partially involved in glucose uptake. In contrast, dabuzalgron increased 

glucose uptake independently of cAMP. Both A61603 and dabuzalgron were full agonists for glucose 
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uptake and extracellular signal-regulated kinases1/2 phosphorylation (associated with cell survival), 

but dabuzalgron was a partial agonist for Ca2+ mobilization (contractility), S6 ribosomal protein 

phosphorylation (hypertrophy), and N-Myc Downstream Regulated 1 phosphorylation (downstream 

of mTORC2). This suggests that dabuzalgron may be a biased agonist with respect to cell survival 

and glucose uptake in contrast to contractility and hypertrophy. These findings establish a novel link 

between α1A-ARs, cAMP and glucose uptake, and provide an improved framework for examining the 

utility of α1A-AR agonists as cardioprotective agents. These studies collectively advance our basic 

understanding of how ARs can increase glucose uptake. 

(473 words) 
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1.1 Glucose homeostasis  

Glucose is a vital energy source, with the concentration in blood maintained within a range of 4.0 –

8.0 mmol/L (72–144 mg/dl) in the fasted state (Consoli et al., 1987; Sprague & Arbelaez, 2011)( Bold 

indicates a review paper). This occurs through the actions of several metabolic hormones including 

insulin, glucagon, and glucagon-like peptide 1 (GLP-1), acting at different organs and tissues 

including the gastrointestinal system, pancreas, brain, liver, adipose tissue, and skeletal muscle.  

 

After a meal, nutrients from food are broken down in the gastrointestinal tract and appear in the 

blood in several forms, comprising sugars (including glucose), amino acids, fatty acids, and 

triacylglycerides. The β-cells of the pancreas sense the elevation in blood glucose levels, leading to 

the secretion of the anabolic hormone insulin. Insulin acts on several insulin-sensitive tissues in the 

body, to increase glucose uptake (Figure 1.1) (Satake et al., 2002; Satoh, 2014). Once glucose is 

taken up into tissues, it can be stored for later use either as glycogen (liver, skeletal muscle) or 

triacylglycerides (adipose tissue, liver).  In the fasted state, when blood glucose concentrations are 

low, the -cells of the pancreas secrete glucagon, the major counter-regulatory hormone to insulin, 

which acts exclusively on the liver to increase endogenous glucose output by promoting 

glycogenolysis and gluconeogenesis (Bano, 2013; Sprague & Arbelaez, 2011). As such, both insulin-

dependent and insulin-independent processes are required to maintain normoglycaemia (Roder et 

al., 2016).  Disruption of this finely balanced dynamic interaction of organs and hormones results in 

impaired glucose homeostasis, that can lead to the development of type 2 diabetes (T2D). 

 

1.2 Type 2 diabetes 

Diabetes is classed into two types: Type 1 that is strongly associated with genetic components, and 

is primarily the result of insufficient insulin production due to autoimmune destruction of 

pancreaticβ-cells (Bakay et al., 2013), and Type 2 that is closely correlated with multiple factors 

such as sedentary lifestyle, physical inactivity, smoking, alcohol consumption, and obesity (Wu et 

al., 2014). The increased prevalence of T2D worldwide is a significant health concern. In 2012, the 

number of patients with T2D reached 371 million worldwide, and it is estimated that this figure will 

increase to 552 million by 2030. Furthermore, T2D has a huge impact on mortality, and accounts for 

5% of all deaths in the world (Lyssenko & Laakso, 2013).  
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Figure 1.1: Regulation of glucose in the body 
 
An elevated blood glucose level following a meal stimulates insulin secretion from the pancreas. 
Insulin in turn acts at many tissues and produces a variety of effects (Dimitriadis et al., 2011; 
Lambadiari et al., 2015; Roh et al., 2016). Images of tissues were obtained from www.servier.com. 
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The progression of T2D is summarised in Figure 1.2. Excessive and continual high blood glucose 

levels following a meal stimulates excess insulin production and release from the pancreas 

(hyperinsulinaemia). This leads to insulin insensitivity in peripheral tissues, including a reduction of 

insulin-stimulated glucose uptake in target tissues (Abdul-Ghani, 2013; DeFronzo & Tripathy, 2009). 

This is characteristic of the pre-diabetic state. In chronic hyperglycaemia, this leads to insulin 

deficiency, due to depletion of insulin stores fromβ-cells, leading to  functional exhaustion, loss of 

β-cell mass, and finally β-cell death (Chen et al., 2017). Furthermore, diabetes increases the risk of 

developing long-term life threatening complications, such as cardiovascular disease, renal failure, 

retinopathy and neuropathy (Kahn, 1994; Turner et al., 1998). 

 

The most common strategies for the treatment of T2D are lifestyle modifications aimed at reducing 

caloric/carbohydrate intake, and increasing energy expenditure through physical activity. However, 

compliance to diet modification is poor, and exercise is limiting for older people with limited 

mobility. Hence, there is a need for pharmacological management for diabetic patients. Currently 

available therapeutics for T2D work by  (1) decreasing hepatic glucose production, (2) increasing 

insulin release/sensitivity, (3) decreasing glucagon release, (4) increasing incretin levels, and/or (5) 

increasing satiety (Lee & Halter, 2017). A brief overview of current medications in Australia is shown 

in Table 1.1 (Chaudhury et al., 2017; Lee & Halter, 2017; Marin-Penalver et al., 2016).  

 

1.3 Glucose uptake into cells 

Skeletal muscle is the major site of glucose utilization or uptake into the body, accounting for ~70% 

of glucose uptake in the fed state, and will be used as an example of how glucose transport occurs. 

Glucose uptake into skeletal muscle is comprised of 3 main processes: (1) glucose delivery, (2) 

glucose transport, and (3) glucose metabolism (Figure 1.3). Glucose delivery, which supplies glucose 

from the blood to the interstitium depends on several factors such as blood glucose levels and 

muscle blood flow (Wasserman et al., 2011). Glucose transport from the interstitium to the myocyte 

is determined by the content of glucose transporters (GLUTs) on the plasma membrane (see Section 

1.4). Once glucose is taken up, it is phosphorylated to glucose 6-phosphate (G-6-P) via a non-

reversible reaction (Wasserman et al., 2011), and can undergo several fates: it can enter the 

glycolysis pathway leading to its use in the tricarboxylic acid cycle (TCA cycle)/ electron transport 

chain (ETC) to result in the generation of ATP, or it can enter the glycogenesis pathway which results 

in synthesis of glycogen (Richter & Hargreaves, 2013). 
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Figure 1.2: Progression of diabetes 
 
The progression to prediabetes and diabetes is associated with insulin resistance in peripheral 
tissues, including decreased insulin-stimulated glucose uptake, which increases insulin demand on 
the pancreas. This pre-diabetic state is reversible if hyperglycaemia and insulin resistance is 
addressed through lifestyle or pharmacological interventions. However prolonged and chronic 
hyperglycaemia causes stress on pancreatic β-cells, resulting in the inability of the pancreas to 
produce enough insulin to meet demands, leading to eventual β-cell death. Images of tissues were 
obtained from www.servier.com. 
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Table 1.1: Current pharmacological treatments for type 2 diabetes in Australia (Chaudhury et al., 

2017; Gunton et al., 2014; Lee & Halter, 2017; Marin-Penalver et al., 2016)  

 

In general, metformin is the first-line therapy. If it is not tolerated, sulfonylureas are the second-line 

option. However, most patients progress to combination therapy with a number of agents, and a 

proportion require insulin at later stages of the disease (www.ndss.com.au; National Diabetes 

Services Scheme, viewed on 11th November 2018).  

 

Class Drug Action Adverse effects 

Biguanide  
(Tablets) 

Metformin -↓glucose production in liver 
-↑insulin-stimulated glucose 
uptake in skeletal muscle 

-Gastrointestinal effects 
-↓Vitamin B12 absorption 

Thiazolidinediones 

(Tablets) 

Rosiglitazone 
Pioglitazone 

- PPAR activator 
- ↑Insulin sensitivity 

-Weight gain  
-Rosiglitazone; risk of 
cardiovascular diseases 
-Pioglitazone; risk of 
pancreatic cancers  

α-Glucosidase Inhibitors 

(Tablets) 

Acarbose 
Miglitol 

-↓Intestinal carbohydrate 
Absorption 

-Gastrointestinal effects 

Sulfonylureas 

(Tablets) 

Glipizide 
Glyburide 
Glimepiride 
Gliclazide 

-Inhibit β-cell KATP 
channels 
-↑Insulin secretion 

-Hypoglycaemia  
-Weight gain  

Sodium glucose co-
transporter 2 inhibitors 
(Tablets) 

Canagliflozin 
Empagliflozin 
Dapagliflozin 

-↓Glucose reabsorption in kidney 
-↑Urinary glucose excretion 

-Urogenital tract infections 

GLP-1 receptor agonists 
(Injection) 

Exenatide  
Liraglutide 
Dulaglutide 
Albiglutide 
Lixisenatide 

-↑Insulin secretion 
-↓Glucagon secretion 
-Slowing of gastric emptying 
-↑Satiety 

-Gastrointestinal effects 

Dipeptidyl peptidase-4 
inhibitors 

(Tablets) 

Sitagliptin  
Saxagliptin 
Vildagliptin 
Linagliptin 
Alogliptin 

-↑Insulin secretion 
-↓Glucagon secretion 

-Headache 
-Nasopharyngitis 
-Upper respiratory tract 
infection 

Insulin 
(Injection) 

Many different 
trade names: 
can be long 
and short 
acting or 
combined with 
other T2D 
medications 

-Activation of insulin receptors 
and insulin-stimulated signalling 
(-↑Adipose and skeletal muscle 
glucose uptake) 
(-↓Liver glucose production) 

-Risk of hypoglycaemia 
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Figure 1.3: Glucose metabolism in the myocyte 
 
In myocytes, glucose enters the cell via GLUTs, and is phosphorylated to G-6-P by hexokinase. It can 
then be used in two main pathways: for energy use in the glycolysis pathway/TCA cycle/electron 
transport chain  or to be stored for later energy release by entering the glycogenesis pathway 
(Doenst et al., 2013; Kolwicz & Tian, 2011; Nagoshi et al., 2011). Figure was adapted from (Richter 
& Hargreaves, 2013). 
 
Abbreviations; FADH - flavin adenine dinucleotide, G-6-P - glucose-6-phosphate, NADH - 
nicotinamide adenine dinucleotide, TCA - tricarboxylic acid cycle.  
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1.4 Glucose transporters 

Glucose transporters (GLUTs) are key regulators of glucose homeostasis, and transport glucose (and 

other sugars depending on the GLUT isoform) into the cell. GLUTs are comprised of approximately 

500 amino acid residues, and characterized by 12 membrane-spanning domains, a N-linked 

glycosylation site, and an intracellularly located amino and carboxyl terminus (Mueckler & Thorens, 

2013).  

 

To date, 14 GLUTs have been identified in mammals and they are divided into 3 classes as follows: 

Class I (GLUT1, GLUT2, GLUT3, GLUT4, and GLUT14), Class II (GLUT5, GLUT7, GLUT9, and GLUT11), 

and Class III (GLUT6, GLUT8, GLUT10, GLUT12, and GLUT13/ Proton myo-Inositol Transporter or 

H(+)-myo-inositol symporter, HMIT). These GLUTs are facilitative transporters (with the exception 

of HMIT), and transfer their substrates across cell membranes in a tissue specific manner (Mueckler 

& Thorens, 2013). They have different substrate specificity, regulatory and kinetic properties, which 

defines their specific roles in the regulation of glucose uptake as summarised in Table 1.2.  

 

In human skeletal muscle, GLUT4, GLUT5 and GLUT12 mRNA/protein are highly expressed (Stuart 

et al., 2006), with much lower levels of GLUT1 mRNA/protein. Expression levels of these GLUT 

isoforms are different depending on the muscle fibre, with GLUT4 and GLUT12 predominantly 

expressed in type I fibres, whereas GLUT5 is predominately expressed in type II fibres (Stuart et al., 

2006). In addition, GLUT4 and GLUT1 are the predominant GLUT isoforms expressed in cardiac 

muscle (Fischer et al., 1997). Their mRNA/protein expression level is highly regulated during 

development: GLUT1 is abundant in foetal myocardium but is down-regulated with ageing, whereas 

GLUT4 is up-regulated with ageing and becomes the primary GLUT isoform in adult cardiomyocytes 

(Depre et al., 1999). Other GLUT and sodium-dependent glucose co-transporter (SGLT) isoforms 

(GLUT3, GLUT8, GLUT10, GLUT11, GLUT12 and SGLT1 genes) are detected in the heart but are 

expressed at much lower levels (Szablewski, 2017).  
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Table 1.2: GLUT transporter family 

 

Data compiled from (Aerni-Flessner et al., 2012; Cheeseman, 2008; Doege et al., 2000; Doege et al., 

2001; Douard & Ferraris, 2008; McVie-Wylie et al., 2001; Navale & Paranjape, 2016; Rogers et al., 

2002; Simpson et al., 2008; Thorens, 1992; Thorens & Mueckler, 2010; Uldry et al., 2001). 

 

Class GLUT 

isoform 

Location Substrates Function 

Class I GLUT1 Many tissues including 

erythrocytes, blood-tissue barriers, 

muscle and fat 

Glucose Basal glucose uptake 

GLUT2 Liver, pancreatic β-cell, kidney 

proximal tubule and small intestine 

Glucose, fructose, 

galactose, 

mannose, 

glucosamine 

Low-affinity 

glucose/fructose 

transporter 

GLUT3 Brain  Glucose High-affinity glucose 

transporter 

GLUT4 Muscle, heart and fat Glucose Insulin-responsive glucose 

transporter 

GLUT14 Testis Unknown Orphan transporter 

Class II GLUT5 Intestine, and low in kidney, 

skeletal muscle and fat 

Fructose 

  

Fructose transporter 

GLUT7 Small intestine, colon Glucose, fructose High-affinity 

glucose/fructose 

transporter 

GLUT9 Liver and kidney Glucose, fructose 

urate 

High capacity urate 

transporter 

GLUT11 Heart and muscle Glucose, fructose Glucose/fructose 

transporter 

Class III GLUT6 Brain, spleen and leukocytes Glucose Low affinity glucose 

transporter 

GLUT8 Testis Glucose High-affinity glucose 

transporter 

GLUT10 Liver and pancreas, and low in 

heart, skeletal muscle, placenta, 

kidney, lung, brain and liver 

Glucose  High affinity glucose 

transporter 

GLUT12 Muscle, small intestine, prostate 

and heart 

Glucose Glucose transporter 

GLUT13 

(HMIT) 

Brain Myo-inositol H+/myo-inositol co-

transporter 
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1.4.1 GLUT4 

GLUT4, encoded by the Slc2a4 gene, was first identified by a monoclonal antibody screen in rat 

adipocytes, and was found to be translocated from the cytosol to the plasma membrane in response 

to insulin stimulation (James et al., 1988). It is the major GLUT isoform in adipose tissue, skeletal 

and cardiac muscle, (Charron et al., 1999; Guillet-Deniau et al., 1994; Mueckler & Thorens, 2013). 

When skeletal muscle is stimulated with insulin, it promotes a rapid increase in GLUT4 abundance 

at the plasma membrane from intracellular storage vesicles (Section 1.4.2).  The important role of 

GLUT4 in glucose uptake has been demonstrated by numerous studies using transgenic and 

knockout mouse models, suggesting that disruption of GLUT4 regulation/function is associated with 

T2D (Wallberg-Henriksson & Zierath, 2001). Transgenic mice carrying muscle and fat specific 

overexpression (approximately 10-fold) of GLUT4 levels showed a marked reduction of plasma 

glucose and insulin levels under both fasted and fed conditions (Liu et al., 1993), and mice 

overexpressing GLUT4 in muscle showed enhanced basal- and insulin-stimulated whole-body 

glucose uptake (Buse et al., 1996; Ren et al., 1995). Moreover, a study in GLUT4 knockout  mice 

demonstrated reduced basal- and insulin-stimulated glucose uptake and glycogen synthesis in 

isolated Extensor digitorum longus (EDL) muscles (Stenbit et al., 1996), and elevated serum glucose 

and insulin levels compared to control mice, (Stenbit et al., 1997). In addition, diabetic db/db mice 

carrying overexpression of muscle GLUT4 showed significantly increased GLUT4 translocation to the 

cell surface following insulin stimulation compared to control db/db mice (Gibbs et al., 1995). 

 

1.4.2 GLUT4 trafficking 

GLUT4 is a long lived protein which continuously moves between the plasma membrane and 

intracellular compartments (Martin et al., 2006; Satoh et al., 1993). In unstimulated adipocytes, for 

example, the half-life of GLUT4 is 50 h (Sargeant & Paquet, 1993). In muscle, the level of GLUT4 stays 

high at plasma membrane for 24 h following acute exercise, and it returns to basal levels 48 h after 

the last set of exercise (Reynolds et al., 2000). The majority of studies  investigating GLUT4 trafficking 

were performed in three cellular systems: primary rat adipocytes, 3T3-L1 mouse adipocytes, and rat 

L6 skeletal muscle cells (Foley et al., 2011). Under basal conditions, the majority of GLUT4 (>90%) is 

stored in intracellular vesicles. Following insulin treatment, GLUT4 is rapidly transported to the 

plasma membrane, leading to an increase in glucose uptake (Yang & Holman, 1993). Upon removal 

of insulin, GLUT4 at the plasma membrane is internalised to intracellular compartments, and packed 

for storage (Livingstone et al., 1996). As such, it has been suggested that a single GLUT4 molecule 
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repeats this cycle (exocytosis and endocytosis) multiple times during the course of its lifetime, as 

described below. 

 

GLUT4 exocytosis (also called GLUT4 translocation) is the combination of several distinct processes: 

vesicle mobilization, vesicle tethering, vesicle docking, and membrane fusion (Figure 1.4). High 

resolution imaging techniques such as confocal and immunofluorescence microscopy have captured 

the movement of GLUT4 vesicles along the cytoskeletal tracks to the cell surface (Fletcher et al., 

2000; Patki et al., 2001; Semiz et al., 2003). Disruption of actin and/or microtubules leads to reduced 

GLUT4 translocation in response to insulin (Fletcher et al., 2000; Huang et al., 2005b; Omata et al., 

2000; Patki et al., 2001; Wang et al., 1998). Vesicle tethering is regulated by a number of small 

GTPase Rab-family proteins and actin (Babbey et al., 2010; Lopez et al., 2009; Zerial & McBride, 

2001). Vesicle docking and membrane fusion are associated with the actions of soluble N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE) and SNARE associated 

proteins (Cheatham et al., 1996; D'Andrea-Merrins et al., 2007). Glucose uptake into tissues is 

initiated once GLUT4 appears and is integrated at the cell surface (Figure 1.4). 

 

The internalisation of GLUT4 is mediated via clathrin-mediated endocytosis and/or cholesterol-

dependent endocytosis (Figure 1.4). In muscle cells, clathrin-mediated endocytosis is the 

predominant mechanism for GLUT4 internalisation, whereas in adipocytes, GLUT4 is internalised by 

both clathrin-mediated and cholesterol dependent endocytosis (Ros-Baro et al., 2001; Shigematsu 

et al., 2003).  When internalised through clathrin-mediated endocytosis, the adaptor protein AP2 

binds to a N-terminal portion of GLUT4 and packs GLUT4 into endocytic vesicles (Al-Hasani et al., 

2002; Blot & McGraw, 2006). Cholesterol dependent endocytosis, on the other hand, is due to 

caveolin, which forms large cave-like structures through oligomerization in lipid rafts (Ros-Baro et 

al., 2001). Membrane rafts, or lipid rafts, are lipid domains that are enriched in cholesterol and 

sphingolipids (Munro, 2003). For both pathways, the GTPase dynamin seems to be required for the 

vesicle scission from the plasma membrane (Kao et al., 1998; Mettlen et al., 2009). Once the vesicles 

are formed, they move to the interior of the cells (Guilherme et al., 2000).  
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Figure 1.4: Exocytosis and endocytosis of GLUT4 
 
Upon stimulation, GLUT4 localised in the GSV is translocated to the plasma membrane via vesicle 
tethering, docking and membrane fusion. In the absence of stimuli, GLUT4 is internalised to several 
different cytosolic compartments including (1) EE - early endosomes, (2) RE - recycling endosomes, 
(3) TGN - trans Golgi network and (4) GSV - GLUT4 storage vesicle (Foley et al., 2011; Stockli et al., 
2011). TGN image was obtained from www.servier.com. 
 
Abbreviations: SNARE - soluble N-ethylmaleimide-sensitive factor attachment protein receptor, V-
SNARE – vesicle SNARE, T-SNARE – target localised SNARE, VAMP2 - vesicle-associated Membrane 
Protein-2, SNAP23 - synaptosomal-associated protein-23. 
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The use of total internal reflection fluorescence (TIRF) microscopy, electron microscopy and 

immunofluorescent assays showed that GLUT4 is localized to early endosomes, recycling 

endosomes, the Trans-Golgi network (TGN) and GLUT4 storage vesicles (GSVs) (Foley et al., 2011; 

Fujita et al., 2010; Ishiki et al., 2005; Smith et al., 1991). There are several different routes that 

GLUT4 can travel and return to the plasma membrane. Fast recycling back to the plasma membrane 

is carried out through early endosomes, whereas slow recycling happens when GLUT4 passes 

through early endosome en route to recycling endosomes marked by the transferrin receptor (TfR), 

after which GLUT4 is sorted back to the plasma membrane. GLUT4 can also be packed into GSVs, 

which are formed from recycling endosomes and/or TGN. GSVs represent lipid bilayer bound 

structures that have a capacity to pack about 25 GLUT4 molecules. When GLUT4 reaches the end of 

its lifespan, it is degraded by the ubiquitin-proteasome system or by lysosomes (Liu et al., 2007). 

 

1.5 Signalling mechanisms involved in muscle glucose uptake  

Muscle glucose uptake is mediated by at least two separate actions: (i) stimulation with 

insulin/insulin mimicking agents, and (ii) muscle contraction/exercise. 

 

1.5.1 Insulin signal transduction leading to increased glucose uptake 

The insulin receptor (IR) is a tyrosine kinase receptor, composed of two α-subunits and two β-

subunits, and is distributed in a variety of tissues/cells including the brain, liver, skeletal muscle, 

adipose tissue, spleen and leukocytes (Boucher et al., 2014; Desbuquois et al., 1993).  

 

Insulin signal transduction is initiated by insulin binding to the extracellular α-subunits of the 

receptor, which leads to a change in its conformation that brings the two α-subunits closer, resulting 

in rapid autophosphorylation of tyrosine residues on the β-subunits (Kasuga et al., 1982; Wilden et 

al., 1992). The activated receptor, in turn, stimulates multiple tyrosine phosphorylation of the 

insulin receptor substrate family (IRS 1 to 4) and proto-oncogene Cbl (Bjornholm & Zierath, 2005; 

Fantin et al., 2000; Huang et al., 2005a; Laustsen et al., 2002; Ribon & Saltiel, 1997). When these 

substrates are phosphorylated, they bind adapter molecules which contain Src homology 2 (SH2) 

domains (important for the interaction with the phosphorylated receptor) and activate many 

downstream effectors. The pathway linking IRS to the activation of phosphoinositide 3-kinase (PI3K) 

is common to skeletal muscle and other insulin target tissues. In adipocytes, a Cbl dependent 

pathway is also able to increase glucose uptake (Satoh, 2014), and will not be further discussed here. 
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PI3K is divided into three classes (I, II, III), and class I is subdivided into class IA and class IB based on 

their activation mechanisms. Class IA PI3Ks are heterodimeric lipid kinases composed of a p85 

regulatory subunit and a p110 catalytic subunit, and studies using inhibitors and dominant negative 

constructs have shown that class IA PI3Ks have a central role in stimulating insulin-stimulated 

glucose transport, and glycogen synthesis (Hiles et al., 1992; Utermark et al., 2012). Pharmacological 

inhibition of PI3K by wortmannin dramatically blocks insulin-stimulated glucose uptake in both 

isolated rat skeletal muscle and adipocytes (Okada et al., 1994; Yeh et al., 1995), and another PI3K 

inhibitor (LY294002) inhibits  both insulin-stimulated GLUT4 translocation and glucose uptake in L6 

cells (Somwar et al., 2001). In addition, mice lacking class IA PI3Ks in skeletal muscle develop not 

only muscle insulin resistance, but also whole-body glucose intolerance (Luo et al., 2006).  

 

Akt (also called protein kinase B) is a serine/threonine kinase, and phosphorylation at both Thr308 

(phosphorylated by PDK1) and Ser473 (phosphorylated by mammalian target of rapamycin complex 

2, mTORC2) is required for its full activation (Tsuchiya et al., 2014). In mammals, three homologous 

isoforms (Akt1/PKBα, Akt2/PKBβ, and Akt3/PKBγ) were identified (Bellacosa et al., 1993; Jones et 

al., 1991). Of all, Akt2 is the most abundant Akt isoform in insulin sensitive tissues (liver, skeletal 

muscle and adipose), and is most likely responsible for glucose metabolism. 3T3-L1 adipocytes 

transfected with Akt2 siRNA showed reduced insulin responsiveness (Jiang et al., 2003), and Akt2 

knockout mice showed reduced glucose transport in muscle, and developed hyperglycaemia and 

diabetes (Cho et al., 2001; Garofalo et al., 2003). The PI3K and Akt dependent glucose uptake 

pathway is shown in Figure 1.5. 

 

Patients with T2D have defects in the ability of insulin to activate intracellular components such as 

IRS-1 and Akt, rather than defects in the IR itself (Boucher et al., 2014; George et al., 2004; Hribal et 

al., 2008). Dysfunction of these proteins significantly reduces the activity of insulin-stimulated 

GLUT4 translocation/glucose uptake in muscle although it does not affect transcriptional and 

translational regulation of GLUT4 (Widen et al., 1992).  
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Figure 1.5: Insulin-stimulated glucose uptake pathway 
 
Upon stimulation, insulin binds to the insulin receptor, which causes phosphorylation of IRS. Class 
IA PI3Ks are recruited to the plasma membrane, and their activation by IRS phosphorylates the 
membrane PIP2, and generates the lipid second messenger PIP3 (Avogaro et al., 2010; Saltiel & 
Kahn, 2001; Sesti, 2006; Thorpe et al., 2015). Increased PIP3 then recruits PDK1 to the plasma 
membrane, leading to the phosphorylation of Akt and subsequently activation of the atypical PKC 
isoforms PKCζ and PKCλ (Avogaro et al., 2010; Bevan, 2001; Zierath & Wallberg-Henriksson, 2002). 
PIP3 also promotes mTORC2 activity (Glidden et al., 2012; Liu et al., 2015). Activation of Akt by PDK1 
and mTORC2 leads to phosphorylation of AS160, leading to GLUT4 translocation to plasma 
membrane, which in turn increases glucose uptake (Bjornholm & Zierath, 2005; Ramalingam et al., 
2013). Images of insulin receptor, PIP2, PIP3, lipid membrane and glucose molecule, were obtained 
from www.servier.com. 
 
Abbreviations: AS160 - Akt substrate of 160 kDa, IRS - insulin receptor substrates, mTORC2 - 
mammalian target of rapamycin complex 2, PDK1 - phosphoinositide-dependent Kinase-1, PI3K -  
phosphoinositide 3-kinase, PIP2 - phosphatidylinositol 4,5-bisphosphate, PIP3 - phosphatidylinositol 
3,4,5-triphosphate, PKC – protein kinase C.  
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Mammalian target of rapamycin (mTOR) is another signalling molecule involved in insulin-

stimulated glucose uptake. mTOR is a 289-kDa serine-threonine kinase in the family of PI3K related 

kinases. There are 2 different complexes, mTORC1 and mTORC2, which have different structures 

and functions (Laplante & Sabatini, 2009) (Figure 1.6). 

 

mTORC1 is composed of 5 different subunits: mTOR, Raptor, the proline rich Akt substrate 40 kDa 

(PRAS40), the DEP domain-containing mTOR interacting protein (Deptor), and the mammalian lethal 

with Sec13 protein 8 (mLST8). It is sensitive to inhibition by rapamycin, as the mTOR kinase activity 

is inhibited by an FK506-binding protein 12 (FKBP12)-rapamycin complex (Choi et al., 1996; 

Weichhart et al., 2015). Activation of mTORC1 is elicited by a range of stimuli including growth 

factors/insulin, nutrients (amino acids), oxygen and a high ATP/AMP ratio (Arsham et al., 2003; 

Hahn-Windgassen et al., 2005; Suryawan & Davis, 2010). Several intracellular signalling molecules 

such as Akt and Erk are also likely to activate mTORC1 (Carriere et al., 2011; Dan et al., 2014). 

Following activation, mTORC1 stimulates several downstream effectors such as ribosomal protein 

S6 kinase (S6K)/ S6 ribosomal protein (S6RP), and promotes cell growth by promoting synthesis of 

proteins, lipids and nucleotides. Protein is synthesized by cap-dependent translation and ribosome 

biogenesis through the activation of S6K and the phosphorylation-mediated inhibition of the 

eukaryotic initiation factor 4E-binding protein 1 (4EBP1) (Fingar et al., 2002). Lipid synthesis is 

increased due to activation of both sterol-regulatory-element-binding protein (SREBP) and S6K 

(Porstmann et al., 2008; Wang et al., 2011), while nucleotide synthesis is up-regulated due to the 

phosphorylation of carbamoyl-phosphate synthetase (CAD) by S6K (Robitaille et al., 2013). In 

addition, some studies indicate that mTOR/S6K1 over-activation causes elevation of IRS-1 

phosphorylation, which blunts PI3K/Akt signalling, leading to alterations in glucose metabolism 

(Khamzina et al., 2005; Um et al., 2004). 

 

mTORC2 is also composed of mTOR, mLST8, and Deptor but differs from mTORC1 in that it contains 

rictor that associates with the mammalian stress-activated protein kinase interacting protein 

(mSIN1) and protein observed with Rictor-1 (Protor-1)(Pearce et al., 2007; Peterson et al., 2009). In 

contrast to mTORC1, mTORC2 is rapamycin insensitive. However, it has been reported that long-

term treatment with rapamycin in some cell types prevents mTORC2 assembly (Ballou & Lin, 2008; 

Sarbassov et al., 2006). 
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Figure 1.6: mTORC1 and mTORC2 
 
(A) mTORC1 is composed of 5 different subunits including mTOR, Raptor, PRAS40, Deptor, and 
mLST8. It is involved in cellular growth by promoting lipid synthesis, nucleic acid synthesis and 
protein synthesis. (B) mTORC2 is composed of 6 different subunits including mTOR, Rictor, mLST8, 
and Deptor, mSin1 and Protor. It is involved in cell survival, metabolism and cytoskeletal 
reorganization. Figure was adapted from (Howell et al., 2013; Huang & Fingar, 2014). 
 

Abbreviations: 4EBP1 - 4E-binding protein 1, CAD - carbamoyl-phosphate synthetase, RhoA - Ras 
homolog gene family member A, S6K - S6 kinase, SGK-1 - serum/glucocorticoid regulated kinase-1, 
SREBP - sterol-regulatory-element-binding protein, PKCα – protein kinase C α. 
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Compared to mTORC1, the role of mTORC2 is poorly understood. mTORC2 can be activated by 

growth factors/insulin like mTORC1, but it is not activated by nutrient deprivation (Laplante & 

Sabatini, 2012). mTORC2 activates its downstream targets, PKCα, RhoA that is important for the 

organization of the actin cytoskeleton (Jacinto et al., 2004), and Akt and SGK-1 that promote cell 

survival (Aoyama et al., 2005). As shown in Figure 1.5, insulin stimulation causes mTORC2 activation, 

which then phosphorylates Akt. The importance of mTORC2 in glucose metabolism has been 

demonstrated. Insulin failed to phosphorylate Akt at Ser473 and AS160 at Thr642 in skeletal muscle 

of mice lacking rictor, and these mice showed a 50% reduction of glucose uptake following insulin 

stimulation compared to wild type mice, and developed glucose intolerance (Kumar et al., 2008). In 

addition, fat cell-specific rictor knockout mice showed 65% reduction of insulin-stimulated glucose 

uptake compared to wild type mice (Kumar et al., 2010).  

 

1.5.2 Mechanisms of muscle contraction/exercise stimulated glucose uptake 

Muscle contraction or exercise is a physiologically relevant stimulus for increased glucose uptake, 

and intense exercise is able to increase skeletal muscle glucose uptake as much 50-fold (Katz et al., 

1986). The mechanisms by which exercise increases glucose uptake are dependent on the action of 

GLUT4, and also involve calcium (Ca2+) as a key molecule (Merry & McConell, 2009; Richter & 

Hargreaves, 2013). 

 

For many years, it was believed that Ca2+ released from the sarcoplasmic reticulum (SR) by 

depolarization of muscle due to contraction, directly stimulated GLUT4 translocation from 

intracellular vesicles to the cell membrane, thereby increasing glucose uptake. This was based on 

several studies showing that caffeine treatment (which stimulates Ca2+ release from the SR) 

increased glucose uptake in skeletal muscle (Holloszy & Narahara, 1967; Wright et al., 2005).  Ca2+ 

has a significant role in  both skeletal and cardiac muscle contraction as follows: (1) muscle 

depolarization through neuronal stimuli activates L-type Ca2+ channels, (2) Ca2+ influx into the cells 

promotes a further increase in cytosolic Ca2+ by opening of SR ryanodine receptors, and (3) it 

subsequently initiates a myosin-actin “cross-bridge muscle cycle”, provoking muscle contraction 

(Kuo & Ehrlich, 2015). However, later studies demonstrated that muscle contraction-mediated 

glucose uptake requires AMP-activated protein kinase (AMPK) since stimulation with caffeine 

increased AMPK activation both in rat and mouse skeletal muscle (Egawa et al., 2011; Jensen et al., 
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2007), and in  mouse soleus muscle overexpressing a dominant negative AMPK, the effect of 

caffeine on  glucose uptake was significantly diminished (Jensen et al., 2007).  

 

AMPK is a serine/threonine protein kinase essential for the regulation of energy balance. It is a 

heterotrimeric protein consisting of one catalytic subunit (α-subunit) and two regulatory subunits 

(β- and γ-subunits). In mammals, there are 12 isoforms of AMPK present due to the combination of 

2 α-subunit isoforms (α1 and α2), 2 β-subunit isoforms (β1 and β2) and 3 γ-isoforms (γ1, γ2 and γ3) 

(Iseli et al., 2005). All isoforms are differently distributed in tissues, with the α2-subunit expressed 

predominantly in skeletal and cardiac muscle (Salt et al., 1998). The α-subunit contains a Thr-172 

phosphorylation site vital for the Ca2+ dependent activation of AMPK, and Ser485/491 

phosphorylation sites that limit AMPK activation (Valentine et al., 2014). The β-subunit contains a 

glycogen-binding domain, which allows AMPK to associate with glycogen (McBride et al., 2009). The 

γ-subunit contains 3 AMP-binding sites, two of which can bind either AMP or ATP, but a third site is 

tightly occupied with AMP. In the inactive state, AMPK binds two ATP and one AMP, while in active 

states three AMP are bound to these sites (Xiao et al., 2007).  AMPK can also be activated by two 

identified upstream kinases: CAMKKβ and LKB1, of which CAMKKβ is activated by Ca2+ (Gormand et 

al., 2011). 

 

AMPK activity is increased in skeletal muscle during exercise/contraction, and can also be activated 

by hormones (e.g. leptin, ghrelin, adiponectin), as well as a change in AMP/ATP ratio due to 

metabolic stress. AMPK activation promotes catabolic processes to replenish ATP by inhibiting 

anabolic processes (Hutchinson et al., 2008). There are some studies in transgenic mouse models 

indicating a pivotal role of AMPK in glucose uptake: Muscle specific dominant-negative kinase-dead 

α2 AMPK overexpressing mice showed reduced contraction- stimulated glucose uptake compared 

with wild type mice  (Lefort et al., 2008; Mu et al., 2001; Sylow et al., 2017b). The proposed 

mechanism of contraction-stimulated glucose uptake in muscle is summarised in Figure 1.7. 
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Figure 1.7: Signalling pathways involved in muscle contraction mediated glucose uptake 
 
During muscle contraction, intracellular Ca2+ released from the sarcoplasmic reticulum (SR) activates 
so called “cross-bridge muscle cycle”. This metabolic stress increases the AMP–ATP ratio, which 
leads to activation of AMPK (Sylow et al., 2017a). Phosphorylation of the Rab GTPase-activating 
proteins TBC1D1 and TBC1D4 (also called AS160, Akt substrate of 160 kDa) follows activation of 
AMPK (Cartee, 2015; Vichaiwong et al., 2010). Rab activation then promotes GLUT4 
translocation/glucose uptake in muscle (Richter & Hargreaves, 2013; Sylow et al., 2017a). In 
addition, activation of Rac1 and Myo1c by mechanical stress may elicit GLUT4 translocation (Sylow 
et al., 2013). Images of ER, membrane, actin cytoskeleton and calcium were obtained from 
www.servier.com. Figure was adapted from (Richter & Hargreaves, 2013).  
 

Abbreviations: AMPK - AMP-activated protein kinase, ER - endoplasmic reticulum, GAP - GTPase 
activating protein, TBC - Tre2/Bub2/Cdc16, TBC1D1 – TBC1 domain 1, TBC14D – TBC domain 4, 
Myo1c – myocin 1C 
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1.5.3 G protein-coupled receptors involved in glucose metabolism 

In metabolic disease research, it is of particular interest to identify pathways that can stimulate 

GLUT4 translocation without depending on proteins involved in the insulin signalling pathway that 

are down-regulated in T2D. Over 30 G protein-coupled receptors (GPCRs) including GLP-1 receptors, 

free fatty acid receptors (FFAR1-4), cannabinoid (CB1) receptors, and adrenoceptors (ARs) are 

involved in glucose metabolism (Riddy et al., 2018). For example, GLP-1 receptors are highly 

expressed in pancreatic β cells, and their activation leads to an increase in insulin secretion (Drucker 

et al., 1987; Kebede et al., 2008). As such, there are several GLP-1 receptor agonists (including 

exenatide, liraglutide, semaglutide etc) that are used clinically for the management of T2D. 

Activation of ARs can increase glucose uptake independently of insulin, implicating ARs as 

alternative targets for the treatment of T2D (Sato et al., 2014a; Sato et al., 2018). The detailed AR 

mediated glucose uptake mechanism is discussed in Section 1.7. 

 

1.6 G protein-coupled receptors 

 

1.6.1 Structure of G protein coupled receptor 

GPCRs are activated by a variety of stimuli including hormones, neurotransmitters, ions, photons, 

organic odorants, amines, peptides, proteins, lipids, and nucleotides (Fredriksson et al., 2003; 

Rosenbaum et al., 2009). They are the largest family of membrane receptors in the human genome, 

with more than 800 human GPCRs identified. Based on sequence, structural similarity and ligand 

binding criteria, they are divided into 5 main classes: rhodopsin-like receptors (class A), secretin 

receptors (class B), metabotropic glutamate (class C), adhesion, and Frizzled/Taste2 (class F) 

receptors (Fredriksson et al., 2003), but they all share a common structure of 7 transmembrane (TM) 

spanning α-helices linked by 3 extracellular loops (ECL1-3) and 3 intracellular loops (ICL1-3), an 

extracellular N-terminus, and an intracellular C-terminal region (Fredriksson et al., 2003; Kroeze et 

al., 2003; Palczewski et al., 2000). Different classes of GPCRs show remarkable structural diversity 

in the ECL, ICL, N-terminal and C-terminal regions (Basith et al., 2018). The N-terminus is considered 

important for receptor trafficking, cell surface expression in general, and ligand binding (Class B and 

C receptors, and some Class A receptors) (Couvineau et al., 1996; Kochl et al., 2002; Nechamen & 

Dias, 2000).  The 7TM bundle region is the structural core, forming a ligand binding pocket, that 

undergoes conformational changes upon ligand binding. The cytoplasmic ends of TM helices and 

the ICL regions interact with effector proteins such as G proteins (Zhang et al., 2015). 
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1.6.2 G protein-coupled receptor mediated signalling 

GPCRs couple to 4 main heterotrimeric G protein families (Gs, Gi/o, Gq/11, G12/13), which result in 

the regulation of several effectors that include second messenger producing enzymes or ion 

channels. Gs activates adenylate cyclase (AC), increases cyclic AMP (cAMP) production and activates 

PKA, while Gi/o inhibits AC activation. Gq/11 activates phospholipase C (PLC), and the resultant 

cleavage of phosphatidylinositol (4, 5)-bisphosphate (PIP2) produces inositol trisphosphate (IP3) 

and diacylglycerol (DAG), which release Ca2+ and activate protein kinase C (PKC), respectively. 

G12/13 interacts with RhoGTPase nucleotide exchange factors (RhoGEFs) and regulates cellular 

proliferation, contraction and morphology  (Kelly et al., 2007; Siehler, 2009; Worzfeld et al., 2008). 

While most GPCRs couple to predominately one G protein, promiscuous coupling to other G 

proteins can occur. For example, the β2-AR mainly mediates effects via Gs, but can also couple to 

Gi/o in some cellular systems (Daaka et al., 1997) as evidenced mainly through the use of pertussis 

toxin that catalyses the ADP-ribosylation of Gi/o, preventing GDP displacement by GTP, thereby 

blocking inhibition of AC by Gi/o. 

 

1.6.3 Desensitisation and internalisation of GPCRs as exemplified by the β2-AR 

GPCRs (such as the β2-AR) can be desensitised and subsequently internalised (Figure 1.8) through a 

mechanism involving phosphorylation of the receptor at specific sites in intracellular regions. The 

β2-AR is phosphorylated on serine and threonine residues within the cytoplasmic loops and C-

terminal tail domains by G protein coupled receptor kinases (GRKs) and by PKA (Emorine et al., 1989; 

Granneman et al., 1991; Muzzin et al., 1991). Phosphorylation of these residues by PKA in the β2-AR 

results in uncoupling of the receptor from Gαs (Bouvier et al., 1989). GRKs play a major role in the 

desensitisation of agonist occupied β2-ARs (homologous desensitisation). GRKs are serine/threonine 

protein kinases that specifically recognize and phosphorylate agonist-occupied GPCRs. To date, 

there are 7 GRK isoforms (GRK1 to GRK7) identified (Weiss et al., 1998). These GRK isoforms are 

grouped into 3 different families; (1) GRK1 subfamily (GRK1 and GRK7) are the selective kinases 

responsible for the regulation of rhodopsin photoreceptors, (2) GRK4 subfamily (GRK4, GRK5 and 

GRK6) are the G-protein βγ-subunit-insensitive kinases, and (3) GRK2 subfamily (GRK2 and GRK3) 

are βγ-subunit-regulated kinases, (also known as the β-AR kinase 1 and 2) (Erdtmann-Vourliotis et 

al., 2001; Ribas et al., 2007). GRKs 2 and 3 are recruited to the plasma membrane by direct 

interaction with free Gβγ subunits released upon activation of heterotrimeric G proteins (Pitcher et 

al., 1992). The receptor is subsequently phosphorylated on serine and threonine residues in the 
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intracellular (e.g. C terminal) domains, which in turn, increases receptor binding affinity for β-

arrestins (Krasel et al., 2005). There are 4 different arrestin isoforms, named arrestin 1 to 4. Of those, 

arrestin-2 (β-arrestin1) and arrestin-3 (β-arrestin2) are ubiquitously expressed, and appear to act 

on multiple GPCRs (Bychkov et al., 2012). Of note, these two arrestins are detected in different 

cellular locations: β-arrestin1 is found in both the cytoplasm and nucleus, whereas β-arrestin2 is 

only present in cytoplasm (Scott et al., 2002). Following the binding of β-arrestin, agonist-

promotedinternalisation of the receptor occurs. β-arrestin also functions as an adapter protein, 

which allows receptors to associate with components of the clathrin-coated pit, and promotes the 

dynamin (Dyn)-dependent sequestration of receptors and the formation of intracellular vesicles 

(Laporte et al., 2000). Upon internalisation, those receptors are trafficked to an acidified endosomal 

pool, where the ligand is released. Subsequently, the receptor is dephosphorylated by a GPCR-

specific protein phosphatase PP2A isoform, and is then either degraded or recycled to the plasma 

membrane (Luttrell & Lefkowitz, 2002; Zhang et al., 1999).  

 

1.6.4 Scaffolding function of GRK and β-arrestin 

Along with the well documented role of GRKs to phosphorylate GPCRs resulting in receptor 

desensitisation, GRKs have additional phosphorylation substrates, and also exhibit scaffolding 

functions via direct interactions with signalling proteins and direct downstream signalling cascades 

without eliciting their kinase activity (Gurevich et al., 2012). It has been reported that GRKs can 

associate with multiple binding partners (Ribas et al., 2007; Watari et al., 2014). Some important 

binding partners include (1) caveolin1 (Schutzer et al., 2005), (2) clathrin (Shiina et al., 2001), (3) 

PI3K (Naga Prasad et al., 2002), and (4) Akt (Liu et al., 2005) (see Chapter 4 for further discussion). 

Binding of β-arrestin to the receptor can also act as a scaffold for cellular signalling partners which 

include (1) c-Src, which affects ERK1/2 phosphorylation (Luttrell et al., 1999), (2) ERK1/2, which is 

involved in activation of the mitogen-activated protein kinase (MAPK) (Shenoy et al., 2006), and (3) 

phosphodiesterase 4, which affects the rate of cAMP turnover (Perry et al., 2002). As such, both 

GRKs and β-arrestin acting as scaffolding proteins and can interact with several cellular proteins 

independent from their kinase activity. 

 

1.6.5 Biased agonism 

Traditionally, development of GPCR therapeutics has focused on the effects of conventional 

agonists and antagonists. One current trend of GPCR drug development, however, focuses on biased 
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ligands that offer the opportunity in drug design to selectively activate one or more desired 

signalling pathways which mediate favourable responses, over other signalling pathways that may 

mediate adverse effects (Luttrell et al., 2015; Violin et al., 2014). Biased agonism refers to the ability 

of ligands to preferentially activate one or more intracellular signalling pathways (Gundry et al., 

2017). The most prominent mechanism to explain bias involves the ligands stabilising functionally 

distinct receptor conformations. There are many GPCRs that have shown to have biased ligands 

(Bologna et al., 2017; Rominger et al., 2014), which include α1A-ARs (da Silva Junior et al., 2017; 

Evans et al., 2011) and β-ARs (Ghanouni et al., 2001a; Ghanouni et al., 2001b).  

 

There are some considerations which can affect the identification of biased agonists, including 

system bias and observation bias. System bias is the contribution of cell/tissue specific effect which 

arises from differential coupling of the system (for example, receptor expression level can affect 

both agonist potency and maximal response). Observation bias is the reflection of the experimental 

conditions such as time, temperature and buffer conditions unique to the assay (da Silva Junior et 

al., 2017; Gundry et al., 2017; Smith et al., 2018). In order to assess true ligand bias, test ligands 

should be compared with a reference ligand, which can cancel out the influence of system and 

observation bias (Evans et al., 2011; Klein Herenbrink et al., 2016). For example, the Black and Leff 

operational model describes agonism by two parameters dependent on agonist properties: (1) KA, 

the functional equilibrium dissociation constant of the agonist and (2) KE, the concentration of 

agonist occupied receptor that elicits the half maximal tissue response; the model also incorporates 

(3) Rt, receptor density and (4) the maximum response of the system, Emax.  Usually KE is not fitted 

directly, but instead the transduction coefficient  (=Rt /KE) is obtained from concentration response 

data.  When comparing pathways and ligands, bias factors related to the  / KA ratio may be 

quantified in comparison to a reference ligand (Black & Leff, 1983; Black et al., 1985). Appropriate 

choice of the reference agonist is an important factor. Although endogenous ligands are often used 

as a reference ligand, they may cause off-target activities by binding to other endogenous receptor 

subtypes (van der Westhuizen et al., 2014). Absence of off-target effects should be confirmed by 

sensitivity to antagonism (van der Westhuizen et al., 2014) or assays in non-transfected cells (da 

Silva Junior et al., 2017). Also, the use of endogenous ligands to determine the measurement time  
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Figure 1.8: Regulation of the β2-AR  
 
Ligand bound β2-AR produces functional responses via Gαs. Receptor desensitisation is elicited by 
GRK mediated receptor phosphorylation. β-arrestin bound receptor causes clathrin-mediated 
receptor endocytosis. In an endosomal compartment, β-arrestin and ligand are dissociated from 
receptor, after which receptor is dephosphorylated by protein phosphatase. Receptor is then 
recycled to the plasma membrane or degraded (Luttrell & Lefkowitz, 2002). Images of receptors and 
membrane were obtained from www.servier.com. 
 
Abbreviations: AC - adenylyl cyclase, cAMP – cyclic AMP, GRK – G protein receptor kinase, PKA – 
protein kinase A. 
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in assays could be problematic if test ligands show different kinetic profile compared to the 

endogenous ligand, since the operational model is derived on the assumption of equilibrium 

conditions (Klein Herenbrink et al., 2016). In addition, biased signalling should be examined in ex 

vivo, in vivo and in human cells if possible (Broad et al., 2016). 

 

1.7 Adrenoceptors 

Activation of the sympathetic system through the release of adrenaline (from adrenal gland) and 

noradrenaline (from nerve terminals) causes a “fight-or-flight” response. This initiates a variety of 

responses, such as increased heart rate and cardiac output, and increased energy expenditure by 

up-regulating the delivery of well-oxygenated, nutrient-rich blood to skeletal muscle and other 

tissues (Gordan et al., 2015; McCorry, 2007). ARs are subdivided into 3 main families: α1-ARs (α1A-, 

α1B-, α1D-AR), α2-ARs (α2A-, α2B-, α2C-), and  β-AR subtypes (β1-, β2-, β3-) (Brede et al., 2004; Saunders 

& Limbird, 1999). α1-AR, α2-AR and β-ARs are primarily coupled to Gq/11, Gi/o and Gs respectively 

(Figure 1.9). These AR subtypes are distributed differently in a variety of tissues or cell types, and 

are involved in the regulation of many physiological responses (Figure 1.10). Specifically, several 

studies have revealed that the activation of α1A-AR (expressed in cardiomyocytes) and β2-ARs 

(expressed in skeletal muscle) have roles in glucose uptake. This thesis focuses on the signalling 

mechanisms of α1A-AR and β2-AR mediated glucose uptake. 

 

1.7.1 Adrenoceptors in skeletal muscle 

β-ARs are expressed in skeletal muscle, with a 3-fold greater density of β-ARs in slow-twitch muscles 

compared to fast twitch muscles (Martin et al., 1989). The β-AR subtypes detected in skeletal muscle 

are predominantly the β2-AR (both in fast and slow twitch muscles), with a minor population of β1–

ARs detected (in slow twitch muscles) (Jensen et al., 1995; Watson-Wright & Wilkinson, 1986). β3-

ARs are not detected in skeletal muscle (Evans et al., 1996). In diabetes, β-AR expression level in 

skeletal muscle remains unchanged or increases (Xavier et al., 2012; Yang et al., 2002). Several cell 

lines are used to study skeletal muscle function including rat L6 and mouse C2C12 skeletal muscle 

cells. L6 cells are a good model to investigate the mechanism of β2-AR mediated glucose uptake 

since they express high levels of the β2-AR (but not β1- or β3-ARs) and GLUTs (mainly GLUT4) during  
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Figure 1.9: Distinct intracellular pathways activated by adrenoceptors coupling to different G proteins  
 
α1-ARs (α1A-, α1B-, α1D-) are Gαq coupled-receptors. They activate PLC, which causes the hydrolysis 
of membrane lipid, PIP2 into IP3 and DAG. This results in the release of Ca2+ from the endoplasmic 
reticulum and activation of PKC. β-ARs (β1-, β2-, β3-) are Gαs coupled-receptors, that stimulate cAMP 
accumulation through AC, whereas α2-ARs (α2A-, α2B-, α2C-) couple to Gαi to inhibit AC activation. 
Note that this figure shows the predominant signalling mechanisms of each AR subtype, but 
adrenoceptors can couple to more than one G protein. Images of receptors and membrane were 
obtained from www.servier.com. 
 
Abbreviations: AC - adenylyl cyclase, cAMP – cyclic AMP, DAG – diacylglycerol, IP3 - inositol 
trisphosphate, PIP2 - phosphatidylinositol (4, 5)-bisphosphate, PKA – protein kinase A, protein 
kinase C – PKC, PLC - phospholipase C. 
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Figure 1.10: Adrenoceptor distribution in the body 
 
Adrenoceptors are located throughout the body including the central nervous system, lung, vascular 
smooth muscle, pancreas, adipocyte, liver, brain, gastrointestinal tract, heart, skeletal muscle, 
bladder and prostate (Berkowitz et al., 1994; Colciago et al., 2016; Davis et al., 2008; Furukawa et 
al., 1995; Giovannitti et al., 2015; Gordan et al., 2015; Gros et al., 1999; Hutchinson et al., 2008; 
Kenny et al., 1996; Lepor et al., 1993; Madamanchi, 2007; Michel et al., 2010; Mutlu & Factor, 2008; 
O'Connell et al., 2014; Piascik & Perez, 2001; Price et al., 1994). Images of organs were obtained 
from www.servier.com. 
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their differentiation (Mitsumoto et al., 1991). They also increase glucose uptake in response to 

insulin and β-AR stimulation (Antonescu et al., 2005; Haney et al., 1995; Nevzorova et al., 2002; 

Nevzorova et al., 2006; Sato et al., 2014a; Walker et al., 1989).  While C2C12 cells express β2-ARs 

and GLUT1/4 (Kotliar & Pilch, 1992; Ngala et al., 2008), both insulin and β2-AR stimulation fail to 

increase glucose uptake in these cells, thought to be due to an inability of GLUTs to integrate into 

the cell surface upon stimulation (Tortorella & Pilch, 2002). In addition to β-ARs, low expression of 

α1- and α2-ARs are restricted to vascular smooth muscle, and mediate vasoconstriction of skeletal 

muscle blood vessels (Lambert & Thomas, 2005). However, whether their expression/function is 

altered in diabetes is unknown. 

 

1.7.1.1 Effect of β2-ARs on glucose metabolism 

β2-ARs are the major AR subtype responsible for AR mediated increases in glucose uptake in skeletal 

muscle (Figure 1.11). Activation of β-ARs by either isoprenaline (non-selective β-AR agonist) or 

specific β2-AR ligands (for example, clenbuterol or zinterol) increases glucose uptake in L6 cells (both 

myoblasts and myotubes) as well as in intact skeletal muscle in vitro  and in vivo (Liu & Stock, 1995; 

Nevzorova et al., 2002; Nevzorova et al., 2006; Ngala et al., 2008; Ngala et al., 2009; Sato et al., 

2014a). The stimulatory effect of isoprenaline on skeletal muscle glucose uptake is abolished in 

β1/β2-AR knockout mice (Sato et al., 2014a).  

 

Activation of β-ARs increases the production of cAMP. In rat soleus muscle, isoprenaline stimulation 

increased cAMP levels, which was antagonised by the selective β2-AR antagonist ICI118551 (Roberts 

& Summers, 1998). Another study in L6 myotubes also showed an increase in cAMP accumulation 

in response to isoprenaline and zinterol (Dehvari et al., 2012; Nevzorova et al., 2006). Also, this 

cAMP response was enhanced following inhibition of phosphodiesterase 4 (which catalyses the 

hydrolysis of cAMP into AMP) with rolipram (Nevzorova et al., 2006). In addition, isoprenaline 

increased mTORC2 phosphorylation at Ser2481 but not mTORC1 phosphorylation at Ser 2448 in L6 

myotubes. Isoprenaline increased GLUT4 translocation in both L6 myotubes and human primary 

skeletal muscle cells (Sato et al., 2014a).  
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Figure 1. 11: β2-Adrenoceptor mediated glucose uptake signalling pathway 
 
β2-ARs are predominantly Gαs coupled receptors. When β2-AR agonists bind to the receptor, they 
activate AC, leading to the synthesis of cAMP from ATP. cAMP then activates its downstream target, 
PKA. In its inactive state, PKA exists as a tetramer of two dimers R- and C-subunits. Binding of cAMP 
to R-subunits, liberates C-subunits to phosphorylate target proteins. PKA catalyses phosphorylation 
of various proteins including mTORC2, resulting in stimulation of GLUT4 translocation and glucose 
uptake (Sato et al., 2014a). Images of receptor, membrane, glucose and PKA were obtained from 
www.servier.com. 
 
Abbreviations: AC - adenylyl cyclase, C – catalytic, cAMP – cyclic AMP, mTORC2 – mammalian target 
of rapamycin complex 2, PKA – protein kinase A, R – regulatory. 
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The β2-AR system may also affect insulin release since both isoprenaline and terbutaline (a β2-AR 

agonist) increased insulin secretion in vivo (Ahren & Lundquist, 1981), and β-AR knock out mice 

(lacking all β-AR subtypes) have impaired glucose-induced insulin release, increased 

gluconeogenesis and are glucose intolerant (Asensio et al., 2005). β2-AR knock out mice also 

developed glucose intolerance, and impaired glucose-induced insulin secretion, signifying an 

important role of β2-AR in glucose metabolism (Santulli et al., 2012). Overexpression of β2-AR in 

aged mice increased insulin release and protected from glucose intolerance both in vivo and ex vivo 

unlike wild type mice which exhibited glucose intolerance (Santulli et al., 2012). Furthermore, mice 

lacking β-ARs failed to display weight loss following a ketogenic diet (causing elevation of energy 

expenditure) as opposed to wild type mice (Douris et al., 2017). In obese or T2D animal models 

including obese Zucker rats, Goto-Kakizaki rats and high fat diet–fed C57BL/6J mice, administration 

of β2-AR agonists significantly improved glucose tolerance (Sato et al., 2014a; Torgan et al., 1993). 

All these studies indicate the potential anti-diabetic effects of β2-AR agonists. 

 

1.7.1.2 Effects of BRL37344 on skeletal muscle glucose uptake 

BRL35135 and BRL37344 (its active de-esterified metabolite) (Figure 1.12) were originally developed 

as β3-AR agonists (Arch et al., 1984), with BRL37344 highly specific in mediating adipose tissue 

lipolysis (a β3-AR effect) over mediating β1- or β2-AR mediated responses in the atria/trachea 

respectively.  In female C57BL/6 (ob/ob) mice, a single dose of BRL37344 increased metabolic rate, 

and 4-week daily treatment with BRL37344 reduced body lipid content as well as body weight (Arch 

et al., 1984). In obese Zucker rats, 3-week treatment with BRL37344 reduced weight gain and plasma 

insulin levels (Santti et al., 1994). Hence, BRL37344 was developed as a potential anti-obesity drug. 

Unexpectedly, no effect was observed in human studies, with a 10-day BRL37344 treatment of 

obese patients failing to show any significant changes in body weight (Mitchell et al., 1989), although 

this short time of treatment may not be sufficient to observe significant weight loss in humans. 

However this study did demonstrate favourable effects on glucose storage and glucose tolerance 

(Mitchell et al., 1989) which may be due to actions at β2-ARs in skeletal muscle rather than β3-ARs 

in adipose tissues. The reduction in body weight reported in rodents was due to improved 

thermogenesis and lipolysis through the activation of β3-ARs in BAT and WAT.  In contrast, it was 

found that effects on glucose utilization were due to activation of β2-ARs located in skeletal muscle, 

in studies utilizing receptor selective antagonists (Liu et al., 1996; Liu & Stock, 1995; Nevzorova et 

al., 2002; Ngala et al., 2008). In rodents, BRL37344 increased glucose uptake in different types of rat  
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Figure 1.12: Chemical structures of BRL35135/BRL37344, isoprenaline and clenbuterol 
 
In vivo, BRL35135 is de-esterified to BRL37344 (its active metabolite) within 15 min of administration 
(Arch et al., 1984). Chemical structures were created with ChemDraw Professional 17.1. 
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skeletal muscles such as slow and fast twitch muscles independently from insulin (Abe et al., 1993). 

Also, BRL37344 demonstrated an ability to increase glucose uptake in skeletal muscle both in vitro 

and in vivo equal to other β2-AR agonists such as clenbuterol (Abe et al., 1993; Board et al., 2000; 

Nevzorova et al., 2002; Nevzorova et al., 2006; Ngala et al., 2008). While these results show that 

BRL37344 is a β2-AR agonist in skeletal muscle, BRL37344 agonist activity at the cloned β2-AR has 

also been demonstrated (Baker, 2010b) (see Chapter 3 for further discussion). 

 

1.7.1.3 The mechanism of β2-AR mediated glucose uptake 

 

1.7.1.3.1 Role of AC, cAMP and PKA 

Many studies suggest a significant role of cAMP in glucose uptake since stimulation with the cAMP 

analogues (8-Bromoadenosine 3',5'-cyclic monophosphate or dibutyryl cAMP) caused a significant 

elevation of glucose uptake in rat L6 cells (Nevzorova et al., 2002; Nevzorova et al., 2006; Sato et al., 

2014a). Elevation of cAMP levels by inhibiting phosphodiesterase 4 with rolipram potentiated 

zinterol mediated glucose uptake in L6 cells (Nevzorova et al., 2006). In addition, inhibition of either 

AC with 2’,5’-dideoxyadenosine (DDA) or PKA with PKI reduced zinterol-or isoprenaline-stimulated 

glucose uptake in L6 cells, respectively (Nevzorova et al., 2006; Sato et al., 2014a).  

 

1.7.1.3.2 Role of Akt/mTOR 

PI3K and Akt are considered important for insulin-stimulated glucose uptake, but are not involved 

in β2-AR mediated glucose uptake (Sato et al., 2014a). While originally it was thought that β2-ARs 

increased glucose uptake via PI3K due to inhibition of responses by PI3K inhibitors such as LY294002 

and wortmannin, β2-ARs in skeletal muscle fail to increase Akt phosphorylation and glucose uptake 

is not affected by selective Akt inhibitors (Nevzorova et al., 2006; Sato et al., 2014a ). This 

discrepancy is thought to be due to wortmannin and LY294002 inhibiting other kinases such as 

mTOR, which is involved in β2-AR mediated glucose uptake (Gharbi et al., 2007). 

 

Recent studies have shown a specific role for mTORC2 in β2-AR mediated glucose uptake. This is 

based on studies performed in L6 cells showing that β2-ARs phosphorylate mTORC2, 

pharmacological inhibition of mTORC2 reduces β2-AR mediated glucose uptake, and that siRNA 

against rictor (and not raptor) inhibits β2-AR mediated glucose uptake (Sato et al., 2014b). 

Furthermore, a role for mTOR in β2-AR mediated glucose uptake was shown in vivo and ex vivo, with 

the mTOR inhibitor KU0063794 inhibiting isoprenaline-mediated glucose uptake in isolated rat 
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soleus muscle ex vivo, and in soleus muscle in vivo (Sato et al., 2014b). The mechanism whereby β2-

ARs activate mTOR is not completely understood but may involve cAMP/PKA (Sato et al., 2014b) . 

 

1.7.1.3.3 Role of GRKs 

GRKs have been suggested to be involved in β2-AR mediated glucose uptake in studies using a simple 

recombinant system (CHOGLUT4myc cells). Truncation of the β2-AR C-terminal tail at T349 

(removing all GRK phosphorylation sites) decreases isoprenaline-stimulated glucose uptake 

compared with wild type cells (Dehvari et al., 2012). Also, isoprenaline stimulation of cells 

expressing a β2-AR (–)GRK mutant significantly reduces the activity of GLUT4 translocation to the 

cell surface compared to the β2-AR wild type cells (Dehvari et al., 2012). In addition, isoprenaline 

treatment of cells overexpressing kinase-dead GRK2 (K220R) fails to increase GLUT4 translocation 

(Dehvari et al., 2012). As such, these studies indicate the potential role of GRKs in glucose uptake 

following activation of β2-AR (see Chapter 4 for further discussion).  

 

1.7.2 Adrenoceptors in the heart 

 

1.7.2.1 β-ARs 

The human heart expresses predominately β-ARs, with approximately 70% of these the β1-AR 

subtype and 30% the β2-AR subtype (Bristow et al., 1986). Both subtypes contribute to the 

regulation of heart rate and cardiac contractility but through different mechanisms. β1-ARs are Gαs 

coupled receptors and their activation increases contractility via PKA mediated phosphorylation of 

several proteins including troponin I (modulation of myofilament Ca2+ sensitivity), the L-type Ca2+ 

channel (Ca2+ influx), and phospholamban (Ca2+ reuptake into the SR) (Lohse et al., 2003). In contrast, 

β2-ARs reduce cardiac contractility by Gαi mediated activation of the cytosolic effector molecule 

phospholipase A2 (cPLA2) (Madamanchi, 2007). 

 

In human heart failure, there is an elevation of catecholamine levels through up-regulation of the 

sympathetic nervous system. This prolonged catecholamine stimulation elicits chronic activation of 

β-ARs, resulting in decreasing cardiac contractile behaviour by significantly desensitising the β1-AR, 

and by increasing β2-AR-Gαi mediated activity, leading to sustained cardiac hypertrophy (Freedman 

& Lefkowitz, 2004; Katz, 1998). Furthermore, prolonged activation of β-ARs negatively affects 

oxidative stress, cardiac remodelling and apoptosis (Teerlink et al., 1994; Zhu et al., 2003). This 
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decreased cardiac function due to prolonged catecholamine stimulation can be rescued by 

administration of β-AR antagonists  including (1) non-selective β1/2-AR blockers (e.g propranolol) 

(Armstrong et al., 1977; Talwar et al., 1996), (2) β1-AR selective blockers (e.g metoprolol and 

bisoprolol) (Poole-Wilson, 1999; Tepper, 1999) and (3) α1-AR and β1/2-AR blockers (e.g carvedilol) 

(Poole-Wilson et al., 2003).  

 

1.7.2.2 α1-ARs 

In the human heart, α1A- and α1B-ARs are expressed in cardiomyocytes while α1D-ARs are only 

expressed in coronary smooth muscle cells (Jensen et al., 2009a; Jensen et al., 2009b). There is 

substantial evidence that indicates the beneficial effects of α1-AR activation in myocardium (Jensen 

et al., 2014; Jensen et al., 2009b). In the failing heart, it increases expression of α1-AR in myocardium 

by 2-fold compared to normal heart, which accounts for up to 40% of all AR in myocardium (Jensen 

et al., 2009a). Therefore, in human heart failure, the AR profile in the cardiomyocyte changes from 

a predominant β1-AR expression to a more mixed expression of β1-AR, β2-AR and α1-AR due to a 

marked reduction of β1-AR but a substantial increase in α1-AR (Bristow, 1993). Additionally, 

desensitisation of β1-AR in heart failure is promoted by up-regulation of GRK2 and GRK5 while the 

regulation of GRK3, the main GRK isoform mediating α1-AR activity, is not changed (Aguero et al., 

2012; Vinge et al., 2001). 

 

It has been shown that activity of α1-ARs is necessary for developmental cardiac survival and 

function. Phenylephrine, a nonselective α1-AR agonist, inhibits apoptosis in neonatal rat ventricular 

myocytes (NRVM), and this effect is diminished by addition of the α1-AR antagonist phentolamine 

(Iwai-Kanai et al., 1999). Noradrenaline increases glucose uptake and developmental cardiac 

hypertrophy in NRVM, important for maintaining normal heart function (Sato et al., 2018). 

Furthermore, ablation of α1-AR impairs physiological cardiac hypertrophy and reduces stroke 

volume, heart rate, and cardiac output in double α1A-AR and α1B-AR KO mice (O'Connell et al., 2003). 

In heart failure, up-regulation of α1-AR expression level produces cardioprotective effects such as 

adaptive hypertrophy, positive inotropy, improved contractile function, protein synthesis, cell 

survival and glucose metabolism (Jensen et al., 2011a; O'Connell et al., 2014), and these positive 

effects are mainly due to α1A-AR. A study in transgenic mice expressing a constitutively active α1A-

AR but not α1B-AR exhibited enhanced contractile function following ischemic injury (Rorabaugh et 

al., 2005). Following chronic myocardial infarction, transgenic mice with cardiomyocyte-specific α1A-
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AR overexpression showed less fibrosis and decreased cardiac remodelling compared to non-

transgenic mice (Du et al., 2006; Zhao et al., 2015). Also, the highly selective α1A-AR agonists, A61603 

and dabuzalgron (originally known as Ro 115-1240) (Figure 1.13) are protective against doxorubicin-

induced cardiotoxicity both in vitro and in vivo (Beak et al., 2017; Cowley et al., 2015; Vakhrusheva 

et al., 2008). Importantly, both A61603 and dabuzalgron induce these beneficial effects without 

affecting blood pressure through vascular α1-AR activation (Beak et al., 2017; Jensen et al., 2011a). 

 

Activation of α1A-ARs involves key signalling molecules including Ca2+, AMPK, mTOR2, mTORC1 and 

S6RP (Figure 1.14). α1A-AR agonists increase Ca2+ mobilization both in a recombinant system, 

CHOGLUT4myc cells stably expressing the human α1A-AR, and in NRVM (Sato et al., 2018). Also, 

agonists increase phosphorylation of AMPK (Thr 172), mTORC2 (Ser 2481), mTORC1 (Ser 2448) and 

S6RP (Ser 235/236) (Sato et al., 2018). Their activation is considered important for different cardiac 

functions; Ca2+ mobilization  (contractility) (Capogrossi et al., 1991), p-mTORC1/p-S6RP 

(hypertrophy) (Sato et al., 2018), p-mTORC2 (cell survival and glucose uptake) (Hung et al., 2012; 

Sato et al., 2018) and p-Erk1/2 (cell survival) (Huang et al., 2007; Lu & Xu, 2006).   

 

1.7.2.3 The mechanism of α1A-AR mediated glucose uptake and protein synthesis 

Increased Ca2+mobilization is an important step in promoting glucose uptake since A23187 (a Ca2+ 

ionophore) significantly increased glucose uptake in NRVM (Sato et al., 2018). However, intracellular, 

but not extracellular Ca2+ mediates a critical role in glucose uptake as BAPTA-AM (the membrane-

permeable Ca2+ chelator) abolished A23187-stimulated glucose uptake while BAPTA (not cell 

permeable Ca2+ chelator) showed no effect on glucose uptake (Hutchinson & Bengtsson, 2005). 

AMPK and mTORC2 but not mTORC1 are involved in α1A-AR mediated glucose uptake in NRVM 

because (1) inhibition of AMPK with compound C reduced both GLUT4 translocation and glucose 

uptake, (2) inhibition of mTOR with KU0063794 blocked α1A-AR mediated glucose uptake and (3) 

inhibition of mTORC1 with acute rapamycin did not reduce glucose uptake (Sato et al., 2018). 

However, activation of mTORC2 occurs independently from Ca2+ and AMPK because A23187 did not 

increase mTORC2 phosphorylation, and mTORC2 phosphorylation was not decreased by inhibiting 

AMPK. Hence, there is no cross-talk between the mTORC2 and Ca2+ -AMPK pathways (Sato et al., 

2018). Unlike insulin signalling, Akt is not activated in α1A-AR mediated glucose uptake. In NRVM, 

A61603 stimulation failed to increase AKT phosphorylation at Ser473/Thr308. Also, the Akt inhibitor 

X did not reduce α1A-AR mediated glucose uptake (Sato et al., 2018). mTORC1 and Ca2+ are involved 

in α1A-AR mediated protein synthesis/hypertrophy in NRVM since (1) inhibition of mTOR with  
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Figure 1.13: Chemical structures of A61603 and dabuzalgron 
 
A61603 and dabuzalgron (formerly known as Ro 115-1240) are the highly selective α1A-AR agonists. 

Chemical structures were created from ChemDraw Professional 17.1. 
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Figure 1.14: α1A-Adrenoceptor mediated glucose uptake and protein synthesis signalling pathway 
 
Activation of α1A-AR promotes both glucose uptake and protein synthesis via distinct pathways. 
Their activation causes PIP2 hydrolysis by PLC at the plasma membrane, releasing IP3 and DAG 
(Hutchinson & Bengtsson, 2006; O'Connell et al., 2014). The mechanism underlying increased 
glucose uptake is as follows; IP3 binding to the IP3 receptor on the sarcoplasmic reticulum 
stimulates Ca2+release, which in turn activates CaMKK and AMPK. mTORC2 is also activated via an 
AMPK-independent pathway. NDRG1 is directly activated by mTORC2, and serves as a downstream 
marker of mTORC2 activation (Weiler et al., 2014). Activation of AMPK and mTORC2 stimulates 
GLUT4 translocation to the plasma membrane and increases glucose uptake (Hutchinson & 
Bengtsson, 2006; Sato et al., 2018). DAG at the plasma membrane activates PKC (O'Connell et al., 
2014). It has been suggested that the PLC-PKC pathway is also linked to glucose uptake, but there is 
little evidence for the mechanisms involved. In contrast, protein synthesis pathway involves 
mTORC1 – S6RP following Ca2+release from the ER. Images of receptor, membrane, glucose and ER 
were obtained from www.servier.com. 

Abbreviations: AC - adenylyl cyclase, AMPK – AMP-activated protein kinase, CaMKK - 
Calcium/Calmodulin-dependent Protein Kinase Kinase, cAMP – cyclic AMP, DAG – diacylglycerol, ER 
- endoplasmic reticulum, IP3 - inositol trisphosphate, mTORC1 – mammalian target of rapamycin 
complex 1, mTORC2 – mammalian target of rapamycin complex 2, NDRG1 - N-myc downstream 
regulated gene 1, PIP2 - phosphatidylinositol (4, 5)-bisphosphate, PKA – protein kinase A, protein 
kinase C – PKC, PLC - phospholipase C, S6RP -  S6 ribosomal protein. 
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KU0063794 inhibited growth of cells, (2) Increased phosphorylation of S6RP (downstream target of 

mTORC1) was totally abolished by rapamycin treatment and (3) A23187 increased mTORC1 

phosphorylation (Sato et al., 2018). Therefore, α1A-AR mediated glucose uptake occurs via two 

distinct pathways involving Ca2+ -AMPK or mTORC2. In contrast, protein translation occurs via a Ca2+ 

and mTORC1-dependent pathway. 

 

1.8 Aims and scope of the thesis 

Insulin plays a major role in the regulation of glucose homeostasis and increases peripheral glucose 

uptake into insulin-sensitive tissues by a mechanism involving PI3K, Akt, and translocation of GLUT4 

from the cytosol to the plasma membrane. In insulin resistance states, insulin-stimulated glucose 

uptake is significantly impaired (Abdul-Ghani & DeFronzo, 2010), mainly at the level of IRS1, PI3K 

and Akt. Recent studies have shown that activation of ARs increases peripheral glucose uptake 

independently of insulin (Sato et al., 2014a; Sato et al., 2018). This includes activation of α1A-ARs in 

cardiomyocytes, β2-ARs in skeletal muscle, and β3-ARs in brown adipocytes (Liu & Stock, 1995; 

Merlin et al., 2018; Nevzorova et al., 2002; Nevzorova et al., 2006; Ngala et al., 2008; Ngala et al., 

2009; Olsen et al., 2014; Sato et al., 2014a; Sato et al., 2018). Our previous and current studies 

indicate that AR mediated glucose uptake occurs via activation of signalling pathways that are 

distinct from that of insulin, in that they occur independently of PI3K or Akt, but share some 

common signalling effectors such as mTOR (Sato et al., 2014a; Sato et al., 2018). However, the 

mechanism whereby ARs promote glucose uptake is still not clear. This thesis therefore focuses on 

filling our knowledge gaps in which signalling pathways/mediators are activated following α1A-AR 

and β2-AR activation, and whether they are involved in increased glucose uptake. This will lead to a 

deeper understanding of the role of ARs in glucose metabolism. We have utilised three different 

model systems to address this goal. To investigate signalling pathways involved in β2-AR mediated 

glucose uptake, we have firstly utilised L6 skeletal muscle cells that endogenously express the β2-AR 

(Chapter 3) as well as recombinant cells expressing the cloned human β2-AR (Chapter 4). This allows 

us to mechanistically explore regions of the receptor that may contribute to increased glucose 

uptake that can not be performed in cells endogenously expressing the receptor. To investigate 

signalling pathways involved in α1A-AR mediated glucose uptake, we have utilised recombinant cells 

expressing the cloned human α1A-AR (Chapter 5), and also cardiomyocytes that endogenously 

express the α1A-AR (Sato et al., 2018). 
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Chapter 3: BRL37344 stimulates GLUT4 translocation and glucose uptake in skeletal muscle via β2-

adrenoceptors without causing classical receptor desensitisation 

Activation of β2-ARs in response to isoprenaline or zinterol increases glucose uptake in skeletal 

muscle, however it is also associated with elevation of cAMP level (Nevzorova et al., 2006; Sato et 

al., 2014a), which can elicit adverse effects including altered vasoreactivity and cardiac hypertrophy 

in vivo (Berdeaux & Stewart, 2012; El-Armouche & Eschenhagen, 2009; Sutherland & Robison, 1969). 

It was suggested that BRL37344, a dual β2/β3-AR agonist originally developed for the treatment of 

obesity, is different from those classical β-AR agonists as it increases glucose uptake in skeletal 

muscle via β2-ARs without increasing global cAMP levels (Roberts & Summers, 1998). This could be 

of importance as targeting the β2-AR therapeutically to promote skeletal muscle glucose uptake may 

result in adverse on-target effects in other tissues expressing β2-AR. However, the mechanism of 

BRL37344-stimulated glucose uptake has not been rigorously investigated. We therefore examined 

the mechanism of isoprenaline- and BRL37344-stimulated glucose uptake in L6 cells. 

 

Chapter 4: GRK and PKA phosphorylation sites in the β2-AR tail are not involved in β2-AR mediated 

glucose uptake  

β2-AR mediated glucose uptake in response to conventional agonists such as isoprenaline occurs via 

cAMP, PKA and mTORC2 in skeletal muscle (Sato et al., 2014a). However, since inhibition of AC/PKA 

only partially inhibited β2-AR mediated glucose uptake (Nevzorova et al., 2002; Nevzorova et al., 

2006; Sato et al., 2014a), this may suggest the involvement of more than one pathway. One possible 

signalling molecule is GRK (Mayor et al., 2018), which has a role in β2-AR mediated glucose uptake 

in transfected CHOGLUT4myc cells since (1) truncation of the β2-AR C-terminus (lacking GRK 

mediated receptor phosphorylation sites) reduced isoprenaline-stimulated glucose uptake, (2) 

isoprenaline-stimulated glucose uptake in cells expressing a β2-AR (-)GRK mutant was reduced and 

(3) isoprenaline did not increase GLUT4 translocation in cells overexpressing a kinase-dead GRK2 

(K220R) mutant (Dehvari et al., 2012). Therefore, we produced CHOGLUT4myc cells stably 

expressing the human wild type β2-AR and a series of mutant β2-ARs lacking different serine or 

threonine residues in GRK phosphorylation sites, and determined the relative contribution of these 

sites in β2-AR mediated cAMP production and GLUT4 translocation/glucose uptake in response to 

isoprenaline and BRL37344. 
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Chapter 5: Cellular signalling in response to A61603 and dabuzalgron in CHOGLUT4 cells 

expressing human α1A-adrenoceptors 

Stimulation of cardiomyocyte α1A-ARs prevents pathologic remodelling in heart failure by activating 

canonical survival pathways as well as metabolic pathways (Jensen et al., 2014; Sato et al., 2018). 

The α1A-AR selective agonist A61603 increases glucose uptake, protein translation, and cell growth 

in both CHOGLUT4myc cells stably expressing the human α1A-AR and in neonatal rat cardiomyocytes 

(Sato et al., 2018). Glucose uptake requires two parallel pathways involving Ca2+ - AMPK, and 

mTORC2 for glucose uptake, whereas activation of mTORC1-S6RP is required for protein translation. 

Dabuzalgron is novel α1A-AR selective agonist, originally developed for the treatment of urinary 

incontinence (Blue et al., 2004; Musselman et al., 2004), and both A61603 and dabuzalgron protect 

against doxorubicin mediated cardiotoxicity without affecting blood pressure in animal models 

(Beak et al., 2017; Cowley et al., 2015; Jensen et al., 2011a; Vakhrusheva et al., 2008). In this study, 

we therefore further examined the  signalling pathways activated by both A61603 and dabuzalgron 

in CHOGLUT4myc cells stably expressing the human α1A-AR, with a focus on examining whether (1) 

dabuzalgron displayed biased agonism across a range of signalling pathways that are important in 

cellular metabolism and survival (2) whether glucose uptake mediated by α1A-ARs is associated with 

production of cAMP which is known to activate mTOR in β-AR systems. 
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General methods 
   

CHAPTER 2 
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2.1 Materials  
 
Drugs and reagents were purchased as follows: 2-deoxy-[3H] deoxy glucose (8 Ci/mmol), [3H]-

CGP12177A (either 30 ci/mmol or 37.7 ci/mmol), [3H]-prazosin (78 Ci/mmol), (PerkinElmer, MA, 

USA); N⁶- Benzoyladenosine- 3', 5'- cyclic monophosphate (6-Benz-cAMP), 8-Bromoadenosine 3',5'-

cyclic monophosphate (8-Br-cAMP), A23187, A61603, BAPTA AM, BRL37344, Fluo-4-AM, forskolin, 

hoechst 33342 (H33342), 3-isobutyl-1-methylxanthine (IBMX), insulin, (-)-isoprenaline, KU0063794, 

(-)-noradrenaline, (−)-phentolamine, prazosin, protein kinase A inhibitor, rapamycin, U0126 and 

U73122 (Sigma-Aldrich, MO, USA); PKCζ pseudosubstrate, (S)-(-)-propranolol, tamsulosin and UBO-

QIC (Tocris Bioscience, Bristol, UK); Myc-Tag (71D10) Rabbit mAb #2278 and phospho-NDRG1 

(Thr346) (D98G11) XP® Rabbit mAb #5482 (Cell Signalling, MA, USA); IRDye® 800CW Goat anti-

Rabbit IgG (Li-Cor®, NE, USA); Anti-NDRG1 antibody [EPR5593] (ab124689) and pitstop (Abcam, 

Cambridge, UK); SNAP-Surface Alexa Fluor 488 (New England Biolabs, Ipswich, MA, USA); 

AlexaFluorTM488 Goat anti-Rabbit IgG (Thermo Fisher Scientific, MA, USA). Dabuzalgron was 

synthesized by Prof Jonathan Baell (Monash University, Australia). Other drugs and reagents are 

stated in Methods section, otherwise, they were of analytical grade.   

 

Generally, compounds were diluted in either MilliQ purified water or dimethyl suphoxide (DMSO) 

and stored as single-use aliquots at -20oC, except for prazosin and noradrenaline which were freshly 

prepared before use. 

 

All cell culture media, reagents and supplements were obtained as follows; 

 

In The University of Nottingham  

Dulbecco’s Modified Eagle Media-Ham’s, DMEM F12 (1:1), phosphate buffered saline (PBS), trypsin 

ethylenediaminetetraacetic acid (EDTA) solution, L-glutamine , G418, Blasticidin, clear 96 well plates 

(Sigma-Aldrich, MO, USA or Thermo Fisher Scientific, MA, USA); pcDNA 3.1(+) zeo vector, optiMEM, 

lipofectamine and zeocin (Invitrogen, Paisley, UK); foetal calf serum (FCS) (PAA laboratories, 

Pasching, Austria). Tissue culture flasks were from Thermo Fisher Scientific, MA, USA. Black side 

clear bottom cell culture 96-well microplates (655090), white side clear bottom cell culture 96-well 

microplates were from Greiner Bio-one, Stonehouse, UK. 
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In Monash University 

Foetal bovine serum, Dulbecco’s Modified Eagle Media (1x) (DMEM), Dulbecco’s Modified Eagle 

Media (1x) (DMEM) F12 (1:1), phenol red-free DMEM, 2.5% trypsin, optiMEM, Hank's Balanced Salt 

Solution, HBSS, HEPES (Greiner Bio-one, Stonehouse, UK). G418, Lipofectamine (Thermo Fisher 

Scientific, MA, USA). Tissue culture flasks, clear 96 well plates, clear 24 well plates, clear 6 well plates 

were from Corning Incorporated, NY, USA. Black side clear bottom cell culture 96-well microplates, 

white ProxiPlate-384 microplates and white OptiPlate-384 microplates were from PerkinElmer, MA, 

USA. White side clear bottom cell culture 96-well microplates were from Greiner Bio-one, 

Stonehouse, UK.  

 

2.2 Generation of β2-adrenoceptor mutant constructs 

 

2.2.1 Overview 

The human β2-AR cDNA including β2-AR wild type (Figure 2.1), β2-AR (-)GRKct or β2-AR (-) GRK/PKA 

containing both start and stop codons was placed into pDONR201 (Thermo Fisher Scientific, MA, 

USA) by Dr. Peter Keov and Dr. Alaa Adbul-Ridha (Monash University). Mutation of specific β2-AR 

sites was performed using site-directed mutagenesis. Mutated β2-AR plasmids (Figure 2.2; Table 2.1) 

were then transformed into E.coli DH5α, and DNA was extracted for confirmation of point mutations 

in the β2-AR coding region by DNA sequencing. Afterwards, the mutated β2-AR inserts were 

transferred to the mammalian vector, pcDNA6.2/C-EMGFP-DEST (Thermo Fisher Scientific, MA, 

USA) by linear recombination (LR) reaction (gateway reaction), and the resulting plasmid was then 

transformed into E.coli. The extracted DNA by Miniprep was analysed by full sequencing of the 

insert. Sequence of DNA amplified by Maxipreps was again confirmed by sequencing. 

 

2.2.2 Site-directed mutagenesis 

This used an in vitro mutagenesis approach that promotes oligo-mediated introduction of specific 

changes in double stranded plasmid DNA. The mutant strand is synthesized by denaturation of DNA 

templates, annealing of mutagenic primers and extension of primers. The enzyme DpnI is then used 

to digest methylated and hemimethylated template DNA, so the only DNA remaining is the non-

methylated mutated plasmid DNA generated during thermal cycling.  
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Figure 2.1: Topological model of the human β2-AR 
 
The topological model of β2-AR (Genbank ref NM_000024) with PKA phosphorylation sites. This 
figure was adapted from http://gpcrdb.org/protein/adrb2_human/. 
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Figure 2.2: The sequences of β2-AR wild type or mutant C termini, following the Cys palmitoylation 
site 
 
The sequences of β2-AR wild type or mutant receptors after the black line indicated in figure 2.1. 
Blue or yellow shows the amino acids mutated to alanine at potential GRK phosphorylation sites or 
PKA phosphorylation sites, respectively (Fredericks et al., 1996; Nobles et al., 2011). To note, PKA 
phosphorylation sites at the boundary of transmembrane domain 6 and intracellular loop 3 were 
also mutated to alanine in the β2-AR (-) GRK/PKA construct. 
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Table 2.1: β2-AR constructs 
 
 (A) β2-AR wild type. β2-AR mutants carrying mutations in which GRK and/or PKA phosphorylation 
sites are replaced by alanine residues, as follows; (B) β2-AR (-) GRKprox  4 GRK site mutations in a 
proximal cassette,   (C) β2-AR (-) GRKct 7 GRK  site mutations in distal cassette, (D) β2-AR (-) GRKcom 
complete 11 GRK  site mutations, (E) β2-AR (-) GRK/PKA Complete 15 GRK/PKA  site mutations, (F) 
β2-AR DSLL 10 GRK  site mutations except C-terminus PDZ motif (DSLL) and (G) β2-AR DALL 1 
mutation in the C-terminal PDZ motif. 
 

Constructs Description Mutations  Figure 2.2  

β2-AR Wild type None 0 (A) 

β2-AR (-) GRKprox GRK site mutations in a proximal C-terminal cassette 4 (B) 

β2-AR (-) GRKct GRK site mutations in distal C-terminal cassette 7 (C) 

β2-AR (-) GRKcom Complete mutation of all GRK sites 11 (D) 

β2-AR DSLL GRK site mutations except C-terminus PDZ motif (DSLL) 10 (E) 

β2-AR (-) GRK/PKA Complete mutation of all GRK/PKA sites 15 (F) 

β2-AR DALL Mutation in a C-terminus PDZ motif 1 (G) 
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To generate mutant β2-AR constructs in pDONR201, the QuikChange Multi Site-Directed 

Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) was used according to the 

manufacturer's instructions. In PCR tubes, the following materials were added; 100 ng template 

DNA (pDONR201 carrying  β2-AR wild type insert, β2-AR (-)GRKct insert or β2-AR (-) GRK/PKA insert) 

(Dehvari et al., 2012),  100 ng of both forward and reverse primers (Table 2.2), 1 µl of QuikChange 

Multi enzyme blend (Pfu turbo DNA polymerase) (2.5 U µl-1), 1 µl of dNTP mix (10 U µl-1), 0.5 µl of 

quick solution (which improves amplification efficiencies), 2.5 µl of 10 x QuikChange Multi reaction 

buffer made up to total 25 µl with double distilled water (ddH2O). Reactions were initiated by 

heating at 95oC for 2 min. Denaturation, annealing and extension of target DNA fragments was at 

95oC for 1 min, 55oC for 1 min and 65oC for 12 min (2 min/kb), respectively and this cycle was 

repeated 30 times. After the last cycle, tubes were heated at 65oC for 14 min prior to cooling down 

at 4oC. When reactions were completed, they were treated with 1 μl DpnI (Thermo Fisher, MA, USA) 

overnight at 37oC to degrade methylated template DNA.  

 

2.2.3 Transformation 

Chemically competent E. coli DH5α, made by Mr. George Christopoulos or Dr. Ann Stewart (Monash 

University, Australia), were defrosted on ice, and 50 μl was transferred into 15 ml tubes on ice. 3 μl 

of mutated/DpnI-treated plasmid DNA was added and incubated for 30 min on ice. Bacteria were 

heat-shocked at 42oC for 45 sec, and then placed on ice for 2 min to facilitate cellular DNA uptake. 

300 μl of sterile super optimal broth with catabolite repression (SOC) media made by Dr. Ann 

Stewart was added to the tubes, then they were placed in a shaking incubator for 1 h at 37oC. 

Following the incubation, 200 μl of cell suspension was evenly spread onto Luria-Bertani (LB) agar 

plates containing 50 μg ml-1 kanamycin (Sigma-Aldrich, MO, USA), and the plates incubated 

overnight at 37oC. Next day, five individual colonies from each plate were picked using a 200 μl 

sterile pipette tip and inoculated into a 15 ml tube containing 5 ml LB broth (10 mg ml-1 NaCl (high 

salt), 10 mg ml-1 tryptone and 5 mg ml-1 yeast extract) and 50 μg ml-1 kanamycin, and the cells grown 

in a shaking incubator overnight at 37oC. 
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Table 2.2: Oligonucleotides used for QuikChange mutagenesis and sequencing 
 
The β2-AR WT or β2-AR (-) GRKct was used for the template of generating of β2-AR (-) GRKprox /β2-
AR DALL or β2-AR (-) GRKcom, respectively. Following the generation of β2-AR (-) GRKcom, it was 
used for the template of β2-AR DSLL. Bold indicates the mutated nucleotides. Primers used for 
sequencing were also included in this table.  
 

Primers Strand Length  Sequence (5→3) 

β2-AR (-) GRKprox 
β2-AR (-) GRKcom 

Forward 51 GGAATGGCTACGCCGGCAACGGCAACGCAGGGGAGCAGGGTG
GATATCACG 

Reverse 51 CGTGATATCCACCCTGCTCCCCTGCGTTGCCGTTGCCGGCGTAG
CCATTCC 

β2-AR DALL Forward 31 GTAGTACAAATGACGCACTGCTGTAATCTAG 

Reverse 31 CTAGATTACAGCAGTGCGTCATTTGTACTAC 

β2-AR DSLL Forward 31 GTGGTGCAAATGACTCACTGCTGTAATCTAG 

Reverse 31 CTAGATTACAGCAGTGAGTCATTTGCACCAC 

pDONR seq5 
(external) 

Forward 25 TCGCGTTAACGCTAGCATGGATCTC 

ICL3  
(internal) 

Forward 30 CGCAGGGGATCCAGGGTCTTTCAGGAGGCC 

pDONR seq3 
(external) 

Reverse 24 GTAACATCAGAGATTTTGAGACAC 

T7 promoter 
(external) 

Forward 20 TAATACGACTCACTATAGGG 

GFP 
(external) 

Reverse 22 CGTCGCCGTCCAGCTCGACCAG 
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 2.2.4 Miniprep 

DNA was extracted following the instruction of Wizard® Plus SV Minipreps DNA Purification System 

(Promega, WI, USA). This isolation of plasmid DNA is based on the alkaline- sodium dodecyl sulfate 

(SDS) lysis procedure. The bacteria carrying the plasmid DNA of interest is lysed with alkaline-SDS 

solution. SDS also releases cell content by solubilizing cell membrane proteins and phospholipids. 

Addition of potassium acetate neutralizes the alkaline solution, and leads to the formation of a 

precipitant containing cell debris, proteins, lipids, small chromosomal DNA and SDS. Plasmid DNA 

floating in supernatant is captured onto silica in the presence of high salt. The bound DNA is released 

in water following the removal of contamination by a spin-wash. 

 

5 ml of the overnight bacterial culture was centrifuged for 5 min at 4000 rpm to form a pellet, which 

was thoroughly resuspended in 250 µl of cell resuspension solution (50 mM Tris-HCl pH 7.5, 10 mM 

EDTA 100 µg ml-1 RNase A). The resuspended cells were lysed by mixing in 250 µl of the lysis solution 

(0.2 M NaOH, 1% SDS). 350 µl of the neutralization solution (4.09 M guanidine hydrochloride, 0.8 M 

potassium acetate, 2.1 M glacial acetic acid) was added and the suspension centrifuged for 10 min 

at 13000 rpm. A spin column was inserted into a provided collection tube, and the supernatant 

containing plasmid DNA from the centrifugation step was then transferred and centrifuged for 1 

min at 12000 rpm. After discarding the eluate, the column was centrifuged with 750 μl of wash 

solution (60% ethanol, 60 mM potassium acetate, 8.3 mM Tris-HCl, 0.04 mM EDTA) for 1 min at 

12000 rpm, and this wash step was repeated with 250 μl of wash solution. To remove any remaining 

ethanol, the column was centrifuged again for 2 min at 12000 rpm following discarding the eluate. 

100 μl sterile ddH2O was added to the spin column inserted to a sterile 1.5 ml microcentrifuge tube, 

and centrifuged for 1 min at 12000 rpm to elute the plasmid DNA. Mutations in β2-AR were assessed 

by Sanger DNA sequencing on both strands using pDONR seq5 (forward) primer, β2-AR ICL3 

(forward) primer and pDONR seq3 (reverse) primer (AGRF, Vic, Australia). 

 

2.2.5 DNA purification 

The purity and yield of plasmid DNA was quantified using a NanodropTM 2000 Spectrophotometer 

(Thermo Fisher Scientific, MA, USA). Nucleic acids or proteins reach a peak absorbance at 

absorbance 260 nm or 280 nm, respectively. Quality of cDNA was assessed by ratio of absorbance 

at 260 nm and 280 nm (A260/280). The ratio of 1.8 was considered as pure cDNA, and ratio of 1.7 – 

1.9 was accepted as clean cDNA. Additionally, If the ratio is less than 1.7 or greater than 1.9 it 
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indicates high contamination with protein or RNA, respectively. Concentration of cDNA was 

calculated based on Beer-Lambert equation as follows; 

 

 

Where C is the nucleic acid concentration (ng μl-1), A is the absorbance in AU (1AU = 50 ng μl-1 for 

double-stranded DNA), Ɛ is the extinction coefficient of DNA (ng μl-1) and b is the pathlength (0.1 

cm for the Nanodrop).  

 

2.2.6 Gateway reaction 

Gateway technology uses the bacteriophage lambda recombination system to facilitate exchange 

of DNA sequences flanked by site-specific attachment (att) sites between vectors (Figure 2.3).  The 

ccdB gene is a lethal gene which inhibits growth of E. coli strains by the interference with E. coli DNA 

gyrase. After recombination reactions therefore, cells that have taken up the empty destination 

vector containing a ccdB gene, or by-product molecules retaining the ccdB gene, fail to grow. Also, 

E. coli transformed with kanamycin resistant but not ampicillin resistant pDONR entry clones are 

unable to grow. Colonies which grow on ampicillin resistant plates are the positive colonies 

containing the DNA of interest in the destination vector pcDNA6.2. 

 

DNA inserts encoding wild type and mutant β2-ARs were transferred from the pDONR201 entry 

vector (Figure 2.4A) into the Gateway destination vector, pcDNA6.2/C-EMGFP-DEST (Figure 2.4B), 

using the LR Clonase kit (Thermo Fisher Scientific, MA, USA) in accordance with manufacturer's 

instructions. 150 ng of destination vector, 150 ng of β2-AR pDONR plasmid, 2 µl of gateway LR 

cloning enzyme (Thermo Fisher Scientific, MA, USA), made up to 12 µl with ddH2O, were added in 

1.5 ml tubes on ice. Reactions were incubated overnight at room temperature (RT). The 

recombinant vector was transformed into E. coli strain DH5α as in Section2.2.3. Then, 200 μl of cells 

spread onto 100 μg ml-1 ampicillin (Sigma-Aldrich, MO, USA) resistant LB agar (35 mg ml-1) plates 

were incubated overnight at 37oC. Next day, two individual colonies from the plates were picked 

using a 200 μl sterile pipette tip and dropped into a 15 ml tube containing 5 ml LB broth and 100 μg 

ml-1 ampicillin and grown in a shaking incubator overnight at 37oC. The following day, DNA was 

eluted by miniprep as in Section 2.2.4. Identification of correct insertion of β2-AR DNA was 

confirmed by Sanger DNA sequencing on both strands using T7 promoter (forward) primer, ICL3 

(forward) primer and GFP (reverse) primer (AGRF, Vic, Australia).  

 C =
𝐴∗ Ɛ

b
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Figure 2.3: LR Reaction 
 
It is a recombinant reaction between the attL-containing entry clone and attR-containing 
destination vectors to generate an attB-containing expression clone by LR Clonase enzyme mix 
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Figure 2.4: Plasmid map of pDONR201 and pcDNA6.2/C-EMGFP-DEST 
 
(A) β2-AR was originally placed in the entry clone pDONR201, (B) β2-AR was placed between the 
attB1 and attB2 sites of a Destination vector, pcDNA6.2/C-EMGFP-DEST through LR reaction. These 
vectors also encodes resistance (R) genes for the antibiotics, Kanamycin (Kan) or Blasticidin (light 
green). Figures were created with SnapGene®. 
 

Abbreviations/Descriptions: CMV - cytomegalovirus, EM7 - synthetic bacterial promoter, EmGFP - 
Emerald GFP, f1 - f1 bacteriophage, HSV TK - herpesvirus thymidine kinase, ori - origin of replication, 
rrnB T1 - transcription terminator T1 from the E. coli rrnB gene, rrnB T2 - transcription terminator 
T2 from the E. coli rrnB gene, poly (A) – polyadenylation.  
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2.2.7 Maxiprep 

An individual colony picked using a 200 μl sterile pipette tip was dropped into a conical flask 

containing 250 ml LB broth and 250 μg ml-1 ampicillin, and grown in a shaking incubator overnight 

at 37oC. 

 

HiSpeed Plasmid Maxi Kit (QIAGEN, Hilden, Germany) was used to isolate plasmid DNA according to 

the manufacturer’s instructions. The bacterial culture was centrifuged (4000 rpm; 20 min), and the 

pellet formed was air dried. The pellet was completely dissolved in 10 ml of the chilled buffer P1 

(Resuspension buffer; 50 mM Tris·Cl pH 8.0, 10 mM EDTA, 100 µg ml-1 RNase A). 10 ml of the buffer 

P2 (lysis buffer; 200 mM NaOH, 1% SDS (w/v)) was added to the resuspended cells and mixed by 

inversion. Addition of 10 ml of chilled buffer P3 (neutralization buffer; 3.0 M potassium acetate pH 

5.5) to the lysed cells formed a white aggregate (cell debris, proteins, lipids, bacterial genomic DNA 

and SDS), which was centrifuged (4000 rpm; 5 min) to separate plasmid DNA from other material. 

During this centrifugation, HiSpeed Maxi Tips were prepared to use for filtration with 10 ml of buffer 

QBT (equilibration buffer; 750 mM NaCl, 50 mM MOPS pH 7.0, 15% isopropanol (v/v), 0.15% Triton® 

X-100 (v/v)). The lysate following centrifugation was transferred to a QIA filter cartridge and 

incubated for 10 min at RT. The cell lysate, followed by 2 x 30 ml of buffer QC (wash buffer; 1.0 M 

NaCl, 50 mM MOPS pH 7.0, 15% isopropanol (v/v)) was then filtered through HiSpeed Maxi Tips. 

DNA bound to the filter was eluted with 15 ml of buffer QF (elution buffer; 1.25 M NaCl, 50 mM 

Tris·Cl pH 8.5, 15% isopropanol (v/v)). 10.5 ml of isopropanol was added and incubated for 5 min at 

RT to precipitate DNA. It was applied to the QIA precipitator Maxi modules using a 30 ml syringe. 

The DNA bound in the QIAprecipitator was washed with 2 ml of 70% ethanol, in turn air dried to 

remove remaining ethanol. Finally, DNA was eluted into a sterile 1.5 ml microcentrifuge tube with 

TE buffer (10 mM Tris base pH 8.0, 1 mM EDTA). The purity and yield of plasmid DNA was quantified 

using NanodropTM 2000 Spectrophotometer as described in Section 2.2.5. 

 

2.3 Generation of SNAP-tagged β2-adrenoceptor constructs 

 

2.3.1 Overview 

The SNAP tag lacking both start and stop codons, following a Kozak consensus site (GCCACC) for 

translation and 5HT3 receptor signal sequence (MRLCIPQVLLALFLSMLTGPGEGSRKLT), was placed 

into the multiple cloning site of the pcDNA3.1 (+) zeo vector (Figure 2.5) between the KpnI and 
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BamHI restriction sites by Dr Nick Holliday (The University of Nottingham) (Watson et al., 2012). 

Native and mutant human β2-AR cDNAs lacking a start codon, but including a stop codon were then 

PCR amplified to introduce flanking restriction sequences, and placed in frame downstream of 

SNAP-tag in this vector between BamHl and XbaI restriction sites.  

 

PCR β2-AR products were amplified from the relevant pcDNA6.2/C-EMGFP-DEST construct.  Both 

PCR products and the pcDNA3.1 (+) zeo SNAP vector was also digested with BamHl and XbaI 

restriction enzymes; and the vector was afterwards treated with thermosensitive alkaline 

phosphatase to remove phosphate groups at DNA ends and prevent ligation. The inserts and SNAP 

vector were purified, and ligated. The recombinant vector was transformed into competent XL-1 

E.coli, and DNA was extracted by miniprep. Insertion of the insert was confirmed by loading on the 

gel and sequencing. A midiprep was then performed and the insert DNA sequence was again 

confirmed by sequencing. 

 

2.3.2 Amplification of DNA of SNAP tagged β2-AR 

Using selected β2-AR-pcDNA6.2/C-EMGFP-DEST constructs, the coding regions of wild type and 

mutated human β2-AR (β2-AR (-) GRKCom, β2-AR (-) GRK/PKA, β2-AR DALL) were amplified by PCR. 

Forward and reverse primers (Sigma-Aldrich, MO, USA, listed in Table 2.3) incorporated a flanking 

BamHI or XbaI site respectively. 50 ng of β2-AR template, 3 µl of forward and reverse primers (600 

nM final concentration), 2 µl of dNTP (400 µM), 5 µl of 10 x Pwo buffer (with 2.5 mM final 

concentration MgSO4) made up to 50 µl with ddH2O were placed in a sterile PCR tube. In a thermal 

cycler, tubes were heated at 95oC for 2 min, then held at 58oC. After the addition of 0.5 µl of Pwo 

proof reading polymerase (Roche, Basel, Switzerland), tubes were again heated at 72oC for 1 min 45 

s. Denaturation, annealing and extension of target DNA fragments was set up at 95oC for 30 sec, 

58oC for 1 min and 72oC for 1 min 45 s, respectively and this cycle was repeated 25 times. Reactions 

were then heated at 72oC for 7 min prior to cooling down at 4oC. 
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Figure 2.5: Plasmid map of pcDNA3.1 (+) zeo SNAP- β2-AR vector  
 
The signal sequence / SNAP tag (light blue / purple) and the β2-AR (blue) was placed into the multiple 
cloning site of this vector between KpnI / BamHI and BamHl / XbaI restriction sites, respectively. 
This open reading frame starts from a start codon with 5HT3 receptor signal sequence following 
Kpnl site and Kozak consensus site as indicated in light blue. The stop codon was encoded at the end 
of β2-AR sequence. This vector also encodes resistance (R) genes for the antibiotics including 
ampicillin and zeocin (light green). Figure was created with SnapGene®. 
 
Abbreviations/Descriptions; BGH - bovine growth hormone, CMV - cytomegalovirus, EM7 - synthetic 
bacterial promoter, f1 - f1 bacteriophage, ori - origin of replication, poly (A) – polyadenylation, pUC 
- high-copy-number ColE1/pMB1/pBR322/pUC origin of replication. 
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Table 2.3: Oligonucleotides used as PCR primers for SNAP β2-AR cloning and for sequencing 
 
The same forward primer including BamHl site (underlined) was used for PCR based amplification 
of all the constructs, and includes β2-AR sequence starting at codon 2 in frame with the SNAP tag 
and BamHl site. The different reverse primers including Xbal site (underlined) were used for 
different constructs based on the mutated nucleotides at the C-termini. Bold indicates STOP codon. 
Bold and Italic indicates sites mutated from wild type β2-AR sequence. Primes used for sequencing 
were also included in this table. 
 

Primers Strand Length  Sequence (5→3) 

β2-AR Wild type 
(SNAP) 

Forward 34 AATAATGGATCCGGGCAACCCGGGAACGGCAGCG 

Reverse 35 ATAAGGTCTAGATTACAGCAGTGAGTCATTTGTAC 

β2-AR (-) GRKcom 
(SNAP) 

Forward 34 AATAATGGATCCGGGCAACCCGGGAACGGCAGCG 

Reverse 35 ATAAGGTCTAGATTACAGCAGTGCGTCATTTGCAG 

β2-AR GRKneg/PKAneg 
(SNAP) 

Forward 34 AATAATGGATCCGGGCAACCCGGGAACGGCAGCG 

Reverse 35 ATAAGGTCTAGATTACAGCAGTGCGTCATTTGCAC 

β2-AR DALL (SNAP) Forward 34 AATAATGGATCCGGGCAACCCGGGAACGGCAGCG 

Reverse 35 ATAAGGTCTAGATTACAGCAGTGCGTCATTTGTAC 

T7 promoter 
(external) 

Forward 20 TAATACGACTCACTATAGGG 

BGHR 
(external) 

Reverse 18 TAGAAGGCACAGTCGAGG 
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2.3.3 Separation of PCR DNA fragments by agarose gel electrophoresis 

Agarose gel electrophoresis separates DNA fragments according to their size. When placed in an 

electric field, the negatively charged DNA fragments migrate to the positively charged electrode, 

and migration rate through the agarose gel is dependent on fragment size. 

 

To prepare a 1% agarose gel, 500 mg of agarose was dissolved in 50 ml TBE buffer (89 mM Tris base, 

89 mM boric acid, 2 mM EDTA; pH 7.6) by heating in a microwave for 2 min. It was then cooled down 

for 5-10 min, prior to addition of ethidium bromide (final concentration 100 µg ml-1) to visualize 

DNA bands under ultraviolet (UV) light, and pouring the agarose into the gel tray and allowing it to 

set. Once the gel was formed, it was transferred into an electrophoresis tank containing TBE buffer. 

DNA samples in glycerol loading buffer and 1 kb DNA ladder (Promega, WI, USA) were loaded onto 

the gel and electrophoresed for 45 min at 80 V. The DNA bands were visualized using UV light, and 

the appropriate bands judged from the DNA ladder were immediately cut from the gel to prevent 

UV damage, then placed into a sterile 1.5 ml microcentrifuge tube. 

 

Extraction of DNA from the gel was performed using the GenElute™ Gel Extraction Kit (Sigma-

Aldrich, MO, USA) following the manufacturer’s instructions. Briefly, the gel slice was completely 

dissolved in gel solubilisation solution (3 x gel volumes) for 10 min at 60oC, then isopropanol (1 x gel 

volume was added. This solution was transferred to the binding column inserted to a 2 ml collection 

tube, which was prepared for use by centrifugation of 500 μl of column preparation solution (1 min; 

12,000 rpm). The DNA fragments bind to the membrane during centrifugation (1 min; 12,000 rpm), 

and 500 μl diluted wash solution (80% v/v ethanol) was added to the column and centrifuged (1 

min; 12,000 rpm) to wash the column. After the eluate was discarded, tubes were centrifuged (1 

min; 12,000 rpm) again to remove any remaining ethanol. The binding column was inserted into a 

new collection tube and centrifuged (1 min; 12,000 rpm) with 50 μl ddH2O to elute the DNA 

fragments. 

 

2.3.4 Restriction digestion of DNA 

The amplified inserts encoding wild type human β2-AR or mutated β2-AR, and the SNAP-tagged 

pcDNA 3.1(+)zeo vector (Figure 2.5) were all double-digested at BamHI and XbaI sites (Thermo Fisher 

Scientific, MA, USA). Specifically, 400 ng of β2-AR insert DNA, 1 μl of each restriction enzyme, and 2 

μl FastDigest buffer (Thermo Fisher, Paisley, UK) made up to 20 μl with ddH2O were placed in sterile 
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0.5 ml microcentrifuge tubes and incubated for 3 h at 37oC. The vector (2 µg) was digested by 

incubation (1 h at 37oC, 5 min at 80oC, 15 min at 65oC) in a tube containing 1 μl of each restriction 

enzyme, 2 μl FastDigest buffer, 2 μg DNA made up to 20 μl with ddH2O. Vector was further treated 

with FastAP thermosensitive alkaline phosphatase (Thermo Fisher Scientific, MA, USA) to remove 

phosphate groups at DNA ends (1 h at 37oC, 10 min at 75oC). This dephosphorylation leads to 

reduced background colonies by preventing re-ligation of the empty vector.  

 

The inserts and SNAP tagged vector were purified from other reaction components using GenElute™ 

PCR Clean-Up Kit (Sigma-Aldrich, MO, USA) according to the manufacturer’s instructions. Briefly, 20 

µl of enzyme digested product, 80 µl of ddH2O, 500 μl of binding solution were mixed and then 

added to plasmid mini spin column inserted into a 2 ml collection tube, which was ready to use after 

addition and centrifugation of 500 μl of column preparation solution (30 sec; 12,000 rpm). It was 

centrifuged (1 min; 12,000 rpm), and the eluate was discarded. 500 μl of wash solution (80% v/v 

ethanol) was added and centrifuged (1 min; 12,000 rpm). To remove excess ethanol, it was 

centrifuged again (1 min; 12,000 rpm) after the eluate was discarded. The collection tube was 

replaced to a new collection tube, and 50 μl ddH2O was added and centrifuged (1 min; 12,000 rpm) 

to elute the DNA. 

 

2.3.5 Ligation 

After the purification of vector and insert DNA, inserts were ligated into the SNAP vector with the 

molar ratio of insert (1.2 kb): vector (5.7 kb) = 3:1.  

Positive ligations (containing the insert DNA) were set up alongside negative ligations (containing 

ddH2O instead of the insert DNA). 50 ng of vector and 30 ng of insert were incubated with 1 μl 10 x 

ligase buffer (final concentration: 40 mM Tris-HCl, 10 mM MgCl2, 10 mM dithiothreitol, 0.5 mM ATP; 

pH 7.8), 1 μl T4 DNA ligase (Thermo Fisher Scientific, MA, USA), and appropriate volume of ddH2O 

(total 10 μl), overnight at 16oC.  

 

2.3.6 Bacterial transformation 

Competent cells from E. Coli strain XL-1, made by Ms. Marleen Groenen (The university of 

Nottingham), were defrosted on ice, and 100 μl was placed to the sterile 1.5 ml microcentrifuge 

tubes on ice. 1.5 μl β-mercaptoethanol solution was added (20 mM) for 10 min on ice before 

incubation with 5 μl of ligated products (either positive and negative reactions) for 30 min on ice. 
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Afterwards, cellular DNA uptake was promoted by heat-shock reaction (45 sec at 42oC and 2 min on 

ice). 400 μl of sterile LB broth (20 g l-1) was subsequently added to tubes, which were placed in a 

shaking incubator for 1 h at 37oC. Following the incubation, 150 μl of cells were spread onto 75 μg 

ml-1 ampicillin LB agar plates and incubated overnight at 37oC. Next day, the ratio of positive colonies 

containing the vector with the antibiotic resistance gene to negative colonies was determined by 

the direct comparison of colonies appeared on the agar plates. For each construct, individual 

positive colonies picked up using a 200 μl sterile pipette tip was dropped into a 30 ml tube containing 

5 ml LB broth and 100 μg ml-1 ampicillin, and grown in a shaking incubator overnight at 37oC. 

 

2.3.7 Miniprep  

DNA was extracted following the instructions of GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich, 

MO, USA). 3 ml of the overnight bacterial culture was centrifuged for 5 min at 3000 rpm to form a 

pellet, which was completely resuspended in 200 µl of chilled resuspension solution containing 

RNase to remove any RNA. The resuspended cells were lysed by mixing 200 µl of the lysis solution 

(NaOH / SDS). 350 µl of the neutralization/binding solution (potassium acetate) was added and 

centrifuged for 10 min at 13,000 rpm, resulting in separation of cell debris, chromosomal DNA, 

proteins, lipids and SDS in the pellet and the plasmid DNA in the supernatant. A GenElute Miniprep 

Binding column was inserted into the provided microcentrifuge tube, and 500 µl of the column 

preparation solution was added and centrifuged for 30 sec at 12,000 rpm to prepare columns. The 

supernatant containing plasmid DNA was then transferred and centrifuged for 30 sec at 12,000 rpm. 

After discarding the eluate, it was centrifuged with 750 μl of diluted wash solution (80% v/v ethanol) 

for 30 sec at 13,000 rpm to wash away residual salt and other contaminants. To remove any 

remaining ethanol, columns were centrifuged again for 2 min at 12,000 rpm after discarding the 

eluate. 100 μl sterile ddH2O was added to the binding column inserted to a new microcentrifuge 

tube, and centrifuged for 1 min at 12,000 rpm to elute the plasmid DNA. 

 

Identification of correct insertion of β2-AR DNA was confirmed by gel analysis and DNA sequencing 

(The University of Nottingham, United Kingdom) on both strands using T7 promoter (forward) and 

BGHR (reverse) primers (Table 2.3). 
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2.3.8 Midiprep 

An individual colony picked using a 200 μl sterile pipette tip was dropped into a 30 ml tube 

containing 50 ml LB broth and 100 μg ml-1 ampicillin, and grown in a shaking incubator overnight at 

37oC. 

 

QIAFilter™ Plasmid Midiprep Kit (QIAGEN, Hilden, Germany) was used to purify plasmid DNA 

according to the manufacturer’s instructions. The principles of Midiprep procedure are the same as 

the one described under Maxiprep (Section 2. 2. 7). Bacterial culture was centrifuged (4000 rpm; 10 

min), and the pellet formed was air dried. It was completely resuspended in 4 ml of buffer P1. 4 ml 

of the alkaline lysis buffer P2 was then added to the resuspended cells and mixed by inversion. 

Addition of 4 ml of chilled neutralization buffer P3 to the lysed cells, the lysate was left to stand for 

10 min at RT as a white aggregate (cell debris, proteins, genomic DNA) was formed. In the meantime, 

QIAGEN-tips were prepared for use by filtration with 10 ml of buffer QBT.  Then the lysate was 

filtered through a QIAFilter syringe into the primed QIAGENtip column, and allowed to elute via 

gravity flow.  In turn 2 x 10 ml wash buffer QC was then filtered through QIAGEN-tips. DNA bound 

to the filter was eluted with 5 ml of buffer QF. 3.5 ml of isopropanol was added and centrifuged for 

10 min at 4000 rpm. To wash the DNA pellet, 2 ml of 70% ethanol was added and centrifuged for 10 

min at 4 000 rpm. A further ethanol purification step was made by adding 2.2 x volume of 100% 

ethanol and 0.1 x volume of 3 M sodium acetate (pH 5.2) to this DNA pellet. It was centrifuged (10 

min; 4000 rpm), and the formed pellet was then washed by 2 ml of 70% ethanol. Following 

centrifuge (5 min; 4000 g), the ethanol was removed, and the pellet was air-dried for 10 min. It was 

then dissolved in TE buffer (1 µg µl-1). 

 

Sample DNA was sequenced on both strands using T7 and BGHR primers at The University of 

Nottingham, United Kingdom. The purity and yield of plasmid DNA was quantified using 

NanodropTM 2000 Spectrophotometer as described in Section 2.2.5. 

 

2.4 Cell culture 

 

2.4.1 Growing and splitting cells 

CHOβ2GLUT4myc cells (CHO-K1 cells stably expressing different human β2-AR constructs and myc 

tagged GLUT4) were grown in DMEM F12 (1:1) supplemented with 2 mM L-glutamine and 5% 
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(vol/vol) FCS in 75cm2 tissue culture flasks (T75). The cells were grown at 37°C, in 5% CO2. 

CHOα1AGLUT4myc cells (CHO-K1 cells stably expressing human α1A-AR and myc tagged GLUT4) were 

grown in DMEM F12 (1:1) containing 5% (vol/vol) FBS in 175 cm2 tissue culture flasks (T175) at 37°C, 

5% CO2. G418 at 0.2 mg ml-1 was used for the maintenance of CHO cell lines. Rat L6 cells were grown 

as a monolayer in DMEM containing 10% (vol/vol) FBS, and 10 mM HEPES in 175 cm2 tissue culture 

flasks. 

 

Cells were split at 80-100% confluency. Media was removed and sterile phosphate buffered saline 

(PBS) was added to remove the remaining media in the flask. To detach the cells from flasks, 1 ml 

of 0.25% trypsin-EDTA solution was applied and incubated for 3-5 min at 37oC. 10 ml of media was 

added to terminate the trypsin reaction, and DMEM containing the detached cells was transferred 

to a 30 ml universal tube. Cells were centrifuged for 5 min (1000 rpm), then the resulting pellet was 

fully resuspended in 10 ml of media, from which 500 µl – 1 ml was split to the new flasks. 

 

2.4.2 Freezing and thawing of cells 

Cells grown in T75 flasks were collected in 30 ml tube following the centrifuge as described in Section 

2.4.1. The pellet was resuspended with freezing media (FCS or FBS containing 10% (v/v) DMSO) 1 ml 

per stock/cryovial. The number of aliquots was 3 to 5, depending on the confluency of the cells. 

Stocks were then placed in -80oC or liquid nitrogen for long-term storage. 

 

Cells were defrosted in a water bath, and immediately transferred into a T75 flask containing growth 

media. This was placed in the incubator at 37oC for 15 – 20 min until the cells attached to the flask. 

The media was then removed to wash away DMSO and replaced with flesh media for the cells to 

grow. 

 

2.5 Generation of stable cell lines 

 

2.5.1 Transfection 

Human GLUT4 tagged with extracellular human c-myc epitope was placed into Mammalian 

expression vector, pDOL (neomycin resistant, selected by G418), and it was stably transfected to 

CHO-K1 cell line. This stable CHOGLUT4myc cell line was provided by Dr Kazuhiro Kishi (University 

of Tokushima, Tokushima, Japan) (Kanai et al., 1993). CHOGLUT4myc cells were placed in 25 cm2 



 
84 

 

flasks (T25) and grown to 50% confluency in normal growth media (Section 2.4.1). Next day, 

transfection of the β2-AR constructs was performed using lipofectamine according to 

manufacturer’s instructions. Briefly, 2 μg of β2-AR DNA (SNAP tagged or SNAP untagged) and 18 μl 

of lipofectamine were separately mixed with 200 μl optiMEM in sterile 1.5 ml microcentrifuge tubes. 

These two solutions were combined in one tube, and incubated for 30 min at RT to promote 

formation of lipofectamine/DNA complexes. While incubating, T25 flasks were washed with 1 ml of 

optiMEM and 1.2 ml of optiMEM was added. After incubation, the lipofectamine/DNA reactant was 

mixed with 800 μl of optiMEM, and transferred to the T25 flasks. Cells were then incubated 

overnight at 37°C and in 5% CO2 to deliver DNA lipid complexes to cells. 

 

2.5.2 Positive selection 

The next day, cells were split into a T75 flask. They were maintained in growth media containing the 

selection antibiotics, blasticidin, zeocin or G418 (for untagged receptor expressing cells; 20 µg ml-1 

blasticidin and 0.8 mg ml-1 G418, or for SNAP tagged receptor transfectants; 200 μg ml-1 zeocin and 

0.8 mg ml-1 G418) for selection in cells containing pcDNA6.2, pcDNA3.1(+) or pDOL, respectively for 

two weeks. Media was replaced every three to four days with media still containing the selection 

antibiotics. 

 

2.5.3 Dilution cloning 

Dilution cloning was performed following two weeks of positive cell selection. Cells were trypsinised 

and counted using a haemocytometer. Two different sets of dilution cloning including 10 cells/ml 

(20 ml x 2) and 1 cell/ml (20 ml x 2) were prepared, 200 µl of which was added per well in clear 

bottomed 96 well plates (two plates each). Following one week, single colonies growing in the wells 

were marked, and wells were replaced with fresh media to promote further cell growth. When 

grown enough, wells containing single individual colonies were washed with PBS and treated with 

50 μl trypsin-EDTA solution. Cells were then transferred to 24 well plates containing 2 ml of media. 

Cells were well suspended, and 200 μl x 2 samples from each well were added to white opaque 

tissue culture treated 96-well microplates (SNAP untagged) or 96-well microplates (SNAP tagged). 

Once confluent, cells were screened to identify positive clones using [3H]-CGP12177A binding 

(untagged receptor transfections) or SNAP-surface labelling (SNAP β2-AR transfectants). 
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2.5.4 Screening for the untagged β2-adrenoceptor transfected cells  

Media was removed, and replaced with 100 μl of serum free DMEM:F12 without or with 20 μM 

propranolol to determine total binding or non-specific binding, respectively. 100 μl of 2 nM [3H]-

CGP12177A (calculation in Section 2.10.2) was added to all the wells and incubated for 2 h at 37°C, 

5% CO2.  Incubations were terminated by washing in cold PBS twice, after which, 100 μl of Microscint 

20 was added to each well. White plate back and top seals (Perkin Elmer, MA, USA) were applied to 

the bottom or the top of the plate, respectively. The radioactivity was measured on a Topcount NXT 

(Perkin Elmer, MA, USA) at 21°C for 2 min per well after overnight incubation at RT. The clones which 

showed more than 2-fold difference between total and non-specific binding were selected and 

grown in T75 flasks. Those candidate clones were again screened with whole cell [3H]-CGP12177A 

competition binding assays to select the clone for use in further functional assays. 

 

2.5.5 Screening for the SNAP-β2-AR transfected cells  

The principle of fluorescent labelling by SNAP tag is summarised in Figure 2.6. Cells were labelled 

with 0.2 μM membrane impermeant SNAP-surface benzyl guanine-AF 488 (New England Biolabs, 

Hitchin, UK) in DMEM:F12 containing 10 % FCS for 30 min at 37oC, 5% CO2, prior to treatment with 

vehicle or 10 μM isoprenaline for 1 h at 37oC, 0% CO2. The reaction was terminated by aspirating 

the HBSS and adding 100 μl of 3% paraformaldehyde (Thermo Fisher Scientific, MA, USA) in PBS for 

10 min at RT. Cells were washed with 100 μl PBS for 5 min, after which nuclei were stained with 100 

μl of 2 μg ml-1 Hoechst 33342 (H33342) for 15 min at RT. Cells were washed with 100 μl PBS once 

before imaging. Plates were scanned using an IX Ultra confocal plate reader (Molecular Devices, San 

Diego, CA, U.S.A.), using a Plan Fluor 40 x NA0.6 extra-long working distance objective. Two 

channels, DAPI (405 nm excitation) and FITC (488 nm excitation) were used to observe nuclei stained 

with H33342 and labelled receptors with SNAP-AF 488, respectively. After imaging, cells with 

appropriate morphology as well as positive SNAP labelling were picked and grown in T75 flasks. The 

selected clones were re-screened using the full internalisation assay to select cell lines for further 

experiments. 
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Figure 2.6: Fluorescent labelling of receptor at SNAP-tag  
 
The SNAP-tag is fused to the N-terminal of receptor. When O6-benzylguanine (BG) derivatives 
bearing a fluorophore such as AlexaFluor 488 are added to the system, they release guanine and 
the fluorophore modified benzyl group is covalently bound to the SNAP tag via an irreversible 
reaction. This enables cell surface receptors to be visualized by selective fluorescent labelling 
(Keppler et al., 2003; Keppler et al., 2004).  
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2.6 Radioligand assays 

 

2.6.1 2-deoxy-[3H] D-glucose uptake 

Cells were plated at 5x104 cells per well in 24-well plates. Cells were serum starved in DMEM F12 

(1:1) supplemented with 2 mM L-glutamine or DMEM (starvation media) for 2 nights before an 

experiment. On the day of experiment, media incubated for 2 nights was replaced with flesh 

starvation media, and cells were exposed to agonists for 2 h at 37°C, 5% CO2. Following incubation, 

media was removed and replaced with glucose-free media. Agonists were re-added and incubated 

for 15 min at 37°C, 5% CO2. 2-Deoxy-[3H]-D-glucose (8 Ci/mmol, final concentration 50 nM) was then 

placed for 15 min at 37°C, 5% CO2 to allow the cells to take up glucose. The reactions were 

terminated by washing with PBS/DMEM (1:1) twice, after which, cells were lysed (0.4 M NaOH, 1 h, 

60°C). Samples were transferred to scintillation vials (Sarstedt, Nümbrecht, Germany) containing 2.5 

ml of Microscint 20 (PerkinElmer, MA, USA), and incubated for 1 h at RT. Radioactivity was counted 

on a β counter TriCarb 2910TR (PerkinElmer, MA, USA) for 3 min per vial at 21°C. 

 

2.6.2 Whole cell [3H]-CGP12177A saturation binding assays 

Cells were plated at 1x104 cells / well in white side clear bottom tissue culture treated 96-well 

microplates. Next day, the media was removed from the plates. Cells were incubated with 100 μl of 

serum free DMEM F12 (1:1) supplemented with 2 mM L-glutamine in the absence (total binding) or 

presence of 20 μM (S)-(-)-propranolol (non-specific binding, final assay concentration 10 µM).   100 

μl of 0.01 - 7nM [3H]-CGP12177A in the same media was immediately added and the plates 

incubated for 2 h at 37°C, 5% CO2. The assay was terminated by washing in cold PBS twice to remove 

free radioligand, after which 100 μl of Microscint 20 (PerkinElmer, MA, USA) was added to each 

well. White plate back and top seals (PerkinElmer, MA, USA) were applied to the bottom or the top 

of the plate, respectively. The plates were counted on a Topcount NXT at 21°C for 2 min per well 

after overnight incubation at RT.  The actual concentration of [3H]-CGP12177A used was also 

determined by counting 50 µl stock sample [3H]-CGP12177A with 6 ml Microscint 20 (PerkinElmer, 

MA, USA) and 500 μl of 0.1 M imidazole (to prevent count variation due to different brands of  

Microsint 20) scintillation vials (Sarstedt, Nümbrecht, Germany) on a β counter TriCarb 2910TR 

(PerkinElmer, MA, USA) at 21°C for 3 min.  Concentration of cellular protein was determined 

following cell lysis in 100 μl 0.4 M NaOH, using the Pierce™ bicinchoninic acid (BCA) Protein Assay 

Kit (Thermo Fisher Scientific, MA, USA) and bovine serum albumin as standard as in Section 2.6.4. 
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2.6.3 Whole cell [3H]-CGP12177A competition binding assays 

Cells were seeded at 1x104 cells / well in white side clear bottom tissue culture treated 96-well 

microplates and grown overnight. Next day, media was replaced with 80 μl of serum free DMEM 

F12 (1:1) supplemented with 2 mM L-glutamine. Serial dilutions of ligands were made up in the 

same serum free media at 10 × required final concentration (in a total assay volume of 200 µl), and 

20 μl of each dilution was added to the plate in triplicate. Non-specific binding wells contained (S)-

propranolol (10 μM). The incubation was started by addition of 100 μl of ~ 2 nM [3H]-CGP12177A in 

the same media, for 2 h at 37°C, 5% CO2. The radio ligand binding assay was terminated by washing 

in cold PBS twice and adding 100 μl of Microscint 20 (PerkinElmer, MA, USA). Radioactivities were 

counted as described in Section 2.6.2. Cellular protein concentration was determined as in Section 

2.6.4. 

 

2.6.4 Protein concentration determination 

Protein concentration was determined using Pierce™ BCA Protein Assay Kit (Thermo Fisher 

Scientific, MA, USA) following the manufacturer’s instructions. The BCA assay combines two 

reactions; (i) the reduction of Cu2+ to Cu1+ in complex with the peptide backbone under alkaline 

conditions (the biuret reaction), and (ii) a development reaction by which the two molecules of BCA 

react with one Cu1+ to produce a purple chelated complex.  The amount of BCA/copper complex, 

measured by absorbance at 562 nm, is linearly proportional to protein concentration over the range 

investigated in the experiment. A series of BSA concentrations (0.125 mg ml-1 – 2 mg ml-1) were 

prepared to generate the standard curve. 25 μl of each standard and samples were added in 

duplicate to a clear 96 well plate. 200 μl of BCA working reagent, made up with Reagent A containing 

sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium 

hydroxide and Reagent B containing 4% cupric sulfate in the ratio of 50 to 1, was added to each well. 

The plate was incubated for 30 min at 37oC and scanned on a MRX plate reader (Dynatech Labs, 

Chantilly, VA) to measure absorbance at 562 nm. The BSA absorbance values were plotted for a 

standard curve, and concentrations of samples were interpolated from their absorbance values.  
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2.7 Functional assays 

 

2.7.1 LANCE cAMP assays 

TR-FRET is a technology of fluorescence resonance energy transfer (FRET) combined with time-

resolved measurement (TR). In this assay, when a donor (long-lived fluorescence) and an acceptor 

(short-lived fluorescence) are in close proximity, the energy is transferred between those two 

fluorophores, leading to the generation of a signal after the decay of background autofluorescence, 

which is proportional to the degree of product formation. Here, this technology describes a principle 

of detecting and quantifying cAMP produced upon the activation of the target receptors (Figure 

2.7A, 2.7B). LANCE cAMP assay is based on the competition between sample cAMP and a europium-

labelled cAMP tracer complex (Biotin-cAMP and streptavidin labelled with Europium-W8044 

chelate, Eu-SA) for binding sites on AlexaFluor®647 labelled cAMP specific antibodies. In the absence 

of sample cAMP, the cAMP tracer complex bound to antibodies brings the cAMP donor Eu-chelate 

and antibody AF647 acceptor fluorophores into close enough proximity for FRET to take place.  A 

light pulse at 340 nm excites the Eu-chelate of the cAMP tracer complex, leading to transfer the 

energy emitted by the Eu-chelate to AlexaFluor®647 on the antibodies. This emits light at 665 nm 

as an indicator of binding. The presence of unlabelled sample cAMP, however, competes for the 

interaction between cAMP tracer complex and antibodies so that intensity of the fluorescent 

measured at 665 nm is decreased. The sample cAMP concentration is therefore inversely 

proportional to the FRET signal.  

 

Cells were plated at 1x104 cells per well in 96-well plates. Cells were serum-starved overnight before 

each experiment. Next day, cells were treated with agonists in the stimulation buffer (0.1% BSA 

(w/v), 5 mM HEPES, 1 x HBSS pH 7.4) in the presence or absence of 0.5 mM IBMX for 30 min or 2 h 

at 37°C, 5% CO2. For the time course study, agonists were added at decreasing time points prior to 

the lysis of cells. Media was removed by aspiration and the reactions were terminated by the 

addition of 100% ice cold ethanol. Ethanol was completely evaporated at RT and the lysis buffer 

(0.1% BSA (w/v), 0.3% tween-20 (w/v), 5 mM HEPES, H2O, pH 7.4) was added to the plates. In each 

experiment, 100 µM forskolin was used as a positive control and all experiments were performed 

in duplicate. 
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Figure 2.7: Principle of the LANCE cAMP Assay  
 
In (A), without sample cAMP, the energy emitted from Eu-SA/bcAMP tracer is transferred to the 
cAMP antibodies, leading to generate a TR-FRET signal at 665 nm. In (B), the presence of cAMP 
interferes with the binding of Eu-SA/b-cAMP tracer to cAMP antibodies, leading to produce light at 
615 nm. (C) An example of cAMP standard carve following 1 h incubation at RT. 

(A) 

(B) 
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cAMP was measured using LANCE assay (PerkinElmer, MA, USA) following manufacture’s protocol. 

A series of cAMP concentrations ranging from 1 µM to 10 pM were prepared to generate the 

standard curve (Figure 2.7C). 5 μl of each standard and samples were added in white OptiPlate-384 

microplates. 5 μl of antibody solution (Alexa Fluor® 647-anti cAMP antibody diluted at 1:100 in 

detection buffer composed of 50 mmol/l HEPES, 10 mmol/l calcium chloride, and 0.35% Triton X-

1001 pH 7.4) was also transferred to the plate and incubated for 30 min at RT. 10 μl of detection mix 

containing 0.02% LANCE Eu-W8044 labelled streptavidin (Eu-SA) and 0.07% Biotin cAMP (b-cAMP) 

in detection buffer was incubated for 1 h at RT. Production of cAMP was measured by time resolved 

fluorescence (dual emission at 665 nm and 620 nm, excitation at 337 nm), using a PHERAstar FS 

(BMG Labtech, Germany). Sample cAMP levels were extrapolated from standards (Figure 2.7C), and 

data were shown as pmol cAMP/well or were normalized with 100 µM forskolin. 

 

2.7.2 Ca2+ mobilization assays 

Cells were seeded at 5x104 cells per well in 96-well plates one day before an experiment. On the day 

of the experiment, cells were washed three times in a Ca2+ buffer containing 150 mM NaCl, 2.6 mM 

KCl, 1.18 mM MgCl2.2H2O, 10 mM D-glucose, 10 mM HEPES, 2.2 mM CaCl2.2H2O, and 2 mM 

probenecid, 0.5% (w/v) BSA in 1 x HBSS, pH 7.4. Under dim light condition, cells were incubated with 

membrane permeable 0.1% (v/v) Fluo-4 AM in Ca2+ buffer for 1 h at 37oC. Cells were washed with 

Ca2+ buffer twice to remove excess Fluo-4 AM, then incubated with 90 µl/well of Ca2+ buffer for a 

further 30 min at 37oC prior to transfer a plate to a FlexStation (Molecular Devices, Sunnyvale, CA). 

Ca2+ accumulation was measured by real time fluorescence (emission at 520 nm, excitation at 485 

nm), and recorded every 1.7 s over 200 s with drug additions (10 μl/well, 1:10 dilution) occurring at 

17 s. In each experiment, 1 μM A23187 was used as a positive control and all experiments were 

performed in duplicate. The data represents average agonist response obtained from peak [Ca2+] 

measurements following subtraction of basal [Ca2+] measurements, normalised to 1 μM A23187. 

 

2.8 Phosphorylated protein assays  

 

2.8.1 Amplified Luminescent Proximity Homogeneous (Alpha) screen assays 

This is a bead-based technology to assess biomolecular interactions (Figure 2.8), and the 

phosphorylation of endogenous ERK1/2 (at T202/Y204) and S6RP (at S235/S236) were measured 

using this system. Donor bead labels containing a photosensitizer, phthalocyanine converts ambient 
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oxygen to singlet oxygen at 680 nm excitation. When analyte is captured by donor and acceptor 

beads in close proximity, energy transfer occurs from the singlet oxygen to thioxene derivatives 

within the acceptor bead, in turn emits light at 520-620 nm. 

 

Cells were plated at 1x104 cells per well in 96-well plates, and serum-starved overnight before an 

experiment. Cells were stimulated by agonists for 2 h at 37°C, 5% CO2. For the time course study, 

agonists were added at decreasing time points prior to the lysis of cells.  The reactions were 

terminated by the addition of 100 μl of 1 x lysis buffer. In each experiment, 10% (w/v) FBS was used 

as a positive control and all experiments were performed in duplicate. The activity of ERK1/2 and 

S6RP was measured using AlphaScreen SureFire pERK1/2 or pS6RP assay kit (PerkinElmer, MA, USA) 

according to the manufacturer’s instructions. 4 μl of samples were transferred to white ProxiPlate-

384 microplates. 5 μl of acceptor mix (acceptor beads, reaction buffer and activation buffer in the 

ration of 1:10:40) was added to the plate and incubated for 2 h at 37oC on the shaker. 2 μl of donor 

mix (donor beads and dilution buffer in the ration of 1:20) was placed and incubated for 2 h at 37oC 

on the shaker. The plate was then scanned using EnVision™ Multilabel Plate Reader (PerkinElmer 

Life and Analytical Sciences, Shelton, CT, USA), and Phospho-protein was measured by excitation 

wavelength; 680 nm and emission wavelength; 520–620 nm. Data in relative fluorescence units 

(RFU) obtained from the EnVision reader were normalised to basal.  

 

2.8.2 InCell Western (Li-Cor) assays 

Cells were plated at 1x104 cells per well in black side clear bottom cell culture 96-well microplates 

and serum-starved over 2 nights. On the day of experiment, cells were stimulated with agonists for 

2 h at 37oC. For the 2 h time course study, agonists were added at decreasing time points prior to 

the termination of the reaction. The reaction was terminated by aspiration of the media and fixation 

with 100 μl of 4% paraformaldehyde in PBS for 15 min at RT, and washed with PBS once. Quenching 

and permeabilisation of cells were accomplished by incubating with 100 μl of quench buffer (0.15 

M Tris in PBS pH 8.0) with 0.01% Triton X for 10 mins at RT. Cells were washed with PBS three times, 

and this was then replaced to 100 μl of Odyssey® Blocking Buffer (Li-Cor®, NE, USA) and incubated 

for 1 h at RT. 
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Figure 2.8: Principle of Alpha screen assay 
 
In the presence of phosphorylated protein, for example ERK1/2, a sandwich antibody complex is 
formed between total and phosphor-specific antibodies linked to the donor beads and acceptor 
beads, using biotin-strepavidin, or protein A interactions. The release of singlet oxygen from the 680 
nm excited donor beads transfers a cascade of energy to the acceptor beads in close proximity, 
which then emit light at 520-620 nm. 
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Next day, the blocking buffer was removed and 50 μl of primary antibodies, phospho- N-Myc 

Downstream Regulated 1 (p-NDRG1) rabbit monoclonal antibody, (#5482, Cell Signalling, NA, USA) 

and total NDRG1 rabbit monoclonal antibody, (ab124689,  Abcam, Cambridge, UK) for control, 

diluted at 1:500 dilution in blocking buffer were added and incubated on the shaker 70 rpm 

overnight at 4°C. To note, these 2 primary antibodies were derived from the same host, therefore 

added in the separate plates seeded at the same number of cells at the same time. Cells were gently 

washed with our times with 150 μl/well of TBST (Tris-buffered saline, 0.1% Tween-20), then 

incubated with 100 μl of IRDye® 800CW Goat anti-Rabbit IgG (LCR-926-32211, Li-Cor®, NE, USA) 

diluted at 1:5000 in blocking buffer on the shaker 70 rpm for 2 h at RT under dim light condition. 

Prior to the imaging, cells were washed with 150 μl/well of TBST four times and TBST as completely 

aspirated. Plate was scanned using Odyssey Infrared Imaging System version 3.0 (Li-Cor®, NE, USA) 

with scan parameter as follows; scan resolution: 169 µm, quality: medium, focus offset: 3.0 mm, 

scan area: 13 cm x 9 cm. Channel, 800 was used to detect phosphor-NDRG1 and total NDRG1.  

 

2.9 Microscope based assays 

 

2.9.1 Internalisation assays 

Cells expressing SNAP-tagged β2-ARs were used to perform the internalisation assay (Kilpatrick et 

al., 2015).  

 

Cells were plated at 1x104 cells per well in black side clear bottom cell culture 96-well microplates. 

Next day, cells were treated with 0.2 μM membrane impermeant SNAP-surface benzyl guanine-AF 

488 (New England Biolabs, Ipswich, MA, USA) in growth media, DMEM F12 (1:1) supplemented with 

2 mM L-glutamine and 5% (v/v) FCS, and incubated for 30 min at 37°C, 5% CO2. Cells were then 

washed with 1 x HBSS, and incubated with required concentration of agonists for 1 h at 37°C, 0% 

CO2. For the 1 h time course study, agonists were incubated for a time period as calculated (1 h 

minus various time points). Following incubation, all the steps including fixation, washing, staining 

and imaging were accomplished as described in Section 2.5.5.  
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2.9.2 Myc-GLUT4 translocation assays 

Human c-myc epitope was tagged at the extracellular loop of human GLUT4 (GLUT4myc) (Kanai et 

al., 1993). Therefore, myc epitope was used for a marker of GLUT4 present at the cell surface. In 

non-permeabilized cells, only GLUT4 translocated to the plasma membrane was labelled with myc 

primary antibody (Dehvari et al., 2012). 

 

Cells were plated at 1x104 cells per well in black side clear bottom cell culture 96-well microplates 

one day before an experiment. Cells were incubated with agonists in the DMEM F12 (1:1) 

supplemented with 2 mM L-glutamine for 2 h at 37°C, 5% CO2. Alternatively, for the 2 h time course 

study, agonists were added at decreasing time points as indicated prior to termination of the 

reaction. The reaction was stopped by aspirating the media, and cells were subsequently fixed with 

100 µl of 1% paraformaldehyde in PBS for 20 min at RT to limit cell permeabilisation. Cells were then 

quenched with 100 µl of 1 x quench buffer (0.15 M Tris in PBS, pH 8.0) for 10 min at RT, and blocked 

with 5% (w/v) of BSA in PBS for 2 h at RT. Cells were washed with PBS once before incubated with 

50 µl of myc-tag primary rabbit polyclonal antibodies (#2278 Cell Signalling, MA, USA) (1:200 dilution 

in 1.5% (w/v) BSA in PBS) overnight at 4°C. Next day, cells were gently washed with PBS three times 

and incubated with AlexaFluor 488 Goat anti-Rabbit IgG secondary antibodies (Cell Signalling, MA, 

USA) (1:2000 dilution in PBS) for 2 h at RT under dim light conditions. Nuclei were stained with 100 

μl of 2 μg ml-1 H33342 in PBS for 15 min at RT.  Cells were then washed with PBS three times before 

observing the reactions by an IX Ultra confocal plate reader (Molecular Devices, San Diego, CA, 

U.S.A.), fitted with a Plan Fluor 40 x NA0.6 extra-long working distance objective. Nuclei and myc-

GLUT4 labelling were imaged using DAPI (405 nm excitation, H33342) and FITC (488 nm excitation, 

SNAP-AF 488 labelled myc antibody conjugates) channels, respectively.  

 

 

2.9.3 Fluorescence resonance energy transfer (FRET)  

FRET is a technique to detect the generation of second messenger in real time and in live cells by 

measuring a distance of a pair of fluorophores in overlapping spectra (a donor and an acceptor 

fluorophore) fused to the peptide containing ‘sensor’ of the second messenger (Figure 2.9) (Halls & 

Canals, 2018). Energy transfer from an excited donor fluorophore to an acceptor fluorophore occurs 

if these two molecules are in their close proximity (less than 10 nm) (Clegg, 1995). If a second 
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messenger binds to the sensor peptide, it alters the distance between these two molecules 

following its conformational change, therefore changing the FRET signal (Halls & Canals, 2018).  

 

Cells were plated at a density of 1x104 cells per well in black side clear bottom cell culture 96-well 

microplates (PerkinElmer). Cells were transfected with 40 ng of the FRET biosensors pmEpac2 or 

cytoEpac2 (Nikolaev et al., 2004; Wachten et al., 2010) using 1 mg ml-1 PEI. 24 h following 

transfection, media was changed to DMEM containing 0.5% FBS overnight. Single live cell FRET 

experiments were performed using a high-content GE Healthcare INCell 2000 Analyser as described 

previously (Halls et al., 2015). Briefly, fluorescence imaging was performed with a Nikon Plan Fluor 

ELWD 40 x (NA, 0.6) objective and FRET module. Cells were sequentially excited with a CFP filter 

(430/24) with emission measured with YFP (535/30) and CFP (470/24) filters and a polychroic mirror 

optimised for the CFP/YFP filter pair (Quad3). Cells in Hanks' balanced salt solution (HBSS) at 37 °C 

were measured every 1 min for 4 min to generate baseline emission ratio values. Cells were 

stimulated with vehicle or ligand, and images captured every 1 min for 20 min. At the end of every 

experiment, the same cells were stimulated for 10 min with the positive control (10 μM forskolin 

and 100 μM IBMX) to generate a maximal FRET change, and the positive emission ratio images were 

captured for 4 min.  

 

 
2.10 Kinetic assay 

 

2.10.1 Real time bioluminescence resonance energy transfer (BRET) 

Bioluminescence resonance energy transfer (BRET) is a technique to monitor the interaction of one 

protein of interest (e.g., GPCR) fused to a donor luminophore such as Rluc, hRluc, Rluc2, or Rluc8 

and another protein of interest (e.g., β-arrestin) fused to an acceptor fluorophore such as Venus or 

GFP10 (Figure 2.10) (Kocan & Pfleger, 2011). Oxidation of coelenterazine by the luminescent protein 

emits light.  Under these circumstances, when the distance of luminophore and fluorophore is less 

than 10 nm in the presence of its substrate resonance energy transfer from the donor emission to 

the acceptor fluorescent protein can occur, detected as longer wavelength emission (Kocan et al., 

2010). 
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Figure 2.9: Principles of FRET detecting cAMP response  
 
cAMP-binding domain is fused to a complementary pair of fluorophores, cyan fluorescent protein 
(CFP) and yellow fluorescent protein (YFP). Following binding of a second messenger, cAMP to 
cAMP-binding domain, FRET biosensors causes a conformational change, which increases the 
distance between these 2 fluorophores, thus resulting in loss of FRET signal. Figure was adapted 
from (Halls & Canals, 2018). 
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Recruitment of β-arrestin 1, β-arrestin 2 or Kras (plasma membrane marker) was measured by real 

time kinetic BRET assay (Kocan et al., 2008). CHOGLUT4myc cells seeded in 6 well plates at a density 

of 6x105 cells per well were co-transfected with β2-AR-Rluc8 (100 ng/6-well) and β-arrestin 1-Venus 

(300 ng/6-well), β-arrestin 2-Venus (300 ng/6-well) or Kras-Venus (300 ng/6-well) using 

Lipofectamine 2000 (Thermo Fisher Scientific, MO, USA). The next day, cells were re-plated in white 

tissue culture treated 96-well microplates and grown overnight in phenol red-free DMEM with 5% 

FBS. 48 h following transfection, cells in each well were assayed in 100 μl final volume with 5 μM 

coelenterazine-H, and stimulated with 10 μl of 10 × concentration of ligand. BRET was measured at 

37 °C by PHERAstar FS microplate reader (BMG LabTech, Germany). Emissions were simultaneously 

measured from donor Rluc8 (475 ± 15 nm) and acceptor Venus (535 ± 15 nm) were simultaneously 

recorded in time course. Cells were assayed before and after treatment with ligands or vehicle (5% 

FBS phenol red-free-DMEM media plus 0.01% (w/v) BSA). Ligand-induced BRET was calculated by 

subtracting the ratio of emission through the acceptor wavelength window over emission through 

the donor wavelength window for a vehicle-treated cell sample from the same ratio for a second 

aliquot of the same cells treated with ligand(s) (Kocan et al., 2008). The final pre-treatment reading 

is presented at the zero time point (time of ligand/vehicle addition). 

 

2.11 Data analysis 

All data were analysed using GraphPad Prism v7.02 (GraphPad software, San Diego CA, U.S.A) using 

pre-programmed equations. Definition of equation parameters were listed in Table 2.4. 

All pooled data are represented as the mean ± standard error of the mean (s.e.mean) from 3 

independent experiments performed in duplicate, triplicate or quadruplicate at least (exception was 

indicated). Independent experiments were individually fit and pooled parameters such as EC50 and 

Emax was expressed as the mean ± s.e.mean. 

 

2.11.1 Agonist concentration response 

Concentration response curves were analysed using the following equation 

 

 

Where Rmin is the minimal agonist response, Rmax is the maximal agonist response minus Rmin, 

[D] is the drug concentration, EC50 is agonist concentration which produces half maximal response 

as described in Figure 2.11. Hill slope is constrained to 1. 

Response =
Rmin + Rmax[D] 

[D] + EC50
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Figure 2.10: Principles of the BRET assay 
 
The β2-AR is fused to the donor fluorophore Rluc8, whereas the protein of interest such as β-
arrestin, is fused to the acceptor fluorophore Venus. Following ligand binding to the β2-AR, energy 
transfer occurs only when β2-AR-Rluc8 and β-arrestin-Venus are in close proximity (< 10 nm apart). 
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Table 2.4: Definition of equation parameters 
 

Parameter definitions   

[A]  Logarithm of agonist concentration 
[AR] Concentration of agonist occupied receptors 

Background/Basal Response in unstimulated system  
Bmax Maximal specific binding 
[D]  Logarithm of drug concentration 
EC50 Agonist concentration which produces 50% of maximal response 
Emax Maximal possible response of the system 
IC50 Agonist concentration which inhibits 50% of maximal inhibition 
KA Agonist dissociation constant; concentration of agonist required for 

occupancy of 50% of the receptors 
KD Equilibrium binding constant 
KE Stimulus coupling efficiency; concentration of agonist occupied 

receptor that elicits the half maximal tissue response 
Ki Affinity of the ligand 
n Slope of the transducer function 

NS Non-specific binding 

R Transduction coefficient (τ /KA) 
Rmax Maximal agonist response  
Rmin Minimal agonist response 
RT Total receptor concentration  
SA Specific activity 
τ  Transducer ratio 
V Assay volume 
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Figure 2.11: Concentration response curve analysis  
 
Ligand maximal response (Rmax) and the logarithm of concentration of ligand that produces a half-
maximal response (LogEC50) were determined from concentration response curve. 
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2.11.2 Binding data analysis  

 

2.11.2.1 Saturation binding 

The actual free concentration of radioligand was calculated using the equation below relating the 

specific activity to the amount of radioligand, and conversion factor relating Ci to dpm (1 Ci = 2.22 x 

1012 dpm)  

 

 

 

 

Where dpm is the count in dpm (from the β counter standard sample), SA is the specific activity of 

[3H]-prazosin (78 ci/mmol) or [3H]-CGP12177A (either 30 ci/mmol or 37.7 ci/mmol) and V is assay 

volume. 

 

Total binding and non-specific binding were calculated as follows; 

 

 

 

 

Where Bmax is the maximal specific binding, D is concentration of radioligand either [3H]- prazosin 

or [3H]-CGP12177A, KD is the equilibrium binding constant, NS is the linear slope of the non-specific 

binding against radioligand concentration and background represents the counts without the 

addition of radioligand. These 2 equations were globally fit to obtain both total and non-specific 

binding data. 

 

Specific binding was calculated by subtraction of non-specific binding from total binding using one 

site binding model as follows; 

 

 

This equation was globally fit to obtain specific binding data. 

Bmax was converted to fmol mg -1 using the conversion factors (1 Ci = 2.22 x 1012 dpm and 1012 fmol 

= 1 mmol) and equations as follows;  

Specific binding =
Bmax [D] 

KD + [D] 
 

Non-specific binding = (NS x [D]) + Background 

Total binding =
Bmax [D] 

KD + [D] 
+ (NS x [D]) + Background 

Concentration of radioligand =
Moles radioligand

V 
 

Moles radioligand =
dpm/2.22 x 1012

SA 
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Where SA is the specific activity of either [3H]-prazosin or [3H]-CGP12177A (either 30 ci/mmol or 

37.7 ci/mmol), cpm is the count in cpm (from Top counter), mg protein was determined from protein 

assay (Section 2.6.4) and Efficiency was 30.7% via the fit of the β-spectrum in the Top counter.  

 

2.11.2.2 Competition binding  

Specific [3H]-CGP12177A binding was determined by normalizing counts using non-specific binding 

in the presence of 10 µM (S)-(-)-propranolol (0%) and total binding (100%).  IC50 (the sample agonist 

concentration which inhibits 50% of [3H]-CGP12177A binding) calculated by the equation, log 

(inhibitor) vs response with Hill slope = -1 was converted to pKi using the Cheng-Prusoff correction 

(Cheng & Prusoff, 1973); 

  

 

 

 

 

 

 

Where D1 is the concentration of the sample ligand, top is the maximal agonist response, bottom is 

the minimal agonist response, Ki is the affinity of the sample ligand, D2 is the concentration of [3H]-

CGP12177A and KD is the affinity of [3H]-CGP12177A as obtained from saturation binding.  

 

2.11.3 InCell western (Li-Cor) assay 

Quantification of phosphor-NDRG1 and total NDRG1 was analysed using FIJI ImageJ software 

(National Institutes of Health, USA). Well was manually encircled and the same surface area was 

applied to all the wells to measure fluorescent intensity per well.  The percentage of NDRG1 

phosphorylation was determined by first normalizing phosphor-NDRG1 level to total NDRG1 level 

in each well, after which normalizing to the average of the vehicle treated wells. The figures 

cpm/fmol = SA (Ci/mmol) x [2.22 x 1012 dpm/Ci] x [mmol/1012 fmol] x Efficiency (cpm/dpm) 

fmol/mg =
cpm / (cpm/fmol) 

mg protein 
 

pKi = -logKi 

Ki =
IC50

1 + (
[D2]
KD

)

 

IC
50

=
Bottom +  (Top − Bottom)

1 + 10(LogIC50 −[D1]) HillSlope
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represent average well fluorescent intensity quantified by phospho-NDRG1/total NDRG1, 

normalized to vehicle. 

 

2.11.4 Internalisation  

Quantification of receptor internalisation was analysed using an automated granularity algorithm 

(MetaXpress 5.01, Molecular Devices). It was set to identify the intracellular receptor labelled 

compartments of 6–10 µm in diameter and nuclei of 7-11 μm in diameter (Figure 2.12). Grayscale 

intensity thresholds for identification were selected for each experiment with reference to the 

positive (10 μM isoprenaline) and negative (vehicle) controls. Each individual experiment collected 

6 images per well (3 sites in duplicate) and the figures represent average fluorescent intensity / cell, 

normalized to vehicle.  

 

2.11.5 GLUT4 translocation 

GLUT4 translocation was quantified through automated multi wave scoring algorithm (MetaXpress 

5.01, Molecular Devices), which scored cells 5-60 μm in diameter. Graylevel intensity thresholds 

were set according to the positive (10 μM insulin) and negative (vehicle) controls (Figure 2.13). Each 

individual experiment collected 6 images per well (3 sites in duplicate) and the figures represents 

stained integrity intensity, normalized to vehicle. 

 

2.11.6 FRET 

Data were analysed with the FIJI distribution of ImageJ (Schindelin et al., 2012). The three emission 

ratio image stacks (baseline, stimulated and positive) were collated and aligned with the 

StackCreator script (Halls et al., 2015). Cells were selected with the CellMarkup script (Halls et al., 

2015), and fluorescence intensity was measured over the combined stack. Background intensity was 

subtracted, and then the FRET data were plotted as the change in FRET emission ratio relative to 

the maximal response for each cell [FRET ratio/maximum FRET ratio (F/Fmax)] using the 

BatchAnalyse script (Halls et al., 2015). Only cells that showed more than a 3% change relative to 

baseline after stimulation with the positive control were considered for analysis. 
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Figure 2.12: Representative granularity analysis images  
 
CHO SNAP- β2-AR WT cells were SNAP surface AF488-labelled and then treated with either 10 μM 
isoprenaline or 10 μM BRL37344 for 1 h at 37°C prior to fixation. The panels show nuclei stained 
with H33342 (left), SNAP- β2-AR (middle), and granularity analysis (right), with nuclei in green and 
receptors containing granules of 6-10 µm diameter in white. Images are representative of 5 
independent experiments performed in duplicate. For clarity, the images above were cropped to 
500 x 500 pixels from the original 1000 x 1000 pixels image used for analysis. 
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Figure 2.13: Representative multiwave scoring analysis images 
 
Cells tagged at the extracellular human c-myc epitope were treated with either 1 μM isoprenaline 
or 1 μM BRL37344 for 1 h at 37°C prior to fixation. The panels show nuclei stained with H33342 
(left), GLUT4-myc (centre left), overlay (centre right) and multiwave scoring analysis (right), with 
nuclei in blue and GLUT4-myc in green. Images are representative of 5 independent experiments 
performed in duplicate. For clarity, the images above were cropped to 400 x 400 pixels from the 
original 1000 x 1000 pixels image used for analysis. 
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2.11.7 The Black and Leff operational model  

The operational model of Black and Leff (Black & Leff, 1983; Black et al., 1985) describes agonist 

activity as a function of agonist-receptor interactions and receptor-effector cascades that result in 

an observed response. 

 

Equation 1 is based on the law of mass action, with receptor occupancy described by 3 parameters 

including agonist concentration ([A]), the agonist dissociation constant (KA) and the total receptor 

concentration (RT). 

 

 

 

The relationship between an observed agonist response and occupied receptor is described by 

equation 2;  

 

 

 

Where [AR] is concentration of agonist-bound receptor, Emax is the maximal possible response of 

the system, and KE is the concentration of agonist occupied receptor that elicits a half-maximal 

cellular response. Combining equations 1 and 2 generates the commonly used operational model 

(equation 3);  

 

 

 

Where 

 

In this operational model, potency and maximal agonist response are described as follows (Figure 

2.14); 

 

 

 

 

 

Equation 3, Effect of the ligand =
(Emaxτ[A])

KA + [A](1 + τ)
 

τ =
RT
KE

 

EC50 =
KA

τ+ 1
 

Rmax =
Emaxτ

τ+ 1
 

Equation1, Concentration of agonist bound receptor =
RT[A] 

KA+ [A]
 

Equation 2, Effect of the ligand =
Emax[AR] 

KE+ [AR]
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Recently the classical Black and Leff operational model has been extended to quantify ligand bias 

using the ‘Transduction coefficient’ (R), which is a single parameter representing the effectiveness 

of the agonist defined by the ratio of τ /KA.  Effect of the ligand is determined differently depending 

on whether it is a full or partial agonist (van der Westhuizen et al., 2014) 

 

 

 

Partial agonists 

 

 

 

Full agonists 

 

 

 

Where Basal is the response in the unstimulated system and n is the slope of the transducer function 

that links occupancy to response. Values of Emax, basal and n were shared between agonists and 

these equations were globally fit to obtain the effect of the ligand. For partial agonists LogKA was 

fitted (equation 4) whereas for full agonists LogKA was constrained to 0 (equation 5) (van der 

Westhuizen et al., 2014). More details about the use of LogR in the determination of bias are 

described in chapter 4 and 5. 

 

2.11.8 Statistical analysis  
 
All statistical tests were conducted in GraphPad Prism v7.02. The statistical significant difference 

was analysed by using Student’s unpaired or paired t tests (between two groups), One-way ANOVA 

Dunnett's multiple comparisons test (between multiple groups), or Two-way ANOVA (between two 

curves) and expressed as follows, *P < 0.05,**P < 0.01, ***P < 0.001. 

 

 

 

 

 

Equation 5, Effect of the ligand = Basal +
(Emax − Basal)

1 + (
[A] + 1

10LogR x [A]
)

n 

Equation 4, Effect of the ligand = Basal +
(Emax − Basal)

1 + (

[A]

10LogK aA
n + 1

10LogR x [A]
)

n 

R =
τ

KA
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Figure 2.14: Agonist concentration curve in operational model 
 
Agonist potency (EC50 value) is determined by KA/ τ+ 1 whereas agonist maximal response (Rmax 
values) is determined by Emax(τ/ τ+ 1) 
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Abstract 

The type 2 diabetes epidemic makes it important to find insulin independent ways to improve 

glucose homeostasis. This study examines the mechanisms activated by a dual β2-/β3-adrenoceptor 

agonist BRL37344 to increase glucose uptake in skeletal muscle, and its effects on glucose 

homeostasis in vivo. We measured the effect of BRL37344 on glucose uptake, GLUT4 translocation, 

cAMP levels, β2-adrenceptor desensitisation, β-arrestin recruitment, Akt and mTOR 

phosphorylation using L6 skeletal muscle cells as a model. We further tested the ability of BRL37344 

on skeletal muscle glucose metabolism in animal models (glucose tolerance tests, in vivo and ex vivo 

skeletal muscle glucose uptake). In L6 cells, BRL37344 increased GLUT4 translocation and glucose 

uptake via activation of only β2-adrenceptors, with a similar potency and efficacy to that of the non-

selective β-adrenoceptor agonist isoprenaline, despite being a partial agonist with respect to cAMP 

generation. This occurred independently of Akt phosphorylation but was dependent upon mTORC2. 

Furthermore, BRL37344 did not promote agonist mediated desensitisation of the receptor, since it 

failed to recruit β-arrestin1/2 to the β2-adrenoceptor, as compared to isoprenaline. BRL37344 

improved glucose tolerance tests and increased glucose uptake into skeletal muscle in vivo and ex 

vivo through a β2-AR mediated mechanism. In conclusion, our results show that BRL37344 

stimulates skeletal muscle glucose uptake via β2-adrencoceptors independently of Akt. BRL37344 is 

a partial agonist with respect to cAMP, but a full agonist for glucose uptake, and importantly does 

not result in classical receptor desensitisation or internalisation of the receptor.   
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3.1 Introduction 

There are currently 425 million adults living with type II diabetes (T2D) worldwide, with the 

incidence to increase by 48% to 629 million by 2045 (https://www.idf.org/about-diabetes/what-is-

diabetes.html). The primary defects responsible for the development and progression of T2D are 

decreased peripheral glucose utilization due to loss of insulin sensitivity, impaired pancreatic insulin 

secretion, and increased hepatic glucose production. Skeletal muscle is the primary site of insulin-

stimulated glucose uptake in the body, accounting for ~80% of insulin-stimulated glucose uptake in 

the fed state. While current medications such as metformin increase peripheral insulin sensitivity, 

they are not without side effects, including lactic acidosis, and are not recommended for patients 

with impaired liver and kidney function. The insulin signalling pathway is impaired in T2D (Frojdo et 

al., 2009), hence identifying new therapeutic avenues that target peripheral glucose utilization 

independently of insulin would have considerable merit. 

 

Over 30 G protein-coupled receptors (GPCRs) have been implicated in the development, 

progression, and treatment of insulin resistance, obesity, and T2D (Riddy et al., 2018), including the 

β2-adrenoceptor (β2-AR) in skeletal muscle. Activation of the β2-AR either by the endogenous ligands 

adrenaline and noradrenaline, or by selective β2-AR agonists, results in an increase in glucose uptake 

(Abe et al., 1993; Liu & Stock, 1995; Nevzorova et al., 2002; Nevzorova et al., 2006; Sato et al., 

2014a). One drawback of this approach is that β2-ARs are also expressed in many other tissues 

including lung, heart, blood vessels, kidney, brain, lymphocytes and liver, potentially giving rise to a 

multitude of side effects. Additionally, glucose homeostasis may also be affected since β2-AR 

activation is known to increase the secretion of glucagon and insulin (Ahren & Lundquist, 1981; 

Lacey et al., 1991) and to stimulate hepatic gluconeogenesis and glycolysis (Exton, 1987; Vardanega-

Peicher et al., 2000). Persistent exposure of β2-ARs to agonists also results in desensitisation, 

suggesting that any approach attempting to therapeutically target β2-ARs to promote glucose 

uptake must minimize on-target effects on tissues other than skeletal muscle, and the loss of 

efficacy through receptor desensitisation. 

 

In skeletal muscle, almost all β2-AR mediated effects are thought to be attributable to cAMP, 

including inhibition of proteolysis (Navegantes et al., 2001), increased ion transport (Flatman & 

Clausen, 1979), increased force of contraction (Cairns & Dulhunty, 1993), and changes in gene 

expression (Nagase et al., 1996). However, the signalling pathways contributing to β2-AR mediated 
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glucose uptake have until recently been unclear. Initial studies suggesting that phosphoinositide 3-

kinase (PI3K), a key mediator of insulin stimulated glucose uptake, was involved were based on 

pharmacological inhibitors such as wortmannin and LY294002 (Nevzorova et al., 2006; Sato et al., 

2014a). However, these PI3K inhibitors were likely mediating their effects via activity at related 

kinases, since a downstream target of PI3K, Akt, was not stimulated by the β2-AR (Nevzorova et al., 

2006; Sato et al., 2014a). Our recent work has revealed that β2-AR mediated glucose uptake in 

skeletal muscle requires mammalian target of rapamycin (mTOR) and subsequent translocation of 

GLUT4 from intracellular vesicles to the plasma membrane (Sato et al., 2014a). While cAMP 

analogues do mimic the effects of β2-AR agonists and also increase mTOR phosphorylation, GLUT4 

translocation, and glucose uptake, inhibition of the Gαs-cAMP pathway only partially reduces β2-AR 

mediated glucose uptake (Nevzorova et al., 2006; Sato et al., 2014a). As such, the underlying 

mechanism controlling mTOR activity and GLUT4 translocation is still unclear. 

 

While β2-ARs classically couple to Gαs proteins leading to increases in intracellular cAMP levels, it is 

now clear that β2-AR signalling is pleiotropic, with downstream effects also mediated through Gαi/o 

proteins, MAP kinases, G protein coupled receptor kinases (GRKs), and β-arrestins (Evans et al., 

2010). There is growing evidence to suggest that receptors, including the β2-AR, that activate 

pleiotropic signalling may respond to different ligands with preferential activation of pathways 

giving rise to different signalling profiles, termed biased signalling (Evans et al., 2010). This is 

important, as while β2-AR agonists such as clenbuterol increase skeletal muscle glucose uptake in 

vitro and in vivo and improve glucose tolerance in vivo (Ngala et al., 2008; Ngala et al., 2009; Sato et 

al., 2014a), its use in humans is problematic due to side effects including skeletal tremor and 

cardiovascular complications. Therefore, we aimed to determine if there are ligands that activate 

the β2-AR and thereby increase glucose uptake but cause minimal cAMP signalling, to minimize on-

target side effects in the heart and liver. Here, we suggest that another ligand, BRL37344, may have 

more potential. BRL37344 was originally developed in rodent models as a β3-AR agonist (Arch et al., 

1984) for the treatment of obesity, but failed to show efficacy in clinical trials. However, studies in 

humans showed that it did improve glucose tolerance and insulin sensitivity in obese and diabetic 

patients (Cawthorne et al., 1992). In some tissues it was subsequently shown to be a full β2-AR 

agonist, increasing glucose uptake in skeletal muscle solely through actions at β2- and not β3-ARs 

(Liu et al., 1996; Nevzorova et al., 2002; Ngala et al., 2008; Ngala et al., 2009). Here we find that in 

L6 cells, BRL37344 has little effect on cAMP production but is as effective as isoprenaline and insulin 
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in promoting GLUT4 translocation and glucose uptake, suggesting that BRL37344 may have 

beneficial signalling properties at the β2-AR compared to classical β2-AR agonists such as 

isoprenaline.  In addition, BRL37344, unlike classical β2-AR agonists, increased glucose uptake 

without causing β2-AR desensitisation. Finally, activation of β2-ARs by BRL37344 had beneficial 

effects in vivo on glucose tolerance in glucose intolerant mice.   
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3.2 Materials and Methods 

 

3.2.1 Cell culture 

L6 cells from American Type Culture Collection (Manassas, VA, USA) were grown in DMEM 

supplemented with 4 mM L-glutamine, 10% (v/v) FBS, 100 Units/ml penicillin, 100 µg/ml 

streptomycin, and 10 mM HEPES, in a 37 oC incubator with 5% CO2. Cells were grown as myoblasts 

by ensuring cells were kept at less than 70% confluency. Upon confluency (90%), differentiation was 

induced by lowering the FBS concentration to 2% (v/v) for 7 days, with media changes every 2 days. 

Prior to experiment, L6 cells were serum starved overnight. Human primary skeletal muscle cells 

(SKMC) were purchased from Karocell AB (Stockholm, Sweden), Lonza (Basel, Switzerland), and 

Promocell GmbH (Heidelberg, Germany), and grown in Hams F-10 media containing 20% (v/v) heat-

inactivated FBS, 2 mM L-glutamine, 50 Units/ml penicillin and 50 µg/ml streptomycin. 

Differentiation was initiated by reducing FBS levels to 4% (v/v) for 3 days followed by 2% (v/v) for 4 

days. Prior to experiment, SKMC cells were serum starved overnight. 

 

3.2.2 cAMP assays  

Agonist-stimulated cAMP accumulation in L6 cells was measured using the LANCE cAMP detection 

kit (PerkinElmer) with 384-well white Optiplates (PerkinElmer) and a 2103 EnVision plate reader 

(PerkinElmer). L6 cells were plated at 1x104 cells per well in 96-well plates and differentiated as 

described above. Cells were stimulated with BRL37344 or isoprenaline in stimulation buffer (Hanks' 

Balanced Salt Solution (HBSS) containing 0.1% (w/v) bovine serum albumin (BSA), 5 mM HEPES, 1.3 

mM CaCl2, 5.6 mM glucose, pH 7.4) for indicated times at 37 °C. The assay was terminated by 

addition of 50 µl per well of 99.8% ethanol, and samples evaporated overnight. Lysis buffer (0.1% 

(w/v) BSA, 0.3% (v/v) Tween-20, 5 mM HEPES, pH 7.4; 100 µl/well) was added to each well. cAMP 

levels were quantified by mixing 10 µl of cell lysate with 5 µl cAMP antibodies labelled with Alexa 

Fluor 647 (ThermoFisher Scientific) and incubating for 30 minutes at room temperature. 10 µl of 

detection solution containing biotin-cAMP and europium-labelled streptavidin was added, and 

incubated overnight. Time-resolved fluorescence resonance energy transfer signals were acquired 

in a 2103 EnVision plate reader (PerkinElmer) using excitation at 340 nm, with emission measured 

at 615 and 665 nm wavelengths. 
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3.2.3 Förster resonance energy transfer (FRET) assays L6 myoblasts were plated at a density of 1x104 

cells per well in black optically clear 96-well microplates (PerkinElmer) as described above. Cells were 

transfected with 40 ng of the FRET biosensors pmEpac2 or cytoEpac2 (Nikolaev et al., 2004; Wachten et al., 

2010) using 1 mg/ml PEI. 24 h following transfection, media was changed to DMEM containing 0.5% FBS (v/v) 

overnight.  

 

Single live cell FRET experiments were performed using a high-content GE Healthcare INCell 2000 

Analyser as described previously (Halls et al., 2015). Briefly, fluorescence imaging was performed 

with a Nikon Plan Fluor ELWD 40 x (NA, 0.6) objective and FRET module. Cells were sequentially 

excited with a CFP filter (430/24) with emission measured with YFP (535/30) and CFP (470/24) filters 

and a polychroic mirror optimized for the CFP/YFP filter pair (Quad3). L6 cells in HBSS at 37 °C were 

measured every 1 min for 4 min to generate baseline emission ratio values. Cells were stimulated 

with vehicle or ligand, and images captured every 1 min for 20 min. To note, 1 µM of ligands were 

used to prevent saturation of the FRET cAMP sensors. At the end of every experiment, the same 

cells were stimulated for 10 min with the positive control (10 μM forskolin and 100 μM IBMX) to 

generate a maximal FRET change, and the positive emission ratio images were captured for 4 min. 

Data were analysed with the FIJI distribution of ImageJ (Schindelin et al., 2012). The three emission 

ratio image stacks (baseline, stimulated and positive) were collated and aligned with the 

StackCreator script (Halls et al., 2015). Cells were selected with the CellMarkup script (Halls et al., 

2015), and fluorescence intensity was measured over the combined stack. Background intensity was 

subtracted, and then the FRET data were plotted as the change in FRET emission ratio relative to 

the maximal response for each cell [FRET ratio/maximum FRET ratio (F/Fmax)] using the 

BatchAnalyse script (Halls et al., 2015). Only cells that showed more than a 3% change relative to 

baseline after stimulation with the positive control were considered for analysis. 

 

3.2.4 Real-time kinetic bioluminescence resonance energy transfer (BRET) assays 

CHOGLUT4myc cells seeded in 6 well plates at a density of 6x105 cells per well were co-transfected 

with β2-AR-Rluc8 (100 ng/6-well) and β-arrestin 1-Venus (300 ng/6-well), β-arrestin 2-Venus (300 

ng/6-well) or Kras-Venus (300 ng/6-well) using Lipofectamine 2000 (Invitrogen). The next day, cells 

were re-plated in white tissue culture treated 96-well microplates and grown overnight in phenol 

red-free DMEM with 5% FBS. 48 h following transfection, cells in each well were assayed in 100 μl 

final volume with 5 μM coelenterazine-H, and stimulated with 10 μl of 10 × concentration of ligand. 

BRET was measured at 37 °C by PHERAstar FS microplate reader from BMG LabTech (Germany). 
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Emissions were simultaneously measured from donor Rluc8 (475 ± 15 nm) and acceptor Venus (535 

± 15 nm) were simultaneously recorded in time course. Cells were assayed before and after 

treatment with ligands or vehicle (5% FBS phenol red-free-DMEM media plus 0.01% (w/v) BSA). 

Ligand-induced BRET was calculated by subtracting the ratio of emission through the acceptor 

wavelength window over emission through the donor wavelength window for a vehicle-treated cell 

sample from the same ratio for a second aliquot of the same cells treated with ligand(s) (Kocan et 

al., 2008). The final pre-treatment reading is presented at the zero time point (time of ligand/vehicle 

addition). 

 

3.2.5 Glucose uptake in L6 and SKMC cells 

Glucose uptake was measured as previously described (Nevzorova et al., 2002). Briefly, cells were 

plated at 1x105 cells per well in 12-well plates and differentiated as described above. Cell stimulation 

was performed with antagonists or inhibitors added 30 min ahead of agonists that were then 

incubated for 2 h at 37 oC. Media was then changed to glucose-free media, drugs re-added, and 

plates incubated for a further 15 min before 2-deoxy-3H-D-glucose (50 nM) was added and the 

plates incubated for a further 15 min. Reactions were terminated by washing twice in ice-cold PBS. 

Cells were digested (0.2 M NaOH, 1 h, 60 oC), and samples transferred to vials with scintillation liquid 

and radioactivity measured by liquid scintillation counting.  

 

3.2.6 Western Blotting 

Differentiated myotubes in 12 well plates were serum-starved overnight prior to the experiment. 

Immunoblotting was performed as previously described (Lindquist et al., 2000). Primary antibodies 

(total AKT, phospho-CREB Ser 133, and mTOR Ser2481 diluted 1:1000) were all from Cell Signalling 

and were detected using a secondary antibody (horseradish peroxidase-linked anti-rabbit IgG, Cell 

Signalling) diluted 1:2000 and enhanced chemiluminescence (ECL, Amersham Biosciences). 

 

3.2.7 αScreen assays for protein phosphorylation 

Phosphorylation of Akt1,2,3 (Thr308/Ser473) and S6RP (Ser235/236) was measured using αScreen 

SureFire® kits (PerkinElmer). L6 cells were seeded in 96 well plates at a density of 1x104 cells per 

well, differentiated as described above, serum-starved overnight and then stimulated with 

BRL37344, isoprenaline, and insulin for the indicated time periods. Protein phosphorylation was 

measured and detected according to the manufacturer’s instructions. 
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3.2.8 Immunocytochemistry and immunofluorescence 

L6 cells were plated at 1x104 cells per well in 8 well culture chamber slides (BD Biosciences, Franklin 

Lakes, BJ) and differentiated as described above. After serum starved overnight in DMEM 

(supplemented with 4 mM L-glutamine, 100 Units/ml penicillin, 100 µg/ml streptomycin, and 10 

mM HEPES), cells were treated with BRL37344 (10 µM), isoprenaline (1 µM) or insulin (1 µM) for 2 

h. Media was discarded, and fixed with 2% (w/v) formaldehyde in PBS for 15 mins and wash with 

PBS 3 times. Then cells were quenched with 150 mM Tris (pH 8.0) for 10 min, and washed with PBS 

3 times. Cells were then blocked with 5% (w/v) BSA in PBS for 1 h, washed with PBS 3 times, and 

incubated with Myc-tag primary antibody (Cell Signalling Technology (Danvers, MA)) solution (1:500 

dilution in 1.5% (w/v) BSA in PBS) overnight at 4 °C. Cells were then washed with PBS and incubated 

with Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (1:1000 dilution, 1.5% BSA 

in PBS) for 1 h. Nuclei were stained by DAPI (5 µg/mL) for 3 mins. Images were observed in a Leica 

DMLB epifluorescence microscope. Images were acquired using a DC350F camera with IM500 

software (Leica Microsystems AB). 

 

3.2.9 Animals 

β3-Adrenoceptor knockout (β3 KO) mice on FVB/N background (Susulic et al., 1995) were bred at 

Stockholm University, Sweden. For in vivo and ex vivo glucose uptake experiments, 12-16 week old 

female β3-AR KO mice fed a chow diet were used.  For the in vivo glucose tolerance tests, female β3-

AR KO mice were fed high fat diet at 12 weeks of age (45% kcal fat, 35% kcal carbohydrates, 20% 

kcal proteins; 4.7 kcal/g; Research Diets Inc Catalogue number D12451) for 14 weeks at 30 oC, and 

were kindly provided by Dr. Natasa Petrovic (Stockholm University, Sweden).  

 

3.2.10 In Vivo Glucose Uptake 

In vivo glucose uptake was measured using the 2-deoxy-3H-D-glucose method (Liu & Stock, 1995) 

with some modifications. Mice were fasted for 5 h and anesthetized with 67 mg/kg pentobarbital 

i.p. and once anesthetized, were injected with BRL37344 (1 mg/kg i.p.) or saline. After 20 min, 2-

deoxy-3H-D-glucose (130 μCi/kg) (Perkin Elmer, Waltham MA USA; 8 Ci/mmol) was injected i.p. and 

mice killed by CO2 1 h later. Skeletal muscle was dissected and lysed in 0.5 M NaOH for 1 h and 

radioactivity measured by liquid scintillation counting. 
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3.2.11 Ex vivo Glucose Uptake in gastrocnemius and soleus Muscle  

Gastrocnemius or soleus muscles were dissected from β3-KO mice and suspended in Krebs-Henseleit 

bicarbonate (KHB) buffer (118.5 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 25 mM NaHCO3, 2.5 mM 

CaCl2, 1.2 mM MgSO4, 5 mM HEPES) in organ baths containing 30 ml KHB buffer with 5 mM glucose 

and 15 mM mannitol, bubbled with 95% O2/5% CO2 (pH 7.4) and maintained at 37 C. Muscle was 

incubated with BRL37344 for 1 h, before rinsing with KHB buffer (containing 20 mM mannitol) for 

10 min, followed by incubation in KHB buffer (containing 8 mM 3-O-methylglucose, 12 mM 

mannitol, 438 µCi/mmol 3-O-methyl[3H]glucose (80.2 Ci/mmol; PerkinElmer), and 42 µCi/mmol 

[14C]-mannitol (58.8 mCi/mmol; PerkinElmer, USA) for 12 min. Muscles were rinsed with PBS and 

frozen in liquid nitrogen, before being weighed and digested in 1 ml of 0.5 M NaOH at 60°C. 3H and 

14C were measured by liquid scintillation counting. Total muscle 3-O-methylglucose and extracellular 

space were measured as described previously (Zierath, 1995). Intracellular 3-O-methylglucose 

accumulation was calculated by: Total muscle 3-O-methylglucose – extracellular 3-O-methylglucose 

= intracellular 3-O-methylglucose. This is then expressed as a rate of 3-O-methylglucose transport 

per ml of intracellular water per hour. 

  

3.2.12 In vivo glucose tolerance test 

Mice were treated with 1 mg/kg BRL37344 i.p. twice a day for four days before in vivo glucose 

tolerance tests were performed. On the fifth day, mice were starved for 6 h prior to glucose (2 g/kg 

i.p.) administration. Blood glucose was measured using a glucometer (Accu-Check Aviva) before 

glucose injection and following 15, 30, 60 and 90 min after glucose addition. Prior to treatment with 

BRL37344, a glucose tolerance test was performed on the same animals treated with saline (0.5 mL 

i.p.) 30 min prior to glucose administration. 

 

3.2.13 Data analysis 

All measurements were taken in duplicate–quadruplicate with n referring to the number of 

independent experiments performed, and the results are expressed as the mean ± s.e.mean. The 

statistical significance of differences between groups was analysed by one- or two-way analysis of 

variance (ANOVA), followed by post-hoc Dunnett or Tukey multiple comparison tests when 

appropriate. Statistical significance was set at P<0.05.   
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3.3 Results   

 

3.3.1 Glucose uptake in skeletal muscle in response to isoprenaline and BRL37344 is mediated by 

β2-adrenoceptors 

In L6 myotubes, the prototypical β-AR agonist isoprenaline (pEC50 7.3 ± 0.2; maximal response 175 

± 3.5%; basal response defined as 100 %), the dual β2-/β3-AR agonist BRL37344 (pEC50 6.9 ± 0.1; 

maximal response 162 ± 3.2%), and insulin (pEC50 7.3 ± 0.2; maximal response 170 ± 3.7%), all 

increased glucose uptake in a concentration-dependent manner (Figure 3.1A). This was associated 

with significant increases of GLUT4 localization at the cell surface in response to BRL37344, 

isoprenaline, and insulin (Figure 3.1B, C). BRL37344, isoprenaline, and insulin also significantly 

increased glucose uptake in human SkMC myotubes (Figure 3.1D). In L6 cells, the selective β3-AR 

agonist CL316243 (0.1-10 µM) had no effect on glucose uptake (Figure 3.1E), and the effects of 

BRL37344, isoprenaline, and insulin were not inhibited by the β3-AR antagonist SR59230A (Figure 

3.1F). The concentration of SR59230A used in this study (1 µM) is appropriate for antagonism of β3-

AR mediated responses (Manara et al., 1996; Nisoli et al., 1996). This suggests that BRL37344 

stimulation of glucose uptake in L6 cells does not involve β3-ARs, which are not expressed in L6 cells 

(Nevzorova et al., 2002). In contrast, responses to BRL37344 and isoprenaline (but not insulin) were 

blocked by the β2-AR selective antagonist ICI118551 (Figure 3.1G), indicating that glucose uptake 

requires the β2-AR. 

 

3.3.2 Effect of BRL37344 on glucose uptake in skeletal muscle ex vivo and in vivo, and on glucose 

tolerance in vivo 

The effect of BRL37344 on glucose uptake in skeletal muscle ex vivo and in vivo was assessed in β3-

AR KO mice to remove any possible contribution of β3-ARs to the BRL37344 response. BRL37344 

significantly increased glucose uptake into isolated gastrocnemius and soleus muscle obtained from 

β3-AR KO mice ex vivo (Figure 3.2A). Acute administration of BRL37344 in vivo also significantly 

increased glucose uptake into gastrocnemius and soleus muscle in β3-AR KO mice (Figure 3.2B). To 

assess whether this effect of BRL37344 was retained in a diabetic model, we used β3-AR KO mice 

fed a high fat diet at thermoneutrality (30 oC) for 14 weeks, then treated twice a day for 4 days with 

either saline or BRL37344 (1 mg/kg i.p.). Significant improvements in glucose tolerance were 

observed in mice treated with BRL37344 (Figure 3.2C). 
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Figure 3.1: (A) Isoprenaline, BRL37344, and insulin increase glucose uptake in a concentration-
dependent manner in rat L6 myotubes (n=17). (B, C) Treatment with BRL37344 (10 µM), 
isoprenaline (1 µM) or insulin (1 µM) increases GLUT4 at the cell surface in rat skeletal muscle L6 
cells stably expressing GLUT4myc (n=4). Green is myc antibody staining, while blue is DAPI nuclei 
staining. (D) In human SkMC myotubes, BRL37344 (10 µM), isoprenaline (1 µM), and insulin (1 µM) 
all significantly increased glucose uptake (n=5). (E) The selective β3-AR agonist CL316243 failed to 
increase glucose uptake in L6 myotubes in contrast to BRL37344 (10 µM), isoprenaline (1 µM), or 
insulin (1 µM) (n=5). (F) The β3-AR antagonist SR59230A (1 µM) failed to affect glucose uptake in 
response to BRL37344 (10 µM), isoprenaline (1 µM), or insulin (1 µM) in L6 myotubes (n=5-7). (G) 
The β2-AR antagonist ICI118551 (1 µM) significantly inhibited glucose uptake in response to 
BRL37344 (10 µM) and isoprenaline (1 µM), but not that to insulin (1 µM), in L6 myotubes (n=6-10). 
Asterisks represent statistical difference as analysed by one-way ANOVA between control and 
treated samples (**P < 0.01, ***P < 0.001).  
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Figure 3.2: (A) In gastrocnemius and soleus muscle from β3-AR knockout (KO) mice ex vivo, 
BRL37344 (10 µM) significantly increased basal glucose uptake (n=6). (B) BRL37344 (1 mg/kg i.p.) 
also significantly increased glucose uptake in gastrocnemius and soleus muscle from β3-AR KO mice 
in vivo (n=6). (C) Effect of BRL37344 (1 mg/kg i.p. twice daily for 4 days) on blood glucose levels after 
glucose (2 g/kg i.p.) in glucose intolerant β3-AR KO mice (high fat diet for 14 weeks at 30 oC) (n=5). 
Asterisks represent statistical differences as analysed by Student’s paired t-test (A, C) or Student’s 
unpaired t-test (C) between control and treated samples (**P < 0.01, ***P < 0.001). 
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3.3.3 Isoprenaline but not BRL37344 produces robust increases in cAMP levels in rat skeletal 

muscle L6 cells 

cAMP accumulation was measured following stimulation of L6 cells with isoprenaline or BRL37344 

in the absence of phosphodiesterase inhibitors. Examination of the time course of cAMP 

accumulation showed a peak cAMP response after 5 min of stimulation with isoprenaline (1 µM), 

and BRL37344 (10 µM); however, the maximal response to isoprenaline was ~3.3-fold higher 

(P<0.001) compared to that of BRL37344 (Figure 3.3A). BRL37344 was also significantly less potent 

than isoprenaline (pEC50 6.7 ± 0.1 and 8.4 ± 0.2 respectively; P<0.001) (Figure 3.3B). A downstream 

target of cAMP is phosphorylation of CREB. Whereas isoprenaline (1 µM) increased CREB 

phosphorylation levels by ~ 3-fold, with levels maximally increased after 30 min of stimulation 

(Figure 3.3C), BRL37344 (10 µM) failed to produce a significant increase in CREB phosphorylation 

(Fiureg 3.3C). To examine whether BRL37344 and isoprenaline caused localized production of cAMP 

in different regions of the cell, L6 myoblasts were transfected with either the cAMP biosensor 

pmEpac2 that detects cAMP at the cell membrane, or with cytoEpac2 to detect cAMP in the 

cytoplasm (Halls et al., 2015). Both isoprenaline (1 µM) and BRL37344 (10 µM) increased cAMP 

levels at the plasma membrane and in the cytoplasm, with the response to isoprenaline significantly 

higher (P<0.001) than that to BRL37344 (Figure 3.3D, 3.3E). 

 

3.3.4 Increased glucose uptake in rat skeletal muscle L6 cells in response to isoprenaline and 

BRL37344 involves mTORC2 but not Akt activation 

Insulin increases glucose uptake via a well characterized pathway. Following activation of the insulin 

receptor and insulin receptor substrate (IRS) proteins, increased PI3K activity promotes 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) formation at the inner plasma membrane, that in 

turn recruits inactive Akt and 3-Phosphoinositide-dependent protein kinase-1 (PDK1) to the plasma 

membrane. This facilitates PDK1-mediated phosphorylation of Akt at Thr308, causing a 

conformational change in Akt that is required for subsequent phosphorylation at Ser473 and full 

activation, leading to phosphorylation of AS160 and translocation of GLUT4 to the plasma 

membrane. In contrast, glucose uptake in response to β-AR activation in skeletal muscle involves 

mTORC2 and GLUT4 translocation without activation of Akt (Sato et al., 2014a). 
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Figure 3.3: (A) Time course of cAMP production in response to isoprenaline (1 µM) and BRL37344 
(10 µM) in rat L6 myotubes (n=6-8) (Basal = 0.47 pmol cAMP/well). Experiments were performed in 
the absence of IBMX. (B) Isoprenaline and BRL37344 increased intracellular cAMP levels in a 
concentration-dependent manner in rat L6 myotubes (n=7). Experiments were performed in the 
absence of IBMX following 30 min of stimulation with either isoprenaline or BRL37344. (C) Effect of 
isoprenaline (1 µM) or BRL37344 (10 µM) on CREB phosphorylation levels in rat L6 myotubes. Blot 
is representative image from 3 experiments. (D) Effect of isoprenaline (1 µM) or BRL37344 (1 µM) 
on cAMP levels in L6 myoblasts transfected with the cAMP biosensor pmEpac2 to detect cAMP at 
the cell membrane, or (E) cytoEpac2 to detect cAMP in the cytoplasm (n= 5). Asterisks represent 
statistical difference as analysed by two-way ANOVA between control and treated samples 
(*P<0.05, **P < 0.01, ***P < 0.001). 
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Figure 3.4: Insulin (1 µM), but not isoprenaline (1 µM) or BRL37344 (10 µM), increased 
phosphorylation of Akt at (A) Thr308 and (B) Ser473 in rat L6 myotubes (n=4-6). (C) Glucose uptake 
in response to isoprenaline (1 µM), BRL37344 (10 µM), and insulin (1 µM) was significantly reduced 
by the mTOR inhibitor KU0063794 (1 µM) in rat L6 myotubes (n=5-11). (D) Increased mTOR 
phosphorylation at Ser2481 following 2h exposure to isoprenaline (1 µM) and BRL37344 (10 µM) in 
rat L6 myotubes (n=5). (E) Insulin (1 µM), but not isoprenaline (1 µM) or BRL37344 (10 µM), 
significantly increased S6RP phosphorylation at Ser235/Ser236 compared to basal levels in rat L6 
myotubes (n=5-6). Asterisks represent statistical difference as analysed by one-way ANOVA (C, D) 
or two-way ANOVA (A, B, E) between control and treated samples (*P < 0.05, **P < 0.01, ***P < 
0.001). 
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Here we confirm that insulin (1 µM) phosphorylates Akt at Thr308 and Ser473, with neither 

isoprenaline (1 µM) nor BRL37344 (10 µM) causing any change relative to basal Akt phosphorylation 

(Figure 3.4A, 3.4B). Instead, glucose uptake in response to BRL37344 as well as insulin and 

isoprenaline involved mTOR, since glucose uptake was inhibited by the selective mTOR inhibitor 

KU0063794 (1 µM) (Figure 3.4C). It is likely that mTORC2 rather than mTORC1 is involved since 

BRL37344 and isoprenaline both caused phosphorylation of mTOR at Ser2481 (known to be 

associated with mTORC2 activation; Figure 3.4D), whereas neither isoprenaline nor BRL37344 

caused phosphorylation of the mTORC1 downstream target S6RP (Figure 3.4E). 

 

3.3.5 Isoprenaline, but not BRL37344, recruits β-arrestin to the receptor, resulting in receptor 

desensitisation 

To determine whether isoprenaline or BRL37344 result in desensitisation of β2-AR-mediated 

responses, we measured cAMP accumulation following pre-exposure of L6 cells to either BRL37344 

(10 µM) or isoprenaline (1 µM). Pre-exposure to BRL37344 did not desensitise subsequent cAMP 

responses to either BRL37344 or isoprenaline, whereas pre-exposure to isoprenaline desensitised 

subsequent responses to both agonists (Figure 3.5A-D). In addition, L6 cells were exposed to either 

isoprenaline or BRL37344 for periods of up to 20 h then tested to determine glucose uptake after a 

15 min incubation with 3H 2-DG. Glucose uptake was only slightly inhibited after prolonged exposure 

to isoprenaline but not BRL37344 (Figure 3.5E). The marked desensitisation of the cAMP response 

but only slight desensitisation of glucose uptake after isoprenaline exposure suggests that the small 

amount of cAMP generated either by isoprenaline after desensitisation or by BRL37344 is sufficient 

to promote GLUT4 translocation and resulting glucose uptake.  

 

We next examined the effect of β2-AR activation by isoprenaline and BRL37344 on BRET between 

β2-AR Rluc-8 and β-arrestin-1-Venus, or β-arrestin-2-Venus, and the plasma membrane marker 

KRas-Venus in L6 cells. Isoprenaline (1 µM), but not BRL37344 (10 µM), caused an increase in the 

BRET signal between β2-AR Rluc-8 and both β-arrestin-1-Venus and β-arrestin-2-Venus (Figure 3.5 

F, 3.5G). There was also a decrease in the BRET signal between β2-AR Rluc-8 and the plasma 

membrane marker KRas-Venus (Figure 3.5H) following isoprenaline but not BRL37344 treatment, 

indicating that there was movement of the receptor away from the cell membrane only in response 

to isoprenaline. This suggests that only isoprenaline promotes an interaction between the β2-AR and 

β-arrestins and consequent movement of the receptor away from the cell membrane.  
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Figure 3.5: (A) Schematic of the desensitisation protocol used to assess the effect of BRL37344 or 
isoprenaline on cAMP levels. Cells were pre-treated with either BRL37344 (10 µM) or isoprenaline 
(1 µM) for 10 min, cells washed with PBS for 30 min, before cells were then stimulated with either 
BRL37344 or isoprenaline for 15 min. (B) cAMP levels following PBS washout period (n=4). (C) cAMP 
accumulation in response to BRL37344 or (D) isoprenaline following pretreatment of cells with 
either BRL37344 (10 µM) or isoprenaline (1 µM) (n=4). (E) Glucose uptake (15 min exposure) after 
exposure of cells to isoprenaline or BRL37344 for periods up to 20 hrs. Interaction of (F) β-arrestin 
1, (G) β-arrestin 2, and (H) K-Ras with the β2-AR following stimulation with either isoprenaline (1 
µM) or BRL37344 (10 µM) in CHO-GLUT4myc cells (n=3-4). Asterisks represent statistical difference 
as analysed by one-way ANOVA between control and treated samples (**P < 0.01, ***P < 0.001). 
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3.4 Discussion 

 

BRL35135 and BRL37344 (its active de-esterified metabolite) were originally developed as anti-

obesity drugs targeting the β3-AR (Arch et al., 1984). Studies in mice showed that BRL35135 was an 

effective anti-obesity agent, decreasing body weight and whole body fat composition in female 

ob/ob mice treated daily for 4 weeks independently of changes in food intake (Arch et al., 1984; 

Cawthorne et al., 1992), an effect that was not evident in non-obese mice (Cawthorne et al., 1992). 

β3-AR activation also decreased weight gain in genetically obese male Zucker rats treated daily for 

3 weeks independently of effects on food intake (Santti et al., 1994). These improvements in body 

weight with BRL35135 did not translate into humans, with BRL35135 treatment having no effect on 

body weight when administered to obese subjects for 10 days (Cawthorne et al., 1992; Mitchell et 

al., 1989). However, BRL35135 and BRL37344 did have favorable effects on glucose homeostasis 

both in humans and rodents. In humans, BRL35135 (10 days administration to obese subjects) 

improved glucose tolerance, and increased insulin-stimulated glucose disposal, with no effects on 

fasting blood glucose or plasma insulin levels (Cawthorne et al., 1992; Mitchell et al., 1989). In 

rodents, chronic BRL35135 administration improved glucose tolerance and lowered plasma insulin 

levels in obese rats (Cawthorne et al., 1992; Santti et al., 1994), and increased glucose uptake into 

skeletal muscle in lean rats (Liu & Stock, 1995). Acute BRL35135 administration also increased 

glucose uptake into skeletal muscle (Abe et al., 1993; Liu & Stock, 1995). This collective data clearly 

shows that BRL35135 improves glucose homeostasis in both rodents and humans. 

 

This discrepancy between the ability of BRL35135/BRL37344 to improve glucose homeostasis but 

have no effect on body weight in humans could be explained by BRL35135/BRL37344 acting as 

agonists at both β2- and β3-ARs. Responses to BRL37344 in rodent adipocytes are mediated by 

actions at β3-ARs since these responses are resistant to antagonism by conventional β1/2-AR 

antagonists (Hollenga & Zaagsma, 1989; Langin et al., 1991; Wilson et al., 1984) and are absent in 

brown adipocytes obtained from β3-AR knockout mice (Chernogubova et al., 2005). Additionally, 

BRL37344 is ineffective in human white adipocytes that do not express the β3-AR (Langin et al., 

1991). However, responses to BRL37344 in skeletal muscle are mediated through β2-AR, based on 

studies in L6 skeletal muscle cells that show that β2- but not β3-AR are expressed, pharmacological 

studies using receptor specific antagonists (Nevzorova et al., 2002), and on glucose uptake 

responses in vivo (Liu & Stock, 1995). Our study here utilized L6 cells and also β3-AR knockout mice 
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to exclude any actions BRL37344 may have on β3-ARs. In L6 cells, isoprenaline, BRL37344 and insulin 

had similar efficacy in promoting glucose uptake and in promoting GLUT4 translocation to the cell 

surface.  All three drugs also promoted glucose uptake in human SkMC cells. Glucose uptake in L6 

cells was not due to actions on β3-AR since there was no response to the selective β3-AR agonist 

Cl316243, and the effects of isoprenaline and BRL37344 were blocked by the β2-AR selective 

antagonist ICI118551 but not the β3-AR selective antagonist SR59230A. BRL37344 also increased 

glucose uptake both ex vivo and in vivo in gastrocnemius and soleus muscles from β3-AR knockout 

mice. In addition, chronic treatment with BRL37344 improved glucose tolerance in β3-AR knockout 

mice placed on a high fat diet for 14 weeks. Our results clearly show that BRL37344 increases glucose 

uptake in L6 cells by activating β2-ARs, and that the effects on glucose tolerance are still evident in 

β3-AR knockout mice. 

 

Theoretically on-target actions of BRL37344 at the β3-AR may not be detrimental to its use in vivo 

since β3-ARs are predominantly expressed in adipose tissue (in particular brown adipose tissue) and 

the gastrointestinal tract/urogenital system, with a β3-AR agonist (mirabegron) currently approved 

for the treatment of overactive bladder (see (Dehvari et al., 2018) for a recent review). BRL37344 

also relaxes human detrusor muscle (Badawi et al., 2007), with similar efficacy and potency to 

mirabegron (Svalo et al., 2013). With respect to actions in adipose tissue, in healthy adult humans, 

mirabegron increases brown adipose tissue activity (Cypess et al., 2015), with brown adipose tissue 

playing a major role in cold-induced glucose clearance in mice (Bartelt et al., 2011). Hence any 

actions that BRL37344 may have at β3-ARs in human tissues would be beneficial, especially in the 

context of individuals with T2D. One of the most frequent complications of diabetes is lower urinary 

tract dysfunction that occurs in ~80% of diabetic patients, including 50% with bladder dysfunction 

(Daneshgari & Moore, 2006). This would limit adverse effects of BRL37344 on the bladder, and could 

theoretically be beneficial in T2D patients with bladder dysfunction. However, it is most likely that 

any beneficial effects of BRL37344 on glucose homeostasis in humans most likely occurs through 

interactions at β2-ARs and not β3-ARs since only β2-ARs are found in human skeletal muscle. 

 

A second question is whether BRL37344 activity at β2-ARs may have adverse effects in cell types 

other than skeletal myocytes, especially cardiomyocytes. We have shown here, using a variety of 

techniques, that while BRL37344 is a full agonist for glucose uptake, it is a partial agonist for cAMP 

accumulation. Direct measurement of cAMP, pCREB activation and the use of cell membrane and 
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cytoplasmic cAMP biosensors all showed weaker responses to BRL37344 than isoprenaline. Despite 

these weak cAMP responses, however, cardiac responses to BRL37344/BRL35135 have been 

observed. In rodents, BRL37344 has partial agonist (~ 80% of the response to isoprenaline) 

chronotropic effects due to actions at β1/ β2-ARs (Arch et al., 1984; Wilson et al., 1984). These effects 

occur at significantly higher concentrations than that required for lipolysis in white and brown 

adipocytes (BRL35135 is 33-fold, and BRL37344 more than 400-fold selective for stimulating lipolysis 

vs atria rate (Arch et al., 1984; Wilson et al., 1984)). In human atria, BRL37344 exhibited inotropic 

partial agonist effects (~ 40% of the maximal response to isoprenaline) that were antagonized by 

propranolol (Pott et al., 2003). It should be noted that in human atria, responses to BRL37344 were 

only observed at high concentrations over 1 µM (Pott et al., 2003). When BRL35135 (BRL37344 pro-

drug) was administered to healthy male subjects, an increase in heart rate (~9 beats/min) was 

observed (Cawthorne et al., 1992). However, it should be noted that the individuals who had the 

greatest improvements in glucose tolerance and decreases in hyperinsulinemia were those that 

were the most glucose intolerant/diabetic, and that no arrhythmias, tachycardia or changes in blood 

pressure were noted (Cawthorne et al., 1992). The only visible side effect was a mild tremor in the 

fingers/hands that was correlated with plasma BRL35135 levels (Cawthorne et al., 1992). Thus, while 

retaining activity for glucose uptake in skeletal muscle, BRL37344 appears to exhibit relatively weak 

to no side effects in tissues where the response is mediated primarily by cAMP.  

 

In skeletal muscle, β2-AR agonists (including BRL37344) increase glucose uptake utilizing a pathway 

that is independent of the insulin signalling pathway (Sato et al., 2014a). Instead of PI3K and Akt, 

β2-AR utilize a pathway involving activation of mTORC2 (Sato et al., 2014a). We were able to confirm 

this here and to show that in contrast to insulin, neither isoprenaline nor BRL37344 cause 

phosphorylation of Akt at Thr308 or Ser473 (Figure 3.4) yet both β-AR agonists cause 

phosphorylation of mTOR at Ser2481. In addition, glucose uptake in response to BRL37344, 

isoprenaline or insulin was inhibited by the mTOR inhibitor KU0063794. Unlike insulin, both 

BRL37344 and isoprenaline had only a weak effect on S6RP phosphorylation at Ser235/Ser236, 

known to be downstream of mTORC1, suggesting together with phosphorylation of mTOR at 

Ser2481 that the dominant effect is on mTORC2. This is important since in T2D, the insulin signalling 

pathway is down-regulated mainly at the level of IRS/PI3K/Akt activation (Frojdo et al., 2009), 

suggesting that increasing glucose uptake through a non PI3K-Akt pathway is attractive 

therapeutically. While the mechanistic details leading to β2-AR activation of mTORC2 are not clear, 
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our previous studies indicate a role for cAMP (Sato et al., 2014a). Both isoprenaline and BRL37344 

are full agonists for glucose uptake but BRL37344 is a partial agonist for cAMP. Whether BRL37344 

requires cAMP or another unknown effector to activate mTORC2 is not clear at this stage. One 

possibility is that a small, localized increase in cAMP is sufficient to promote signalling pathways 

leading to GLUT4 translocation, which can then remain in the plasma membrane for a prolonged 

period (the protein half-life of GLUT4 is ~48 h (Sargeant & Paquet, 1993), with a single GLUT4 

molecule being able to undergo multiple rounds of recycling before being targeted for degradation) 

to enable maximal glucose uptake. Thus, there may be a difference in the rate of GLUT4 

translocation, but at steady-state, the rate of glucose uptake is similar in response to both 

isoprenaline and BRL37344. This requires further investigation. 

 

Although BRL37344 is a weak partial agonist for cAMP production, and a full agonist with respect to 

glucose uptake, we cannot with these experiments conclude that BRL37344 is a biased agonist at 

the β2-AR. Biased agonists acting at a given receptor produce different efficacies at different 

signalling outputs (Evans et al, 2010). One explanation is that differences in receptor conformation 

are produced by structurally distinct ligands, and there is evidence to support this from NMR studies 

of interactions between the β2-AR and diverse agonists (Liu et al., 2012). While biased agonism has 

been demonstrated for several GPCRs including the β2-AR (Evans et al., 2010), we cannot say that 

this occurs for BRL37344 based on the evidence presented here. Many studies investigating biased 

agonism at GPCRs focus on the interaction of a GPCR with β-arrestin proteins, leading to the concept 

of Gα- or β-arrestin-biased compounds. Continuous activation of the β2-AR by a full agonist leads to 

rapid receptor desensitisation. This occurs through a well-characterized pathway: upon receptor 

activation, specific residues in the C-terminal tail are phosphorylated by GRKs, leading to β-arrestin 

recruitment, receptor internalisation, and subsequent loss of β2-AR responsiveness. In our study, 

BRL37344 stimulation of the β2-AR failed to recruit β-arrestin-1 or -2 to the receptor, whereas 

isoprenaline promoted rapid β-arrestin recruitment. Thus, BRL37344 is certainly not β-arrestin-

biased, and further studies are needed to determine whether this agonist promotes interaction of 

the β2-AR with alternative signalling proteins or complexes. 

 

Receptor desensitisation is a potential clinical problem associated with the long-term use of β2-AR 

agonists. We therefore utilized several experimental paradigms to examine desensitisation 

following isoprenaline or BRL37344 treatment. We showed that BRET interactions between the 
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receptor and β-arrestin1 and 2 were increased following isoprenaline treatment, whereas there was 

decreased interaction between the receptor and the plasma membrane marker K-Ras. In contrast, 

BRL37344 treatment had no effect on any of the interactions. This is consistent with the ability of 

isoprenaline, but not BRL37344, to cause receptor internalisation. Direct measurement of cAMP 

responses after agonist pre-addition showed marked desensitisation in response to isoprenaline but 

not BRL37344. This difference also translates to glucose uptake where prolonged treatment with 

isoprenaline for up to 20 h produced desensitisation of glucose uptake to isoprenaline but not 

BRL37344.  This lack of desensitisation produced by BRL37344 may be a desirable property clinically, 

as improvements in glucose homeostasis would require chronic administration. 

 

In conclusion, we have shown that BRL37344 increases glucose uptake into skeletal muscle through 

activation of β2-ARs in vitro, ex vivo, and in vivo. This occurs by increased translocation of GLUT4 to 

the cell surface through a signalling pathway not involving Akt, clearly distinguishing the pathway 

from insulin. Importantly, BRL37344 achieves this with minimal increases in cAMP production, and 

without recruiting β-arrestin to the receptor and does not promote receptor desensitisation. The 

ability of BRL37344 to promote glucose uptake utilizing pathways distinct from insulin that are 

desensitised in T2D may offer an alternative therapeutic approach. The results presented here 

opens up for the usage of β2-ARs agonists with these beneficial characteristics in the search for novel 

T2D diabetes drugs.  
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GRK and PKA phosphorylation sites in the β2-AR tail are not 
involved in β2-AR mediated glucose uptake 

   

CHAPTER 4 
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4.1 Introduction 

cAMP is an important signalling molecule for mediating the cellular and physiological effects of β2-

AR stimulation, including skeletal muscle glucose uptake.  β2-AR mediated glucose uptake in skeletal 

muscle is attenuated by inhibition of PKA/AC (Nevzorova et al., 2002; Nevzorova et al., 2006; Sato 

et al., 2014a), and cAMP analogues mimic the effects of β2-AR stimulation (Nevzorova et al., 2002; 

Nevzorova et al., 2006; Sato et al., 2014a). In Chapter 3 however, we showed that BRL37344, a dual 

β2/3-AR agonist, increases glucose uptake and GLUT4 translocation in skeletal muscle to the same 

extent as the non-selective β-AR agonist isoprenaline, but was a partial agonist with respect to cAMP. 

In addition, the kinetics of β2-AR stimulated cAMP production is significantly different from that of 

increased glucose uptake: β2-AR mediated glucose uptake increases slowly and the effect is 

sustained for up to 20 h (Chapter 3), whereas cAMP levels rise rapidly (within minutes) before 

transiently returning to basal levels (Nevzorova et al., 2006) (Chapter 3). This may suggest that 

desensitisation of the β2-AR cAMP response may occur in parallel with an alternative signalling 

mechanism that maintains increased glucose uptake. 

Following activation, β2-ARs are rapidly desensitised by receptor phosphorylation, direct receptor 

interactions with scaffolding proteins such as β-arrestin, and receptor internalisation. β2-ARs are 

phosphorylated at serine or threonine residues located within consensus sites in the third 

intracellular loop and C-terminal tail of the receptor by PKA (Clark et al., 1988; Hausdorff et al., 1989; 

Yuan et al., 1994) and GPCR kinases (GRKs) (Ferguson et al., 1996; Ferguson et al., 1995; Goodman 

et al., 1996; Tsuga et al., 1994). GRKs are serine/threonine protein kinases and have an important 

role in ligand occupied receptor phosphorylation.  There are 7 GRK isoforms defined to date (GRK1–

GRK7). While GRK2, GRK3, GRK5, and GRK6 are ubiquitously expressed, GRK1, GRK4 and GRK7 have 

limited tissue expression (Homan & Tesmer, 2014; Watari et al., 2014). GRK2 and GRK5 are the 

predominant GRK isoforms expressed in skeletal muscle (Garcia-Guerra et al., 2014; Jones et al., 

2003; Kunapuli & Benovic, 1993), with GRK2 involved in the modulation of skeletal muscle 

contractile function and physiology. Skeletal muscle-specific GRK2 knockout (KO) mice display 

reduced force of contraction in fast twitch muscles but not in slow twitch muscles following 

electrical stimulation (Woodall et al., 2016).  Another study showed that overexpression of GRK2 

slowed down skeletal muscle differentiation, while overexpression of a GRK2 kinase dead mutant 

(K220R) promoted premature differentiation of multinucleated myocytes (Garcia-Guerra et al., 

2014). Some studies have suggested that GRK5 is associated with the pathogenesis of 
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cardiomyocyte hypertrophy, but less is known about its role in skeletal muscle (Hullmann et al., 

2014). 

There is growing evidence to show that GRK2 is involved in the regulation of glucose metabolism 

(Mayor et al., 2018).  In adult rat ventricular cardiomyocytes, insulin stimulation promoted 

recruitment of GRK2 to the plasma membrane (Ciccarelli et al., 2011). Up-regulation of GRK2 

negatively affected insulin-stimulated membrane translocation of GLUT4, and reduction of GRK2 

levels during heart failure improved glucose uptake (Ciccarelli et al., 2011). In C2C12 skeletal muscle 

cells, overexpression of GRK2 reduced insulin-stimulated phosphorylation of IRS-1, Akt and 

extracellular signal–regulated kinases1 /2 (Erk1/2), and reduced insulin-stimulated glucose uptake, 

whereas siRNA knockdown of GRK2 increased insulin-stimulated phosphorylation of IRS-1, Akt and 

Erk1/2, and increased insulin-stimulated glucose uptake (Garcia-Guerra et al., 2010). This is thought 

to be independent of the kinase activity of GRK2 as overexpression of a kinase dead GRK2 mutant 

(K220R) has the same effect as overexpression of wild type GRK2 (Garcia-Guerra et al., 2010). It was 

postulated that IRS forms a direct interaction with GRK2 to affect insulin signalling (Fu et al., 2015). 

Also, GRK2 (+/-) mice fed with high fat diet showed an enhanced insulin-stimulated glucose 

clearance compared to wild type mice under the same diet control (Garcia-Guerra et al., 2010). 

Collectively these results indicate that GRK2 may have an inhibitory role in insulin-stimulated 

signalling and glucose uptake.  

In contrast, it was found that activation of GRK causes positive effects on β2-AR mediated glucose 

uptake, following a study which examined the role of GRK phosphorylation sites in the C-terminal 

tail of the β2-AR on glucose uptake using several different approaches in CHOGLUT4myc cells (CHO 

K1 cells stably expressing human GLUT4 carrying an exofacial human c-myc tag) (Dehvari et al., 

2012). Truncation of the C-terminal tail of the β2-AR following the Cys341 palmitoylation site at 

position 344 (removing GRK sites and PKA sites in C-terminal tail) and 349 (distal to the PKA 

consensus sequence, but still lacking GRK sites) resulted in reduced isoprenaline-stimulated glucose 

uptake, indicating that the C-terminal tail of the β2-AR is important for this response (Dehvari et al., 

2012). This was thought to be due to interactions of the β2-AR C-terminal tail with GRK as this part 

of the C-terminus contains Ser/Thr residues required for potential GRK phosphorylation. Further 

studies revealed that a β2-AR (-)GRK mutant (where the last 11 Ser/Thr residues in the C-terminal 

tail were replaced with Ala) abolished isoprenaline-stimulated GLUT4 translocation, although cells 

expressing a β2-AR (-)PKA phosphorylation mutant (where Ser261/262 and Ser345/346 were 

replaced with Ala) retained this effect (Dehvari et al., 2012). In addition, in cells overexpressing a 
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kinase-dead GRK2 (K220R) mutant, isoprenaline failed to increase GLUT4 translocation (Dehvari et 

al., 2012). These results indicated that activation of the β2-AR promotes GLUT4 

translocation/glucose uptake through GRK mediated receptor phosphorylation. Also, there is 

evidence that β2-ARs exert some of their effects in skeletal muscle through GRK2 mediated 

mechanisms. However, the activity of GRK2 caused an inhibitory effect on skeletal muscle 

hypertrophy since the β2-AR agonist clenbuterol significantly increased muscle size in skeletal 

muscle-specific GRK2 KO mice. This was postulated to be due to enhanced Akt signalling (Woodall 

et al., 2016). In some systems such as cardiac myocytes, GRK2 activity or protein interactions 

contributes to crosstalk between β2-AR and insulin signalling (Fu et al., 2015).  

It has been difficult to identify the relevant GRK phosphorylation sites in β2-ARs that are associated 

with receptor desensitisation. Originally it was considered that all 11 Ser/Thr residues in the C-

terminal tail of the β2-AR (Figure 4.1) are involved in GRK mediated desensitisation mechanism 

(Bouvier et al., 1988). A later study utilizing sequence analysis in vitro indicated that the distal 

portion of the C-terminal tail (T384, T393, S396, S401, S407, and S411) is phosphorylated by GRKs 

(Fredericks et al., 1996), but mutations in these 6 sites did not cause significant effects on GRK-

mediated desensitisation (Seibold et al., 1998). More recently, substitution mutation of S355, S356 

and S364 in the proximal portion of the β2-AR C-terminal tail suggested that these 3 residues are 

the critical residues responsible for β2-AR phosphorylation as well as desensitisation in human 

embryonic kidney (HEK) 293 cells (Seibold et al., 2000). Also, mass spectrometry, phospho-specific 

antibodies and phospho-amino acid analysis have shown that different GRK isoforms can be 

specifically phosphorylated at different Ser/Thr residues in the β2-AR: GRK2 (T360, S364, S396, S401, 

S407 and S411),  GRK5 (T384, T393, S396, S401, S407 and S411) and GRK6 (S355 and S356) 

(Fredericks et al., 1996; Nobles et al., 2011; Yang et al., 2017). It is noteworthy that T360 and S364, 

both GRK2 phosphorylation sites, demonstrated the greatest fold increases in phosphorylation in 

response to isoprenaline in HEK293 cells, compared to other Ser/Thr residues in β2-AR C-terminal 

tail (Nobles et al., 2011). There is no evidence to date that T408 is phosphorylated by any of the GRK 

isoforms.  

The aim of this study was to examine the role of GRK and PKA phosphorylation sites in the C-terminal 

tail on β2-AR mediated cAMP production, glucose uptake and GLUT4 translocation, as well as 

agonist-promoted β2-AR internalisation. We generated CHOGLUT4myc cells that stably expressed 

the wild type (WT) human β2-AR (Figure 4.1) or mutant β2-ARs (Figure 4.2). In the 6 different β2-AR 

constructs, we mutated  either (1) a proximal Ser/Thr cassette of the C-terminal tail - S355A, S356A, 
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T360A and S364A, (2) a distal Ser/Thr cassette of the C-terminal tail - T384A, T393A, S396A, S401A, 

S407A, S411A and T408A (T408 was also mutated despite no evidence to date suggesting it is 

phosphorylated by any of the GRK isoforms, to ensure all Ser/Thr residues in this portion of the C-

terminal tail were mutated), (3) both the proximal and distal cassettes of the C-terminal tail, (4) both 

the proximal and distal cassette of the C-terminal tail except for S411, (5) both the proximal and 

distal cassette of β2-AR C-terminal tail and all PKA phosphorylation sites – S261A, S262A, S345A and 

S346A or (6) a β2-AR mutant with just a mutated PSD95–Dlg–ZO1 (PDZ) domain binding motif – 

S411A. For all the studies conducted, we utilised two distinct β-AR agonists. The first agonist is 

isoprenaline that causes interaction of the β2-AR with β-arrestin 1/2 (Srivastava et al., 2015), and 

subsequent desensitisation of the β2-AR. Isoprenaline was chosen over more selective β2-AR 

agonists (such as clenbuterol for example) as our previous work were performed with isoprenaline 

(Dehvari et al., 2012; Nevzorova et al., 2002; Nevzorova et al., 2006; Sato et al., 2014a), allowing for 

easier comparison of results to these previous studies. The second agonist used is BRL37344 that 

fails to result in β2-AR desensitisation, yet still increases glucose uptake and GLUT4 translocation to 

the same extent as isoprenaline (Chapter 3). 
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Figure 4.1: Topological model of β2-AR 
 

The topological model of β2-AR with PKA phosphorylation sites as well as Ser/Thr residues 
(putative GRK phosphorylation sites) in C-terminal tail. The small black arrows indicate the 
location of serine or threonine residues in C-terminal tail. 
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Figure 4.2: The C-terminal sequences of β2-AR wild type or mutants 
 

The sequences of β2-AR wild type or mutants after the black line indicated in Figure 4.1. Blue or 
yellow shows the residues mutated to alanine in GRK phosphorylation sites or PKA 
phosphorylation sites, respectively. Note that PKA phosphorylation sites in ICL3 were also 
mutated to alanine in the β2-AR (-) GRK/PKA construct. (A) β2-AR wild type. β2-AR mutants 
carrying mutations in which GRK and/or PKA phosphorylation sites are replaced by alanine 
residues, as follows; (B) β2-AR (-) GRKprox  4 GRK site mutations in a proximal cassette,   (C) β2-
AR (-) GRKct 7 GRK  site mutations in distal cassette, (D) β2-AR (-) GRKcom complete 11 GRK  site 
mutations, (E) β2-AR (-) GRK/PKA complete 15 GRK/PKA  site mutations, (F) β2-AR DSLL 10 GRK  
site mutations except C-terminus PDZ motif (DSLL) and (G) β2-AR DALL 1 mutation in the C-
terminal PDZ motif. 

(A) 

(B) 

(C) 

(D) 

(E) 

(F) 

(G) 



 
142 

 

4.2 Methods 

4.2.1 Expression of the human β2-AR in CHOGLUT4myc cells and cell culture  

The human β2-AR or mutant β2-ARs were subcloned into pcDNA6.2/C-EMGFP-DEST (Section 2.2) or 

pcDNA3.1 (+) zeo vector already encoding SNAP-tag (Section 2.3). CHOGLUT4myc cells were stably 

transfected with the human β2-AR or mutant β2-ARs as described in Section 2.5. Rat L6 cells were 

grown as a monolayer in Dulbecco’s Modified Eagle’s Media (DMEM, Invitrogen, Paisley, UK), 

containing 10% (vol/vol) foetal bovine serum (FBS), and 10 mM HEPES.  For differentiation, cells 

were allowed to reach confluence and the media changed to DMEM containing 2% (vol/vol) FBS for 

7 d, with media changes every second day. CHO cells were grown in Dulbecco’s Modified Eagle’s 

Media-Ham’s, DMEM F12 (1:1) (Sigma-Aldrich, MA, USA or Thermo Fisher Scientific, MA, USA), 

containing 5% (vol/vol) foetal calf serum, FCS (PAA laboratories, Pasching, Austria). Cells were grown 

at 37°C, 5% CO2 in a water jacketed incubator as described in Section 2.4. 

 

4.2.2 siRNA transfection 

For transfection, L6 cells were seeded at 1 × 105 cells per well in 12-well plates and grown overnight. 

100 pmole of small interfering RNA (siRNA) control (scrambled siRNA) or siRNA GRK (QIAGEN) was 

transfected using Lipofectamine 2000 (Invitrogen, Paisley, UK) in DMEM containing 5% FBS. Next 

day, media was replaced with DMEM containing no serum.  Glucose uptake assays were performed 

48 h after transfection. 

 

4.2.3 [3H]-CGP12177A saturation and competition binding assays 

The characteristics of [3H]-CGP12177A binding to whole cells were determined in saturation and 

competition studies as described in Section 2.6.2 and Section 2.6.3. For saturation studies, cells were 

incubated with varying concentrations of [3H]-CGP12177A (0 – 7 nM) in the presence or absence of 

10 μM (-)-propranolol. In competition studies, cells were incubated with [3H]-CGP12177A (~2 nM) 

and a range of concentrations of either the β-AR agonist isoprenaline or the β2/3-AR agonist 

BRL37344, with non-specific binding determined by 10 μM (-)-propranolol. All experiments were 

performed at 37oC for 2 h (Baker, 2010a). Analysis of saturation and competition assays is detailed 

in Section 2.11.2, respectively.  
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4.2.4 Cyclic AMP accumulation assays 

cAMP accumulation assays were performed as described in Section 2.7.1. Cells were treated with 

varying concentrations of either isoprenaline or BRL37344 for 30 min in the presence or absence of 

0.5 mM IBMX. For time course studies, isoprenaline or BRL37344 (1 μM) were added at specific time 

points in the absence of IBMX. Results are expressed as a percentage of the response to the 

adenylate cyclase activator forskolin (100 µM) or pmole cAMP per well in each independent 

experiment. Analysis of data is detailed in Section 2.11.1. 

 

4.2.5 β2-AR internalisation assays 

Internalisation assays were performed in CHOGLUT4myc cells expressing SNAP tagged human β2-

AR as described in Section 2.9.1. Cells were treated with either isoprenaline or BRL37344 (10 μM) 

at 37oC for 1 h. As this assay is driven by receptor occupancy with limited receptor reserve, 10 μM 

ligand concentrations were chosen. The granularity diameter settings are set on the basis of the 

perinuclear compartment diameter. Results are expressed as a percentage of the β2-AR 

internalisation response in vehicle treated cells (100 %) in each independent experiment. Analysis 

of data is detailed in Section 2.11.4. 

 

4.2.6 [3H]-2-deoxyglucose uptake assays 

[3H]-2-deoxyglucose uptake assays were performed as described in Section 2.6.1. Cells were treated 

with varying concentrations of either isoprenaline or BRL37344 for 2 h. Insulin (10 μM) was used as 

a positive control in each experiment performed.  10 μM of BRL37344 was used in L6 cells since 1 

μM of BRL37344 was not enough to produce maximal glucose uptake effect in Chapter 3.  Results 

are expressed as a percentage of glucose uptake in vehicle-treated cells in each independent 

experiment. Analysis of data is detailed in Section 2.11.1. 

 

4.2.7 GLUT4 translocation assays 

GLUT4 translocation assays were performed as described in Section 2.9.2. Cells were treated with 

either isoprenaline or BRL37344 (1 μM) for 2 h. Insulin (10 μM) was used as a positive control in 

each experiment performed. Results are expressed as a percentage of the amount of GLUT4 at the 

cell surface in comparison to vehicle-treated cells in each independent experiment. Analysis of data 

is detailed in Section 2.11.5. 
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4.2.8 Reverse transcription-PCR 

This was performed in CHOGLUT4myc cells (Dehvari et al., 2012) or L6 cells by Dr Dana S Hutchinson.  

 

4.2.9 Data analysis 

All results are expressed as mean ± s.e.mean of n independent experiments. Since clonal cells are 

used, each n number is defined as an experiment performed on different days from cells from 

different passages. Data was analysed with GraphPad PRISM v7.02. Statistically significant 

difference was analysed by using (1) Student’s paired t tests to make pairwise comparisons of siRNA 

mediated inhibitory effects where siRNA was used, or to compare the magnitude of the same 

response at two different time points, (2) Student’s unpaired t tests to make pairwise comparisons 

between two ligands, two pathways or two receptors (3) One-way ANOVA Dunnett's multiple 

comparisons test to make comparison of effects acted on multiple receptors, (4) Two-way ANOVA 

Sidak's multiple comparisons test to make comparison of receptor internalisation effect. P values 

less than 0.05 were considered significant.  

 

The operational model, an analytical approach to quantify agonist bias, (Black & Leff, 1983; Riddy et 

al., 2017) (Section 2.11.7) was used to determine the transduction ratio R (=τ /KA), and to compare 

the effects of isoprenaline vs BRL37344 in wild type or mutated β2-AR as below; 

Transduction ratio (R) is defined by the ratio of τ /KA as follows;  

 

 

 Where 𝜏 is an index of the coupling efficacy of the agonist, and KA is the functional equilibrium 

dissociation constant of the agonist. 

 

The logarithm of the “transduction coefficient” (LogR) was obtained by fitting concentration 

response curves using equation 2 in GraphPad Prism (v7.0; GraphPad Software, La Jolla, CA). 

 

 

 

 

Where [A] is the concentration of agonist, Em is the maximal possible response of the system, Basal 

is the response in unstimulated system, logKA is the logarithm of the functional equilibrium 

Equation 2, Effect of the ligand = Basal +
(Em − Basal)

1 + (

[A]

10LogK aA
n + 1

10LogR x [A]
)

n 

Equation 1, R =
τ

KA
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dissociation constant of the agonist, n is the slope of the transducer function that links occupancy 

to response.  For partial agonists LogKA was fitted whereas for full agonists LogKA was constrained 

to 0 (van der Westhuizen et al., 2014). 

 

Where the response of mutant β2-ARs was compared to that of wild type, the LogR value was 

corrected for the receptor expression level of mutant to wild type, since  τ  is defined in the 

operational model as the ratio of receptor density RT divided by the stimulus coupling efficiency KE 

(the concentration of agonist occupied receptor that elicits the half maximal tissue response ) (Black 

& Leff, 1983).  

 

To determine the relative effectiveness of ligands or mutant receptors, (1) the difference between 

LogR values (ΔLogR) was calculated using equation 4 (for comparing BRL and ISO parameters), or 5 

(for comparing ISO measurements in mutant receptor cell lines versus wild type); (2) the estimated 

standard errors of the mean of equation 4 or 5 were calculated using equation 6 or 7 respectively; 

(3) the relative effectiveness toward each pathway, relative to ISO, was calculated using equation 8. 

 

 

 

 

Where ISO is isoprenaline, BRL is BRL37344, Wild type is the β2-AR wild type and Mutant is β2-AR 

mutant. 

 

 

 

 

 

 

To determine bias factors, (1) the difference between the ΔlogR values (ΔΔlogR) was calculated 

using equation 9; (2) the estimated standard error of mean of equation 9 was calculated using 

equation 10; (3) each bias factor was calculated using equation 11. 

Equation 4, ΔLogR = LogRBRL:Wild type − LogRISO:Wild type 

Equation 5, ΔLogR = LogRISO:Mutant − LogRISO:Wild type 

Equation 6, s. e. m∆LogR = √(s. e.  mBRL:Wild type)
2

+ (s. e. mISO:Wild type)
2
 

Equation 7, s. e. m∆LogR = √(s. e.  mISO:Mutant)
2 + (s. e. mISO:Wild type)

2
 

Equation 8, Relative effectivness = 10ΔLogR 

Equation 3, Corrected LogR = LogR − Log {
Bmax(Mutant)

Bmax(Wild type)
}  
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Equation 9, Δ𝛥LogRPath = ΔLogRPath1 − ΔLogRPath2 

Equation 10, s. e. m∆∆LogRPath
= √(s. e. m∆LogRPath1−Path2

)
2

+ (s. e. m∆LogRPath1−Path2
)

2
 

Equation 11, Bias factor = 10ΔΔLogRPath 
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4.3 Results 

4.3.1 Reduction of [3H]-2-deoxyglucose uptake in L6 myoblast lacking GRK2 

Isoprenaline (a non-selective β-agonist), and BRL37344 (a dual β2/3-agonist) stimulated glucose 

uptake in rat L6 myotubes expressing the β2-AR (Chapter 3). Both L6 myoblasts and myotubes 

express GRK2, GRK4, GRK5 and GRK6 (Figure 4.3). To determine whether GRK2 is involved in 

isoprenaline- or BRL37344-stimulated glucose uptake, siRNA (siRNA control or siRNA GRK2) was 

transfected into L6 myoblasts to selectively knock down GRK2 48 h prior to glucose uptake assays. 

GRK2 knockdown significantly reduced isoprenaline- or BRL37344-stimulated glucose uptake but 

not insulin-stimulated glucose uptake; in contrast the scrambled siRNA control had no effect on 

isoprenaline or BRL37344 responses (Figure 4.4). The role of GRK was further examined utilizing 

CHOGLUT4myc cells stably expressing the human β2-AR wild type or mutant receptors. Note that 

CHOGLUT4myc cells predominantly express GRK5 and GRK2 isoforms, and express GRK6 at a lower 

level ((Dehvari et al., 2012), Figure 4.3).  

 

4.3.2 Examination of the radioligand binding characteristics of [3H]-CGP12177A in CHOGLUT4myc 

cells expressing the wild type or mutant human β2-ARs 

 

4.3.2.1 Saturation binding 

[3H]-CGP12177A binding occurred in a saturable manner to a single binding site in CHOGLUT4myc 

cells expressing the wild type β2-AR (Bmax 158.5 ± 10.6 fmol/mg protein; pKD 9.49 ± 0.08; n=5; Figure 

4.5A; Table 4.1). Saturation binding in CHOGLUT4myc cells expressing the mutant β2-ARs also 

occurred in a saturable manner to a single binding site (Figure 4.5B–G; Table 4.1). All mutant 

receptor cell lines showed comparable levels of  [3H]-CGP12177A binding to the β2-AR in relation to 

the wild type receptor, with the exception of the β2-AR (-)GRKprox, the β2-AR (-)GRKcom and β2-AR 

(-) GRK/PKA mutant cell line, which showed significantly less binding capacity (**P<0.01 and 

***P<0.001, One-way ANOVA Dunnett's multiple comparisons test). There was no difference in the 

pKD values for [3H]-CGP12177A between the different cell lines. 
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Figure 4.3: Reverse transcription-PCR of GRK isoform mRNAs endogenously expressed in 
CHOGLUT4myc cells or rat L6 skeletal muscle cells expressing β2-ARs 
 

Reverse transcription-PCR showing the presence of different GRK isoforms in CHOGLUT4myc 
cells or L6 cells. The image is representative of 3 independent experiments. Control rat tissues 
known to express different GRK isoforms are included as positive controls. This was performed 
in CHOGLUT4myc cells (Dehvari et al., 2012) or L6 cells by Dr Dana S Hutchinson. 
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Figure 4.4: Effect of GRK2 ablation on the glucose uptake response to isoprenaline or BRL37344 
in rat L6 skeletal muscle cells endogenously expressing β2-ARs 
 

2-deoxy-[3H]-glucose uptake was measured in L6 myoblasts transfected with siRNA control or 
siRNA GRK2 following stimulation with either isoprenaline (1 µM), BRL37344 (10 µM) or insulin 
(1 µM) for 2 h. Values are mean ± s.e.mean of 4-7 independent experiments performed in 
duplicate. Data are normalized to values in vehicle treated cells at 2 h. Asterisks represent 
statistical differences as analysed by Student’s paired t-test to make pairwise comparisons of 
siRNA mediated inhibitory effects between two groups (**P < 0.01). 
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Figure 4.5: Saturation binding of [3H]-CGP12177A in CHOGLUT4myc cells stably expressing 
wild type or mutant β2-ARs 
 

Specific binding (expressed as fmol/mg protein) was determined in CHOGLUT4myc cells stably 
expressing the (A) β2-AR WT, (B) β2-AR (-)GRKprox, (C) β2-AR (-)GRKct, (D) β2-AR (-)GRKcom, (E) 
β2-AR DSLL, (F) β2-AR (-)GRK/PKA or (G) β2-AR DALL. Cells were incubated with increasing 
concentrations of [3H]-CGP12177A for 2 h. Non-specific binding was determined in the 
presence of 10 μM (-)-propranolol. Points show mean ± s.e.mean of 5 independent 
experiments performed in quadruplicate.  

(A) (B) 

(C) (D) 

(E) (F) 

(G) 
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Table 4.1: Summary of affinity (pKD) and density of binding sites (Bmax) obtained from [3H]-
CGP12177A whole cell saturation binding studies in CHOGLUT4myc cells expressing the wild type 
or mutant β2-ARs.  
 
Data were obtained from saturation binding curves in Figure 4.5. Values represent mean ± s.e.mean 
of 5 independent experiments performed in quadruplicate. **P<0.01, ***P<0.001 compared to the 
β2-AR WT Bmax value (One-way ANOVA Dunnett's multiple comparisons test).  
 

CHOβ2ARGLUT4myc Mutation pKD Bmax  
(fmol/mg protein) 

β2-AR WT  9.49 ± 0.08 158.5 ± 10.6 

β2-AR (-) GRKprox GRK site mutations in a proximal cassette 9.11 ± 0.14 100.3 ± 5.6** 

β2-AR (-) GRKct GRK site mutations in distal cassette 9.55 ± 0.04 174.2 ± 6.0 

β2-AR (-) GRKcom Complete GRK site mutations 9.24 ± 0.19 100.1 ± 10.0** 

β2-AR DSLL GRK site mutations except C-terminus PDZ 
motif  

9.38 ± 0.08 205.0 ± 11.1 

β2-AR (-) GRK/PKA Complete GRK/PKA site mutations 9.35 ± 0.13 72.7 ± 5.7 *** 

β2-AR DALL Mutation in the C-terminus PDZ motif 9.39 ± 0.11 173.2 ± 13.9 
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4.3.2.2 Competition binding 

Competition binding studies were performed to determine the affinities (pKi) of isoprenaline and 

BRL37344 at the wild type or mutant β2-ARs expressed in CHOGLUT4myc cells, and to certify that 

the affinity of those ligands is not affected by the receptor mutations. BRL37344 affinities (pKi) were 

similar in all β2-AR mutant cell lines compared to β2-AR wild type whereas isoprenaline exhibited 

very similar pKi values to β2-AR wild type and mutant lines except β2-AR (-) GRKprox and β2-AR (-) 

GRKcom (***P<0.001, One-way ANOVA Dunnett's multiple comparisons test) (Figure 4.6; Table 4.2). 

 

4.3.3 β2-AR mediated increases in [3H]-2-deoxyglucose uptake and GLUT4 translocation in 

CHOGLUT4myc cells expressing the wild type or mutant human β2-ARs 

No glucose uptake in response to either isoprenaline or BRL37344 was observed in cells not 

expressing the human β2-AR ((Dehvari et al., 2012), Figure 4.7), and insulin increased glucose uptake 

in all cell lines used (Figure 4.8B; Table 4.3). Isoprenaline and BRL37344 increased glucose uptake in 

CHOGLUT4myc cells expressing the wild type human β2-AR in a concentration specific manner 

(Figure 4.9A; Table 4.4). This response was retained in all the CHOGLUT4myc cells expressing mutant 

human β2-ARs (Figure 4.9B-G; Table 4.4), with no differences in the potency or maximal response to 

either drug as compared to effects observed at the wild type receptor, with the exception of Rmax  

values of β2-AR (-) GRKprox and β2-AR (-)GRKct  for isoprenaline (**P<0.01, *P<0.05 compared to 

wild type, One-way ANOVA Dunnett's multiple comparisons test).  

 

GLUT4 translocation to the cell surface in response to isoprenaline or BRL37344 was performed in 

4 of the CHOβ2-AR-GLUT4 cell lines, with the cell lines expressing partial β2-AR phosphosite-

mutations omitted from this study. The human GLUT4 (GLUT4myc) expressed in the transfected 

cells carries a c-myc epitope within extracellular loop 1. Cells were non-permeabilized during the 

experiment, therefore, only GLUT4myc at the plasma membrane was selectively labelled with c-myc 

primary antibody. Isoprenaline or BRL37344 increased the translocation of c-myc tagged GLUT4 to 

the cell surface in a time (Figure 4.10, 4.15A) in a concentration-dependent manner (Figure 4.14, 

4.16A; Table 4.5) in CHOGLUT4myc cells expressing the wild type human β2-AR. This effect was 

retained in the mutant β2-AR cell lines (Figure 4.11-13, 15B-D, 4.16B-D; Table 4.5), with no difference 

in the potency or maximum response of either drug as compared to effects observed at the wild 

type receptor. Insulin increased GLUT4 translocation in all cell lines examined, as a positive control 

(Figure 4.8B).  
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Figure 4.6: Competition binding between [3H]-CGP12177A and the β2-AR agonists, 
Isoprenaline or BRL37344  
 

Isoprenaline or BRL37344 was incubated with ~ 2 nM [3H]-CGP12177A for 2 h in CHOGLUT4myc 
cells stably expressing the (A) β2-AR WT, (B) β2-AR (-)GRKprox, (C) β2-AR (-)GRKct, (D) β2-AR (-) 
GRKcom, (E) β2-AR DSLL, (F) β2-AR R(-)GRK/PKA or (G) β2-AR DALL . Non-specific binding was 
determined by 10 μM (-)-propranolol. Points show mean ± s.e.mean of 5 independent 
experiments performed in triplicate, normalised to total binding (100%) and non-specific binding 
(0%).  

(A) (B) 

(C) (D) 

(E) (F) 

(G) 



 
154 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2: Summary of affinity (pKi) values for isoprenaline and BRL37344 obtained from [3H]-CGP 
12177A whole cell competition binding studies in CHOGLUT4myc cells expressing the wild type or 
mutant β2-ARs.  
 
Data were obtained from competition binding curves in Figure 4.6. Values represent mean ± 
s.e.mean of 5 independent experiments performed in triplicate. ***P<0.001 compared to the β2-AR 
WT pKi value (One-way ANOVA with Dunnett's multiple comparisons test). 
 

 pKi 

Isoprenaline BRL37344 

β2-AR WT 6.28 ± 0.07 5.87 ± 0.09 

β2-AR (-) GRKprox 5.53 ± 0.07*** 5.56 ± 0.09 

β2-AR (-) GRKct 6.30 ± 0.06 6.02 ± 0.07 

β2-AR (-) GRKcom 5.45 ± 0.16*** 5.59 ± 0.11 

β2-AR DSLL 5.93 ± 0.06 5.88 ± 0.07 

β2-AR (-) GRK/PKA 6.29 ± 0.11 5.65 ± 0.07 

β2-AR DALL 6.16 ± 0.06 5.69 ± 0.08 
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Figure 4.7: Effect of isoprenaline or BRL37344 on glucose uptake in non-transfected 
CHOGLUT4myc cells  
 

2-deoxy-[3H]-glucose uptake was measured in non-transfected CHOGLUT4myc cells following 
stimulation with either isoprenaline (1 µM), BRL37344 (1 µM) of insulin (10 µM) for 2 h. Values 
are mean ± s.e.mean of 4 independent experiments performed in duplicate. Data are normalized 
to values in basal/vehicle treated cells at 2 h. Asterisks represent statistical differences as 
analysed by one-way ANOVA and Dunnett's multiple comparisons test for different agonists 
compared to basal (***P < 0.001). 



 
156 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8: Quantification of glucose uptake or GLUT4 translocation in response to insulin in 
CHOGLUT4myc cells stably expressing the β2-AR 
 

In (A) glucose uptake following 120 min stimulation with 10 µM insulin either in β2-AR WT, β2-
AR (-) GRKprox, β2-AR (-) GRKct, β2-AR (-) GRKcom, β2-AR DSLL, β2-AR (-) GRK/PKA or β2-AR DALL. 
In (B), GLUT4 translocation following 120 min stimulation with 10 µM insulin either in β2-AR WT, 
β2-AR DALL, β2-AR (-) GRKcom or β2-AR (-) GRK/PKA. Values are mean ± s.e.mean of 5-6 
independent experiments performed in duplicate. Data are normalized to values in basal/vehicle 
treated cells at 120 min. Asterisks represent statistical differences as analysed by one-way 
ANOVA and Dunnett's multiple comparisons test compared to basal (*P<0.05, **P<0.01, ***P < 
0.001). NS = not significant. 

***
 

***
 

**
 

**
 

*
 

NS NS NS NS 
NS 

NS 
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Table 4.3: Summary of 10 µM insulin response for [3H]-2-deoxyglucose uptake and GLUT4 
translocation in CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
Data were obtained from the bar graphs in Figure 4.8, 4.16. Values represent mean ± s.e.mean from 
5-6 experiments performed in duplicate. NA = Not applicable. *P<0.05, **P<0.01, ***P<0.001 
compared to the basal (100%) (One-way ANOVA with Dunnett's multiple comparisons test). 
 

 [3H]-2-deoxyglucose uptake  
(% of basal) 

GLUT4 translocation 
(% of vehicle) 

β2-AR WT 205.3 ± 11.6 *** 118.3 ± 2.6 

β2-AR (-) GRKprox 166.2 ± 3.3 NA 

β2-AR (-) GRKct 180.1 ± 6.7 * NA 

β2-AR (-) GRKcom 200.4 ± 15.2 ** 143.8 ± 12.3 

β2-AR DSLL 164.0 ± 4.9 NA 

β2-AR (-) GRK/PKA 190.0 ± 9.7 ** 125.5 ± 9.3 

β2-AR DALL 206.7 ± 8.7 *** 129.8 ± 11.2 
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(A) (B) 

(C) (D) 

(E) (F) 

(G) 

Figure 4.9: Concentration-dependent effect of isoprenaline or BRL37344 on glucose uptake in 
CHOGLUT4myc cells stably expressing the β2-AR 
 

2-deoxy-[3H]-glucose uptake was measured in (A) β2-AR WT, (B) β2-AR (-) GRKprox, (C) β2-AR (-) 
GRKct, (D) β2-AR (-) GRKcom, (E) β2-AR DSLL, (F) β2-AR (-) GRK/PKA or (G) β2-AR DALL following 
stimulation with either isoprenaline, BRL37344 or insulin (10 µM) for 2 h. Values are mean ± 
s.e.mean of 5-6 independent experiments performed in duplicate. Data are normalized to values 
in vehicle treated cells at 2 h. 
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Table 4.4: Summary of potency (pEC50) and maximal response; Rmax for [3H]-2-deoxyglucose 
uptake in CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
Data were obtained from the concentration response curves in Figure 4.9. Values represent mean 
± s.e.mean from 5-6 experiments performed in duplicate. No pEC50 values were significantly 
different compared to the β2-AR WT pEC50. Rmax values for isoprenaline were significantly different 
for β2-AR (-) GRKprox and β2-AR (-)GRKct  as compared to the β2-AR WT response *P<0.05, **P<0.01 
(One-way ANOVA Dunnett's multiple comparisons test). 
 

 pEC50 Rmax (% of basal) 

Isoprenaline BRL37344 Isoprenaline BRL37344 

β2-AR WT 6.98 ± 0.18 7.24 ± 0.26 202.6 ± 7.74 168.1 ± 6.06 

β2-AR (-) GRKprox 6.83 ± 0.14 6.84 ± 0.18 156.5 ± 3.32** 144.2 ± 3.27 

β2-AR (-) GRKct 6.73 ± 0.15 6.99 ± 0.18 164.1 ± 3.72* 143.9 ± 2.86 

β2-AR (-) GRKcom 7.16 ± 0.14 6.95 ± 0.15 186.9 ± 4.45 153.5 ± 3.09 

β2-AR DSLL 6.73 ± 0.25 6.87 ± 0.16 177.2 ± 7.89 165.6 ± 4.41 

β2-AR (-) GRK/PKA 6.91 ± 0.18 7.28 ± 0.25 196.0 ± 6.87 171.8 ± 6.46 

β2-AR DALL 6.44 ± 0.14 7.45 ± 0.20 227.5 ± 7.60 195.0 ± 5.35 
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Figure 4.10: Effect of isoprenaline or BRL37344 on GLUT4 translocation in CHOGLUT4myc 
cells stably expressing the β2-AR WT receptor 
Cells were treated with either 1 μM isoprenaline or 1 μM BRL37344 for 0 – 120 min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.11: Effect of isoprenaline or BRL37344 on GLUT4 translocation in CHOGLUT4myc 
cells stably expressing the β2-AR (-) GRKcom receptor  
Cells were treated with either 1 μM isoprenaline or 1 μM BRL37344 for 0 – 120 min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.12: Effect of isoprenaline or BRL37344 on GLUT4 translocation in CHOGLUT4myc 
cells stably expressing the β2-AR (-) GRK/PKA receptor 
Cells were treated with either 1 μM isoprenaline or 1 μM BRL37344 for 0 – 120 min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.13: Effect of isoprenaline or BRL37344 on GLUT4 translocation in CHOGLUT4myc 
cells stably expressing the β2-AR DALL receptor  
Cells were treated with either 1 μM isoprenaline or 1 μM BRL37344 for 0 – 120 min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.14: GLUT4 translocation in response to Isoprenaline or BRL37344 in CHOGLUT4myc 
cells stably expressing the β2-AR WT receptor 
 

Cells were treated with 1 μM isoprenaline or 1 μM BRL37344 for 120 min in prior to fixation. 
This panel shows nuclei stained with H33342 (left), GLUT4myc captured with myc tag antibody 
(middle) and the colour combined with nuclei in blue and GLUT4myc in green (right). Images are 
representative of 5 independent experiments performed in duplicate.  
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(A) (B) 

(C) (D) 

Figure 4.15: Quantification of time course of GLUT4 translocation in response to isoprenaline 
or BRL37344 in CHOGLUT4myc cells stably expressing the β2-AR 
 

Time course of GLUT4 translocation following stimulation with either 1 μM isoprenaline or 1 μM 
BRL37344 in (A) β2-AR WT, (B) β2-AR (-) GRKcom, (C) β2-AR (-) GRK/PKA or (D) β2-AR DALL. Data 
was quantified from data obtained from figure 4.10-4.13 using automated multiwave scoring. 
Values are mean ± s.e.mean of 5 independent experiments performed in duplicate. Data are 
normalized to values in vehicle treated cells at 120 min. 
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(A) (B) 

(C) (D) 

Figure 4.16: Quantification of GLUT4 translocation in response to isoprenaline or BRL37344 
in CHOGLUT4myc cells stably expressing the β2-AR 
 

GLUT4 translocation following 120 min stimulation with either isoprenaline, BRL37344 or insulin 
(10 µM) in (A) β2-AR WT, (B) β2-AR (-) GRKcom, (C) β2-AR (-) GRK/PKA or (D) β2-AR DALL. Data 
was quantified by automated multiwave scoring. Values are mean ± s.e.mean of 5 independent 
experiments performed in duplicate. Data are normalized to values in vehicle treated cells at 120 
min. 
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Table 4.5: Summary of potency (pEC50) and maximal response; Rmax for GLUT4 translocation in 
CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
Data were obtained from the concentration response curves in Figure 4.16. Values represent mean 
± s.e.mean from 5 experiments performed in duplicate. No pEC50 values were significantly different 
compared to the β2-AR WT pEC50; No Rmax values were significantly different compared to the β2-
AR WT Rmax value (One-way ANOVA Dunnett's multiple comparisons test).  
 

 pEC50 Rmax (% of vehicle) 

Isoprenaline BRL37344 Isoprenaline BRL37344 

β2-AR WT 7.49 ± 0.57 7.50 ± 0.57 143.7 ± 8.20 144.8 ± 8.12 

β2-AR (-) GRKcom 7.36 ± 0.39 7.34 ± 0.32 163.3 ± 9.63 158.4 ± 6.74 

β2-AR (-) GRKPKA 7.91 ± 0.37 7.86 ± 0.32 137.8 ± 4.50 137.6 ± 3.53 

β2-AR DALL 7.72 ± 0.57 7.96 ± 0.48 145.2 ± 6.85 140.9 ± 5.88 
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4.3.4 Reduction of β2-AR mediated [3H]-2-deoxyglucose uptake following inhibition of clathrin 

mediated endocytosis in CHOGLUT4myc cells expressing the wild type β2-ARs 

Clathrin, which has a major role in receptor internalisation, is a possible GRK binding partner (Shiina 

et al., 2001). To evaluate whether clathrin may be involved in β2-AR mediated glucose uptake, 

experiments were performed in the absence/presence of Pitstop, a pharmacological clathrin 

inhibitor. Pretreatment of cells with Pitstop for 30 min significantly reduced isoprenaline-or 

BRL37344- stimulated glucose uptake in the wild type β2-AR, but also inhibited basal glucose uptake 

to a similar degree. (**P < 0.01,***P <0.001, Two-way ANOVA Dunnett's multiple comparisons test, 

compared to vehicle) (Figure 4.17). 

 

4.3.5 β2-AR mediated increases in global cAMP levels in CHOGLUT4myc cells expressing the wild 

type or mutant human β2-ARs 

In CHOGLUT4myc cells without transfected β2-ARs, neither isoprenaline nor BRL37344 increased 

cAMP levels (Figure 4.18).  In CHOGLUT4myc cells expressing the wild type human β2-AR, 

isoprenaline stimulation produced a robust and sustained cAMP response in the absence of IBMX, 

while BRL37344 stimulation increased cAMP levels relative to vehicle-treated cells, but this increase 

was significantly lower than that produced by isoprenaline (Figure 4.19A). 1 µM isoprenaline 

stimulation caused a transient response in β2-AR (-) GRKcom and β2-AR (-) GRK/PKA cell lines 

(**P<0.01 and ***P<0.001, respectively, when comparing the 15 min response to 120 min response, 

paired two-tailed t-test), but it produced a sustained response in β2-AR DALL, β2-AR (-) GRKprox, β2-

AR (-) GRKct and β2-AR DSLL cell lines (Figure 4.19B-G). Concentration-response curves following 30 

min incubation with isoprenaline or BRL37344 were conducted in the presence of 0.5 mM IBMX. In 

comparison to the response in β2-AR wild type cells, mutation of GRK and/or PKA phosphorylation 

sites in the β2-AR did not alter the effect of isoprenaline-stimulated cAMP production (pEC50 or Rmax: 

n.s. P>0.05, One-way ANOVA Dunnett's multiple comparisons test) (Figure 4.20; Table 4.6; n=5-6). 

Also, BRL37344 showed significantly less ability to produce cAMP than isoprenaline in all the cell 

lines (Figure 4.20). To note, all the mutated receptors retained helix 8, which contributes to Gαs 

coupling (Liggett et al., 1989; Mouillac et al., 1992; O'Dowd et al., 1989), and the receptors partially 

or completely lacking GRK phosphorylation sites were functional for Gαs coupled signalling. 
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Figure 4.17: Effect of clathrin mediated endocytosis on isoprenaline or BRL37344 stimulated 
glucose uptake in CHOGLUT4myc cells stably expressing the wild type β2-AR 
 

Cells were pretreated with Pitstop for 30 min.  2-deoxy-[3H]-glucose uptake was measured in β2-

AR WT following stimulation with either isoprenaline (1 µM) or BRL37344 (1 µM) for 2 h. Values 
are mean ± s.e.mean of 5-6 independent experiments performed in duplicate. Data are 
normalized to values in vehicle treated cells at 2.5 h. Asterisks represent statistical differences 
as analysed by two-way ANOVA and Dunnett's multiple comparisons test compared to vehicle 
(**P < 0.01,***P <0.001). 
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Figure 4.18: Effects of isoprenaline and BRL37344 of cAMP accumulation in CHOGLUT4myc 
cells  
 

CHOGLUT4myc cells were treated with either 1 μM isoprenaline or 1 μM BRL37344 for different 
times. The results are expressed as amount of cAMP produced (pmol) per well. Each point shows 
mean ± s.e.mean of 2 independent experiments performed in duplicate.  
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Figure 4.19: Time course of isoprenaline- or BRL37344-stimulated cAMP accumulation in 
CHOGLUT4myc cells stably expressing the β2-AR 
 

CHOGLUT4myc cells expressing either (A) β2-AR WT, (B) β2-AR (-) GRKprox, (C) β2-AR (-) GRKct, 
(D) β2-AR (-) GRKcom, (E) β2-AR DSLL, (F) β2-AR (-) GRK/PKA or (G) β2-AR DALL were treated with 
either 1 μM isoprenaline or 1 μM BRL37344 for different times in the absence of IBMX. Results 
are expressed as percentage of the cAMP produced to the positive control forskolin (100 μM). 
Each point shows mean ± s.e.mean of 5-6 independent experiments performed in duplicate. 
Asterisks represent statistical differences as analysed by Student’s paired t-test to make 
comparisons between 15 min (peak point) and 120 min (last point) (*P <0.05) in (D) or between 
10 min (peak point) and 120 min (last point) (**P < 0.01) in (F). 
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Figure 4.20: Concentration dependent cAMP accumulation in response to isoprenaline or 
BRL37344 in CHOGLUT4myc cells stably expressing the β2-AR  
 
CHOGLUT4myc cells expressing either (A) β2-AR WT, (B) β2-AR (-) GRKprox, (C) β2-AR (-) GRKct, 
(D) β2-AR (-) GRKcom, (E) β2-AR DSLL, (F) β2-AR (-) GRK/PKA or (G) β2-AR DALL were treated with 
isoprenaline or BRL37344 for 30 min in the presence of 0.5 mM IBMX. Results are expressed as 
percentage of the cAMP produced to the positive control forskolin (100 μM) (30 min). Each point 
shows mean ± s.e.mean of 5-6 independent experiments performed in duplicate.  
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Table 4.6: Summary of potency (pEC50) and maximal response for cAMP accumulation (30 min) in 
the presence of 0.5 mM IBMX in CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
Data were obtained from the concentration response curves in Figure 4.20. Values represent mean 
± s.e.mean from 5-6 experiments performed in duplicate. No pEC50 values were significantly 
different compared to the β2-AR WT pEC50. The maximal cAMP production measured at 10 μM of 
isoprenaline or BRL37344 in the various β2-AR mutants did not differ significantly compared to β2-
AR WT (One-way ANOVA and Dunnett's multiple comparisons test). ND = Not determined. 
 

 pEC50 % forskolin response at 10 μM 

test compound 

Isoprenaline BRL37344 Isoprenaline BRL37344 

β2-AR WT 7.19 ± 0.22 6.56 ± 0.57 24.25 ± 1.90 8.66 ± 1.65 

β2-AR (-) GRKprox 7.23 ± 0.15 ND 28.80 ± 1.58 12.5 ± 0.96 

β2-AR (-) GRKct 7.87 ± 0.30 6.16 ± 0.25 15.16 ± 1.28 12.02 ± 1.32 

β2-AR (-) GRKcom 6.68 ± 0.16 ND 16.82 ± 1.03 8.66 ± 1.65 

β2-AR DSLL 7.68 ± 0.23 ND 21.54 ± 1.49 16.23 ± 1.74 

β2-AR (-) GRK/PKA 7.33 ± 0.14 ND 28.37 ± 1.30 12.7 ± 0.67 

β2-AR DALL 7.11 ± 0.29 ND 17.71 ± 1.97 8.91 ± 1.21 
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To compare cAMP responses under similar experimental conditions to those used for glucose 

uptake, concentration-response curves were also conducted following 2 h incubation with 

isoprenaline or BRL37344 in the absence of IBMX. The mutant β2-ARs showed no difference in the 

potency or maximum response of isoprenaline or BRL37344 as compared to those of the β2-AR wild 

type, with the exception of a greater maximum response of β2-AR DSLL expressing cells to BRL37344, 

relative to isoprenaline (**P<0.01, compared to wild type, One-way ANOVA Dunnett's multiple 

comparisons test) (Figure 4.21; Table 4.7).  

 

4.3.6 β2-AR mediated receptor internalisation in CHOGLUT4myc cells expressing the wild type or 

mutant human β2-ARs 

Receptor internalisation in response to isoprenaline or BRL37344 was performed in 4 cell lines 

expressing SNAP-tagged receptor variants, with the cell lines expressing partial β2-AR phosphosite-

mutations omitted from this study. The SNAP tag is a small 20 kDa protein derived from the DNA 

repair protein O6-alkylguanine-DNA alkyltransferase, and is covalently labelled with O6-

benzylguanine (BG) derivatives bearing a fluorophore such as AlexaFluor 488 in living cells (Keppler 

et al., 2003). Addition of these membrane impermeant BG-derivatives to N-terminal-fused SNAP 

tagged GPCRs enables selective fluorescent labelling of cell surface receptors, through irreversible 

reaction with the SNAP tag active site (Keppler et al., 2003; Keppler et al., 2004).  Internalisation of 

the labelled cell surface receptor population can be subsequently monitored. β2-ARs were found 

throughout the cell surface in unstimulated CHOGLUT4myc cells stably expressing the wild type or 

mutant β2-AR fusion proteins with an N-terminal SNAP tag. Stimulation with isoprenaline promoted 

translocation of the β2-AR wild type from the cell surface to intracellular compartments in a time 

(Figure 4.22, 4.27A) and concentration-dependent manner (pEC50: 6.97 ± 0.31, Rmax: 325.6 ± 26.7 % 

of vehicle at 100%, n=5) (Figure 4.26, 4.28A). Isoprenaline-stimulated receptor internalisation was 

also observed in cells expressing the β2-AR DALL mutant lacking the PDZ motif (pEC50: 6.89 ± 0.33, 

Rmax: 420.3 ± 43.9% of vehicle at 100%, n=5) (Figure 4.25, 4.27D, 4.28B), and there was no 

significant difference compared to the wild type (two-way ANOVA Sidak's multiple comparisons 

test). However, internalisation in response to isoprenaline was not observed for receptors lacking 

all C-terminal GRK phosphorylation sites, nor for the complete GRK/PKA phosphorylation site 

receptor mutant (Figure 4.23, 4.24, 4.27B-4.28C). BRL37344 failed to internalise the SNAP β2-AR in 

any of the cell lines tested (Figure 4.22-4.28). 
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(A) (B) 

(C) (D) 

(E) (F) 

(G) 

Figure 4.21: Concentration dependent cAMP accumulation in response to isoprenaline or 
BRL37344 in CHOGLUT4myc cells stably expressing the β2-AR 
 

CHOGLUT4myc cells expressing either (A) β2-AR WT, (B) β2-AR (-) GRKprox, (C) β2-AR (-) GRKct, 
(D) β2-AR (-) GRKcom, (E) β2-AR DSLL, (F) β2-AR (-) GRK/PKA or (G) β2-AR DALL were treated with 
isoprenaline or BRL37344 for 2 h in the absence of IBMX. Results are expressed as percentage 
of the cAMP produced to the positive control forskolin (100 μM) (2 h). Each point shows mean 
± s.e.mean of 5-6 independent experiments performed in duplicate.  



 
176 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.7: Summary of potency (pEC50) and maximal response for cAMP accumulation (2 h) in the 
absence of IBMX in CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
Data were obtained from the concentration response curves in Figure 4.21. Values represent mean 
± s.e.mean from 5-6 experiments performed in duplicate. No pEC50 values were significantly 
different compared to the β2-AR WT pEC50 value; **P<0.01 compared to maximal cAMP production 
measured at 10 μM of isoprenaline or BRL37344 at β2-AR WT (One-way ANOVA Dunnett's multiple 
comparisons test). ND = Not determined. 
 

 pEC50 % forskolin response at 10 μM test 

compound 

Isoprenaline BRL37344 Isoprenaline BRL37344 

β2-AR WT 6.89 ± 0.15 ND 8.76 ± 0.55 1.69 ± 0.94 

β2-AR (-) GRKprox 7.33 ± 0.15 ND 11.76 ± 0.65 4.01 ± 0.95 

β2-AR (-) GRKct 7.71 ± 0.21 ND 7.92 ± 0.54 3.93 ± 0.89 

β2-AR (-) GRKcom 7.00 ± 0.21 ND 4.27 ± 0.35 0.98 ± 0.54 

β2-AR DSLL 7.67 ± 0.20 ND 13.60 ± 0.87 5.80 ± 0.79** 

β2-AR (-) GRK/PKA 7.58 ± 0.21 ND 5.10 ± 0.35 1.37 ± 0.32 

β2-AR DALL 6.74 ± 0.25 ND 14.39 ± 1.51 2.45 ± 1.06 
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Figure 4.22: Effect of isoprenaline or BRL37344 on the internalisation of the SNAP- β2-AR WT 
receptor 
Cells were treated with 10 μM isoprenaline or 10 μM BRL37344 for 0 – 60min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.23: Effect of isoprenaline or BRL37344 on the internalisation of the SNAP- β2-AR (-) 
GRKcom receptor 
Cells were treated with 10 μM isoprenaline or 10 μM BRL37344 for 0 – 60min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  



 
179 

 

 
 
 

Figure 4.24: Effect of isoprenaline or BRL37344 on the internalisation of the SNAP- β2-AR (-) 
GRK/PKA receptor  
Cells were treated with 10 μM isoprenaline or 10 μM BRL37344 for 0 – 60min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.25: Effect of isoprenaline or BRL37344 on the internalisation of the SNAP- β2-AR DALL 
receptor 
Cells were treated with 10 μM isoprenaline or 10 μM BRL37344 for 0 – 60min. Images are 
representative of 5 independent experiments performed in duplicate. Scale bar is 100 μm.  
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Figure 4.26: Internalisation of the SNAP- β2-AR WT in response to isoprenaline or BRL37344 
  
Cells were SNAP surface AF488 -labelled and then treated with either 10 μM isoprenaline or 10 
μM BRL37344 for 1 h at 37 °C prior to fixation. The panels show nuclei stained with H33342 (left), 
SNAP- β2-AR (middle), and granularity analysis (right), with nuclei in green and receptors 
containing granules of 6-10 µm diameter (corresponding to the diameter of the perinuclear 
recycling compartments in these cells) in white. Images are representative of 5 independent 
experiments performed in duplicate.  
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(A) (B) 

(C) (D) 

Figure 4.27: Quantification of time course of SNAP- β2-AR internalisation in response to either 
isoprenaline or BRL37344 
 

Time course of β2-AR internalisation following stimulation with either 10 μM isoprenaline or 10 

μM BRL37344 in (A) SNAP- β2-AR WT, (B) SNAP- β2-AR (-) GRKcom, (C) SNAP β2-AR (-) GRK/PKA or 
(D) SNAP- β2-AR DALL cells. Data was quantified from data obtained from figure 4.22-4.25 using 
an automated granularity algorithm. Values are mean ± s.e.mean of 5 independent experiments 
performed in duplicate. Data are normalized to values in vehicle treated cells at 60 min. No 
significant difference of isoprenaline stimulated receptor internalisation of between SNAP- β2-AR 
WT cells and SNAP- β2-AR DALL cells (two-way ANOVA Sidak's multiple comparisons test). 
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(A) (B) 

Figure 4.28: Quantification of concentration dependent SNAP- β2-AR internalisation in 
response to either isoprenaline or BRL37344 
 

β2-AR internalisation following 1 h stimulation with either isoprenaline or BRL37344 in (A) SNAP- 
β2-AR WT or (B) SNAP- β2-AR DALL cells. Data were quantified by an automated granularity 
algorithm. Values are mean ± s.e.mean of 5 independent experiments performed in duplicate. 
Data are normalized to values in vehicle treated cells at 60 min. 
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4.3.7 Agonist bias in CHOGLUT4myc cells expressing the wild type or mutant human β2-ARs 

β2-AR signalling through different pathways was quantified in response to isoprenaline or BRL37344 

in CHOGLUT4myc cells expressing the wild type β2-ARs, using a transduction co-efficient approach 

(van der Westhuizen et al., 2014). Transduction ratios R (=/KA) were derived from operational 

model fitting of the concentration-response relationships (van der Westhuizen et al., 2014) for each 

agonist at each pathway. First the effect of BRL37344 relative to isoprenaline within glucose uptake, 

GLUT4 translocation and cAMP pathways was expressed as ΔLogR, and then ΔΔLogR was calculated 

between pathway pairs. (Table 4.8). The ΔΔlogR of glucose uptake and GLUT4 translocation 

pathways was not significantly different from 0 in wild type cells, indicating little if any bias; however 

the relative effectiveness of BRL37344 in both pathways was greater than for the cAMP signalling 

pathway (Table 4.9).  

 

Transduction ratios were also used to compare the effectiveness of Isoprenaline at wild type and 

mutant receptors, considering cAMP accumulation, glucose uptake and GLUT4 translocation 

pathways.  Expressing the isoprenaline effect as log [/KA] enabled correction for receptor 

expression level, which varied approximately 3 fold between the different β2-AR cell lines (Riddy et 

al., 2017). Log R was adjusted for the expression level ratio compared to β2-AR wild type (Table 4.10) 

and ΔLogR calculated to represent the effect of the mutation on isoprenaline-stimulated cAMP 

coupling, glucose uptake and GLUT4 translocation (Table 4.10).  On this basis, β2-AR (-) GRKprox and 

β2-AR (-) GRK/PKA showed a significant increase in ΔLogR compared to β2-AR wild type in cAMP 

pathway whereas it showed no significant difference between wild type and mutants in the other 2 

pathways (Figure 4.30; Table 4.10).  
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Table 4.8: Transduction ratios for Isoprenaline and BRL37344 towards cAMP, glucose uptake and 
GLUT4 translocation in CHOGLUT4myc cells expressing the wild type β2-AR 
  
Values of LogKA (BRL37344 only) and LogR were obtained from by non-linear regression curves using 
the Operational Model equation 2. ΔlogR ratios were calculated from the logR ratios, considering 
isoprenaline as the reference ligand using equation 4. The standard error of mean was estimated 
using equation 6. The relative effectiveness (RE) of the ligands toward cAMP (30 min), glucose 
uptake or GLUT4 translocation pathway, relative to isoprenaline, was determined by equation 8. 
Values represent mean ± s.e.mean of 5-6 independent experiments in duplicate. cAMP; Data were 
analysed in using a two-tailed unpaired Student’s t-test on the ΔlogR ratios to make pairwise 
comparisons between isoprenaline and BRL37344, *P<0.05. ND = Not determined. 
 

 Glucose uptake 

Ligand LogKA LogR ΔLogR RE 

Isoprenaline ND 6.42 ± 0.10 0 ± 0.15 1 

BRL37344 -6.57 ± 0.54 6.60 ± 0.19 0.18 ± 0.22 1.51 

 GLUT4 translocation 

Ligand LogKA LogR ΔLogR RE 

Isoprenaline ND 6.98 ± 0.42 0 ± 0.60 1 

BRL37344 -6.77 ± 0.62  7.15 ± 0.42 0.17 ± 0.60 1.48 

 cAMP (30 min) cAMP (2 h) 

Ligand LogKA LogR ΔLogR RE LogKA LogR 

Isoprenaline ND 6.09 ± 0.16 0 ± 0.22 1 ND 5.60 ± 0.19 

BRL37344 -5.77 ± 0.88 4.58 ± 0.61 -1.52 ± 
0.63* 

0.03 ND ND 
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Table 4.9: ΔΔlogR ratios and bias factors for BRL37344 in CHOGLUT4myc cells expressing the wild 
type β2-ARs 
 
ΔΔlogR ratios were calculated from the ΔlogR ratios (Table 4.8) using equation 9. The standard error 
of mean was estimated using equation 10. The ligand bias factors (BF), relative to isoprenaline, were 
determined using equation 11. Values represent the mean ± s.e.mean of 5-6 independent 
experiments with repeats in duplicate. Data were analysed in using a two-tailed unpaired Student’s 
t-test on the ΔlogR ratios to make pairwise comparisons between two pathways, *P<0.05. 
 

 cAMP (30 min) - Glucose 
uptake 

cAMP (30 min) - GLUT4 
translocation 

GLUT4 translocation - 
Glucose uptake 

Ligand ΔΔLogR BF ΔΔLogR BF ΔΔLogR BF 

BRL37344 -1.69 ± 0.67* 0.02 -1.68 ± 0.87 0.02 0.01 ± 0.63 0.98 
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Table 4.10: Transduction ratios for Isoprenaline towards cAMP, glucose uptake and GLUT4 
translocation in CHOGLUT4myc cells expressing the wild type or mutant β2-ARs  
 
LogR values were obtained from by non-linear regression curves using the Operational Model 
equation 2.  LogR values of each mutant were normalized to the receptor expression level of wild 
type using equation 3. ΔlogR ratios were calculated from the logR ratios, considering isoprenaline 
(Wild type) as the reference ligand using equation 5. The standard error of mean was estimated 
using equation 7. The relative effectiveness (RE) of the ligands toward cAMP, glucose uptake or 
GLUT4 translocation pathway, relative to isoprenaline (wild type), was determined by equation 8. 
Values represent mean ± s.e.mean of 5-6 independent experiments in duplicate. Data were analysed 
in using a two-tailed unpaired Student’s t-test on the ΔlogR ratios to make pairwise comparisons 
between β2-AR WT and each mutant, *P<0.05, **P<0.01. 
 

 cAMP Glucose uptake GLUT4 translocation 

Construct LogR ΔLogR RE LogR ΔLogR RE LogR ΔLogR RE 

β2-AR WT 6.09 ± 
0.16 

0.00 ± 
0.22 

1.00 6.42 ± 
0.10 

0.00 ± 
0.15 

1.00 6.99 ± 
0.42 

0.00 ± 
0.60 

1.00 

β2-AR (-) 
GRKprox 

7.01 ± 
0.15 

0.93 ± 
0.22* 

8.43 6.12 ± 
0.24 

-0.31 ± 
0.26 

0.49    

β2-AR (-) 
GRKct 

6.60 ± 
0.33 

0.51 ± 
0.33 

3.27 5.92 ± 
0.23 

-0.49 ± 
0.23 

0.32    

β2-AR (-) 
GRKcom 

5.65 ± 
0.31 

-0.44 ± 
0.34 

0.36 6.82 ± 
0.18 

0.40 ± 
0.20 

2.50 7.23 ± 
0.30 

0.25 ± 
0.52 

1.77 

β2-AR DSLL 6.21 ± 
0.14 

0.12 ± 
0.21 

1.32 5.96 ± 
0.19 

-0.46 ± 
0.22 

0.35    

β2-AR (-) 
GRK/PKA 

7.51 ± 
0.16 

1.42 ± 
0.23** 

26.39 6.87 ± 
0.17 

0.45 ± 
0.20 

2.81 7.57 ± 
0.49 

0.59 ± 
0.65 

3.89 

β2-AR DALL 5.81 ± 
0.28 

-0.28 ± 
0.32 

0.53 6.37 ± 
0.10 

-0.05 ± 
0.15 

0.90 7.54 ± 
0.42 

0.55 ± 
0.59 

3.58 
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4.4 Discussion 

 

It has been suggested that β2-AR mediated glucose uptake might occur through both cAMP 

dependent and cAMP independent mechanisms, as (i) β2-AR mediated glucose uptake is only 

partially blocked by pharmacological inhibition of PKA (Nevzorova et al., 2002; Nevzorova et al., 

2006; Sato et al., 2014a), and (ii) certain β2-AR ligands such as BRL37344 increase glucose uptake 

and GLUT4 translocation to the same degree as isoprenaline with minimal production of cAMP 

(Chapter 3). One potential mechanism may be through interactions of the β2-AR with GRK2, since 

isoprenaline treatment of cells overexpressing a kinase-dead GRK2 (K220R) mutant failed to 

increase GLUT4 translocation (Dehvari et al., 2012), and other studies have shown a role for GRK in 

the regulation of glucose metabolism (Ciccarelli et al., 2011; Fu et al., 2015; Usui et al., 2005). Hence, 

the aim of this study was to examine the role of GRK phosphorylation sites in the β2-AR C-terminal 

tail in β2-AR mediated signalling (glucose uptake, GLUT4 translocation cAMP production, receptor 

internalisation) in response to isoprenaline and BRL37344. 

 

We used CHOGLUT4myc cells stably expressing the wild type human β2-AR, or stably expressing 6 

different β2-AR constructs in which combinations of serine and threonine residues comprising 

potential GRK/PKA phosphorylation sites were mutated to alanine (Figure 4.1-4.2). These included 

(1) a β2-AR (-) GRKprox mutant with 4 GRK phosphorylation sites in  a proximal cassette mutated 

(S355A, S356A, S364A and T360A), (2) a β2-AR (-) GRKct mutant with 7 GRK phosphorylation sites in 

a distal cassette mutated (T384A, T393A, S396A, S401A, S407A, T408A and S411A), (3) a β2-AR (-) 

GRKcom mutant with all 11 GRK phosphorylation sites in both the proximal and distal cassettes 

mutated, (4) a β2-AR (-) GRK/PKA mutant with all 11 GRK phosphorylation sites in the proximal and 

distal cassette mutated, along with 4 PKA phosphorylation sites mutated (S261A, S262A, S345A and 

S346A). Two other mutants were also constructed: a β2-AR DSLL mutant that has 10 GRK 

phosphorylation sites mutated but not S411, and a β2-AR DALL mutant with 1 mutation (S411A) in 

the C-terminus PDZ binding motif. PDZ proteins are cytoplasmic adaptor proteins, which can affect 

GPCR signalling by diverse mechanisms (eg, receptor internalisation, trafficking, recycling, and 

intracellular sorting) (Romero et al., 2011), with the PDZ-binding motif of the β2-AR associated with 

receptor recycling in mouse cardiac myocytes (Xiang & Kobilka, 2003). It has been suggested that 

the PDZ binding sites critical in β2-AR are the 4 C-terminal residues including D410, S411, L412 and 

L413 (Gage et al., 2001), and S411 is also part of a GRK phosphorylation site (Nobles et al., 2011; 
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Romero et al., 2011). Hence, these 2 mutants, β2-AR DSLL and β2-AR DALL have been added in this 

study to clarify whether any alterations in β2-AR signalling were due to PDZ motif interactions.   

Finally, we have applied the operational model to determine whether mutations alter isoprenaline 

as well as BRL37344 responses in cAMP production, glucose uptake and GLUT4 translocation using 

a standardized comparison to attempt to correct for differences in receptor expression (Black & Leff, 

1983; van der Westhuizen et al., 2014). 

Clonal cell lines expressing each mutant receptor were made and evaluated for receptor expression. 

The receptor expression levels in the wild type cells was 158.5 ± 10.6 fmol/mg protein, which is 

higher than that reported for β2-ARs in human skeletal muscle (Elfellah et al., 1989). We chose single 

cell dilution clones with the lowest receptor expression available since cells that express high β2-AR 

protein levels can promiscuously couple to other signalling pathways which may not be relevant in 

physiological settings (Evans et al., 2010). Some of the mutant cell lines (β2-AR (-) GRKprox, β2-AR (-) 

GRKcom and β2-AR (-) GRK/PKA) had significantly different levels of expression as compared to the 

wild type β2-AR cell line (varying by up to 2-fold from wild type; Table 4.1). However, there were not 

many positive clones for these mutants and we chose the clones showing closest to wild type β2-AR 

expression level. The affinity of isoprenaline but not BRL37344 (measured as pKi) was somewhat 

lower in β2-AR (-) GRKprox and β2-AR (-) GRKcom mutants compared to the wild type β2-AR, however 

it is possible that those pKi values might be determined on an artefact of the fit by GraphPad Prism, 

which may be improved in the future by using half log concentrations. The Lower pKi values might 

have an impact on the agonist potency (Log R values) but not maximal response in the functional 

assays carried out. 

 

Our previous research in L6 myotubes showed that BRL37344 is a full agonist for glucose uptake 

with similar potency to that of isoprenaline, but is only a low potency partial agonist for cAMP 

accumulation (Chapter 3). In this study, in CHOGLUT4myc cells stably transfected with the human 

β2-AR wild type, BRL37344 also stimulated GLUT4 translocation and glucose uptake similar to 

isoprenaline, but only caused a minor effect on cAMP production compared to isoprenaline (Figure 

4.19A, 4.20A, 4.21A). The operational model using isoprenaline as a reference ligand, indicated that 

BRL37344 is a biased agonist for stimulation of glucose uptake and GLUT4 translocation over cAMP 

signalling (Table 4.9).   Functional affinity estimates of BRL37344 pKA derived from operational 

modelling of cAMP and glucose uptake pathways were not significantly different from radioligand 
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binding pKi, but were also characterized by a high standard error and limited confidence in the mean 

value.  

In the current study, we also observed that isoprenaline but not BRL37344 caused internalisation of 

the receptor in a time and concentration dependent manner in SNAP tagged CHOGLUT4myc cells 

stably expressing wild type β2-AR (Figure 4.27A, 4.28A). This result was consistent with our previous 

work in which we examined receptor desensitisation using bioluminescence resonance energy 

transfer (BRET) technology (Chapter 3). In CHOGLUT4myc cells transiently transfected with β2-AR 

and BRET sensors, isoprenaline increased the BRET ratio between β-arrestin1/2 and the β2-AR, and 

decreased the BRET ratio between the plasma membrane marker Kras and the β2-AR. BRL37344 

caused no significant effects on BRET ratios between the β2-AR and β-arrestin1/2 or Kras (Chapter 

3, Figure 3.5). This was associated with isoprenaline (and not BRL37344) causing functional 

desensitisation of cAMP responses. Taken together, these studies indicate that BRL37344 

preferentially increases glucose uptake and GLUT4 translocation over cAMP production, and does 

not stimulate receptor internalisation. 

Surprisingly neither glucose uptake nor GLUT4 translocation was reduced in response to 

isoprenaline or BRL37344 stimulation in CHOGLUT4myc cells expressing β2-AR lacking complete GRK 

or GRK/PKA phosphorylation sites, compared to cells expressing the wild type β2-AR (Table 4.10). 

This indicated that isoprenaline-stimulated glucose uptake/GLUT4 translocation occurs 

independently from GRK mediated receptor phosphorylation. This result was unexpected, as the 

original study indicated a critical role of GRK in β2-AR mediated glucose uptake (Dehvari et al., 2012), 

based on (1) an approximate 50% reduction in isoprenaline-stimulated glucose uptake in 

CHOGLUT4myc cells expressing a truncated β2-AR tail that lacks many of the phosphorylation sites 

for GRK, (2) near abolishment of isoprenaline-stimulated glucose uptake following transfection of 

βARKct (which sequesters Gβγ and thereby prevents activation of Gβγ-dependent effectors, but also 

inhibits recruitment of GRK2 and GRK3 to activated receptors (Koch et al., 1993; Pitcher et al., 1995)), 

and (3) impaired isoprenaline-stimulated GLUT4 translocation in cells overexpressing GRK2 DN 

(K220R) (Dehvari et al., 2012).  

 

In the current study, receptor mutants lacking complete GRK or GRK/PKA phosphorylation sites 

showed a clear phenotype since isoprenaline-stimulated β2-AR internalisation was completely 

abolished, though these experiments were performed using SNAP-tagged receptors, rather than the 

cell lines expressing untagged β2-AR used for signalling. Nonetheless, they retained GLUT4 
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translocation following stimulation with either isoprenaline or BRL37344, unlike earlier results 

observed in cells overexpressing the truncated β2-AR (Dehvari et al., 2012). This could be due to 

several differences in the experimental system, namely the receptor expression level, assay 

protocols and analysis. (1) We performed the GLUT4 translocation assay using CHOGLUT4myc cells 

stably expressing human β2-AR whereas the previous study utilized CHOGLUT4myc cells transiently 

transfected with human β2-AR. (2) Cells were post-fixed, then we used the same concentration of 

myc-tag primary antibody, however, the incubation length was much longer in this current study 

(overnight incubation) than previous study (1 h incubation), which might affect the level of surface 

labelling as well as background staining. (3) It was possible that quantification of GLUT4myc by 

multi-wave scoring algorithm included the GLUT4 not only expressed at the cell surface but also 

inside of the cells, though clearly agonist stimulated plasma membrane translocation was observed 

and quantified using this technique. However, [3H]-2deoxyglucose uptake also demonstrated that 

stimulation with isoprenaline or BRL37344 increased glucose uptake without depending on the 

presence of GRK phosphorylation sites in the β2-AR C-terminal tail. An additional concern in the 

current study was the unknown expression level of GLUT4 and receptor regulatory proteins such as 

GRK and β-arrestins in CHOGLUT4myc cells stably expressing β2-AR mutants, and the potential for 

this to change as a result of the dilution cloning process. Differences in the expression levels of those 

proteins in cell lines expressing mutant receptors compared to β2-AR wild type might affect the 

results of GLUT4 translocation and glucose uptake assays. Therefore, it is necessary to confirm GRK 

mRNA and/or protein levels by real time PCR and/or immunoblotting respectively, to determine the 

genuine effect of mutating GRK phosphorylation sites in β2-AR on GLUT4 translocation and glucose 

uptake. 

While the primary role of GRK phosphorylation in promoting receptor internalisation (Pitcher et al., 

1992; Seibold et al., 2000; Summers et al., 1997) appears to have been lost by our receptor mutants, 

the activation of β2-AR could also increase glucose uptake via cAMP mediated mechanisms (Sato et 

al., 2014a). In fact, β2-AR lacking complete GRK or GRK/PKA phosphorylation sites increased cAMP 

production similar to wild type β2-AR (Figure 4.20). It is possible that the balance between 

underlying GRK mediated and cAMP mediated mechanisms for glucose uptake could alter following 

the receptor phosphosite mutations, without this being apparent as a change in potency or 

maximum effect in the measured endpoint response.  Additionally, whether these receptor mutants 

desensitise or interact with GRK/β-arrestin proteins to the same extent as the wild type receptors 

would be worthwhile in the future to investigate. 
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Thus, glucose uptake and cAMP production in response to isoprenaline or BRL37344 were not 

affected by the β2-AR mutants lacking partial GRK phosphorylation sites as observed in β2-AR (-) 

GRKprox, β2-AR (-) GRKct or β2-AR (-) DSLL cell lines either. Therefore, GRK phosphorylation sites in 

β2-AR did not exhibit a dramatic effect on receptor function except for an outstanding effect on 

receptor internalisation.  

 

Although both wild type and mutant β2-AR clearly increased cAMP production following 30 min 

incubation with isoprenaline, it was difficult to assess the effect of mutations on isoprenaline-

stimulated cAMP production based simply on the concentration response curve parameters.  For 

example, comparison of the EC50 values for isoprenaline in the cAMP assay and lower pKi values 

determined by competition binding in whole cells under similar conditions indicates the potential 

for receptor reserve in this assay – i.e. the maximal cAMP receptor response is generated by less 

than full receptor occupancy by the agonist. Comparisons between wild type and mutant receptors 

were further complicated by differing receptor expression levels. Therefore, we determined LogR 

values using the operational model and made adjustments to these values based on the relative 

receptor expression levels of each mutant compared to wild type (Black et al., 1985; Riddy et al., 

2017). ΔLogR, representing the corrected isoprenaline relative effectiveness at mutant receptors 

compared to wild type receptor, showed significantly increased values for β2-AR(-) GRKprox and β2-

AR (-) GRK/PKA (Table 4.10), representing an increased efficacy. This could be explained by a lack of 

the 2 major GRK proximal C tail phosphorylation sites, T360 and S364, in these mutants leading to 

more limited Gαs protein desensitisation (Nobles et al., 2011). A deficiency of receptor 

internalisation in β2-AR (-) GRK/PKA might affect increasing cAMP level. However, ∆LogR of β2-AR (-) 

GRKcom was not different from that of wild type β2-AR. One limitation of the operational model 

analysis is the assumption that the maximum response of the system (Emax, expressed as a % 

forskolin response) is assumed to be the same across all the cell lines; however there are reasons 

why this may in fact vary (e.g. the proportion of cells responsive to β2-AR might be different between 

clones). A shared Emax value in the fit may mean that clonal differences unrelated to the receptor 

function could also influence the estimated logR and LogKA values.   

Furthermore, advances in understanding the complexity of GPCR phosphorylation effects support 

the possibility that different combinations of phosphosite mutations might show different effects, 

even when incorporating common Ser / Thr mutations. There is a study which examined the role of 

potential GRK phosphorylation sites of β2-AR in the functional desensitisation process in intact cells 
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(Hausdorff et al., 1989; Hausdorff et al., 1991). In that study, β2-AR lacking Ser/Thr sites in a proximal 

portion of the C-terminal tail, corresponding to our β2-AR (-) GRKprox mutant, showed loss of 

desensitisation of adenylyl cyclase response in response to isoprenaline, unlike the wild type β2-AR. 

However, β2-AR lacking all the Ser/Thr residues in the proximal and distal portion of the C-terminal 

tail, corresponding to our β2-AR (-) GRKcom mutant, displayed an increased desensitisation of 

adenylyl cyclase response similar to the effect observed at wild type β2-AR. These results were 

similar to those observed in our current study, which demonstrated significant difference of cAMP 

production (Table 4.10), although we still need to determine the cMAP desensitisation responses 

between those two mutants. The authors suggested two possible interpretations of these findings,  

that the mutations in the distal portion of the C-terminal tail of the β2-AR prevented the change in 

the receptor conformation occurring as a consequence of the mutations in the proximal portion, or 

alternatively counteracted the effects induced by the conformation change in the proximal portion 

(Hausdorff et al., 1991). As such, GRK site-specific phosphorylation would be correlated with the 

determination of receptor conformation, and thereby the effects on signalling.  

Furthermore, we now know that GRK kinase phosphorylation patterns can also affect the β-arrestin 

conformation when bound to the receptor, and potentially direct distinct downstream signalling 

events (Cahill et al., 2017; Lee et al., 2016; Nuber et al., 2016). A defect in GRK induced receptor 

phosphorylation attenuates β-arrestin recruitment and conformation, which eventually influences 

signalling output (Yang et al., 2015). A BRET study showed a significantly reduced intramolecular 

BRET following activation of β2-AR in response to isoprenaline in HEK 293 cells with selective 

knockdown of either GRK2 or GRK6 by siRNA, indicating that GRK phosphorylation events mediate 

the β-arrestin-1 conformational change (Yang et al., 2015). Also, this study demonstrated that GRK2-

phophorylated β2-AR affects clathrin recruitment by β-arrestins whereas GRK6-phophorylated β2-

AR affects Src activation (Yang et al., 2015). Another study indicated that GRK6-phophorylated β2-

AR is crucial for β-arrestin mediated ERK1/2 activation (Nobles et al., 2011). As such, different 

patterns of receptor phosphorylation are associated with distinct signalling functions of β-arrestins 

in a complex manner. 

Interestingly, a recent study identified that two additional β2-AR target residues for phosphorylation , 

S407 and T408,  have a critical capacity to enhance the binding affinity of PDZ domain of sorting 

nexin 27 (SNX27) to the PDZ binding motif (Clairfeuille et al., 2016). Hence, the PDZ motif (and 

Ser411) alone is not sufficient to promote receptor sorting following internalisation, and additionally 

these 2 residues are more likely involved in promoting receptor trafficking. Unlike this finding, our 
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study showed that the β2-AR DALL mutant containing S407 and T408 but lacking the PDZ binding 

site, was still able to undergo agonist-mediated internalisation. However, the β2-AR DSLL mutant 

lacking both S407 and T408 phosphorylation sites but containing the PDZ binding sites, might not 

be sufficient to alter the interaction of β2-AR with sorting proteins, thus prevent receptor 

internalisation. Importance of S407 and T408 sites in receptor internalisation should be examined 

using the β2-AR DSLL mutant in the future.  

Finally, β2-AR (-) GRKcom and β2-AR (-) GRK/PKA stimulated more transient changes in global cAMP 

level following isoprenaline stimulation over time in the absence of IBMX, unlike the sustained 

response to β2-AR wild type (Figure 4.19). This finding is not consistent with previous studies, which 

have all shown increased cAMP accumulation in cells with knockdown of GRK isoforms. For example, 

in HEK293 cells expressing the human β2-AR, the β2-AR mediated cAMP response following 

isoprenaline stimulation was promoted by GRK6 silencing but not GRK2, GRK3, or GRK5 silencing 

(Violin et al., 2008). Another study in rat aortic smooth muscle cells showed that isoprenaline 

significantly increased β2-AR mediated cAMP accumulation following siRNA-treated depletion of 

GRK2 or GRK5 but not GRK6. In the same study, double depletion of GRK2 and GRK5 further 

enhanced cAMP accumulation in response to isoprenaline (Nash et al., 2018).  

 

It is possible that the sustained cAMP response mediated by wild type and most of the mutant β2-

ARs seen in our study arises from endosomal signalling, as has been reported for other Gαs coupled 

receptors (Pavlos & Friedman, 2017). In turn, observation of endosomal signalling may depend on 

the cell type examined, and also on receptor abundance. Our future studies should consider 

whether the absence of receptor internalisation in CHOGLUT4myc cells expressing the β2-AR (-) 

GRKcom and β2-AR (-) GRK/PKA mutants prevents a sustained element of cAMP signalling from 

endosomal compartments. 

 

Overall, this study did not indicate a significant role of GRK phosphorylation sites in β2-AR mediated 

glucose uptake, even when isoprenaline was used as the agonist. Previous studies had shown that 

(1) overexpression of a GRK2 DN abolished isoprenaline-stimulated GLUT4 translocation in the same 

CHOGLUT4myc cell line that we used here (Dehvari et al., 2012), and (2) siRNA knockdown of GRK2 

did reduce β2-AR mediated glucose uptake in L6 cells (Figure 4.4). This raises additional possibilities 

that GRKs are involved in glucose uptake because the kinase activity targets proteins downstream 

of the β2-AR, or because of additional GRK functions as scaffolding protein. GRKs are known to 
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interact directly with various signalling proteins, and modulate downstream signalling cascades 

(Gurevich et al., 2012). Example binding partners of GRK2 include PI3K (Naga Prasad et al., 2002), 

the PI3K downstream target, Akt (Liu et al., 2005), and ERK1/2 - mitogen-activated protein kinase 

kinase (MEK) (Jimenez-Sainz et al., 2006). However, a study which investigated the mechanism of 

β2-AR mediated glucose uptake in response to isoprenaline in L6 myotubes, suggested that Akt is 

not involved (Sato et al., 2014a). In addition, another study demonstrated that inhibition of MKK1 

(upstream of Erk1/2) does not reduce BRL37344-stimulated glucose uptake, suggesting that ERK1/2 

and MEK are not important (Ngala et al., 2013). Alternative potential GRK binding partners in this 

system include clathrin (Shiina et al., 2001) and caveolin (Schutzer et al., 2005), which mediate 

internalisation of β-AR.  We did observe that inhibition of clathrin-mediated receptor endocytosis 

by Pitstop reduced isoprenaline- or BRL37344-stimulated glucose uptake although it also inhibited 

basal glucose uptake, indicating this effect cannot be interpreted as a selective action on β2-AR 

mediated signalling (Figure 4.17). Thus, combined with the lack of β2-AR internalisation in response 

to BRL37344, suggests that clathrin may be involved in receptor-independent glucose homeostasis, 

perhaps involving direct regulation of GLUT4 vesicles (Bogan & Kandror, 2010). The role of caveolin 

in glucose uptake should be determined by the use of filipin III (an inhibitor which sequesters 

cholesterol, and thereby disrupts caveolae).  

 

In future studies, we will examine whether kinase or scaffolding properties of GRKs are important 

for increasing glucose uptake. We need to assess which GRK isoforms are recruited to the wild type 

and mutant β2-ARs in CHOGLUT4myc cells using BRET technology (as described for recruitment of 

β-arrestin 1/2 in Chapter 3), in conjunction with measuring the effect of specific GRK inhibitors or 

siRNAs that selectively knock down GRK2, GRK5 or GRK6. If we demonstrate involvement of GRK2 

by these approaches, we would then reassess the effects of the kinase-dead GRK2 mutant K220R 

on GLUT4 translocation and glucose uptake in CHOGLUT4myc cells expressing the wild type or 

mutated β2-ARs lacking the GRK phosphorylation sites. This would provide key information on 

whether the kinase activity of GRK2 acts on an effector downstream of the β2-AR itself.  

 

Conclusion 

Our findings indicated that the GRK phosphorylation sites in β2-AR are not associated with 

isoprenaline- or BRL37344-stimulated glucose uptake. In the absence of GRK phosphorylation sites 

in mutant β2-ARs, isoprenaline increased glucose uptake although it failed to promote receptor 
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internalisation. GRK phosphorylation sites had no crucial roles in neither BRL37344-stimulated 

glucose uptake nor receptor internalisation. However, GRKs are considered important for glucose 

uptake as siRNA knock down of GRK2 dramatically decreased isoprenaline- or BRL37344-stimulated 

glucose uptake. Therefore, further investigation is required to determine the role of GRK2 in glucose 

uptake, and also the signalling mechanisms underlying BRL37344-stimulated glucose uptake. 
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Cellular signalling in response to A61603 and dabuzalgron in 
CHOGLUT4 cells expressing human α1A-adrenoceptors 

   

CHAPTER 5 
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5.1 Introduction 

α1-Adrenoceptors (α1-ARs) have roles in the heart, including α1A- and α1B-ARs that are expressed in 

cardiac myocytes, and α1D-ARs that are expressed in smooth muscle cells of coronary blood vessels 

(Jensen et al., 2009a; Jensen et al., 2009b; Rokosh et al., 1994). Myocardial α1-ARs are required for 

the normal development of the heart, and substantial evidence indicates beneficial effects of α1-AR 

activation (in particular the α1A-AR subtype) in the adult heart, where they have an adaptive and 

protective role in stress conditions that include heart failure. α1-AR expression can be increased 2-

fold in human heart failure compared to normal hearts (Jensen et al., 2009a), and their activation in 

rodents results in adaptive hypertrophy, and prevention of cardiomyocyte death (O'Connell et al., 

2003; O'Connell et al., 2014; O'Connell et al., 2006; Papay et al., 2013; Zhu et al., 2000). This differs 

to what occurs in human cardiac failure with β1-adrenoceptors (β1-ARs), which are desensitised and 

down-regulated (Bristow et al., 1982). This cardioprotective role of α1-ARs is mainly due to the 

activity of the α1A-AR. Transgenic mice expressing a constitutively active α1A-AR, show enhanced 

contractile function following ischemic injury, whereas this effect is not observed in transgenic mice 

expressing a constitutively active α1B-AR (Rorabaugh et al., 2005). Double α1A-AR and α1B-AR 

knockout mice show reduced cardiovascular parameters (stroke volume, heart rate, cardiac output) 

compared to wild type mice (O'Connell et al., 2003). In addition, cell death observed in ventricular 

cardiac myocytes from α1A-AR and α1B-AR double knockout mice caused by oxidative stress or 

noradrenaline stimulation (activation of β-ARs) was reversed following adenoviral infection of the 

α1A-AR but not the α1B-AR (Huang et al., 2007). It should be noted that the abundance of cardiac α1-

AR and the subtype distribution are very similar between human and mouse (Jensen et al., 2009a). 

A61603, (N-[5-(4,5-dihydro-1H-imidazol-2-yl)-2-hydroxy-5,6,7,8-tetrahydronaphthalen-1- 

yl]methanesulfonamide hydrobromide), and  dabuzalgron, (N-[6-chloro-3-(4,5-dihydro-1H-

imidazol-2-ylmethoxy)-2-methylphenyl]methanesulfonamide, formerly called Ro 115-1240), are 

highly selective α1A-AR agonists (Blue et al., 2004; Knepper et al., 1995), both with reported 

cardioprotective effects. Although dabuzalgron was originally developed for the treatment of 

urinary incontinence, it failed in clinical trials (Musselman et al., 2004), and is now in development 

for the treatment of heart failure. Administration of A61603 produced positive inotropic responses 

and prevented doxorubicin-induced cardiomyopathy and cardiomyocyte death in a mouse model of 

heart failure (Cowley et al., 2015; Vakhrusheva et al., 2008). Dabuzalgron treated mice were also 

protected against doxorubicin mediated cardiotoxicity (Beak et al., 2017). Importantly, both A61603 

and dabuzalgron caused these beneficial effects without stimulating vascular α1B- or α1D-ARs, hence 
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there was no significant elevation of blood pressure (Beak et al., 2017; Jensen et al., 2011a). The 

basis for α1A-AR mediated cardioprotection is unclear. Therefore, it is important to understand the 

signalling mechanisms underlying α1A-AR mediated cardioprotection. One important mechanism of 

cardioprotection has been thought to be increased glucose uptake into cardiomyocytes 

(Domenighetti et al., 2010; Liao et al., 2002). In heart failure, cardiomyocytes are exposed to hypoxic 

conditions due to a reduction of coronary blood flow (Essop, 2007). While the healthy heart 

predominantly uses fatty acids as a main energy substrate by consuming a large amount of oxygen 

to generate ATP via β-oxidation pathways (Nagoshi et al., 2011), the reduction of oxygen supply in 

the failing heart leads to a switch in energy substrate utilization from fatty acids to glucose in order 

to generate ATP  (Doenst et al., 2013; Kolwicz & Tian, 2011; Lionetti et al., 2011; Lopaschuk et al., 

2010; Nagoshi et al., 2011). Thus, up-regulation of glucose uptake becomes a more important factor 

to meet the energy demands in heart failure. 

In skeletal muscle, α1A-ARs increase glucose uptake through a phospholipase C (PLC)-Ca2+- 

calcium/calmodulin-dependent protein kinase kinase β (CAMKKβAMP-activated protein kinase 

(AMPK) mediated mechanism (Hutchinson & Bengtsson, 2005).  However, in cardiomyocytes, 

compound C (an AMPK inhibitor) only partially inhibited α1A-AR mediated glucose uptake (Sato et 

al., 2018).  A second pathway involving the mechanistic target of rapamycin (mTOR) complex 2 was 

also found to mediate α1A-AR mediated glucose uptake (Sato et al., 2018). mTOR is a 289kDa 

serine/threonine kinase that assembles into two functionally and structurally distinct multiprotein 

complexes, the rapamycin sensitive mTOR complex1 (mTORC1), and rapamycin insensitive mTOR 

complex2 (mTORC2) (Sciarretta et al., 2014). mTORC2 is a central regulator of β-AR mediated 

glucose uptake in brown adipocytes (Olsen et al., 2014) and skeletal muscle (Sato et al., 2014a), and 

activation of α1A-ARs increases glucose uptake via mTORC2 in parallel with an AMPK dependent 

pathway in cardiomyocytes (Sato et al., 2018). α1A-AR and β2-AR activation of mTORC2 occurs 

independently of phosphoinositide 3-kinase (PI3K)/Akt, which contrasts to insulin-stimulated 

glucose uptake (Gan et al., 2011).  This is important since PI3K/Akt signalling is down-regulated in 

certain diseases such as diabetes (Cozzone et al., 2008; Meyer et al., 2002; Sasaoka et al., 2006).  In 

addition, insulin-stimulated Akt phosphorylation is impaired in a mouse model of diabetic 

cardiomyopathy (Battiprolu et al., 2012). This reduction of Akt phosphorylation in response to 

insulin is also observed in patients with heart failure complicated with type 2 diabetes (Chokshi et 

al., 2012). The mechanism of α1A-AR mediated activation of mTORC2 is independent of Ca2+ and 

independent of AMPK signalling (Kamimura et al., 2008), whereas β2-AR activation of mTORC2 
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occurs partially through a cAMP/PKA mediated mechanism (Sato et al., 2014a). Thus, cAMP might 

be a potential mechanism of α1A-AR mediated mTORC2 activation since stimulation of α1A-ARs can 

increase cAMP levels at least in recombinant systems (Sato et al., 2018). 

Cardiac hypertrophy is a myocardial structural alteration, resulting from expansion of muscle mass 

and increased protein synthesis under conditions of increased workload (Selvetella et al., 2004; 

Selvetella & Lembo, 2005). Although hypertrophy begins as an adaptive mechanism, myocardial 

enlargement and additional inflammatory processes place extra demand on the heart, and cause 

remodelling and fibrosis that ultimately lead to heart failure (McMullen & Jennings, 2007). 

Activation of α1A-ARs in response to A61603 showed a substantial increase in myocardial cell size 

and the rate of protein synthesis in neonatal rat cardiomyocytes (Autelitano & Woodcock, 1998). 

The non-selective α1-AR agonist phenylephrine increased protein synthesis in rat adult 

cardiomyocytes, thought to be dependent on the activation of both extracellular signal–regulated 

kinase (Erk1/2) and mTORC1 (Wang & Proud, 2002). Furthermore, our previous study in neonatal 

rat cardiomyocytes demonstrated that A61603 stimulated cardiac hypertrophy presumably via 

mTORC1 and its downstream target S6 ribosomal protein (S6RP) dependent pathway (Sato et al., 

2018). Despite increasing hypertrophy, agonists acting at the α1A-AR may be protective due to 

beneficial effects on survival pathways and on glucose uptake. 

Here, we have undertaken a systematic analysis of signalling pathways activated by the α1A-AR, and 

examined the role of cAMP in glucose uptake in response to noradrenaline, A61603 or dabuzalgron 

in CHO-GLUT4myc cells stably expressing the human α1A-AR. We also assessed the signalling bias of 

these ligands (noradrenaline, A61603, and dabuzalgron) across 6 different signalling pathways 

including Ca2+mobilization, cAMP production, glucose uptake, N-Myc downstream regulated 1 

(NDRG1) phosphorylation, S6RP phosphorylation and Erk1/2 phosphorylation. 
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5.2 Methods 

 

5.2.1 Cell culture  

CHOGLUT4myc cells stably expressing the human α1A-AR were a gift from Dr. Kazuhiro Kishi 

(University of Tokushima, Tokushima, Japan). Cells were grown in 50:50 Dulbecco’s modified Eagle’s 

media (DMEM)/Ham’s F12 media (Thermo Fisher Scientific, MA, USA) supplemented with 5% (v/v) 

foetal bovine serum (FBS) (Thermo Fisher Scientific, MA, USA) at 37°C, 5% CO2 in a water jacketed 

incubator as described in Section 2.4.  

 

5.2.2 [3H]-prazosin saturation binding assay  

Cells were seeded at 5x103 cells per well in 24 well plates, and serum starved for 2 days. Cells were 

washed once with HEPES buffer (NaCl, D-glucose, KCl, MgSO4-7H2O, HEPES, CaCl2-2H2O and 

NaHCO3), and then incubated with [3H]-prazosin (100 pM to 10000 pM) for 1 h at 37°C. Non-specific 

binding was determined in the presence of phentolamine (final concentration, 40 µM). Reactions 

were terminated by washing twice in HEPES buffer, and samples lysed by the addition of 0.2 M 

NaOH (30 min, 50°C). Samples were transferred to scintillation vials (Sarstedt, Nümbrecht, 

Germany) containing 4 ml of Microscint 20 (PerkinElmer, MA, USA) and incubated for 1 h at RT 

before radioactivity was measured (Sato et al., 2018). The actual concentration of [3H]-prazosin used 

was also determined by counting 100 µl stock sample [3H]-prazosin with 4 ml Microscint 20 

(PerkinElmer, MA, USA) in scintillation vials (Sarstedt, Nümbrecht, Germany) on a β counter TriCarb 

2910TR (PerkinElmer, MA, USA) at 21°C for 3 min. Determination of cellular protein concentration 

was carried out with Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific, 

MA, USA), using bovine serum albumin as standard as described in Section 2.6.4. Analysis of data is 

detailed in Section 2.11.2.1. 

 

5.2.3 Ca2+ mobilization assays 

Ca2+ mobilization assays were performed as described in Section 2.7.2. Cells were seeded at 1.0x104 

cells per well in 96-well plates and grown overnight. Cells were treated with varying concentrations of 

either noradrenaline, A61603 or dabuzalgron for 1 min (peak response) for the generation of 

concentration response curves. In each experiment, 1 μM A23187 was used as a positive control 

and all experiments were performed in duplicate. Results are expressed as percentage of 

Ca2+mobilization normalized to 1 μM A23187 in each independent experiment. Analysis of data is 

detailed in Section 2.11.1. 
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5.2.4 Cyclic AMP accumulation assays 

cAMP accumulation assays were performed as described in Section 2.7.1. Cells were seeded at 

1.0x104 cells per well in 96-well plates. Cells were serum-starved overnight, then treated with varying 

concentrations of either noradrenaline, A61603 or dabuzalgron for 30 min for the generation of 

concentration response curves. For time course studies, noradrenaline (100 M), A61603 (1 M) or 

dabuzalgron (10 M) were added at specific time points. These concentrations of agonists were 

chosen to give a response equivalent to a pEC80 value based on the cAMP concentration response 

curves. Where indicated, inhibitors of Gαq/11 (UBO-QIC; 100 nM), PLC (U73122; 10 μM), PKCζ (PKCζ 

pseudosubstrate; 1 μM), or the cell-permeable Ca2+ chelator BAPTA AM (10 μM) were added 30 min 

prior to addition of noradrenaline (1 M) or A61603 (100 nM). These agonist concentrations were 

chosen to produce approximately half of the maximal cAMP levels obtained in Fig 5.6A to ensure 

that the receptors were not maximally occupied. Results are expressed as pmole cAMP per well in 

each independent experiment. Analysis of data is detailed in Section 2.11.1. 

 

5.2.5 Fluorescence resonance energy transfer (FRET)   

FRET was performed as described in Section 2.9.3. CHOGLUT4myc cells were seeded at 1x104 cells 

per well in black side clear bottom cell culture 96-well microplates, and the next day transfected 

with the α1A-AR (55 ng) and either the FRET biosensor pmEpac2 or cytoEpac2 (40 ng) using 1 mg ml-

1 polyethylenimine (PEI). Cells were incubated in DMEM containing 0.5% FBS one day prior to an 

experiment. Cells were assayed with 20 μl of ligand, either noradrenaline (final concentration, 10 

nM) or A61603 (final concentration,1 nM), or 20 μl of positive control (final concentration, 10 μM 

forskolin and 100 μM IBMX) in 160 μl of HBSS at 37 °C. These concentrations of noradrenaline and 

A61603 were chosen to prevent saturation of the FRET cAMP sensors. Results are expressed as 

F/Fmax, the ratio of FRET (ligand)/maximum FRET (positive control) in each independent 

experiment. Analysis of data is detailed in Section 2.11.6. 

 

5.2.6 Amplified Luminescent Proximity Homogeneous (Alpha) screen assays 

Alpha screen assays were performed as described in Section 2.8.1. Cells were seeded at 1.0x104 cells 

per well in 96-well plates. Cells were serum starved overnight, then treated with varying 

concentrations of either noradrenaline, A61603 or dabuzalgron to determine the phosphorylation 

of Erk1/2 at T202/Y204 or S6RP at S235/S236 for 10 min or 2 h, respectively. For time course studies, 

noradrenaline (1 µM), A61603 (100 µM) or dabuzalgron (10 µM) was added at specific time points. 
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These concentrations of agonists were chosen to give a response equivalent to a pEC80 value based 

on the Erk1/2 or S6RP concentration response curves. Results are expressed as a percentage of 

phospho-Erk1/2 or phospho-S6RP in vehicle treated cells in each independent experiment. Analysis 

of data is detailed in Section 2.11.1. 

 

5.2.7 InCell Western (Li-Cor) assays 

InCell Western (Li-Cor) assays were performed as described in Section 2.8.2. Cells were seeded at 

1.0x104 cells per well in black side clear bottom cell culture 96-well microplates. Cells were serum 

starved for 2 days, then treated with varying concentrations of either noradrenaline, A61603 or 

dabuzalgron to determine the phosphorylation of NDRG1 for 2 h. For time course studies, 

noradrenaline (1 M), A61603 (100 nM) or dabuzalgron (10 M) were added at specific time points. 

These concentrations of agonists were chosen to give a response equivalent to a pEC80 value based 

on the NDRG1 concentration response curves. Results are expressed as a percentage of phospho-

NDRG1 in vehicle treated cells in each independent experiment. Analysis of data is detailed in 

Section 2.11.3. 

 

5.2.8 [3H]-2-deoxyglucose uptake assays 

[3H]-2-deoxyglucose uptake assays were performed as described in Section 2.6.1. Cells were seeded 

at 5.0x104 cells per well in 24-well plates. Cells were serum starved for 2 days, then treated with 

varying concentrations of either noradrenaline, A61603 or dabuzalgron for 2 h. Insulin was used a 

positive control in each experiment performed. Where indicated,  antagonists of the α1-AR (prazosin; 

1 μM) or α1A/1D-AR (tamsulosin; 100 nM), or inhibitors for Gαq/11 (UBO-QIC; 100 nM), PKCζ (PKCζ 

pseudosubstrate ;1 μM), mTORC1/2 (KU0063794; 1 μM, rapamycin; 100 nM, 24 h), mTORC1 

(rapamycin; 1 μM), PKA (PKI; 1 μM), or MEK (U0126; 10 μM), or the Ca2+  chelator (BAPTA AM; 10 

μM) were added 30 min prior to addition of insulin (100 nM), noradrenaline (100 nM), A61603 (10 

nM) or dabuzalgron (100 nM) with an excecption of rapamycin 100 nM pre-treatment. These 

concentrations of agonists were chosen to give a response equivalent to a pEC80 value based on the 

glucose uptake concentration response curves. Results are expressed as a percentage of glucose 

uptake in vehicle treated cells in each independent experiment. Analysis of data is detailed in 

Section 2.11.1. 
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5.2.9 Data analysis 

All results are expressed as mean ± s.e.mean of n independent experiments. Since clonal cells are 

used, each n number is defined as an experiment performed on different days from cells from 

different passages. Data was analysed with GraphPad PRISM v7.02. The statistical significant 

difference was analysed by using (1) Student’s paired t tests to make comparison of inhibitory 

effects where inhibitors were used, (2) Student’s unpaired t tests to make pairwise comparisons 

between two ligands or two pathways (3) One-way ANOVA Dunnett's or Tukey's multiple 

comparisons test to make comparison among multiple ligands, or (4) Two-way ANOVA to make 

comparison of curves. P values less than 0.05 were considered significant. 

 

The operational model, an analytical approach to quantify agonist bias, (Black & Leff, 1983; Riddy et 

al., 2017) (Section 2.11.7) was used to determine the transduction ratio R (=τ /KA), and to compare 

the effects of noradrenaline vs A61603 vs dabuzalgron as below; 

Transduction coefficient (R) is defined by the ration of τ /KA as follows;  

 

 

  

Where 𝜏 is an index of the coupling efficacy of the agonist, KA is the functional equilibrium 

dissociation constant of the agonist. 

 

The logarithm of the “transduction coefficient” (LogR) was obtained by fitting concentration 

response curves using equation 2, respectively on GraphPad Prism (v7.0; GraphPad Software, La 

Jolla, CA). 

 

 

 

 

 

Where [A] is the concentration of agonist, Em is the maximal possible response of the system, Basal 

is the response in unstimulated system, logKA is the logarithm of the functional equilibrium 

dissociation constant of the agonist, n is the slope of the transducer function that links occupancy 

to response. To note, full agonists were placed into column A – O on the Prism sheet, and LogKA was 

Equation 2, Effect of the ligand = Basal +
(Em − Basal)

1 + (

[A]

10LogK aA
n + 1

10LogR x [A]
)

n 

Equation 1, R =
τ

kA
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constrained to 0. In contrast, partial agonists were placed into column P onwards, and LogKA was 

fitted (van der Westhuizen et al., 2014). 

 

To determine the relative effectiveness of ligand; (1) the difference between LogR (ΔLogR) value 

was calculated using equation 3, (2) the estimated standard error of mean of equation 3 was 

calculated using equation 4, respectively, (3) the relative effectiveness toward each pathway, 

relative to noradrenaline, were calculated using equation 5. 

 

 

Where ligand is either A61603 or dabuzalgron. 

 

 

 

 

To determine bias factor, (1) the difference between the ΔlogR values (ΔΔlogR) was calculated using 

equation 6, (2) the estimated standard error of mean of equation 6 was calculated using equation 

7, (3) bias factor was calculated using equation 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 3, ΔLogR = LogRLigand − LogRNoradrenaline 

Equation 4, s. e. m∆LogR = √(s. e.  mLigand)
2

+ (s. e. mNoradrenaline)2 

Equation 5, Relative effectivness = 10ΔLogR 

Equation 6, Δ𝛥LogRPath = ΔLogRPath1 − ΔLogRPath2 

Equation 7, s. e. m∆∆LogRPath
= √(s. e. m∆LogRPath1−Path2

)
2

+ (s. e. m∆LogRPath1−Path2
)

2
 

Equation 8, Bias factor = 10ΔΔLogRPath  
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5.3 Results 

 

5.3.1 Saturation binding characterization of [3H]-prazosin in CHOGLUT4myc cells expressing the 

wild type human 1A-AR 

[3H]-prazosin binding occurred in a saturable manner to a single binding site in CHOGLUT4myc cells 

stably expressing the wild type 1A-AR (Bmax 189. 4± 19.4 fmol/mg of protein; pKD 7.8 ± 0.09; n=8; 

Figure 5.1). This receptor expression level is approximately 3-fold higher compared to those 

measured in neonatal rat ventricular myocytes (NRVM) (Sato et al., 2018). 

 

5.3.2 α1A-AR mediated increases in glucose uptake in CHOGLUT4myc cells expressing the human 

α1A-AR 

In CHOGLUT4myc cells, noradrenaline, A61603, and dabuzalgron did not increase glucose uptake 

(Figure 5.2A). In CHOGLUT4myc cells expressing the human α1A-AR, noradrenaline, A61603, or 

dabuzalgron increased glucose uptake in a time (Figure 5.2B) and concentration dependent manner 

(Figure 5.2C, Table 5.1), as did the positive control insulin.  All four ligands produced similar maximal 

effects on glucose uptake, but the rank order of potency was A61603 > dabuzalgron > 

noradrenaline=insulin. To confirm whether this effect resulted from the activation of the α1A-AR, 

both prazosin (α1-AR antagonist) and tamsulosin (α1A/1D-AR antagonist) were used. Prazosin (1 μM) 

and tamsulosin (100 nM) blocked noradrenaline (100 nM), A61603(10 nM) or dabuzalgron (100 nM) 

stimulated glucose uptake, but did not affect insulin-stimulated glucose uptake (**P < 0.01, ***P < 

0.001, Student’s paired t-test) (Figure 5.2D, 5.2E).  

 

5.3.3 α1A-AR mediated increases in Ca2+ mobilization in CHOGLUT4myc cells expressing the human 

α1A-AR 

In CHOGLUT4myc cells, noradrenaline, A61603, and dabuzalgron did not increase Ca2+ mobilization 

(Figure 5.3A). In CHOGLUT4myc cells expressing the human α1A-AR, noradrenaline, A61603, and 

dabuzalgron all increased Ca2+ mobilization in a concentration dependent manner (Figure 5.3B; 

Table 5.1). Ca2+ mobilization in response to A61603 or noradrenaline showed similar efficacies, 

whereas dabuzalgron exhibited a partial response compared to these agonists. The rank order of 

potency was A61603 >> noradrenaline >> dabuzalgron. 
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Figure 5.1: Saturation binding of [3H]-prazosin in CHOGLUT4myc cells stably expressing the 
human α1A-AR   
 

Specific binding (expressed as fmol/mg protein) was determined in CHOGLUT4myc cells stably 
expressing the human α1A-AR. Cells were incubated with increasing concentrations of [3H]-
prazosin for 1 h. Non-specific binding was determined in the presence of 40 μM phentolamine. 

Points show mean ± s.e.mean of 5 independent experiments performed in duplicate.  
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Figure 5.2: Effect of insulin, noradrenaline, A61603 or dabuzalgron on glucose uptake in 
CHOGLUT4myc cells stably expressing the human α1A-AR 
 

(A) Effect of insulin (10 µM), noradrenaline (100 nM), A61603 (10 nM) or dabuzalgron (100 nM) 
on glucose uptake in CHOGLUT4myc cells (120 min). Effect of (B) time or (C) concentration on 
insulin, noradrenaline, A61603 or dabuzalgron mediated increases in glucose uptake in 
CHOGLUT4myc cells expressing the human α1A-AR (120 min). Effect of (D) prazosin (1 µM) or (E) 
tamsulosin (100 nM) on insulin (100 nM), noradrenaline (100 nM), A61603 (10 nM) or 
dabuzalgron (100 nM) stimulated glucose uptake in CHOGLUT4myc cells expressing the human 
α1A-AR. Values are mean ± s.e.mean of 5-6 independent experiments performed in duplicate. 
Data are normalized to values in vehicle treated cells. Asterisks represent statistical differences 
as analysed by Student’s paired t-test to make pairwise comparisons of inhibitory effects 
between two groups (**P < 0.01, ***P < 0.001). 

(A) 

(B) (C) 

(D) (E) 

*** 

*** 
*** *** *** ** ** 
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Figure 5.3: Effect of noradrenaline, A61603 or dabuzalgron on Ca2+ mobilisation in 
CHOGLUT4myc cells stably expressing the human α1A-AR 
 

Concentration effect of noradrenaline, A61603 or dabuzalgron on Ca2+ release in (A) 
CHOGLUT4myc cells, or (B) CHOGLUT4myc cells stably expressing the human α1A-AR (1 min). 
Values are mean ± s.e.mean of 5-6 independent experiments performed in duplicate. Data are 
normalized to the maximum response generated by 1 µM A23187 in each experiment. 

(A) (B) 
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Table 5.1: Potency and maximal response of ligands for glucose uptake, Ca2+ mobilization, cAMP 
accumulation, S6RP phosphorylation, ERK1/2 phosphorylation, and NDRG1 phosphorylation 
 
Values represent mean ± SEM from 4-7 individual experiments performed in duplicate. RmaxNA is 
expressed as percentage of maximal noradrenaline response. Data of RmaxNA were analysed in using 
one-way ANOVA and Dunnett's multiple comparisons test between noradrenaline and test ligand 
either A61603 or dabuzalgron, *P < 0.05, **P < 0.01, ***P < 0.001. NA = Not applicable. ND = Not 
determined. Statistical significance of differences of pEC50 and Rmax values is listed in Table 5.2. 
 

 Insulin 
 

Noradrenaline 
 

A61603 
 

Dabuzalgron 
 

Glucose 
uptake 
(% of basal) 

pEC50 8.16 ± 0.30 
 
150.3 ± 4.54 

7.78 ± 0.43 
 
156.4 ± 8.79 

9.18 ± 0.29 
 
162.9 ± 4.64 

8.56 ± 0.29 
 
161.6 ± 6.26 Rmax 

 RmaxNA NA 100 113.4 ± 7.83 113.7 ± 11.5 

Ca2+ 
mobilization 
(% of A23187) 

pEC50 NA 
 
NA 

9.06 ± 0.16 
 
119.6 ± 5.76 

10.66 ± 0.15 
 
122.2 ± 4.57 

7.92 ± 0.15 
 
73.83 ± 3.60 Rmax 

RmaxNA NA 100 95.25 ± 3.96 58.0 ± 2.76*** 

cAMP 
production 
(pmole/well) 
 

pEC50 NA 
 
NA 

5.12 ± 0.15 
 
1.29 ± 0.07 

6.55 ± 0.14 
 
1.91 ± 0.09 

ND 
 
ND 
 

Rmax 

RmaxNA NA 100 133.6 ± 6.46*** 0.31 ± 0.64*** 

p-S6RP   
(% of vehicle) 

pEC50 8.71 ± 0.17 
 
250.8 ± 9.24 

6.79 ± 0.15 
 
253.1 ± 9.83 

8.65 ± 0.13 
 
246.4 ± 7.60 

7.08 ± 0.15 
 
211.6 ± 6.90 Rmax 

 RmaxNA NA 100 89.97 ± 3.43* 60.6 ± 3.48*** 

p-Erk1/2  
(% of vehicle) 

pEC50 7.07 ± 0.18 
 
374.6 ± 25.2 

6.62 ± 0.19 
 
294.7 ± 18.2 

8.50 ± 0.14 
 
292.2 ± 13.7 

6.26 ± 0.11 
 
303.6 ± 11.6 Rmax 

 RmaxNA NA 100 106.2 ± 5.52 104.3 ± 5.12 

p-NDRG1 
(% of vehicle) 

pEC50 7.34 ± 0.59 
 
201.1 ± 21.7 

6.64 ± 0.27 
 
281.1 ± 20.6 

8.27 ± 0.20 
 
253.3 ± 10.7 

7.72 ± 0.37 
 
188.2 ± 9.33 Rmax 

 RmaxNA NA 100 86.71 ± 6.09 49.4 ± 5.34*** 
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Table 5.2 Statistical significance of differences of pEC50 and Rmax values among ligands in glucose 
uptake, Ca2+ mobilization, cAMP accumulation, p-S6RP, p-Erk1/2, p-NDRG1 

pEC50 and Rmax values used for this statistical analysis were obtained from Table 5.1. Data of 
glucose uptake, Ca2+ mobilization, p-S6RP, p-Erk1/2 and p-NDRG1 were analysed in using one-way 
ANOVA and Tukey's multiple comparisons test, and data of cAMP accumulation were analysed in 
using a two-tailed unpaired student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.  ns = Not significant. 
NA = Not applicable.  
 

 Glucose 
uptake 

Ca2+ 
mobilization 

cAMP 
accumulation 

p-S6RP   
 

p-Erk1/2  
 

p-NDRG1 
 

 

Insulin  

Vs. 

Noradrenaline 

ns 

ns 

NA 

NA 

NA 

NA 

*** 

ns 

ns 

* 

 

ns 

* 

 

pEC50  

Rmax 

Insulin  

Vs. 

A61603 

ns 

ns 

NA 

NA 

NA 

NA 

ns 

ns 

*** 

* 

 

ns 

ns 

pEC50  

Rmax 

Insulin  

vs.  

Dabuzalgron 

ns 

ns 

NA 

NA 

NA 

NA 

*** 

ns 

** 

* 

 

ns 

ns 

pEC50  

Rmax 

Noradrenaline 

vs. 

A61603 

* 

ns 

*** 

ns 

*** 

** 

*** 

ns 

*** 

ns 

* 

ns 

pEC50  

Rmax 

Noradrenaline  

vs.  

Dabuzalgron 

ns 

ns 

** 

*** 

NA 

NA 

ns 

* 

 

ns 

ns 

ns 

** 

 

pEC50  

Rmax 

A61603 

vs.  

Dabuzalgron 

ns 

ns 

*** 

*** 

 

NA 

NA 

*** 

ns 

*** 

ns 

ns 

ns 

pEC50  

Rmax 
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5.3.4 α1A-AR mediated glucose uptake is dependent on Gq/11, Ca2+ and PKCζ 

α1A-ARs primarily couple to Gq/11 proteins to increase Ca2+ mobilization, and lead to activation of 

PKC. To investigate whether these proteins are involved in noradrenaline or A61603 stimulated 

glucose uptake, experiments were performed in the absence/presence of UBO-QIC (Gq/11 

inhibitor), BAPTA AM (intracellular and extracellular Ca2+ chelator), or PKCζ pseudosubstrate (PKCζ 

inhibitor). Glucose uptake in response to noradrenaline (100 nM) or A61603 (10 nM) was 

significantly decreased by UBO-QIC, BAPTA AM and PKCζ pseudosubstrate (*P < 0.01, **P < 0.01, 

***P < 0.001, Student’s paired t-test) (Figure 5.4A-C).  

 

5.3.5 α1A-AR mediated increases in glucose uptake may involve cAMP  

In CHOGLUT4myc cells expressing the human α1A-AR, noradrenaline and A61603 increased cAMP 

levels in a time and concentration dependent manner (Figure 5.5A-B; Table 5.1), with A61603 being 

more potent and displaying higher efficacy compared to noradrenaline. Dabuzalgron failed to 

increase cAMP levels (Figure 5.5A-B). Using FRET, production of cAMP at the plasma membrane or 

cytosol was determined following transient transfection of the α1A-AR and FRET sensors 

(pmEpac2/cytoEpac2) into CHOGLUT4myc cells. In the cytosol, it appeared that noradrenaline (10 

nM) and A61603 (1 nM) produced the same degree of cAMP (Figure 5.5C) (***P < 0.001, Two-way 

ANOVA). However, noradrenaline (10 nM) showed relatively lower cAMP response than A61603 (1 

nM) when measured at the plasma membrane (***P < 0.001, Two-way ANOVA) (Figure 5.5D). Since 

cAMP is involved in β2-AR mediated increases in mTOR phosphorylation and subsequent glucose 

uptake, we investigated whether cAMP is involved in α1A-AR mediated glucose uptake. The cell 

permeable cAMP-dependent protein kinase (PKA) inhibitor PKI significantly inhibited noradrenaline 

and A61603 mediated glucose uptake, but had no effect on dabuzalgron mediated glucose uptake 

(*P < 0.01, ***P < 0.001, Student’s paired t-test) (Figure 5.5E), consistent with the lack of cAMP 

produced following dabuzalgron treatment (Figure 5.5A-B). In addition, stimulation with the cell-

permeable cAMP analogues 8-Bromoadenosine 3',5'-cyclic adenosine monophosphate (8-Br-cAMP) 

or N6-Benzoyladenosine-3',5'-cyclic monophosphate (6-Benz-cAMP), significantly increased glucose 

uptake (*P < 0.01, Student’s paired t-test) (Figure 5.5F), indicating that elevations in cAMP can 

increase glucose uptake themselves in these cells. Elevations in cAMP levels can occur through Gαs 

mediated pathways, and in some cases due to activation of adenylate cyclase isoforms that are 

sensitive to Ca2+ elevation (Halls & Cooper, 2011). To investigate this, CHOGLUT4myc cells 

expressing the human α1A-AR were pretreated with the Gαq/11 inhibitor UBO-QIC, the PLC inhibitor 
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U73122, the Ca2+ chelator BAPTA AM, or the PKCζ inhibitor PKCζ pseudosubstrate, and 

noradrenaline or A61603-stimulated increases in cAMP levels were measured. Noradrenaline- or 

A61603-stimulated cAMP production was partially blocked by UBO-QIC (***P < 0.001, Student’s 

paired t-test) or U73122 (**P < 0.01, ***P < 0.001, Student’s paired t-test) (Figure 5.6A-B). However, 

BAPTA AM or PKCζ pseudosubstrate had no significant effect on cAMP production in response to 

noradrenaline (Figure 5.6C-D). This same concentration of UBO-QIC totally abolishes α1A-AR 

mediated increases in Ca2+ mobilization (Sato et al., 2018), suggesting that perhaps noradrenaline 

and A61603 increase cAMP levels through a Ca2+ sensitive adenylate cyclase isoform, as well as 

perhaps a direct interaction with Gαs since UBO-QIC failed to totally inhibit cAMP levels. 

 

5.3.6 αA-AR mediated glucose uptake involve mTORC2, but not mTORC1 

The involvement of mTOR in α1A-AR mediated glucose uptake was examined by using two mTOR 

inhibitors, KU0063794 or rapamycin.  KU0063794 does not discriminate between mTORC1 or 

mTORC2 (Garcia-Martinez et al., 2009). Rapamycin inhibits both mTORC1 and mTORC2, but this is  

dependent upon the length of treatment: short-term incubation with rapamycin inhibits mTORC1 

activity by binding to FK506-binding protein 12 (FKBP12), which directly associates with mTORC1 

(Weichhart et al., 2015), while long-term treatment with rapamycin can prevent not only mTORC1 

but also mTORC2 assembly (although the FKBP12-rapamycin complex does not appear to bind to 

mTORC2) (Ballou & Lin, 2008; Sarbassov et al., 2006). In CHOGLUT4myc cells expressing the human 

α1A-AR, short term (30 min) rapamycin treatment (1 μM) did not inhibit glucose uptake in response 

to noradrenaline (100 nM), A61603 (10 nM), or dabuzalgron (100 nM) (Figure 5.7A), whereas long 

term (24 h) rapamycin treatment (100 nM) or KU0063794 significantly inhibited α1A-AR mediated 

glucose uptake (Rapamycin treatment;**P < 0.01, ***P < 0.001, Student’s paired t-test, KU0063794 

treatment;*P < 0.01, **P < 0.01, ***P < 0.001, Student’s paired t-test) (Figure 5.7B-C).  This suggests 

that mTORC2 and not mTORC1 is involved in α1A-AR mediated glucose uptake. 
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Figure 5.4: Noradrenaline, A61603 or dabuzalgron mediated increases in glucose uptake are 
dependent upon Gαq/11, calcium and PKCζ in CHOGLUT4myc cells stably expressing the α1A-
AR 
 

Effect of (A) UBO-QIC (100 nM), (B) BAPTA AM (100 nM) or (C) a PKCζ pseudosubstrate inhibitor 
(1 µM) on insulin (100 nM), noradrenaline (100 nM), A61603 (10 nM) or dabuzalgron (100 nM) 
stimulated glucose uptake. Values are mean ± s.e.mean of 5-6 independent experiments 
performed in duplicate. Data are normalized to values in vehicle treated cells. Asterisks 
represent statistical differences as analysed by Student’s paired t-test to make pairwise 
comparisons of inhibitory effects between two groups (*P < 0.01, **P < 0.01, ***P < 0.001). 

(A) (B) 

(C) 

*** 

** 
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** 

** * 

* 
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Figure 5.5: Role of cAMP in α1A-AR mediated glucose uptake    
 
Effect of (A) time on cAMP production or (B) concentration on cAMP accumulation in response 
to noradrenaline, A61603 or dabuzalgron in CHOGLUT4myc cells expressing the human α1A-AR 
(30 min). Localisation of cAMP production in the cytosol (C) or at the plasma membrane (D) in 
CHO-K1 cells expressing the human α1A-AR. (E) Effect of PKI (1 µM) on insulin (100 nM), 
noradrenaline (100 nM), A61603 (10 nM) or dabuzalgron (100 nM) stimulated glucose uptake in 
CHOGLUT4myc cells expressing the human α1A-AR. (F) Effect of 8-Br-cAMP (1 mM) or 6-Benz-
cAMP (1 mM) on glucose uptake in CHOGLUT4myc cells expressing the human α1A-AR. Values 
are mean ± s.e.mean of 3-6 independent experiments performed in duplicate. Data are 
normalized to values in vehicle treated cells. Asterisks represent statistical differences as 
analysed by Two way ANOVA between vehicle and treated samples (***P < 0.001) in (C) and (D), 
Student’s paired t-test to make pairwise comparisons of inhibitory effects between two groups 
(*P < 0.05, ***P < 0.001) in (E) or One-way ANOVA between samples(*P < 0.05, **P < 0.01)  in 
(F). 

* 
* 

(A) (B) 

(C) (D) 

(E) (F) 

*** 
*** 

*** 
*** 

*** ** 
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Figure 5.6: Noradrenaline or A61603 mediated increases in cAMP levels are through a Gαq/11 
and PLC mediated mechanism in CHOGLUT4myc cells stably expressing the α1A-AR 
 

Effect of (A) UBO-QIC (100 nM), (B) U73122 (10 µM), (C) BAPTA AM (10 µM) or (D) PKCζ inhibitor 
(1 µM) on noradrenaline (1 µM) or A61603 (100 nM) stimulated cAMP accumulation. Values are 
mean ± s.e.mean of 4-5 independent experiments performed in duplicate. Data are normalized 
to values in vehicle treated cells. Asterisks represent statistical differences as analysed by 
Student’s paired t-test to make pairwise comparisons of inhibitory effects between two groups 
(**P < 0.01, ***P < 0.001). 

(A) (B) 

(C) (D) 

** *** *** 

*** 



 
217 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 5.7: Insulin, noradrenaline, A61603 and dabuzalgron increase glucose uptake through 
mTORC2 in CHOGLUT4myc cells stably expressing the human α1A-AR  
 

Effect of (A) short term rapamycin treatment (1 µM, 30 min), (B) long term rapamycin treatment 
(100 nM, 24 h) or (C) KU0063794 (1 µM, 30 min) on insulin (100 nM), noradrenaline (100 nM), 
A61603 (10 nM) or dabuzalgron (100 nM) stimulated glucose uptake. Values are mean ± 
s.e.mean of 4-6 independent experiments performed in duplicate. Data are normalized to values 
in vehicle treated cells. Asterisks represent statistical differences as analysed by Student’s paired 
t-test to make pairwise comparisons of inhibitory effects between two groups (*P < 0.05, **P < 
0.01, ***P < 0.001). 

*** *** 

*** ** 

*** *** 
** 

* 

(A) (B) 
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5.3.7 α1A-AR activation phosphorylates S6RP, a downstream target of mTORC1 

In CHOGLUT4myc cells, noradrenaline, A61603, and dabuzalgron did not phosphorylate S6RP, a 

downstream target of mTORC1, whereas the positive control insulin did (Figure 5.8A). In 

CHOGLUT4myc cells expressing the human α1A-AR, noradrenaline, A61603, dabuzalgron, and the 

positive control insulin all increased S6RP phosphorylation in a time and concentration dependent 

manner (Figure 5.8B-C; Table 5.1), with similar efficacies. The rank order of potency was 

A61603=insulin >> noradrenaline=dabuzalgron. 

 

5.3.8 α1A-AR activation phosphorylates NDRG1, a downstream target of mTORC2 

In CHOGLUT4myc cells, noradrenaline, A61603, and dabuzalgron did not phosphorylate NDRG1, 

whereas the positive control insulin did (Figure 5.9A). In CHOGLUT4myc cells expressing the human 

α1A-AR, noradrenaline, A61603, dabuzalgron, and the positive control insulin all increased NDRG1 

phosphorylation in a time and concentration dependent manner (Figure 5.9B-C, Table 5.1). 

Noradrenaline and insulin were more efficacious compared to insulin and dabuzalgron, and the rank 

order of potency was A61603 >> insulin=dabuzalgron > noradrenaline. 

 

5.3.9 α1A-AR mediated increases in Erk1/2 phosphorylation in CHOGLUT4myc cells expressing the 

human α1A-AR 

In CHOGLUT4myc cells, noradrenaline, A61603, and dabuzalgron did not phosphorylate Erk1/2, 

whereas the positive control insulin did (Figure 5.10A). In CHOGLUT4myc cells expressing the human 

α1A-AR, noradrenaline, A61603, dabuzalgron, and the positive control insulin all rapidly increased 

Erk1/2 phosphorylation in a time and concentration dependent manner (Figure 5.10B-C; Table 5.1), 

with similar efficacies. The rank order of potency was A61603 > insulin > noradrenaline = 

dabuzalgron. To assess whether Erk1/2 is involved in α1A-AR mediated glucose uptake, experiments 

were performed in the absence/presence of the MEK inhibitor U0126. U0126 did not affect insulin 

or α1A-AR mediated glucose uptake (Figure 5.10D). 
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Figure 5.8: Effect of insulin, noradrenaline, A61603 and dabuzalgron on S6RP phosphorylation 
in CHOGLUT4myc cells stably expressing the human α1A-AR 
 

Time course effect of insulin (1 µM), noradrenaline (1 µM), A61603 (100 nM) or dabuzalgron (10 
µM) on S6RP phosphorylation in (A) CHOGLUT4myc cells (n=5) or in (B) CHOGLUT4myc cells 
stably expressing the human α1A-AR (n=6). (C) Concentration dependent effect of insulin, 
noradrenaline, A61603 or dabuzalgron on S6RP phosphorylation in CHOGLUT4myc cells stably 
expressing the α1A-AR (120 min) (n=10). Values are mean ± s.e.mean of 5-10 independent 
experiments performed in duplicate. Data are normalized to values in vehicle treated cells. 
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Figure 5.9: Effect of insulin, noradrenaline, A61603 and dabuzalgron on NDRG1 
phosphorylation in CHOGLUT4myc cells stably expressing the human α1A-AR 
 

Time course effect of insulin (1 µM), noradrenaline (1 µM), A61603 (100 nM) or dabuzalgron (10 
µM) on NDRG1 phosphorylation in (A) CHOGLUT4myc cells (n=1) or in (B) CHOGLUT4myc cells 
stably expressing the human α1A-AR (n=6). (C) Concentration dependent effect of insulin, 
noradrenaline, A61603 or dabuzalgron on NDRG1 phosphorylation in CHOGLUT4myc cells stably 
expressing the α1A-AR (120 min) (n=5). Values are mean ± s.e.mean of 1-6 independent 
experiments performed in duplicate. Data are normalized to values in vehicle treated cells. 
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Figure 5.10: Effect of insulin, noradrenaline, A61603 or dabuzalgron on ERk1/2 
phosphorylation in CHOGLUT4myc cells stably expressing the human α1A-AR 
 

Time course of insulin (1 µM), noradrenaline (1 µM), A61603 (100 nM) or dabuzalgron (10 µM) 
stimulated Erk1/2 phosphorylation in (A) CHOGLUT4myc cells (n=1) or in (B) CHOGLUT4myc cells 
stably expressing the human α1A-AR (n=7). (C) Concentration dependent effect of insulin, 
noradrenaline, A61603 or dabuzalgron on Erk1/2 phosphorylation in CHOGLUT4myc cells stably 
expressing the α1A-AR (10 min) (n=7). (D) Effect of U0126 (10 µM) on insulin (100 nM), 
noradrenaline (100 nM), A61603 (10 nM) or dabuzalgron (100 nM) stimulated glucose uptake 
(n=2-3). Values are mean ± s.e.mean of 1-7 independent experiments performed in duplicate. 
Data are normalized to values in vehicle treated cells.  
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5.3.10 Agonist bias at α1A-AR stably expressed in CHOGLUT4myc cells 

The efficacies and potencies of A61603 and dabuzalgron, relative to the reference agonist 

noradrenaline, in glucose uptake, Ca2+ mobilization, cAMP production, p-S6RP, p-Erk1/2, and p-

NDRG1, were determined (Figure 5.11, Table 5.1). S6RP and NDRG1 are downstream targets of 

mTORC1, and mTORC2, respectively, and are therefore shown as the markers of their activation. 

Noradrenaline and A61603 were full agonists toward glucose uptake, Ca2+ mobilization, p-S6RP, p-

Erk 1/2 and p-NDRG1, and the maximal response of A61603 toward cAMP production was higher 

than noradrenaline. The rank order of potency for noradrenaline and A61603 was the same: Ca2+ > 

glucose uptake > S6RP = Erk 1/2 = NDRG1 > cAMP. In contrast, dabuzalgron was a full agonist toward 

glucose uptake and Erk1/2, a partial agonist toward Ca2+ mobilization, p-S6RP, p-NDRG1, and did 

not cause any production of cAMP.  The rank order of potency for dabuzalgron was glucose uptake 

> Ca2+ = NDRG1 > S6RP > Erk 1/2. 

 

Signalling bias at the α1A-AR in response to noradrenaline, A61603 and dabuzalgron in 

CHOGLUT4myc cells expressing the human α1A-AR was quantified. The transduction ratio R (𝜏/KA) 

was derived from the operational model (van der Westhuizen et al., 2014) for each agonist at each 

pathway (Table 5.3). Effect of A61603 or dabuzalgron relative to noradrenaline within each pathway 

(ΔLogR) and across different signalling pathways (ΔΔLogR) was determined using noradrenaline as 

a reference ligand (Figure 5.12, Table 5.3, 5.4). ΔΔLogR values significantly different from 0 indicate 

the occurrence of biased signalling between pathways (two-tailed unpaired Student’s t-test on the 

ΔlogR ratios). Dabuzalgron showed bias towards glucose uptake, Erk1/2 phosphorylation, S6RP 

phosphorylation, and NDRG1 phosphorylation as compared to Ca2+ mobilization (Figure 5.12), 

whereas A61603 showed no bias between any pathways (Figure 5.12).  
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Figure 5.11: The profile of noradrenaline, A61603, and dabuzalgron toward the 6 different 
pathways in CHOGLUT4myc cells stably expressing the human α1A-AR 
 

Efficacies and potencies for 6 different  pathways towards glucose uptake (2 h), cAMP production 
(30 min), Ca2+mobilization (1 min), Erk1/2 phosphorylation (10 min), S6RP phosphorylation (2 h) 
or NDRG1 phosphorylation (2 h) in response to either (A) noradrenaline, (B) A61603, or (C) 
dabuzalgron in CHOGLUT4myc cells stably expressing the human α1A-AR were summarized. 
Values are mean ± s.e.mean of 4-7 independent experiments performed in duplicate. Data are 
normalized to values in cells with maximal noradrenaline response. 

(C) (B) (A) 
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Figure 5.12: Ligand bias between different signalling pathways 
 

Ligand bias (ΔΔLogR) of A61603 or dabuzalgron between pathways, relative to the reference 
ligand, noradrenaline. Values are mean ± s.e.mean of 4-7 independent experiments performed 
in duplicate. Asterisks represent statistical differences as analysed on ΔLogR by Student’s 
unpaired t-test to make pairwise comparisons of two pathways (*P < 0.05, **P < 0.01). 

** 

** ** * 

(A) (B) (C) 

(D) (E) (F) 

(G) (H) (I) 
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Table 5.3: Transduction ratios for noradrenaline, A61603 and dabuzalgron towards glucose uptake, 
cAMP production, Ca2+ mobilization, Erk1/2 phosphorylation, S6RP phosphorylation and NDRG1 
phosphorylation in CHOGLUT4myc cells expressing the human α1A-AR  
 
LogR values were obtained from non-linear regression curves using the operational model equation 
2. ΔlogR ratios were calculated from the logR ratios, considering noradrenaline as the reference 
ligand using equation 3. The standard error of the mean was estimated using equation 4. The 
relative effectiveness (RE) of the ligands toward glucose uptake, cAMP production, Ca2+ mobilization, 
Erk1/2 phosphorylation, S6RP phosphorylation and NDRG1 phosphorylation pathway, relative to 
noradrenaline, was determined by equation 5. Values represent mean ± s.e.mean of 4-7 
independent experiments in duplicate. Data were analysed in using a two-tailed unpaired student’s 
t-test on the ΔlogR ratios to make pairwise comparisons between noradrenaline and test ligand 
either A61603 or dabuzalgron, *P < 0.05, **P < 0.01, ***P < 0.001.  ND = Not determined. 
 

  Noradrenaline A61603 Dabuzalgron 

Glucose 
uptake 

LogR 6.54 ± 0.45 8.51 ± 0.41 7.65 ± 0.41 

ΔLogR 0.0 ± 0.64 1.97 ± 0.61** 1.11 ± 0.61 

RE 1.00 93.97 12.88 

cAMP 
accumulation 

LogR 5.05 ± 0.15 6.44 ± 0.08 ND 

ΔLogR 0.0 ± 0.22 1.39 ± 0.18** ND 

RE 1.00 24.32 ND 

Ca2+ 
mobilization 

LogR 8.99 ± 0.13 10.63 ± 0.13 7.48 ± 0.23 

ΔLogR 0.0 ± 0.19 1.64 ± 0.19** -1.51 ± 0.27** 

RE 1.00 43.55 0.33 

p-Erk1/2 LogR 6.53 ± 0.1 8.36 ± 0.1 6.36 ± 0.1 

ΔLogR 0.0 ± 0.14 1.84 ± 0.14** -0.17 ± 0.14 

RE 1.00 68.39 0.67 

p-S6RP LogR 6.91 ± 0.09 8.44 ± 0.09 6.73 ± 0.17 

ΔLogR 0.0 ± 0.12 1.53 ± 0.12*** -0.18 ± 0.19 

RE 1.00 33.65 0.66 

p-NDRG1 LogR 6.46 ± 0.20 7.72 ± 0.20 6.88 ± 0.42 

ΔLogR 0.0 ± 0.28 1.26 ± 0.28* 0.42 ± 0.47 

RE 1.00 18.07 2.61 
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Table 5.4: ΔΔlogR ratios and bias factors for noradrenaline, A61603 and dabuzalgron in 
CHOGLUT4myc cells expressing the human α1A-AR 
 
ΔΔlogR ratios were calculated from the ΔlogR ratios (Table 5.3) using equation 6. The standard error 
of mean was estimated using equation 7. The ligand bias factors (BF), relative to noradrenaline were 
determined using equation 8. Values represent the mean ± standard error of 4-7 independent 
experiments with repeats in duplicate. Data were analysed in using a two-tailed unpaired Student’s 
t-test on the ΔlogR ratios to make pairwise comparison between two pathways, *P<0.05. ND = Not 
determined. 
 

  Noradrenaline A61603 Dabuzalgron 

Glucose uptake - 
cAMP 

ΔΔLogR 0.0 ± 0.67 0.59 ± 0.63 ND 

BF 1.00 3.86 ND 

Glucose uptake – Ca2+ ΔΔLogR 0.0 ± 0.66 0.33 ± 0.64 2.62 ± 0.66** 

BF 1.00 2.16 417.83 

Glucose uptake – p-
Erk1/2 

ΔΔLogR 0.0 ± 0.14 0.14 ± 0.62 1.28 ± 0.66 

BF 1.00 1.37 19.14 

Glucose uptake – p-
S6RP 

ΔΔLogR 0.0 ± 0.65 0.45 ± 0.62 1.29 ± 0.64 

BF 1.00 2.79 19.54 

Glucose uptake – p-
NDRG1 

ΔΔLogR 0.0 ± 0.70 0.72 ± 0.67 0.69± 0.77 

BF 1.00 5.20 4.94 

cAMP- Ca2+ ΔΔLogR 0.0 ± 0.29 -0.25 ± 0.26 ND 

BF 1.00 0.56 ND 

cAMP - p-Erk1/2 ΔΔLogR 0.0 ± 0.26 -0.45 ± 0.23 ND 

BF 1.00 0.36 ND 

cAMP - p-S6RP ΔΔLogR 0.0 ± 0.25 -0.14 ± 0.21 ND 

BF 1.00 0.001 ND 

cAMP – p-NDRG1 ΔΔLogR 0.0 ± 0.36 0.13 ± 0.33 ND 

BF 1.00 1.35 ND 

Ca2+– p-Erk1/2 ΔΔLogR 0.0 ± 0.24 -0.20 ± 0.24 -1.34 ± 0.30** 

BF 1.00 0.65 0.05 

Ca2+– p-S6RP ΔΔLogR 0.0 ± 0.22 0.11 ± 0.22 -1.33 ± 0.33** 

BF 1.00 1.29 0.05 

Ca2+– p-NDRG1 ΔΔLogR 0.0 ± 0.34 0.38 ± 0.34 -1.93 ± 0.54* 

BF 1.00 2.41 0.01 

p-Erk1/2- p-S6RP ΔΔLogR 0.0 ± 0.19 0.31 ± 0.19 0.01 ± 0.23 

BF 1.00 2.13 1.02 

p-Erk1/2- p-NDRG1 ΔΔLogR 0.0 ± 0.32 0.58 ± 0.32 -0.59 ± 0.49 

BF 1.00 3.78 0.26 

p-S6RP - p-NDRG1 ΔΔLogR 0.0 ± 0.31 0.27 ± 0.31 -0.60 ± 0.50 

BF 1.00 1.86 0.25 
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5.4 Discussion 

Dabuzalgron (Ro 115-1240) is a highly selective, orally active α1A-AR agonist, originally developed 

for the treatment of urinary incontinence. In animal studies, intravenous administration of 

dabuzalgron (300 μg/kg) showed a maximal increase in urethral tension without affecting blood 

pressure or heart rate (Blue et al., 2004). However in human clinical trials, dabuzalgron failed to 

show a significant difference in urethral incontinence compared to placebo, thus this study was 

discontinued in phase II clinical trials (Musselman et al., 2004).  

 

Although dabuzalgron failed to show clinical efficacy in improving urethral incontinence, it was 

quickly identified as a possible drug in the use of heart failure (Beak et al., 2017). Human 

cardiomyocytes express both α1A-ARs and α1B-ARs, where activation of α1A-ARs is likely involved in 

producing adaptive and protective effects in the heart (Huang et al., 2007; O'Connell et al., 2003; 

Rorabaugh et al., 2005). One study showed that dabuzalgron treatment protects against doxorubicin 

induced cardiotoxicity in wild type mice, but not in mice lacking the α1A-AR (Beak et al., 2017). In 

addition, dabuzalgron treatment improved contractile function without causing fibrosis in wild type 

mice treated with doxorubicin. This mechanism of dabuzalgron induced cardiac protection was 

postulated to involve the activation of ERK1/2 (Beak et al., 2017). It should be noted that 

dabuzalgron was well tolerated in human studies, and did not cause any significant changes in blood 

pressure (Musselman et al., 2004). This is of importance as activation of α1-ARs (mainly via activation 

of α1D-ARs) is associated with vasoconstriction, leading to increased blood pressure (Jensen et al., 

2009b; Jensen et al., 2010). Another α1A-AR agonist, A61603, has also been examined for 

cardioprotection, with A61603 preventing cardiac apoptosis in doxorubicin treated mice (Dash et 

al., 2011). Additionally, infusion of A61603 in doxorubicin-treated mice preserved fractional 

shortening, and increased heart rate, stroke volume, cardiac output and survival, and all these 

effects were not observed in α1A-AR knockout mice (Montgomery et al., 2017). While A61603 can 

increase blood pressure at higher doses, a very low dose of A61603 (10 ng/kg) is sufficient to 

produce these cardioprotective effects without affecting blood pressure (Montgomery et al., 2017). 

In mice, A61603 only significantly increased blood pressure at ED50 of 300 ng/kg (Rokosh & Simpson, 

2002α). 

 

In this study, we have aimed to assess any potential signalling bias of dabuzalgron and A61603 

across canonical pathways important for cell survival, as well as metabolic pathways, including 
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Ca2+mobilization, cAMP production, NDRG1 phosphorylation, S6RP phosphorylation, ERK1/2 

phosphorylation and glucose uptake. Furthermore, we have examined the mechanism of A61603-

or dabuzalgron-stimulated glucose uptake, especially with respect to the role of cAMP in glucose 

uptake. We have performed these experiments using a simplified model system: CHOGLUT4myc 

cells stably expressing the human α1A-AR, which has been used to demonstrate mechanisms of α1A 

-AR mediated glucose uptake (Sato et al., 2018), and CHO-K1 cells have been used previously to 

demonstrate ligand bias at the α1A-AR (da Silva Junior et al., 2017; Evans et al., 2013).  

 

Ligand bias refers to the ability of ligands to stabilize different unique receptor conformations, but 

also kinetic influences and cell context resulting in selective activation of different signalling 

pathway(s) (Kenakin & Christopoulos, 2013).  Identification of biased agonists, which can activate 

physiologically beneficial signalling pathways while inhibiting others that could cause unwanted 

effects, is considered important for the development of therapeutic agents (Gundry et al., 2017). 

The results here clearly indicate that dabuzalgron is a full agonist for glucose uptake and Erk1/2 

phosphorylation, and a partial agonist for Ca2+ mobilization, S6RP phosphorylation, and NDRG1 

phosphorylation, whereas noradrenaline and A61603 were full agonists for all of these signalling 

pathways. Importantly, dabuzalgron failed to have any effect on cAMP production. The observed 

effects were all due to actions at the α1A-AR since stimulation with noradrenaline, A61603, or 

dabuzalgron did not produce any effects in CHOGLUT4myc cells, thereby eliminating the possible 

‘off-target’ effects due to the activation of other endogenous receptors expressed in CHOGLUT4myc 

cells expressing the human α1A-AR (da Silva Junior et al., 2017). Demonstrating a lack of responses 

in untransfected cells is important as it demonstrates that all the response measured originate from 

activation of the transfected receptor. For example, the α1A-AR agonist oxymetazoline showed great 

efficacy for ERK1/2 phosphorylation at the human α1A-AR expressed in CHO-K1 cells and was 

considered a “supra” agonist for Erk1/2, but this was due to ‘off-target effects’ at 5-HT1B receptors 

endogenously expressed in CHO-K1 cells (da Silva Junior et al., 2017). Finally, use of the operational 

model, which is an approach to quantify concentration-dependent biased agonism and elucidate 

consequences of selective signal pathways, revealed that dabuzalgron showed significant bias 

towards glucose uptake and phosphorylation of S6RP, ERK1/2 and NDRG1, over stimulation of the 

Ca2+ pathway.  
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However, the primary factor responsible for biased signalling in this study could be the kinetic 

properties of each agonist (Klein Herenbrink et al., 2016). Dabuzalgron displays significant bias 

towards glucose uptake and phosphorylation of ERK1/2, S6RP and NDRG1 only when compared 

to Ca2+ mobilization (Table 5.4), which unlike the other responses is measured after 1 min 

incubation (peak response) following agonist addition. This makes this assay very prone to non-

equilibrium kinetic influences.  Differences in these kinetics can give rise to apparent “bias” in 

signalling assays measured at different time-points. For example, Klein-Herenbrink and co-workers 

measured association and dissociation rates of agonists at the dopamine D2 receptor, and modelled 

the time required to achieve full receptor occupancy (Klein Herenbrink et al., 2016). This varied from 

less than 1 min up to 10 mins or longer, emphasizing that Ca2+ release measurements performed 

after 1 min incubation are particularly sensitive to the kinetic parameters of the agonist. This should 

be investigated for α1A-AR agonists, particularly for dabuzalgron that displayed bias relative 

to Ca2+ release. It would require expression of α1A-ARs carrying an N-terminal SNAP-tag in the 

CHOGLUT4myc cells, as outlined in Chapter 4 for the β2-AR. This would allow us to measure 

association and dissociation rates for noradrenaline, A61603 and dabuzalgron using Tag-Lite 

technology available for the α1A-AR (CisBio). Or alternatively, [3H]-prazosin binding using 

competitive association assays can be performed. Additionally, it is worthwhile to measure inositol 

phosphates (IPone), that are downstream of Gαq/11 and phospholipase C, at longer time points 

after agonist binding has reached equilibrium. 

 

In addition, a further examination is required to assess whether dabuzalgron can be biased in a 

native system since different levels of receptor expression influence the observation of signalling 

bias (van der Westhuizen et al., 2014). In this study, it showed that dabuzalgron is a biased agonist 

in CHOGLUT4myc cells expressing the α1A-AR, which is 3 times higher than that in neonatal rat 

ventricular cardiomyocytes (Sato et al., 2018). For example, a study in CHO-K1 cells expressing high 

levels of the β3-AR showed more substantial effects on cAMP accumulation, leading to less 

phosphorylation of p38 MAPK in relation to cells expressing low levels of the β3-AR (Sato et al., 2007). 

Also, performing assays in different systems is known to affect signalling bias. In HEK293 cells 

expressing human or mouse κ opioid receptors, stimulation with either ICI204448 or asimadoline 

showed no bias following activation of two different signalling pathways. In native tissues naturally 

expressing κ opioid receptors, however, ICI204448 and asimadoline showed different inhibitory 

responses of nerve-mediated muscle contraction in human intestine, although they acted equally in 



 
230 

 

mouse intestine (Broad et al., 2016). As such, receptor density and the system used for the assays 

are important factors to be considered when determining potential ligand bias.  

 

Overall, the activation of the signalling pathways we measured are associated with different 

cardioprotective effects: Ca2+mobilization is important for contractility, mTORC1 activation 

observed by S6RP phosphorylation is associated with hypertrophy, mTORC2 activation observed by 

NDRG1 phosphorylation affects cell survival and glucose uptake, and Erk1/2 phosphorylation has 

also been linked to cell survival.  Therefore, stimulation with dabuzalgron might be predicted to 

produce greater effects towards hypertrophy, cell survival and glucose uptake than contractility, 

unlike A61603, which shows full responses toward all these pathways. However, dabuzalgron is a 

relatively new drug and the mechanisms of dabuzalgron in cardioprotection should be further 

investigated in cardiomyocytes and also in vivo.  

 

mTORC1 (including raptor) and mTORC2 (including rictor) have a variety of roles in the heart 

including cell growth, proliferation, autophagy and metabolism (Sciarretta et al., 2014). 

Cardiomyocyte specific mTOR deletion causes a significant detrimental effect on the survival and 

proliferation of the embryonic heart in mice (Zhu et al., 2013), and cardiac-specific inducible mTOR 

knockout mice, but not wild type mice, showed a lethal enlarged heart along with enhanced cell 

death and fibrosis following tamoxifen administration (Zhang et al., 2010). Furthermore, cardiac 

raptor knockout mice failed to show adaptive cardiomyocyte growth and developed fatal dilated 

cardiomyopathy (Shende et al., 2011), thought to be due to a lack of mTORC1/S6RP activity.  In 

contrast, mTORC2 is more likely involved in glucose metabolism in heart. In NRVMs, both mTORC1 

and mTORC2 inhibition by KU0063794 reduced α1A-AR mediated glucose uptake whereas mTORC1 

inhibition by acute rapamycin had no effect (Sato et al., 2018), and in CHOGLUT4myc cells stably 

expressing human α1A-AR, siRNA against rictor but not raptor blocks α1A-AR mediated glucose 

uptake (Sato et al., 2018). In the current study in CHOGLUT4myc cells expressing the human α1A-AR, 

we also demonstrate that mTORC2 is involved in noradrenaline-, A61603-, and dabuzalgron- 

stimulated glucose uptake since (1) both mTORC1 and mTORC2 inhibition with either KU0063794 

or long-term rapamycin treatment inhibited glucose uptake mediated by α1A-AR stimulation and (2) 

mTORC1 inhibition with short-term rapamycin treatment failed to affect α1A-AR mediated glucose 

uptake. This confirms that mTORC2 but not mTORC1 has a crucial role in glucose uptake. However, 

the mechanism(s) resulting in increased glucose uptake via mTORC2 are still not known. PI3K is a 
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potential upstream target that activates mTORC2 in response to insulin (Gan et al., 2011; Zinzalla et 

al., 2011), however, it is not activated following the activation of α1A-AR in this system because Akt 

(a downstream target of PI3K) phosphorylation at Ser473/Thr308 was not observed following 

stimulation by α1A-AR agonists in either CHOGLUT4myc cells expressing the α1A-AR or in NRVMs 

endogenously expressing the α1A-AR (Sato et al., 2018). Furthermore, the Akt inhibitor X did not 

affect α1A-AR mediated glucose uptake (Sato et al., 2018). Although AMPK is also involved in α1A-AR 

mediated glucose uptake in CHOGLUT4myc cells stably expressing the human α1A-AR and in NRVM 

(Sato et al., 2018), AMPK is completely independent of mTORC2, since pretreatment with 

KU0063794 or the AMPK inhibitor compound C did not affect the phosphorylation of AMPK or 

mTORC2 respectively, following activation of the α1A-AR (Sato et al., 2018). One of the upstream 

kinases of AMPK is CaMKK (Abbott et al., 2009; Hurley et al., 2005), which is activated by Ca2+ release 

from endoplasmic reticulum (ER). However, Ca2+ is not a signalling molecule responsible for mTOR 

phosphorylation following α1A-AR activation since A23187 (Ca2+ ionophore) failed to phosphorylate 

mTORC2 (Sato et al., 2018).  

Another potential contributor to mTORC2 activation may be cAMP. In L6 skeletal muscle cells, β2-

ARs phosphorylate mTORC2 through a cAMP and PKA mediated mechanism that results in increased 

glucose uptake (Sato et al., 2014a). In the current study, stimulation with noradrenaline or A61603 

increased global cAMP production, while stimulation with dabuzalgron showed no effect on cAMP 

production. Additionally, 8-Br-cAMP and 6-Bz-cAMP increased glucose uptake, and inhibition of PKA 

using PKI partially inhibited A61603 and noradrenaline mediated glucose uptake without affecting 

dabuzalgron mediated glucose uptake. It seemed to be conflicting that concentrations of 

noradrenaline (100 nM) or A61603 (10 nM) produced a small amount of global cAMP (Figure 5.5B) 

while producing a maximal response in glucose uptake (Figure 5.2C). However, a study with FRET 

biosensors that assessed the magnitude of cAMP response in two different compartments 

demonstrated an increased cAMP response both at plasma membrane and cytosol in response to 

noradrenaline (10 nM) or A61603 (1 nM). This indicates a small possible role for cAMP in α1A-AR 

mediated glucose uptake, but whether cAMP is involved in mTORC2 activation is still unclear. 

Certainly, the results with dabuzalgron indicate that α1A-ARs can activate mTORC2 resulting in 

increased glucose uptake without any cAMP production. This indicates that a non-cAMP-dependent 

mechanism of mTORC2 activation must exist.  

The production of cAMP by noradrenaline or A61603 was elicited via Gαq/11 and PLC based on 

studies using the Gαq/11 and PLC inhibitors. It has been suggested that AC can be directly activated 
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by Ca2+ or by PKC (Chakrabarti et al., 1998; Halls & Cooper, 2011; Jacobowitz & Iyengar, 1994; 

Zimmermann & Taussig, 1996). In this system, Ca2+ or atypical PKCζ was not upstream of increases 

in cAMP levels since BAPTA AM or PKCζ pseudosubstrate did not significantly decease cAMP 

production. However, some other PKC isoforms can increase cAMP production including 

conventional PKCα (Kawabe et al., 1994; Zimmermann & Taussig, 1996), and novel PKCδ and PKCϵ 

(Lai et al., 1997). Hence PKC – AC – cAMP -PKA could be one consequence of α1A-AR activation, at 

least with noradrenaline and A61603. Besides, both Ca2+ and PKCζ are still important for glucose 

uptake considering the fact that BAPTA AM and PKCζ pseudosubstrate reduced noradrenaline- or 

A61603-stimulated glucose uptake.  

 

Overall, this study using pharmacological inhibitors and our previous study (Sato et al., 2018) both 

suggest that the potential α1A-AR mediated glucose uptake pathway stimulated by dabuzalgron is 

distinct from A61603 (Figure 5.13). A61603 stimulation causes translocation of GLUT4/glucose 

uptake via 2 pathways including (1) activation of PLC - IP3 - Ca2+ - CAMKK -  AMPK (Sato et al., 2018), 

or (2) activation of PLC – DAG – PKC – AC – cAMP – PKA - mTOR. However, the direct link of PKA and 

mTOR needs to be examined by using PKI in a mTOR phosphorylation assay. In contrast, 

dabuzalgron- stimulated glucose uptake pathway is less clear. There must be a pathway via mTORC2 

that is nonetheless independent of cAMP. While the role of Ca2+, CAMKK and AMPK in glucose 

uptake is still uncertain, dabuzalgron increases Ca2+ mobilization, leading to mTORC1 

phosphorylation, necessary for protein translation. 

 

Activation of mTORC1 and its downstream target S6RP has been suggested to increase protein 

translation and cell growth (Boluyt et al., 1997; Huang et al., 2009; Shioi et al., 2003). Our previous 

study in both CHOGLUT4myc cells stably expressing human α1A-AR and NRVMs showed that α1A-AR 

stimulation of S6RP phosphorylation and cell growth was abolished by  acute rapamycin incubation 

or KU0063794 pretreatment, respectively (Sato et al., 2018), suggesting that α1A-ARs increase 

cellular growth via mTORC1. Here, we show that dabuzalgron was less potent than A61603 in 

phosphorylating S6RP, and therefore the effect of dabuzalgron on cell growth should be determined. 

In addition, some studies have suggested a role of Erk1/2 in glucose uptake (Chen et al., 2002; Sajan 

et al., 2002), however, we found that the MEK1/2 inhibitor U0126 had no effect on insulin or α1A-

AR mediated glucose uptake. Erk1/2 might be associated with ATP generation and positive inotropy 

in heart since a study in cardiomyocytes showed that inhibition of Erk1/2 by another MEK inhibitor, 
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trametinib, caused reduction of ATP synthesis in mitochondria as well as contractile function (Beak 

et al., 2017). 

 

In this study, we demonstrated that the α1A-AR is involved in the activation of 6 pathways including 

Ca2+, cAMP, glucose uptake, p-NDRG1, p-S6RP and p-Erk1/2 using CHOGLUT4myc cells stably 

expressing human α1A-AR. However, further investigation is required to elucidate which G protein 

is associated with activation of these pathways. In fact, pretreatment with UBO-QIC did not 

completely abolish production of cAMP in response to noradrenaline or A61603, suggested the 

involvement of additional G protein(s). This can be assessed by clustered regularly interspaced short 

palindromic repeats (CRISPR/Cas9 system) technology, which enables the generation of cells with 

deletion of the gene of interest (Mandal et al., 2014). For example, this technology has been used 

to generate HEK293 cells with deletion of either Gαq and Gα11, or arrestin2 and arrestin3 (Alvarez-

Curto et al., 2016). As such, this will also allow us to generate Gαs, Gαq/11 or Gαi/o knockout cells 

to determine the relative contribution of G protein(s) responsible for activation of each pathway 

without depending on the selectivity of G protein inhibitors. In addition, it would be worthwhile to 

examine the mechanism of A61603 or dabuzalgron mediated glucose uptake and adaptive 

hypertrophy in other systems such as rat cardiomyocytes. 

 

Conclusion 

This study utilizing CHOGLUT4myc cells stably expressing human α1A-AR showed that dabuzalgron 

is a biased agonist towards glucose uptake, Erk1/2 phosphorylation, S6RP phosphorylation, and 

NDRG1 phosphorylation relative to Ca2+ mobilization. However, future work to investigate kinetic 

or conformational influence on the perceived signalling bias, and to elucidate the mechanism of 

mTOR activation in metabolic pathways as well as canonical pathways is required. 
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Figure 5.13: Potential pathways for glucose uptake and protein synthesis in response to 
A61603 or dabuzalgron 
 

Glucose uptake: A61603 stimulation of the α1A-AR causes PIP2 hydrolysis by PLC at the plasma 
membrane releases IP3 and DAG. IP3 binding to the IP3 receptor on the endoplasmic reticulum 
stimulates Ca2+ release, in turn, activates CaMKK and AMPK. DAG at plasma membrane activates 
PKC, also AC, resulting in cAMP/PKA mediated mTORC2 activation. Their activation (AMPK, 
mTORC2) stimulates GLUT4 translocation to the plasma membrane and increases glucose 
uptake. Like A61603, dabuzalgron stimulation to α1A-AR activates mTORC2, leading to increase 

GLUT4 translocation. Activation of AMPK in response to dabuzalgron is still not known.  
 
Protein synthesis; mTORC1 is activated following Ca2+ release from ER, leading to stimulate 
protein synthesis.  
Red arrows = A61603, Purple arrows = dabuzalgron 
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  General discussion 

CHAPTER 6 

 

  



 
236 

 

6.1 Introduction 

The increased prevalence of Type 2 diabetes (T2D) worldwide is a significant health concern, causing 

long term complications such as cardiovascular disease and renal failure (Melville et al., 2000). The 

progression of T2D is associated with decreased glucose utilization in response to insulin. In healthy 

people, insulin increases glucose uptake in key tissues such as skeletal muscle and adipose tissue by 

the activation of signalling molecules that include phosphoinositide 3-kinase (PI3K), Akt, and the 

mechanistic/mammalian target of rapamycin complex 2 (mTORC2), which leads to the translocation 

of glucose transporter 4 (GLUT4) to the cell surface, allowing for increased glucose uptake 

(Bjornholm & Zierath, 2005; Satoh, 2014; Yoon, 2017b). However, insulin-stimulated PI3K/Akt 

signalling is impaired in T2D (Cozzone et al., 2008; Meyer et al., 2002; Sasaoka et al., 2006).  

Therefore, identifying targets that can increase glucose uptake independently of the insulin 

signalling pathway would be advantageous. This is also the case in diabetic cardiomyocytes. In order 

to generate ATP, the healthy heart predominantly utilizes free fatty acids as its main energy 

substrate via the oxygen-consuming β-oxidation pathway (Nagoshi et al., 2011). In heart failure, 

however, cardiomyocytes are exposed to hypoxic conditions, under which ATP generation relies 

more on glucose utilization via glycolysis, thereby providing the energy required to maintain cardiac 

function (Doenst et al., 2013; Kolwicz & Tian, 2011; Lionetti et al., 2011; Lopaschuk et al., 2010; 

Nagoshi et al., 2011). Nevertheless, this energy switch is less efficient in diabetic heart failure as loss 

of insulin sensitivity causes reductions in cardiomyocyte glucose uptake. Thus α1A-AR mediated 

glucose uptake, occurring independently of insulin, becomes more important in this situation. 

 

G protein-coupled receptors (GPCRs) are a large group of cell surface receptors that can be targeted 

for the treatment of diabetes and other metabolic disorders (Reimann & Gribble, 2016). Agonists 

acting at the glucagon-like peptide 1 (GLP-1) receptor target the release of insulin by pancreatic β-

cells, and have been studied and approved clinically for treatment of human patients (Frias et al., 

2017; Frias et al., 2018; Katz et al., 2012). Another important group of GPCRs are the adrenoceptors 

(ARs), of which several subtypes (α1A-AR in cardiac muscle, β2-AR in skeletal muscle, and the β3-AR 

in adipose tissue) (Liu & Stock, 1995; Merlin et al., 2018; Nevzorova et al., 2002; Nevzorova et al., 

2006; Ngala et al., 2008; Ngala et al., 2009; Olsen et al., 2014; Sato et al., 2014a; Sato et al., 2018) 

can increase glucose uptake in the insulin-resistant target tissues of diabetic patients. In this thesis, 

we have examined α1A-AR and β2-AR mediated glucose uptake, including mechanisms whereby this 

occurs.  
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The mechanism of glucose uptake utilized by ARs is distinct from insulin since key signalling 

molecules such as PI3K/Akt activated by insulin are not involved in α1A-AR or β2-AR mediated 

responses (Sato et al., 2014a; Sato et al., 2018).  Supporting evidence for this was obtained by 

several approaches as follows, (1) pharmacological inhibition of PI3K with LY294002 and 

wortmannin reduced β2-AR mediated glucose uptake in L6 cells (Nevzorova et al., 2002; Nevzorova 

et al., 2006), but these inhibitors were found to inhibit other kinases such as mTOR, which is involved 

in β2-AR mediated glucose uptake (Gharbi et al., 2007), (2) β2-AR agonists failed to enhance 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) levels in L6 cells (Sato et al., 2014a), and (3) 

stimulation with either β2-AR or α1A-AR agonists did not cause phosphorylation of Akt (the 

downstream target of PI3K) in L6 cells or neonatal rat ventricular myocytes (NRVM), and inhibition 

of Akt with the selective Akt inhibitor X did not reduce agonist-stimulated glucose uptake 

(Nevzorova et al., 2006; Sato et al., 2014a; Sato et al., 2018).  

 

mTOR is a serine-threonine kinase in the family of PI3K related kinases, that exists as 2 different 

complexes with different functions: mTORC1 that includes raptor, and mTORC2 that includes rictor 

(Laplante & Sabatini, 2009). mTORC1 has a major role in the growth of muscle mass (Castets et al., 

2013; Tang et al., 2014; Yoon, 2017a). Muscle specific mTOR knockout mice but not wild type mice 

had significantly reduced mass of fast-twitch glycolytic muscles and developed severe myopathy 

(Risson et al., 2009). Similarly, muscle specific raptor knockout mice showed progressive muscle 

dystrophy while muscle specific rictor knockout mice were not distinguishable from wild type mice 

with respect to muscle mass (Bentzinger et al., 2008). Also, adaptive cardiomyocyte growth was 

impaired in cardiac raptor knockout mice, potentially due to a deficiency of mTORC1/S6RP activity 

(Shende et al., 2011).  In contrast, mTORC2 is more important for the regulation of glucose 

metabolism (Lamming et al., 2012; Yuan et al., 2018). Studies using transgenic mice demonstrated 

that insulin-stimulated glucose uptake is significantly reduced both in the muscle specific rictor KO 

mice and in fat cell specific rictor KO mice, compared to wild type mice (Kumar et al., 2008; Kumar 

et al., 2010). An in vitro study using siRNA showed that rictor inhibition but not raptor inhibition 

markedly decreases both insulin and β2-AR mediated glucose uptake in rat L6 cells (Sato et al., 

2014a). Another study using pharmacological inhibitors demonstrated that KU0063794 (which 

inhibits both mTORC1 and mTORC2) reduces both insulin and α1A-AR mediated glucose uptake 

whereas acute rapamycin (inhibition of mTORC1) has no such effect in NRVM (Sato et al., 2018). 

Collectively, these results indicate that the pathways that link both insulin and AR signalling to 
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increased GLUT4 translocation and glucose uptake intersect at the level of mTORC2. Therefore, ARs 

could provide an alternative pathway to regulate GLUT4 translocation and glucose uptake via 

mTORC2, which does not involve activation of signalling intermediates such as PI3K/Akt that are 

down-regulated in T2D (Sato et al., 2014a). However, it is unclear how ARs increase GLUT4 

translocation/glucose uptake upstream of mTORC2, and whether other signalling pathways are 

involved. 

 

6.2 Stimulation of skeletal muscle glucose uptake by isoprenaline and BRL37344  

In chapter 3, we examined signalling responses including glucose uptake, GLUT4 translocation, cyclic 

AMP (cAMP) accumulation, β-arrestin recruitment and phosphorylation of Akt and mTOR, following 

activation of β2-ARs in rat L6 skeletal muscle cells (Table 6.1). Skeletal muscle has been considered 

as a potential target for antidiabetic therapies as it constitutes approximately 40% of body mass, 

and it is the major site of insulin- or exercise-stimulated glucose uptake in the body (Jensen et al., 

2011b; Park et al., 2009; Richter & Hargreaves, 2013). However, there are few available therapies 

targeting enhanced peripheral glucose utilization in skeletal muscle. In addition, it is noteworthy 

that skeletal muscle is a primary site for potential therapies for muscle wasting disorders (Bonaldo 

& Sandri, 2013; Lynch et al., 2007), and mTORC1 is largely associated with activity of myostatin, 

involved in inhibition of muscle growth and differentiation (Amirouche et al., 2009; Yoon, 2017a). 

β2-ARs are the predominant AR expressed in skeletal muscle (Evans et al., 1996; Rosenbaum et al., 

2009), and have a variety of roles including muscle growth, contraction and glucose uptake (Figure 

6.1). Their activation increases glucose uptake (Evans et al., 2013; Nevzorova et al., 2006; Ngala et 

al., 2009; Ngala et al., 2013) via a mechanism involving cAMP, mTORC2 and GLUT4 translocation 

(Sato et al., 2014a). However, β2-ARs are distributed throughout the body, and cAMP produced 

following their activation is involved in other important physiological processes including altered 

vasoreactivity (leading to changes in heart rate and blood pressure), cardiac hypertrophy and 

hepatic gluconeogenesis (Berdeaux & Stewart, 2012; El-Armouche & Eschenhagen, 2009; 

Sutherland & Robison, 1969), which would be detrimental in a therapeutic setting. Therefore, β2-AR 

agonists that can increase skeletal muscle glucose uptake without causing major effects on cAMP 

accumulation may be advantageous in the context of metabolic disorders. Conventional β-AR 

agonists (isoprenaline) and selective β2-AR agonists (clenbuterol, zinterol) increase skeletal muscle 

glucose uptake, but their stimulation is also associated with the production of high levels of cAMP 

(Berdeaux & Stewart, 2012; Dehvari et al., 2012; Nevzorova et al., 2006; Sato et al., 2014a).   
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Figure 6.1: Overview of signal transduction and potential effects following activation of β-
adrenoceptors in skeletal muscle (Cairns & Borrani, 2015; Kuo & Ehrlich, 2015; Sato et al., 2014a) 
 
Skeletal muscle predominantly expresses β2-AR > β1-AR. In diabetes, β-AR expression level in 
skeletal muscle remains unchanged or increases (Xavier et al., 2012; Yang et al., 2002). Activation of 
β2-AR increases glucose uptake, contraction, and hypertrophy through different Gαs-mediated 
pathways (Sato et al., 2014a). 
 

Abbreviations: AC – adenylyl cyclase, cAMP – cyclic AMP, DHPR - dihydropyridine receptor, LTCC - 
L-type calcium channel, mTORC1 – mammalian target of rapamycin complex 1, mTORC2 – 
mammalian target of rapamycin complex 2, PKA – protein kinase A, PKC -  protein kinase C, PLB -  
phospholamban, RyR - ryanodine receptor, SERCA - sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase. 
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In contrast, BRL37344, a dual  β2/β3-AR agonist originally developed for the treatment of obesity 

(Arch et al., 1984),  increases skeletal muscle glucose uptake via β2-ARs independently of cAMP in 

L6 cells (Nevzorova et al., 2002). In our study, BRL37344 acted as a full agonist at β2-ARs for GLUT4 

translocation and glucose uptake with an efficacy similar to that of isoprenaline, but was a weak 

partial agonist with respect to increasing cAMP levels (global, plasma membrane and cytosol). 

Furthermore, BRL37344-stimulated glucose uptake occurred via a mechanism involving mTORC2 

but not Akt, which may be beneficial in a T2D setting. Indeed, BRL37344 was effective for improving 

glucose tolerance in a diabetic mouse model with global deletion of the β3-AR gene. In addition, 

BRL37344 does not induce receptor desensitisation or internalisation to the same degree as 

isoprenaline, indicating that prolonged treatment of T2D patients with BRL37344 or a related drug 

would not result in desensitisation and therefore continue to be effective for glucose disposal. 

Overall, BRL37344 increased glucose uptake without causing a major impact on cAMP production 

and without causing cause receptor desensitisation/internalisation, and this combination of 

properties of BRL37344-stimulated signalling potentially provides new opportunities for the 

treatment of T2D (Chapter 3). In chapter 4, we examined the more detailed mechanism of glucose 

uptake in response to stimulation with isoprenaline or BRL37344. 

 

6.3 Role of GRKs in β2-AR mediated glucose uptake  

The links between β2-AR activation and glucose uptake are still unclear because of the difference in 

kinetics between glucose uptake and cAMP accumulation. Activation of β2-AR causes a sustained 

increase in skeletal muscle glucose uptake (at least 24 h in vitro), in comparison to a transient 

increase in cAMP levels (Nevzorova et al., 2006). This may imply the existence of an alternative 

signalling pathway involving receptor internalisation. It has been discussed that desensitisation of 

the β2-AR occurs following receptor phosphorylation by cAMP dependent protein kinase A (PKA) 

and G protein-coupled receptor kinase (GRK), leading to β-arrestin binding, resulting in receptor 

internalisation and desensitisation. However, PKA-mediated receptor phosphorylation has been 

considered less important for receptor desensitisation  (Clark et al., 1988; Hausdorff et al., 1989; 

Yuan et al., 1994). A study in H9c2 cardiac myoblasts showed that isoprenaline stimulation of the 

β2-AR causes receptor internalisation through phosphorylation at GRK sites and not PKA sites (Fu et 

al., 2015). As such, receptor phosphorylation by GRKs is a crucial step to promote receptor 

desensitisation (Ferguson et al., 1996; Ferguson et al., 1995; Goodman et al., 1996; Tsuga et al., 

1994). In addition to the role of GRKs in receptor desensitisation, there is accumulating evidence 
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that GRKs, particularly GRK2 and GRK5, are involved in the regulation of glucose metabolism (Mayor 

et al., 2018).  Whole body GRK5 knockout mice showed higher plasma glucose levels and lower 

insulin sensitivity compared to wild type mice (Wang et al., 2012). In general, however, GRKs are 

found to have an inhibitory effect on insulin-stimulated glucose uptake (Ciccarelli et al., 2012; Usui 

et al., 2004); (i) up-regulation of GRK2 inhibited GLUT4 translocation in response to insulin in adult 

rat ventricular cardiomyocytes, while a reduction of GRK2 levels during heart failure improved 

glucose uptake (Ciccarelli et al., 2011), and (ii) overexpression of GRK2 reduced insulin-stimulated 

glucose uptake in skeletal muscle C2C12 cells compared to wild type cells (Garcia-Guerra et al., 

2010). In cardiomyocytes, attenuation of insulin signalling is thought to be due to the kinase activity 

of GRK2, which increases phosphorylation of insulin receptor substrate (IRS)-1 at Ser307 (Ciccarelli 

et al., 2011). Enhanced phosphorylation at Ser307 rapidly reduces IRS-1 binding affinity to the insulin 

receptor, causing inhibitory effects on insulin-stimulated glucose uptake (Aguirre et al., 2002). This 

negative effect of GRK2 on insulin signalling accompanies the increased β-AR desensitisation 

observed in heart failure (Ciccarelli et al., 2011). While GRK2 may negatively affect insulin-

stimulated glucose uptake, it has a positive role in β2-AR mediated glucose uptake in skeletal muscle, 

since truncation of the β2-AR C-terminal tail, mutation of GRK phosphorylation sites or a β2-AR(-

)GRK mutant were all associated with reduced glucose uptake in response to isoprenaline in 

CHOGLUT4myc cells expressing human β2-AR (Dehvari et al., 2012). This led to the hypothesis that 

β2-AR mediated GLUT4 translocation/glucose uptake occurs through a GRK meditated mechanism 

due to phosphorylation of the β2-AR at specific sites in the C-terminus.  

 

In chapter 4, we examined the role of these GRK phosphorylation sites in the β2-AR C-terminal tail 

in glucose uptake (Table 6.1). These experiments were performed in a simple recombinant system 

(CHOGLUT4myc cells), as it enabled us to generate mutant β2-AR cell lines, and easy visualization of 

GLUT4 plasma membrane trafficking since GLUT4 is tagged with an exofacial myc tag. This study 

highlighted a significant role of GRK phosphorylation sites in isoprenaline-stimulated receptor 

internalisation as this was lost in cells expressing β2-ARs with mutated GRK phosphorylation sites. 

However, the GRK phosphorylation sites were not critical in β2-AR mediated GLUT4 translocation 

since stimulation with either isoprenaline or BRL37344 still promoted GLUT4 translocation in cells 

expressing receptors that completely lacked the GRK phosphorylation sites, as compared to wild 

type cells. This result was unexpected because in a previous study there was a significant reduction 

in isoprenaline-stimulated GLUT4 translocation in cells overexpressing GRK2 DN (K220R) (Dehvari 
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et al., 2012). These conflicting findings on GLUT4 translocation were potentially due to differences 

in the receptor expression level (transient expression vs stable expression), assay protocol (length 

of primary antibody incubation following a post fixation) and analysis (ImageJ program vs multi-

wave scoring, MetaXpress 5.01).  However, stimulation with either isoprenaline or BRL37344 

certainly increased [3H]-2-deoxyglucose uptake via activation of mutant β2-AR lacking GRK 

phosphorylation sites. This indicated that GRK phosphorylation sites were not important for GLUT4 

translocation/glucose uptake in this system. We, however, still cannot rule out the involvement of 

GRK2 at least in β2-AR mediated glucose uptake as siRNA knock down of GRK2 dramatically 

decreased isoprenaline or BRL37344-stimulated glucose uptake in L6 myoblasts (Chapter 4). One 

explanation could be that GRKs act as scaffolding proteins (Gurevich et al., 2012). Among all the 

binding partners discovered (Penela et al., 2010), two potential partners in this system are clathrin 

(Shiina et al., 2001) and caveolin (Schutzer et al., 2005), which mediate internalisation of β-AR. We 

will be able to confirm whether the importance of GRK in glucose uptake is due to its binding activity 

by performing glucose uptake assays using specific GRK inhibitors or siRNA that selectively knock 

down GRK2, GRK5 or GRK6, or the combination of GRKs.  

 

Furthermore, β-arrestins can adopt multiple conformations that are dependent both on the pattern 

or barcode of receptor phosphorylation by GRKs, and on the core receptor conformation induced 

or stabilised by different agonists (Cahill et al., 2017; Lee et al., 2016; Nuber et al., 2016). This affects 

β-arrestin mediated downstream signalling events, hence it would be worthwhile to investigate the 

effect of β-arrestin on glucose uptake by utilizing clustered regularly interspaced short palindromic 

repeats (CRISPR/Cas9 system) technology (Mandal et al., 2014), which enables generation of 

HEK293 cells with deletion of either β-arrestin1 or β-arrestin2 (Alvarez-Curto et al., 2016). Using 

CRISPR in conjunction with expression of GLUT4myc would allow us to examine the relative 

importance of β-arrestin in β2-AR mediated glucose uptake in a model system. We would also 

investigate the effect of β-arrestin 1/2 siRNA in L6 skeletal muscle cells, as we did successfully with 

rictor and raptor siRNA (Sato et al., 2014). Finally, it would be interesting to investigate the effect of 

GRKs on mTOR phosphorylation using our current systems. As such, this study shows that GRK 

phosphorylation sites in β2-AR have no crucial role in glucose uptake, which leads us to further 

investigation of the role of GRK binding/kinase activity in glucose uptake (Chapter 4). Overall, further 

studies should be conducted to examine the effect of BRL37344 in T2D or other metabolic disorders 

considering the fact that BRL37344 effectively increases glucose uptake both in recombinant 
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systems and L6 cell lines.  Additionally, the effect of BRL37344 on muscle hypertrophy should be 

investigated (Chapter 3 and 4).   

 

6.4 Role of α1A-ARs in cardiomyocyte glucose uptake 

α1-ARs are expressed in cardiac muscle and have important roles in the regulation of glucose uptake. 

In human cardiac failure, α1A-AR expression increases and is thought to have a cardioprotective role, 

via adaptive processes that include hypertrophy, increased cell survival and improved contractility 

(Jensen et al., 2011a; O'Connell et al., 2014), as well as enhanced glucose uptake (Sato et al., 2018), 

unlike β-ARs, which are down-regulated (Figure 6.2). Increased cardiomyocyte glucose uptake has 

been considered as one potential mechanism for cardioprotection (Domenighetti et al., 2010; Liao 

et al., 2002). α1A-ARs can increase glucose uptake in skeletal muscle cells through a phospholipase 

C (PLC)-Ca2+- Ca(2+)/calmodulin-dependent protein kinase kinase β (CAMKK β)- AMP-activated 

protein kinase (AMPK) dependent mechanism (Hutchinson & Bengtsson, 2005) that also exists in 

cardiomyocytes (Sato et al., 2018). Another signalling pathway involving mTORC2 that also increases 

cardiomyocyte glucose uptake exists in parallel (Sato et al., 2018). The mechanism of mTORC2 

activation by α1A-ARs is not defined, but it is independent of Ca2+ and AMPK (Kamimura et al., 2008). 

One potential upstream regulator of mTORC2 activation is cAMP/PKA (Sato et al., 2014a). Hence, in 

chapter 5, we examined the role of cAMP in glucose uptake using a recombinant system 

(CHOGLUT4myc cells expressing the human α1A-AR) (Table 6.1), which has been extensively used to 

demonstrate mechanisms of α1A -AR mediated glucose uptake (Sato et al., 2018). Our studies 

employed two highly selective α1A-AR agonists, A61603 and dabuzalgron. These 2 drugs were 

chosen because at doses effective in promoting cardioprotective effects against doxorubicin-

induced cardiotoxicity, they have minimal effects on blood pressure in animal studies (Beak et al., 

2017; Cowley et al., 2015; Jensen et al., 2011a; Vakhrusheva et al., 2008). In our study, the 

mechanism of glucose uptake in response to A61603 or dabuzalgron differed, but they exhibited 

very similar potency and efficacy in increasing glucose uptake. mTORC2 was involved in both 

A61603- or dabuzalgron- stimulated glucose uptake pathways whereas cAMP and PKA were 

involved only in the A61603-stimulated pathway. Although β2-AR mediated production of cAMP 

might cause adverse side effects in heart, α1A-ARs are only expressed in cardiac ventricles, and 

would not affect heart rate (Lindskog et al., 2015). More importantly, the potency of A61603 for 

cAMP generation is 2-4 orders of magnitude lower than that for intracellular Ca2+ release and the 

other measured responses (Chapter 5), thus the amount of cAMP produced by therapeutic 
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concentrations of α1A-AR agonists would be far less than that observed in response to β-AR agonists 

or endogenous noradrenaline and adrenaline. One hypothesis concerning the role of cAMP in α1A-

AR mediated mTORC2 activation and glucose uptake is that low levels of highly compartmentalised 

cAMP may be sufficient to interact with key effectors that are brought together in localised 

signalling complexes (as outlined in Chapter 3 for BRL37344 acting at the β2-AR). 

 

We have compared the signalling responses that are important in cardiomyocyte function and 

survival including Ca2+ mobilization (contractility) (Capogrossi et al., 1991), p-S6RP (a marker of 

mTORC1 activation-hypertrophy) (Sato et al., 2018), p-NDRG1 (a marker of mTORC2 activation - cell 

survival and glucose uptake) (Hung et al., 2012; Sato et al., 2018) and p-Erk1/2 (cell survival) (Huang 

et al., 2007; Lu & Xu, 2006) in response to these drugs. This study clearly demonstrated that both 

A61603 and dabuzalgron act as full agonists for glucose uptake and Erk1/2 phosphorylation, but 

dabuzalgron only caused a partial response in Ca2+ mobilization, S6RP phosphorylation, and NDRG1 

phosphorylation assays, unlike A61603. Furthermore, dabuzalgron was a biased agonist for glucose 

uptake, Erk1/2 phosphorylation, S6RP phosphorylation, and NDRG1 phosphorylation compared to 

Ca2+ mobilization, suggesting that dabuzalgron may produce a receptor conformation different from 

A61603 following agonist exposure. Alternatively, dabuzalgron may require longer to achieve full 

receptor occupancy than A61603 or noradrenaline, and this would have an impact primarily in Ca2+ 

release assays that are conducted at 1 min, in comparison to other assays done at 10, 30 or 120 min. 

Nonetheless, our findings indicate that dabuzalgron produces favourable effects on cell survival and 

glucose uptake. Additionally, dabuzalgron is an orally active drug unlike A61603, which provides 

advantages for patients including easy drug administration and flexible dosage.  It is however a 

relatively new drug, and we will need further examination of its cardioprotective effects both ex 

vivo and in vivo. It is essential that we determine the kinetic properties of dabuzalgron at the α1A-

AR, compared to A61603 or endogenous noradrenaline (Klein Herenbrink et al., 2016), and thus the 

mechanism whereby dabuzalgron causes biased signalling following interaction with receptors 

(chapter 5).  
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Figure 6.2: Overview of signal transduction and potential effects following activation of cardiac 
adrenoceptors (Jensen et al., 2014; Kuo & Ehrlich, 2015; Lymperopoulos et al., 2013; Mangmool 
et al., 2017; O'Connell et al., 2014; Sato et al., 2018) 
 
Cardiac muscle expresses β1-AR > β2-AR > α1A-AR in normal heart. Activation of β1-ARs increases 
contractility via Gαs (Lohse et al., 2003). β2-ARs also increase glucose uptake via Gαs (Mangmool et 
al., 2017), but may reduce cardiac contractility through additional coupling via Gαi/o (Madamanchi, 
2007). In heart failure, β-ARs (especially β1-AR) are desensitised and down-regulated, leading to 
reduced contractility. In contrast, α1A-AR expression is increased, producing cardioprotective effects 
including improved contractility, adaptive hypertrophy, cell survival and glucose uptake via Gαq/11 

(Jensen et al., 2014; Sato et al., 2018) (Chapter 5). 
 

Abbreviations: AC – adenylyl cyclase, AMPK – AMP-activated protein kinase, CaMKK – 
Calcium/Calmodulin-dependent protein kinase kinase, cAMP – cyclic AMP, DAG – diacylglycerol, Erk 
- extracellular signal regulated kinases, IP3 – inositol 1,4,5-trisphosphate, LTCC - L-type calcium 
channel, MEK - mitogen-activated protein kinase kinase, mTORC1 – mammalian target of rapamycin 
complex 1, mTORC2 – mammalian target of rapamycin complex 2, PIP2 -  phosphatidylinositol 4,5-
bisphosphate, PLC – phospholipase C, PKA – protein kinase A PKC - protein kinase C, PLB – 
phospholamban,  RyR -  ryanodine receptor, S6RP - S6 ribosomal protein, SERCA -  
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase. 
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Table 6.1 Summary of results from Chapter 3-5 

 Chapter 3 

Background - BRL37344, a dual β2/3-AR agonist, increases glucose uptake in skeletal muscle 

- The mechanism of BRL37344 stimulated glucose uptake has not been rigorously investigated 

Major 

findings 

- BRL37344 promoted glucose uptake in skeletal muscle in vitro, in vivo and ex vivo 
- BRL37344 increased skeletal muscle glucose uptake with minimal increases in cAMP 
production as opposed to isoprenaline 
- Unlike isoprenaline, BRL37344 does not induce receptor desensitisation 
- Unlike the insulin signalling pathway, Akt is not involved in BRL37344 stimulated glucose 
uptake 

Limitation - The mechanism whereby BRL37344 increases glucose uptake is still not defined 

Future 

direction 

- The effects of BRL37344 on whole body glucose utilisation in animal models of type 2 
diabetes would be important to pursue 
- To verify that BRL37344 increases glucose uptake independently of cAMP, and fully 
investigate the mechanism whereby BRL37344 increases glucose uptake 

Chapter 4 

Background - Based on Chapter 3, a cAMP independent pathway following β2-AR stimulation to increase 

glucose uptake was proposed 
- GRKs are involved in the regulation of glucose metabolism 
- The role of GRK phosphorylation sites in the β2-AR C-terminal tail on glucose uptake is not 

known 

Major 

findings 

- GRK phosphorylation sites in β2-AR are important for agonist dependent receptor 

internalisation 
- These phosphorylation sites are not involved in β2-AR mediated glucose uptake, yet siRNA 

directed against GRK2 abolishes β2-AR mediated glucose uptake 

Limitation - The role of GRK itself in β2-AR mediated glucose uptake is still not determined 

Future 

direction 

- GRK isoform recruited to the β2-AR following agonist treatment needs to be identified 

- Effects of β-arrestin on β2-AR mediated glucose uptake needs to be determined 

- Investigation on the role of GRK in β2-AR mediated glucose uptake is required ie. does GRK 

act as a scaffolding protein, or is the kinase domain of GRK important for increasing glucose 
uptake instead 

Chapter 5 

Background - The α1A-AR agonists A61603 and dabuzalgron produce cardioprotective effects, which may 

be due to effects on cardiac glucose uptake 
- The role of cAMP on α1A-AR mediated glucose uptake is unknown 

Major 

findings 

- Dabuzalgron is full agonist for glucose uptake and p-Erk1/2, and a partial agonist for Ca
2+

 
mobilization, p-S6RP, and p-NDRG1, as compared to A61603 which is a full agonist for all 
these pathways 
- cAMP might be involved in A61603 (but not dabuzalgron) mediated glucose uptake 

Limitation - It is still not clear whether dabuzalgron is a biased agonist in other cell/tissue types 

Future 

direction 

- Performing IP1 assays is required to confirm that kinetic calcium effects are not reason why 
dabuzalgron shows a biased effect 
- Cardiomyocyte should be used to examine whether bias profile is retained 
- Both ex vivo and in vivo studies are required to test their cardioprotective effects  
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6.5 A future for GPCRs/adrenoceptors in the treatment of metabolic disorders 

To date, more than 30 GPCRs have been targeted for the treatment of β-cell dysfunction, insulin 

resistance, T2D and obesity (Riddy et al., 2018). This includes the GLP-1 receptor, where at least 6 

agonists are used clinically to increase insulin secretion from the pancreas in type 2 diabetic 

patients. ARs ligands may also be viable options in the treatment of T2D and related co-morbidities. 

The results in Chapter 3 and 4 show that the β2-AR agonist BRL37344 may be useful in promoting 

skeletal muscle glucose uptake in animal models, with older studies suggesting it can improve 

glucose homeostasis in humans (Mitchell et al., 1989). One limitation of using β2-AR agonists 

therapeutically are potential on-target and off-target adverse effects in other cells/tissues, such as 

effects on the cardiovascular system. This could be overcome with the design of BRL37344 

derivatives that are able to increase skeletal muscle glucose uptake and GLUT4 translocation with 

minimal effects on cAMP levels, which may minimise adverse effects in the heart. The results in 

Chapter 5 show that the α1A-AR agonists A61603 and dabuzalgron increase glucose uptake, which 

may have implications in heart failure. A61603 has reported cardioprotective effects (Sato et al., 

2018) and in heart failure, there is a switch in the failing heart from fatty acid as a primary source of 

fuel to glucose (Buchanan et al., 2005; Liu et al., 2002). Therefore, these α1A -AR agonists may have 

their cardioprotective effects via increasing glucose uptake and utilisation in the heart, which 

warrants future investigation.  

 

In addition to the α1A-AR or β2-AR, β3-AR agonists have been proposed for the treatment of T2D. β3-

ARs are primarily expressed in brown adipose tissue to increase glucose uptake (Cannon & 

Nedergaard, 2004). While originally thought to be present only in small hibernating mammals, 

brown adipose tissue has been demonstrated in humans (Nedergaard et al., 2007), with the β3-AR 

agonist mirabegron increasing brown adipose tissue glucose uptake in humans (Cypess et al., 2015). 

Hence, the β3-AR is an attractive therapeutic target for T2D. Overall, the increased knowledge of 

AR-stimulated glucose uptake afforded by the current studies facilitates further studies in this area 

and contributes to the future development of effective drugs. 

 

6.6 Concluding remarks 

The work outlined in this thesis aimed to elucidate the mechanisms mediating increased glucose 

uptake following activation of the β2-AR and the α1A-AR. Collectively, these studies extended our 

knowledge of AR mediated glucose uptake and indicated the potential for developing BRL37344 or 
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related compounds and α1A-AR selective agonists as treatments for T2D or cardiac failure 

complicated by insulin resistance, respectively. In the future, it will be essential to characterize the 

more detailed mechanisms of these drugs in glucose homeostasis, and their in vivo effects in mouse 

models of human diseases.  
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a  b  s  t  r  a  c  t

Uptake  of  glucose  into  skeletal  muscle  and  adipose  tissue  plays  a  vital role  in  metabolism  and  energy  bal-
ance. Insulin  released  from  �-islet cells  of the  pancreas  promotes  glucose  uptake  in these  target  tissues
by  stimulating  translocation  of GLUT4  transporters  to  the  cell  surface.  This  process  is complex,  involving
signaling  proteins  including  the  mechanistic  (or mammalian)  target  of  rapamycin  (mTOR)  and  Akt  that
intersect  with  multiple  pathways  controlling  cell  survival,  growth  and  proliferation.  mTOR  exists  in  two
forms,  mTOR  complex  1 (mTORC1),  and mTOR  complex  2  (mTORC2).  mTORC1  has  been  intensively  stud-
ied,  acting  as a key  regulator  of  protein  and  lipid  synthesis  that  integrates  cellular  nutrient  availability  and
energy  balance.  Studies  on  mTORC2  have  focused  largely  on  its capacity  to  activate  Akt  by phosphoryla-
tion  at Ser473,  however  recent  findings  demonstrate  a  novel  role  for mTORC2  in cellular  glucose  uptake.
For  example,  agonists  acting  at �2-adrenoceptors  (ARs)  in skeletal  muscle  or �3-ARs  in  brown  adipose
tissue  increase  glucose  uptake  in  vitro  and  in vivo  via  mechanisms  dependent  on  mTORC2  but  not  Akt.  In
this  review,  we will focus  on  the  signaling  pathways  downstream  of  �-ARs  that  promote  glucose  uptake
in  skeletal  muscle  and  brown  adipocytes,  and will  highlight  how  the  insulin  and  adrenergic  pathways
converge  and  interact  in  these  cells.  The  identification  of insulin-independent  mechanisms  that  promote
glucose  uptake  should  facilitate  novel  treatment  strategies  for metabolic  disease.

© 2016  Elsevier  Ltd. All  rights  reserved.

Abbreviations: AMPK, adenosine monophosphate activated kinase; AR, adreno-
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1. Introduction

The mechanistic (or mammalian) target of rapamycin (mTOR)
integrates cellular sensing of nutrient, oxygen and energy lev-
els with protein and lipid synthesis, cell survival, growth and
proliferation. mTOR exists in two forms, the rapamycin-sensitive
mTOR complex-1 (mTORC1) and the rapamycin-insensitive mTOR
complex-2 (mTORC2) [1,2]. These complexes are unambiguously
defined by binding of raptor (mTORC1) or rictor (mTORC2).
mTORC1 regulates cell growth and protein synthesis through p70S6
kinase (S6K1), 4E-binding protein (4EBP) and protein phosphatase-
2A (PP2A) [3], while mTORC2 is known to regulate Akt activation [4]
and cytoskeletal reorganization [5,6]. Although mTORC2 is resistant
to acute inhibition by rapamycin, prolonged treatment interferes
with mTORC2 assembly and prevents the full activation of Akt [7].

Activation of mTORC1 is positively regulated by growth factors
and mitogen-activated protein kinase (MAPK) pathways, due to
phosphorylation and consequent inactivation of the upstream sup-
pressor protein tuberous sclerosis complex 2 (TSC2) [8]. In contrast,
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TSC2 activity is increased upon phosphorylation at distinct sites
by adenosine monophosphate-activated kinase (AMPK), resulting
in suppression of mTORC1 activity (reviewed by [9]). This mecha-
nism governs the coordination of cell growth with energy status,
as AMPK is activated due to AMP/ADP elevation or other forms of
cellular stress. AMPK also phosphorylates raptor, further inhibiting
mTORC1 activity [10]. mTORC2 is known to play a role in regulating
glucose homeostasis. For example, skeletal muscle-specific abla-
tion of rictor (and hence of mTORC2) depresses insulin-stimulated
glucose uptake while at the same time increasing basal glyco-
gen synthase activity [11]. This indicates that under conditions of
low nutrient status, mTORC2 has the capacity to increase glucose
uptake and suppress glycogen storage. We  will discuss the manner
in which this finding may  relate to recent studies demonstrating
that activation of �2-adrenoceptors (ARs) in skeletal muscle or �3-
ARs in brown adipocytes increases activation of mTOR, and also
mTORC2-mediated glucose uptake in vivo and in vitro [12,13].

2. The role of mTORC2 in skeletal muscle glucose uptake

Skeletal muscle is responsible for 75% of insulin-mediated
glucose uptake and utilization in the fed state, making it an impor-
tant target for diabetic therapies [14]. In muscle, stimulation by
insulin or �2-AR agonists increases glucose uptake via a common
downstream mechanism involving the translocation of glucose
transporter 4 (GLUT4) from the cytosol to the plasma membrane
[15]. The upstream pathways utilized by �2-ARs, on the other hand,
are independent of proteins involved in insulin-stimulated glucose
uptake.

2.1. Insulin-mediated glucose uptake

Insulin regulates whole-body glucose homeostasis by acting on
the insulin receptor, a heterotetrameric membrane glycoprotein
consisting of dimeric ligand-binding �-subunits and two tyro-
sine kinase �-subunits [16,17]. Insulin binding to the extracellular
�-subunit of the receptor causes rapid autophosphorylation of
tyrosine residues through a conformational change that brings
the �-subunits closer. Also, tyrosine phosphorylation of insulin
receptor substrates (IRS) promotes binding to phosphoinositide 3-
kinase (PI3K) through SRC homology 2 (SH2) domains [18]. PI3K
converts phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to the
lipid second messenger phosphatidylinositol (3,4,5)-trisphosphate
(PI(3,4,5)P3), inducing the recruitment of 3-phosphoinositide-
dependent protein kinase-1 (PDK1) to the plasma membrane,
which in turn phosphorylates the serine kinase Akt at Thr308
(Fig. 1) [19]. A recent study demonstrates that Akt-pThr308
phosphorylates Thr86 of SIN1 (stress-activated protein kinase
interacting protein 1), another key component of mTORC2 that
increases mTOR kinase activity [20]. This results in a positive
feedback loop in which mTORC2 phosphorylates Akt at Ser473,
thereby fully activating Akt [21]. Like Erk1/2 (extracellular sig-
nal regulated kinase 1/2), phosphorylation by Akt inactivates the
inhibitor TSC2, allowing mTORC1 phosphorylation at Ser2448 and
activation of downstream effectors. Akt also phosphorylates AS160
(Akt substrate of 160 kDa) at Thr642, facilitating release of GLUT4
from intracellular storage vesicles (Fig. 1). Translocation, dock-
ing and fusion with the plasma membrane are promoted by
re-organization of the actin cytoskeleton governed by Rac-1 (Ras-
related C3 botulinum toxin substrate 1), and by interaction of AS160
with the molecular switches Rab8A and Rab13. The final stages of
GLUT4 translocation are driven by �-actinin-4, the motor proteins
MyoVa (myosin Va) and Myo1c (myosin 1c), and the adapter pro-
tein Mical-L2 (molecule interacting with CasL-like 2) (reviewed by
[22]).

2.2. ˇ2-AR mediated glucose uptake in skeletal muscle

Skeletal muscle expresses abundant �-ARs that are predomi-
nantly �2-ARs, with 7–10% of �1-ARs present [23]. Recent findings
have shown that stimulation with the �-AR agonist isoprenaline
promotes glucose uptake in L6 myoblasts and myotubes, and intact
skeletal muscle in vitro and in vivo [13,24]. Notably, isoprenaline
increases glucose uptake to a greater extent than insulin in vivo in
wild type mice, but not in �1/�2-AR knockout mice [13]. Further-
more, �2-AR stimulation greatly improves glucose tolerance in two
different models of type 2 diabetes, Goto-Kakizaki rats and high-fat
diet–fed C57BL/6J mice [13]. Skeletal muscle from streptozotocin-
induced diabetic rats has increased �2-adrenoceptor mRNA levels
compared to non-diabetic control rats, associated with an increase
in the number of �2-adrenoceptors as measured by [3H]  pro-
pranolol binding [25]. However in another study, there was no
change in �2-adrenoceptor expression in skeletal muscle from
streptozotocin-induced Wistar diabetic rats [26]. In humans, there
are similar �2-adrenoceptor mRNA levels in the lateralis muscle
from insulin-sensitive and insulin-resistant equally obese, non-
diabetic Pima Indians [27] and in myotubes established from obese
patients with type 2 diabetes and matched obese healthy partici-
pants [28].

�2-ARs in skeletal muscle are primarily G�s-coupled recep-
tors [24], and increase glucose uptake via stimulation of adenylyl
cyclase and production of the second messenger, cyclic AMP
(cAMP), which activates protein kinase A (PKA) [13,24]. Although
the mechanism is not fully understood, PKA promotes phosphoryla-
tion of mTORC2 at S2481, which is required for GLUT4 translocation
and glucose uptake [13] (Fig. 1).

2.3. Comparison between ˇ2-AR and insulin-mediated glucose
uptake

Unlike insulin, agonist stimulation of �2-ARs does not increase
PI(3,4,5)P3 levels nor phosphorylate Akt at either Thr308 or Ser473.
�2-AR mediated glucose uptake is not blocked by selective Akt
inhibitors in L6 cells, indicating that stimulation of �2-ARs increases
glucose uptake without activating Akt [13]. In addition, glu-
cose uptake is increased by the cell permeable cAMP analogs
(8-bromoadenosine 3′,5′-cAMP and N6,2′-O-dibutyryladenosine
3′,5′-cAMP) in L6 cells, indicating that increases in cAMP levels are
tightly linked to increased glucose uptake [13]. Treatment with a
specific inhibitor of mTOR, KU0063794, confirmed that mTOR is
involved not only in insulin signaling but also �2-AR stimulated
glucose uptake [13]. mTOR has two primary phosphorylation sites
at Ser2448 and at Ser2481. In complex 1, mTOR is predominantly
phosphorylated at S2448 while in complex 2, mTOR is phospho-
rylated at S2481 [11,29]. It has been reported that alterations to
the mTORC1 signaling pathway in skeletal muscle directly affect
whole-body energy homeostasis [30], yet siRNA knockdown of
mTORC2 (rictor), but not mTORC1 (raptor), markedly inhibits both
insulin-mediated and �2-AR mediated glucose uptake [13]. This
confirms mTORC2 as a key regulator of glucose uptake in skele-
tal muscle. Indeed, in muscle lacking rictor, insulin-stimulated Akt
phosphorylation at Ser473 and AS160 at Thr642 are dramatically
decreased. The muscle-specific rictor knockout mice display glu-
cose intolerance and decreased insulin-stimulated glucose uptake
[11].

Although mTORC2 is activated in cells stimulated with �2-AR
agonists, it is unable to phosphorylate Akt-Ser473 because this
reaction requires prior phosphorylation of Thr308 [21]. Hence, the
upstream �2-AR pathway differs from the insulin pathway at the
level of cAMP versus Akt and PIP3, but both pathways involve
mTORC2 as a key component. The �2-AR pathway produces cAMP
to activate mTORC2 while the insulin pathway activates PI3K,
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Fig. 1. Currently proposed mechanisms for insulin- and �2-AR-stimulated glucose uptake. In skeletal muscle, activation of the �2-AR coupled to G�s stimulates adenylate
cyclase, leading to the production of cAMP. cAMP activates PKA which then phosphorylates mTORC2 at Ser2481. The phosphorylated mTORC2 stimulates translocation of
GLUT4 from cytosol to the plasma membrane, and increased localization of GLUT4 at the plasma membrane enhances glucose uptake. Insulin binds to the insulin receptor
(Insulin-R), resulting in phosphorylation of insulin receptor substrate (IRS) and activation of PI3K. PI3K then increases levels of PIP3, which activates PDK1 to phosphorylate
Akt  at Thr308. PI3K also activates mTORC2 (Ser2481) which acts as a kinase of Akt at Ser473. Fully activated Akt phosphorylates AS160 to promote GLUT4 translocation to
the  plasma membrane leading to increased glucose uptake. Akt also phosphorylates mTORC1 at Ser2448 and thereby promotes protein synthesis.

leading to activation of Akt and mTORC2 (Fig. 1). Like insulin, glu-
cose uptake in response to �2-AR stimulation is blocked by GLUT
inhibitors and by pretreatment with GLUT4 siRNA [13]. It has been
known that type 2 diabetes is closely associated with defects in
insulin signaling mechanisms such as defects in IRS, PI3K activity
and Akt phosphorylation [31,32], but �2-ARs expressed in skele-
tal muscle could bypass these defects through mTORC2-mediated
regulation of GLUT4 trafficking, providing a compensatory path-
way following loss of insulin sensitivity [13,33]. This is of particular
interest considering that �2-AR expression is unaltered in skele-
tal muscle from diabetic patients [27,28]. An insulin-independent
pathway for glucose uptake is physiologically relevant and is
highlighted by the mechanism whereby the type 2 diabetic drug
metformin exerts its effects. Metformin increases glucose uptake
in skeletal muscle through activation of AMPK [34,35]. In skele-
tal muscle, stimulation of �1-ARs but not �2-ARs increase glucose
uptake via AMPK [36].

3. The role of mTORC2 in brown adipocyte glucose uptake

Brown adipose tissue (BAT) plays an important role in body
temperature regulation owing to its ability to generate heat
by uncoupling mitochondrial respiration, a process mediated by
uncoupling protein 1 (UCP1) [37]. BAT depots are highly innervated
and are activated by centres in the brain responsive to cold expo-
sure, leading to the release of norepinephrine from sympathetic
nerves. The energy-utilizing capacity of BAT gives it the potential
to influence whole-body energy homeostasis. For example, BAT has
been shown to play an important role in the regulation of glucose
homeostasis and insulin secretion [38]. Glucose uptake is signif-
icantly increased in BAT in vivo by exposure of animals to cold
[39,40] and by activation of the sympathetic nervous system, inde-
pendently of insulin [41]. Chronic norepinephrine infusion mimics
the effect of cold exposure on stimulation of glucose uptake into

BAT and white adipose tissue (WAT) [41–43]. This activation by
the sympathetic nervous system can be mimicked by adrenergic
agonists in brown adipocytes in vitro [44–50]. In animal models
these effects are primarily due to actions at the �3-AR, the predom-
inant �-AR expressed, although actions involving �1- or �1-ARs
are evident in some studies, particularly in cells or animals devoid
of �3-ARs [49–51]. �3-AR agonists were originally developed for
the treatment of obesity and diabetes, and are effective in ani-
mal  models [52]. Humans were thought to lose BAT after infancy,
but positron emission tomography scans of 18F-fluorodeoxyglucose
(FDG) uptake have revealed that adult humans possess BAT in
the supraclavicular and neck regions. Human BAT is activated
upon cold exposure [53–56] and contains UCP1 protein [57,58].
Cells cultured from biopsies of these regions are found to be phe-
notypically brown or beige/brite adipocytes [59–61]. Mirabegron
(YM-178) was  developed as a selective human �3-AR agonist,
approved in 2012 for the treatment of overactive bladder. In lean
male subjects [62], a single dose of 200 mg mirabegron increases
BAT 18FDG uptake and resting metabolic rate by 203 ± 40 kcal/d
(+13%), comparable to cold exposure (2 h at 14 ◦C). Thus activation
of human �3-ARs has a whole-body impact on energy expendi-
ture. Supraclavicular brown adipocytes express substantially more
�3-AR mRNA than neighbouring white adipocytes [63]. No studies
have addressed the question of relative �3-AR levels in BAT from
lean, obese or diabetic subjects, however obesity correlates with
decreases in cold-induced BAT activation [55,56], possibly reflect-
ing a lower abundance of brown adipocytes positive for �3-ARs.

The �3-AR is a G�s-coupled G protein-coupled receptor (GPCR)
and there is strong evidence that glucose uptake mediated by the
�3-AR occurs via a G�s-cAMP-PKA mediated mechanism, based
on pharmacological inhibitors of this pathway [12,49]. In addition,
cholera toxin and 8-bromo-cAMP increase glucose uptake in pri-
mary brown adipocytes [12,49]. Other mechanisms shown to be
involved in �3-AR mediated glucose uptake include localisation of
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Fig. 2. Signaling pathways of �3-AR-mediated glucose uptake in BAT. Stimulation of �3-ARs increases the production of cAMP via G�s-adenylyl cyclase in brown adipocytes.
cAMP  promotes the transcription and translation of GLUT1 mRNA, resulting in increased expression of GLUT1 protein. cAMP also phosphorylates mTORC2 at Ser2481 through
unknown mechanisms, and activated mTORC2 causes translocation of GLUT1 to the plasma membrane leading to increased glucose uptake.

the �3-AR in lipid-rich microenvironments in the plasma mem-
brane [64], conventional and novel protein kinase C (PKC) isoforms
[49,50], and AMPK [65,66]. As demonstrated in skeletal muscle,
mTORC2 plays a pivotal role in adipocyte glucose uptake stimulated
by �-AR agonists as well as insulin.

Cai et al. recently reviewed the literature on the role of both
mTORC1 and mTORC2 in adipose tissue function, including adi-
pogenesis, lipogenesis, lipolysis, thermogenesis, and regulation of
endocrine function [67]. Here we will focus on the role of mTOR
in glucose metabolism in adipose tissue. The contributions of
mTORC1 and mTORC2 have been dissected by generating mice with
adipocyte-specific ablation of raptor or rictor [68,69]. Ablation of
raptor in adipose tissue increases mitochondrial uncoupling, but
has no effect on insulin-mediated Akt phosphorylation or glucose
tolerance profiles of chow-fed mice [68]. In contrast, adipocytes
isolated from mice with fat-specific ablation of rictor (and hence
disruption of mTORC2) display reduced insulin-stimulated Akt-
Ser473 phosphorylation, GLUT4 translocation to the cell surface
and glucose uptake, and these mice have impaired glucose toler-
ance profiles in vivo [69]. These studies indicate that mTORC2 is the
complex involved in adipocyte glucose homeostasis.

A recent study from our laboratory also demonstrated that
mTORC2 is involved in �3-AR mediated glucose uptake in brown
adipocytes [12] (Fig. 2). Interestingly, �3-AR glucose uptake can
be inhibited by a range of PI3K inhibitors [49], yet there is no
phosphorylation of Akt at either Ser473 or Thr308 [12]. A series of
experiments showed that these PI3K inhibitors are effective against

a range of related kinases, including mTOR [70,71]. Using more spe-
cific PI3K and Akt inhibitors, we confirmed that PI3K-Akt is not
involved in �3-AR mediated glucose uptake, whereas inhibition of
mTOR by either Torin-1 or KU0063794 reduces glucose uptake. Sev-
eral lines of evidence demonstrate the involvement of mTORC2
rather than mTORC1: (i) Stimulation of �3-ARs increases mTOR
phosphorylation at Ser2481 (which is associated with mTORC2
activity), but not at Ser2448 (which is associated with mTORC1
activity) [29], (ii) Long-term but not short-term rapamycin treat-
ment attenuates �3-AR mediated glucose uptake (as outlined
above, rapamycin acutely inhibits mTORC1, whereas long-term
treatment prevents mTORC2 assembly), (iii) siRNA against rictor,
but not raptor, attenuates glucose uptake by �3-ARs. In brown
adipocytes, �3-AR mediated glucose uptake depends on the de novo
synthesis and translocation of GLUT1 [72]. mTORC2 is involved only
in the translocation of the newly synthesized GLUT1 to the plasma
membrane, but is not required for the de novo synthesis of GLUT1
[12] (Fig. 2).

A recent study by Michael Hall’s group also demonstrated a
pivotal role for mTORC2 in brown adipocyte glucose uptake, both
in vitro and in vivo [73]. Mice lacking rictor in adipose tissue
(AdRiKO) are hypothermic, and display increased sensitivity to
cold and have impaired cold-induced glucose uptake and glycol-
ysis. Surprisingly cold exposure of control or AdRiKO mice did not
cause any alterations in GLUT1/4 content in the plasma membrane.
Immortalized brown adipocytes were used to study the signal-
ing pathways involved in mTORC2-mediated glucose uptake. As
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observed in our study [12], norepinephrine was found to stimu-
late phosphorylation of mTOR at Ser2481. In contrast, Albert and
coworkers also observed norepinephrine-induced phosphorylation
of Akt at Ser473 both in immortalized brown adipocytes and in BAT
following in vivo treatment of control mice [73]. Reasons for these
conflicting findings on the role of Akt in �-AR mediated mTORC2
signaling and glucose uptake need to be clarified further.

4. Conclusions

This review has provided evidence for the metabolic role of �-
AR signaling in skeletal muscle and brown adipocytes. In muscle,
the action of �-agonists facilitates protein synthesis and glucose
uptake, which are impaired in severe disease states such as type
2 diabetes and muscle wasting disorders [74,75]. Type 2 diabetes
is associated with defects in insulin signaling including insulin
receptor substrate, PI3K, Akt phosphorylation, causing impaired
GLUT4 translocation and protein synthesis. These defects can be
bypassed by the skeletal muscle �2-AR-mTORC2 pathway which
is independent of insulin signaling pathways. Likewise, BAT �-ARs
play a significant role in thermogenesis and can contribute signif-
icantly to whole body energy expenditure, and consequently have
recently received substantial attention as a therapeutic strategy in
the treatment of obesity and Type 2 diabetes. The capacity of key
GPCRs to promote glucose uptake by modulating mTORC2 acti-
vation represents a novel paradigm that holds great potential in
the identification of drug targets for treating a range of metabolic
disorders.
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