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Abstract 

 

Age-related musculoskeletal and metabolic disorders often resulting from 

glucose intolerance due to age-related insulin resistance represent one of the 

most significant health problems in our ageing world. The incretin hormone 

glucagon-like peptide-1 (GLP-1) has shown to have positive effects on 

vascular function and glucose disposal as demonstrated by recent human and 

animal studies. This study, therefore, aimed to investigate whether GLP-1 can 

exert the same positive effect on muscle’s postprandial glucose metabolism 

and vascular blood flow in old age. To examine such effects, the study was 

conducted in a cross-over design (± GLP-1) consisting of two acute study 

visits with a four week ‘wash-out’ period. GLP-1 was infused in the femoral 

artery in overnight fasted healthy old volunteers (n=7) along with glucose and 

insulin clamps in combination with Octreotide and amino acids to achieve 

constant postprandial conditions. Leg blood flow (LBF) was measured by 

Doppler ultrasound, computation of rates of total body glucose metabolism 

(M) during the clamps was calculated by glucose infusion rates minus urinary 

loss of glucose minus space correction and leg glucose disposal by arterial-

venous (A-V) balance technique. Our results show that the infusion of GLP-1 

increased overall LBF, which was significant when a t-test was applied (P < 

0.05) but not significant using a 2-way ANOVA. Significant increases (P < 

0.05) were also seen in measured whole body glucose metabolism (M). 

However, glucose leg uptake during the GLP-1 infusion did not significantly 

increase. We, therefore, conclude that GLP-1 infusion in healthy old people 

has a significant effect on whole body postprandial glucose metabolism and 
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vascular blood flow. However, this effect may be influenced by raised insulin 

concentrations and exerted possibly through an insulin-mediated mechanism 

and not by GLP-1 action alone. Nevertheless, GLP-1 effect could still 

contribute to the increased delivery of glucose to the muscle in the elderly and 

specifically combat the negative consequences of ageing i.e. impaired glucose 

uptake, vascular blood flow and age-related insulin resistance by further 

enhancing the action of insulin. However, further investigations are required. 
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1. Introduction 

1.1. The socio-economic burden of an ageing population 

The world is on the edge of a demographic revolution due to population 

ageing. According to data from World Population Ageing 2015 (1), the 

number of people in the world over the age of 60 is projected to rise from 901 

million in 2015 to nearly 2.1 billion by 2050; a proportional rise from 12% to 

22% (2). Moreover, the number of people over the age of 80, so called ‘oldest-

old’, has been growing even faster and it is projected that in 2050 some 

countries will have nearly four times more (from 125 million to 434 million) 

oldest-old people than in 2015 (1–3). Such exponential increase of old people 

is largely due to an increase in life expectancy owing to better healthcare. This 

has been especially observed during the 20th century in the western world and 

has been undoubtedly considered as society’s greatest achievement (1–3). 

However, will the growing numbers of older people enjoy their added years of 

life in good health or will these extra years come with poor health and 

disability? There is currently extensive debate among researchers over this 

question as some believe that there will be a compression of morbidity, 

whereas others think there will be an expansion of morbidity and some argue 

that with advancing medicine severe disabilities will be reduced (4,5).  

Nonetheless, this transition towards low mortality has already brought 

demographic and epidemiologic changes in health and disease patterns such as 

the rise of chronic non-communicable diseases (NCDs); a phenomenon 

described as the ‘epidemiological transition’ (6,7). Recent evidence has shown 

(1–3,7) that in persons aged 60 and over, NCDs already account for nearly 
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90% of the disease burden worldwide, which carries profound medical as well 

as socio-economic consequences that are outlined in the same demographic 

studies (1–3,7). Particularly NCDs with strong age-dependent relation such as 

musculoskeletal (MSKDs) and metabolic disorders (MDs) have a negative 

impact on the quality of life of the elderly and worldwide economics. 

1.1.1. Musculoskeletal and metabolic disorders in older age 

MSKDs and MDs contribute significantly to the disease burden among the 

elderly as they are strongly age-related but also reflect changes in the lifestyle 

and diet of past decades (8–10). MSKDs in particular represent one of the 

major incapacitating condition among the elderly as they have a pronounced 

effect on the level of disability, quality of life and independence in older age. 

Data from the Global Burden of Disease study (11) show that MSKDs reached 

nearly 21% of global years lived with disability in 2013, and according to the 

World Health Organization are the second most common cause of disability 

worldwide (12). It was estimated that the disability due to MSKDs increased 

by 45% from 1990, and is likely to continue to rise as a result of the ageing 

population with increasing trends in sedentary life and obesity (12,13). In 

people 60 years and over, the prevalence of MSKDs currently range from 3% 

to 29% depending on the type of MSKDs condition itself (13). Of great 

concern is particularly age-related loss of skeletal muscle mass and strength, 

referred to as sarcopenia.  

The peak mass of human male skeletal muscle is around the age of 25, about 

10% of the muscle mass is lost by the age of 50, and another 30% by the age of 

80 (14). It has been shown that even a 10% loss of lean muscle tissue in 
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previously healthy adults increases infection risk, impairs immunity, and is 

associated with increased mortality (15). This decline in the lean tissue along 

with an increase in body fat specifically in the abdominal region is commonly 

observed with ageing (8,9). It is known as sarcopenic obesity (16) and it is 

believed to contribute to the development of insulin resistance (IR) among the 

elderly (8,9,16).  

IR along with obesity is a known risk factor for MDs, in particular for type 2 

diabetes mellitus (T2DM). Estimates from 2010 have revealed that there were 

almost 347 million adults living with diabetes worldwide, which is by the way 

a 2-fold increase when compared to 3 decades ago (10,17), and 44% of this 

diabetes burden is ascribed to obesity (18). On the other hand, it has also been 

established that T2DM is a risk factor for physical disability and it is 

associated with development of sarcopenia in diabetic patients (16). Therefore, 

when one considers the aforementioned consequences related to advancing age 

and its interactions between them, it puts the elderly at an increased risk of 

stepping into a vicious cycle that accelerates the onset of MSKDs and MDs, 

which in turn would result in even larger cost burden to healthcare systems. 

Therefore, in the view of these trends, it is more important than ever to identify 

cost-effective interventions targeted at older people to maintain healthy muscle 

mass due to the relation of muscle mass to physical function, strength, and 

disease states. The following section 1.2 briefly reviews the structure and both 

mechanical and metabolic function of skeletal muscle. 
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1.2. Skeletal muscles: locomotion and beyond 

Healthy skeletal muscle mass promotes muscle performance, maintains 

metabolic functions, supports longevity, enhances healthy life span and 

contributes to functional independence (19). From a mechanical perspective, 

the main function of skeletal muscle is to support locomotion or in other words 

to produce movement. From a metabolic point of view, skeletal muscle 

contributes to basal energy metabolism, maintains body temperature and stores 

and utilises important substrates such as amino acids (AA) and carbohydrates 

(glucose); it is therefore considered to be a key contributor to whole body 

metabolism, which makes it an essential tissue for life (19–21).  

1.2.1. Skeletal muscle structure and function 

Skeletal muscle is the largest organ in the body, constituting approximately 40-

50% of total body mass (19,20). Skeletal muscles are attached to the bone by 

connective tissue called tendons; the muscle attachments at the moving bone 

are known as the insertions, and at the fixed bone they are the origins. When 

muscle contracts, it pulls the attachment point of insertion towards the point of 

origin (20). They also work in antagonistic pairs; i.e. in the action of elbow 

flexion the biceps is the agonist (prime mover) and triceps is the antagonist. 

Skeletal muscle is primarily composed of a heterogeneous population of 

muscle fibres (also known as myofibers or muscle cells) with varying 

contractile and metabolic characteristics that ultimately determine the whole 

muscle quality (19). A typical skeletal muscle such as the leg vastus lateralis 

(Figure 1.1, C) is a discrete entity characterized by a muscle mass called the 

belly with fibrous tendons at each end. It consists of muscle cells and three 
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layers of protective connective tissue coverings. The muscle and its coverings 

are packaged in deep fascia along with other muscles, nerves and vasculature 

network (Figure 1.1, D). The outer covering of the muscle is called epimysium. 

Each skeletal muscle is arranged into fascicles that are wrapped in perimysium 

(along with the nerves and neurovascular bundles) and finally each muscle 

fibre is surrounded by a thin sheath of fibrous tissue called endomysium 

(Figure 1.1, A-B) (19,20,22). 

 

Figure 1.1 Structure of a skeletal muscle 

A and B showing the structure of a skeletal muscle with its coverings; C showing a 

human leg vastus lateralis - its belly and tendons; D showing a vascular inflow to 

skeletal muscles. [Adapted from: (22–24)] 
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Anatomically, the skeletal muscle fibres have a striated appearance and are 

long, narrow and cylindrical often spanning along the entire length of the 

muscle. For this reason, they are multinucleated with myonuclei located on the 

periphery of the cells to meet the metabolic needs of the muscle (20,22). 

Furthermore, skeletal muscle fibres are post-mitotic incapable of further 

division (the nuclei within the muscle do not undergo post-natal cell division), 

however growth and regeneration does occur thanks to a population of stem 

cells called satellite cells (19,25,26). The cytoplasm of skeletal muscle fibre 

cells is known as the sarcoplasm (which contains important subcellular 

organelles such as mitochondria, intracellular fluid and variety of enzymes and 

proteins) and plasma membrane as the sarcolemma which comprises of a 

phospholipid bilayer and basal lamina (19,26). Skeletal muscle fibres are 

comprised of a collection of myofibrils – contractile proteins arranged in 

sarcomeres, which form the contractile machinery of the muscle fibre and are 

responsible for the striated appearance. The sarcomere is the basic contractile 

unit of muscle and makes up 70-80% of the total protein content in a single 

muscle fibre (19). It contains the two most abundant contractile protein 

filaments: actin (thin filament) and myosin (thick filament) that together with 

the troponin (C, I, and T) - tropomyosin complex (that is attached to the actin 

filament) permits the actual muscle contraction and thereby locomotion 

(19,26). Other proteins such as titin, nebulin, α-actinin and desmin are also 

involved and contribute to the integrity of the sarcomere (19). Locomotion 

itself is powered by actin-myosin cross-bridge cycling conforming to the 

sliding filament theory of skeletal muscle contraction proposed by Huxley in 

1954 (27). The structure of the skeletal muscle fibre and of the sarcomere 
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along with the explanation of the sliding filament mechanism is presented in 

Figure 1.2. For cross-bridge cycling details, see Appendix A (Figure A).  

 

Figure 1.2 Structure of skeletal muscle fibre and sarcomere 

Myofibrils are composed of repeating dark A and light I bands, which are 

responsible for the striation. As illustrated in the diagram, each fibril is composed of 

thick myosin (long rod-shaped with globular heads) and thin actin (pear-shaped) 

filaments joined together like two strings of beads intertwined at regular intervals 

with tropomyosin and troponin proteins forming a twisted helical structure. Myosin 

filaments run the length of the A band, whereas actin filaments run through the I 

band and peripheral portions, but not the central H zone, of the A band. Actin is 

anchored in the centre of the I band by the Z line, which consist of the structural 

nebulin, α actinin and desmin. Titin is also attached to the Z line but helps to 

stabilize the myosin filament. The portion of the myofibril between the two Z lines 

is the sarcomere, which is about 2.5µm long (19). The filaments interact through 

cross bridges which are bud-like extension of myosin. When muscle contracts, the I 

band shortens and the H zone shortens, but the length of the A band does not 

change. Thus, none of the actin or myosin change length; they simply slide past each 

other, increasing the overlap area (19–21). [Adapted from: (19), Fig. 3; original in 

(28), Fig. 8.2] 
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Furthermore, many components of the sarcomere exist as multiple isoforms 

due to a variety of fast and slow contracting fibre types and subtypes (24). 

Generally, depending on the classification technique (fibres can be classified 

by their histologic appearance, speed of contractions or ability to resist fatigue) 

there are four major types of muscle fibre: type I, IIa, IIx and IIb that 

determine the wide variety of individual’s capabilities to perform aerobic and 

anaerobic activities (24,25,29,30). Briefly, type I fibres are slow (-twitch), 

fatigue resistant with a red appearance, whereas type II fibres are known as fast 

(-twitch) fibres (IIa intermediate and IIx/b the fastest), easily fatigable with a 

white appearance (19,24,25). The major differences between muscle fibre 

types relate to their myosin complement (and subsequent ATPase activity); i.e. 

isoforms of myosin light and heavy chains, which has been extensively 

reviewed by Schiaffino and Reggiani (21). Such variability partially explains 

differences between individuals in terms of physical performance as well as the 

relationship of skeletal muscle fibre type composition to certain chronic 

disease states, including sarcopenic obesity and insulin resistance (31). In 

addition, muscle fibres are also capable of adapting to changing demands or in 

other words adjusting their phenotypic properties by changing their size, type, 

or composition, allowing the muscle to perform a huge variety of contractions 

ranging from simple postural support to explosive sprinting (22). However, 

such muscle actions cannot occur without an energy source. The immediate 

source of chemical energy for muscle contraction is ATP (refer to Figure A, 

Appendix A).  
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1.2.2. Muscle energy sources and glucose production  

The most remarkable attribute of skeletal muscle is its ability to increase its 

rate of energy consumption (ATP) during physiological challenges. For 

example, during high-intensity exercise the rate can be increased by up to 100-

fold (29). This is possible through catabolism of stored substrates (and through 

increased uptake of them from the circulation, which will be discussed later). 

There are two main substrates (fuels) utilised by the muscle cells to produce 

ATP: 1) carbohydrates such as plasma glucose and muscle glycogen and 2) 

fats such as plasma free fatty acids and muscle triglycerides (32,33). In 

addition, there are three common metabolic pathways in the muscle fibres that 

generate ATP depending on the intensity and duration of the activity: 1) 

storage of ATP and creatine phosphate (CP) (refer to Figure A in Appendix A), 

which supports short (max. 15 sec) high intensity activities; 2) anaerobic 

glycolysis, which sustains muscle action for few minutes and 3) oxidative 

phosphorylation, which can sustain activity of a long duration (minutes to 

hours) (29). It is important to note that in real life, different activities trigger 

different pathways and use a combination of both fuels to produce ATP 

(19,32).  

Glucose is the major source of energy in the skeletal muscle. Glucose is 

produced primarily by the liver and kidneys via processes known as 

glycogenolysis and gluconeogenesis. Glycogenolysis is the biochemical 

breakdown of glycogen in the muscle and liver cells, which provides energy 

via the process of glycolysis. Gluconeogenesis, on the other hand, is the new 

formation of glucose from non-carbohydrate precursors such as lactate, 

glycerol (liberated by the breakdown of triglycerides - lipolysis), and 
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glucogenic amino acids (especially alanine) via reverse glycolysis that takes 

place primarily in the liver and, to a lesser extent, in the renal cortex of the 

kidneys (19,33,34). Skeletal muscle can provide glucose for its own energy 

requirements by converting glucose-6-phospate (g-6P), which is a 

phosphorylated (by hexokinase on the mitochondria) form of glucose, back to 

glucose. At rest, muscles can store converted g-6P as glycogen, and then 

during activity (contraction) it can be converted back to g-6P but because 

muscle does not have the necessary enzymes to convert the g-6P to free 

glucose the glycogen can only be used for muscle’s own needs (20,33,34). In 

oxygen abundance, glucose taken up from the blood is converted to g-6P and 

then to pyruvate (the oxidative phosphorylation pathway) by the enzymes of 

glycolysis (aerobic glycolysis) and oxidized completely to carbon dioxide and 

water by the enzymes of TCA cycle in mitochondria. The glycolytic 

breakdown of glucose yields 2 ATPs per one glucose molecule whereas the 

mitochondrial oxidation of pyruvate yields 38 ATP per glucose molecule, 

which can be utilised by the muscle for its contraction work. In the absence of 

oxygen, the muscle metabolizes glucose by converting the pyruvate to lactate 

(the anaerobic glycolysis pathway), which yields only 2 ATP molecules per 

glucose molecule and leads to a build-up of lactate in the muscles. When 

lactate builds up in the muscle, it is released into the blood where it is taken up 

by the liver, converted to pyruvate and glucose and returned to the muscle, this 

is known as the Cori cycle. Furthermore, there are also three futile cycles in 

glucose metabolism: 1) the glucose cycle (glucose  g-6P  glucose); 2) the 

fructose-6-phosphate (F6P) cycle (F6P  fructose diphosphate  F6P); and 

3) the conversion of pyruvate to phosphoenolpyruvate (PEP) cycle (pyruvate 
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 PEP  pyruvate), which has been reviewed in greater detail by Wolfe and 

Chinkes (33). The production of glucose is regulated by hormones. Glucagon 

is the leading stimulator of glucose production, whereas insulin is the primary 

inhibitor (33).  

1.2.3. Glycaemic control and the role of skeletal muscle 

The human body has many physiological mechanisms that ensure a relatively 

close homeostatic regulation of glucose uptake and glucose appearance in the 

bloodstream, which is reflected by a relatively constant blood glucose level. In 

a postabsorptive (fasting) state, blood glucose levels usually range between 3.4 

and 6.2 mmol/L (60-100mg/dL). Despite this population variation, blood 

glucose levels within a single individual are usually controlled within a narrow 

range of ± 0.3 mmol/L (5 mg/dL). After a meal (in a postprandial state), blood 

glucose concentrations increase no more than 2 mmol/L, and rarely exceed 

levels of 7.8 to 8.4 mmol/L (140-150 mg/dL) (18,32). This strict maintenance 

of blood glucose levels is through a complex homeostatic mechanism governed 

by both glucose production and glucose uptake. It involves a set of interactions 

between hormones that act in a coordinated way on tissues such as the liver, 

pancreatic beta cells, and skeletal muscles, which has been reviewed in detail 

elsewhere (32). 

During postabsorptive state, glucose is maintained via hepatic glycogenolysis 

or via gluconeogenesis. About 75% of blood glucose is metabolized in a non-

insulin mediated glucose disposal (NIMGD) manner by the brain, splanchnic 

tissues (liver and gut), and red blood cells. Therefore, only about 25% of 

glucose uptake is required by insulin-sensitive tissues such as skeletal muscle 
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and fat (18). However, in a postprandial state, insulin mediated glucose 

disposal (IMGD) occurs to maintain normal glucose homeostasis. In the 

postprandial state, insulin is secreted from pancreatic beta cells into the portal 

vein of the liver, which inhibits approximately 50-60% of hepatic glucose 

disposal and consequently promotes glucose uptake into skeletal muscle and 

adipose tissue (18,34). Therefore, primary function of insulin in the 

postprandial state is to stimulate glycogenesis, glucose disposal (and storage). 

Insulin levels in the postabsorptive state range between 5-15uU/ml and in the 

postprandial state between 16 – 250 uU/ml (18,35). Stimulation of secretion is 

by glucose and to lesser extent amino acids (AA) (18,36).  

The gold standard method for investigating the insulin action in peripheral 

tissues in vivo is the euglycaemic hyperinsulinaemic clamp (EHC) (37). The 

EHC method was reviewed by Abdulla et al (18) presenting that under these 

experimental conditions, nearly 90% of IMGD takes place in peripheral rather 

than in the splanchnic tissues, with about 5% of peripheral IMGD occurring in 

adipose tissue and the remaining 80% in skeletal muscle. Furthermore, based 

on a research that used an oral glucose challenge, the review has shown that 

the splanchnic tissues absorb 28% of oral glucose in NIMGD manner and the 

other 72% reaches systemic blood circulation. Of this 72%, 22% is taken up by 

the brain (which is constant under both postprandial and postabsorptive 

conditions) and red blood cells. The remaining is extracted in IMGD manner 

by skeletal muscle (45%), adipose tissue and by both liver and kidneys (5%) 

(Figure 1.3). Therefore, skeletal muscle is the major influence in the overall 

glucose utilisation under postprandial conditions dealing approximately with 

60% of glucose that escapes splanchnic extraction.  
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Figure 1.3 Oral glucose clearance.  
(Taken from [18]) 

 

1.2.4. Glucose uptake by skeletal muscle 

Glucose cannot passively diffuse into a cell and must be transported through 

the cell membrane by glucose transporters (GLUTS) (38,39). GLUT4 is the 

major glucose transporter isoform expressed in skeletal muscle, transporting 

glucose across the cell membrane via facilitative diffusion (30,38,39).When 

blood glucose levels increase, the rate of glucose uptake increases too. Insulin 

is the main regulator of muscle glucose utilisation and increases the ability of 

muscle fibres to uptake glucose. Insulin controls the rate of entry of glucose by 

increasing GLUT4 translocation to the cell membrane (GLUT4 is otherwise 

located intracellularly) (30,38,39). Insulin initiates this action by binding to its 

insulin specific glucose receptors located on the cell surface, which leads to 

subsequent tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1). 

This leads to an activation of phosphatidylinositol-3-kinase (PI3-K), which 

results in an activation of phosphoinositide-dependent protein kinase 1 (PDK1) 
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and atypical protein kinase C (aPKC). These kinases then stimulate the 

translocation of GLUT4 to the plasma membrane and subsequent glucose 

uptake (Figure 1.4) (40); this is known as the insulin-dependent pathway (38–

40). It has been shown that the maximal metabolic effect of insulin can be 

elicited when only 2% of the insulin receptors are filled (33). Furthermore, 

there is also an insulin-independent pathway that involves AMP-activated 

protein kinase (AMPK), calcium, nitric oxide (NO), bradykinin, or reacting 

oxygen species (ROS), which is not discussed in detail in this thesis but 

elsewhere (30,38). Moreover, it has been shown (30,32,40) that muscle 

contraction can also facilitate glucose uptake into skeletal muscle by both 

insulin dependent and independent pathways. The mechanism of both insulin-

stimulated and contraction-stimulated glucose uptake into skeletal muscle is 

illustrated by Figure 1.4. Disorders of glucose uptake by skeletal muscle such 

as T2DM and obesity are characterised by high levels of circulating glucose 

due to the inability of insulin to exert its effect on glucose metabolism (38). 

This is known as insulin resistance (discussed later) and can be assessed by the 

EHC and oral glucose tolerance tests (refer to 1.2.3) (36,37).  

Of note, it has been also suggested (33) that there may be other additional 

mechanism that controls glucose uptake where insulin plays a secondary role. 

This mechanism is described as the glucose-ketone-fatty acid cycle and the 

basis of the theory is that free fatty acids (FFA) inhibit glucose oxidation and 

consequently glucose uptake. When insulin concentration is low (in a 

postabsorptive state), the levels of FFA are high. This inhibits glucose 

utilisation and subsequently glucose uptake and production of glucose, which 

then causes ketosis (during prolonged fasting). The ketones then compete with 
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glucose as the energy substrate in the brain, which causes a further fall in 

glucose production. However, experimental support of this theory is lacking. 

On the other hand, the importance of skeletal muscle vasculature in 

maintaining glucose uptake is well established and will be discussed in detail 

in the two following subsections. 

 

Figure 1.4 Mechanism of glucose uptake into skeletal muscle.  

A) insulin-stimulated glucose uptake; B) contraction-stimulated glucose uptake; 1) 

Glucose delivery to the muscle cell, 2) glucose transport through the membrane and 

3) glucose phosphorylation to g-6P. To note, the exact mechanisms how insulin and 

contraction signal GLUT4 translocation and glucose uptake are not yet completely 

understood (38,39) [Taken from (39)] 

 

 

1.2.5. Skeletal muscle vascular architecture 

Muscle tissue has highly organized vasculature comprising of primary (or 

conduit) arteries (macrovasculature), which branch off into arterioles down to 

terminal arterioles (microvasculature). Terminal arterioles are oriented 

vertically to the muscle fibres, supplying them at regular intervals of 

approximately 1 mm. Furthermore, each terminal arteriole supplies about 15-
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20 capillaries that run alongside the fibres with many branches (anastomoses) 

(24,41). The functional organization of this rich capillary network is known as 

a microvascular unit (MVU). A typical MVU supplies segments of 20-30 

fibres (volume of about 0.1 mm3), each contacting between 2-7 capillaries 

(18,41). Venules are arranged in the same way as arterioles located in between 

two terminal arterioles. In addition to this there is a network of lymph vessels 

within the muscle (24,41). Endothelial cells (ECs) form the inner, physical 

lining of the blood vessels and play an important role in skeletal muscle 

metabolism and blood flow (41). A schematic representation of muscle’s 

vascular architecture is displayed in  

 

Figure 1.5 and Figure 1.1 (D). 

 
 

 

Figure 1.5 Schematic representation of muscle’s vascular architecture.  

The left image is showing the branching off arteries down to terminal arterioles with 

their vertical orientation to muscle fibres. The upper right image is showing two 

muscle fibres and their MVUs, with terminal arterioles in red feeding multiple 

capillaries (in red and blue) and lymph vessels with venules. The bottom right image 

is showing a capillary embedded in a sarcolemma with mitochondria clustered along 

it, which expands the contact area between muscle and endothelial cells and 
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minimizes the diffusion distance for oxygen (41). It has been also shown that there 

are differences in microvascular architecture between anaerobic and aerobic 

muscles; for example, aerobic muscles have more and larger (lengthwise) capillaries 

per fibre to facilitate better gas and nutrient exchange (42,43). [Taken from (41)] 

 

 

1.2.6. Glucose delivery and blood flow in skeletal muscle 

Glucose (and other substrates and hormones) delivery to the muscle is reliant 

on intact blood vessels and transendothelial transport. The hierarchical 

vascular network described above (1.2.5) allows blood flow and glucose 

exchange to be regulated at numerous levels that are specifically dependent on 

postprandial hyperaemia triggered by vasodilatory stimuli (18,24,41). 

Vasomotion (rhythmic vessel diameter oscillations) provides a local 

mechanism for vascular adaptations to altered metabolic needs and its 

regulation impacts muscle perfusion (24,41,44). Vasomotion increases the 

number of ECs exposed to plasma for glucose exchange without total blood 

flow or cardiac output being changed (41,44). Only when perfusion demand 

exceeds flowmotion (periodic fluctuations caused by vasomotion) 

compensatory capacity can total blood flow increase (41,44). Insulin regulates 

the volume of microvasculature perfused within the muscle and is also capable 

of increasing total blood flow; for both effects, nitric oxide (NO) needs to be 

generated from the ECs to cause vasodilation (41,45). For more details 

regarding insulin (and exercise) vasodilation, see Appendix A (Figure B). 

Insulin, therefore, also regulates its own delivery, which precedes its classical 

function in mediating glucose uptake as discussed in 1.2.4.  

MVU represents the smallest functional unit for blood flow regulation 

(18,24,41). At rest, whole MVU is unfilled with blood due to high tone in their 

terminal arteriole (18,24). Typically, two thirds of capillaries are empty at any 
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given time under rested and fasted conditions, such that resting muscle blood 

flow in overnight fasted humans is just about 3 ml·min-1·100g-1 (which is 

only 3-5% of that seen in kidney, liver or intestine) (18,24). Therefore, 

recruiting skeletal muscle microvasculature is crucial to the postprandial action 

of insulin to better facilitate glucose uptake and its own delivery. Insulin 

resistance significantly reduces microvascular recruitment in skeletal muscle 

and subsequent glucose uptake, which contributes to the pathogenesis of age-

related metabolic disorders such as sarcopenia and T2DM (41,45). It is also 

worth mentioning that the measurement of skeletal muscle total blood flow can 

be assessed for example by Doppler ultrasound but there are other methods too 

such as venous occlusion plethysmography or thermal dilution; and the 

measurement of microvascular blood flow can be assessed by contrast 

enhanced ultrasound (CEUS) (for overview of each refer to (46)). The 

following section will briefly overview skeletal muscle ageing, insulin 

resistance and vascular circulation with ageing. 

1.3. Skeletal muscle ageing  

Muscle ageing process in humans starts around the age of 30, which is 

supported by studies involving both healthy individuals as well as healthy 

persons that died in car accidents using techniques such as computed 

tomography imaging or biopsies (47). Muscle mass decreases annually from 

the age of fifty by 1-2% and muscle strength similarly decreases, by 1.5% from 

the age of fifty to sixty and by 3% thereafter (also refer to 1.1.1) (48). The loss 

of skeletal muscle mass and strength, sarcopenia, was originally believed to be 

only due to the loss of muscle mass which then affects the muscle strength 

(49). However, it has been shown that the decline in muscle strength far 
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exceeds the expected consequences of the associated muscle mass decline, 

therefore it is the quality of the muscle that deteriorates too (49,50). The 

biggest concern is specifically the decline in the lower extremities as it affects 

the mobility status of the elderly. For example, the cross -sectional area of the 

vastus lateralis decreases by up to 40% between 20 – 80 years of age (51). The 

development of sarcopenia with ageing has been shown to be related to a 

variety of age-related factors such as: 1) neurodegenerative changes leading to 

denervation and loss of motor units and decline in satellite cells; 2) decline in 

anabolic hormones, specifically testosterone (about 1% per year from the age 

of 30); 3) decline in growth hormone leading to a decline in insulin-like 

growth factor-1; 4) anorexia of ageing; 5) decline in physical activity leading 

to muscle atrophy; 6) decline in levels of vitamin D due to a decrease ability of 

cholecalciferol in the skin to make it; 7) production of low-grade pro-

inflammatory cytokines; 8) mitochondrial dysfunction leading not only to 

oxidative damage of the muscles but also to a reduction in the ability to 

generate energy to allow muscles to function properly; 9) decreased blood 

supply to the muscles due to atherosclerosis, which leads to muscle hypoxia 

and 10) insulin resistance associated with ageing that results in increased fat 

infiltration into muscles (48,52–54). However, since skeletal muscle 

maintenance in all age groups depends on good delivery of nutrients (glucose), 

decreased blood supply to the muscles and insulin resistance associated with 

ageing represent the two biggest concerns that are discussed in the next 

subsection.  

1.3.1. Ageing: insulin resistance and decreased blood supply 
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Ageing in general is a very complex phenomenon accompanied mostly by 

negative changes in body composition of the elderly. It is important to 

understand these changes in body composition with ageing to recognise and 

interpret disease related alterations correctly. General agreement is that with 

age, body fat mass increases (and its location alter in such way that 

subcutaneous fat decreases and visceral fat increases) and fat free mass such as 

muscle or bone density decreases (47,50). It has been shown that this fat 

increase happens up to about 75 years of age, then it decreases or remains 

stable (15). Lean mass on the other hand by the age of 75 decreases to 25% of 

total bodyweight (compared to 50% in young adults) (50). It is this pattern of 

fat distribution along with decreased physical activity that is associated with 

age-related IR contributing greatly to the development of many MSKDs and 

MDs including cardiovascular diseases (15,47,50). For example, decreased 

blood supply in older age leads to coronary artery disease and hypertension 

(54,55). 

IR can be described as decrease sensitivity to the metabolic actions of 

endogenous (and exogenous) insulin to increase whole body glucose uptake 

and utilisation, which is characterized by generally higher levels of insulin 

(36,56). IR in muscle fibres is believed to manifest through post-receptor 

defects in insulin signalling in any of the steps involving kinases as well as 

through abnormalities of GLUT4 function, which then results in impaired 

insulin mediated glucose transport (refer to Figure 1.4) (36,56). Glucose uptake 

into skeletal muscle is also dependant on insulin mediated vasodilation in 

muscle endothelium via activation of the P-I3K pathway (as discussed in 1.2.6 

and Appendix A, Figure B). In IR there is a shift in balance between the 
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production of vasodilator and vasoconstrictor substances due to impaired 

activation of the P-I3K/Akt/NO pathway, which results in impaired insulin 

stimulated vasodilation due to decreased NO production (refer to Appendix A, 

Figure B), which then contributes to reductions in insulin stimulated glucose 

uptake (36,56).  

It is well recognised that ageing is associated with glucose intolerance and 

increased insulin resistance, which is reflected by elevated levels in both 

fasting and postprandial glucose concentrations in the elderly (57). Studies 

using isotope tracer approaches revealed decreased rate of glucose 

disappearance and forearm glucose uptake rate following glucose challenge in 

older adults (58). Even when providing increased insulin levels via insulin 

clamps, glucose disposal rates still remain depressed in the elderly vs. younger 

individuals (59). Furthermore, the age related decline in muscle blood flow has 

consequent negative effects on muscle building and health. It has been shown 

that older individuals exhibit 20-30 % reductions in limb conduit artery blood 

flow under both postabsorptive (60,61) and postprandial conditions (62) as 

well as when challenged with various exercises (61). This is believed to be 

related to impaired glucose uptake that is associated with insulin resistance 

(18) but also for example to a reduction in capillary number (63) or increased 

AngII-mediated vasoconstriction (64). All these in turn contribute to age-

related declines in anabolic responses to feeding (65) by reducing delivery and 

use of both insulin and AA to muscles (66–68). Thus, determining strategies to 

improve limb blood flow in older people is also very important for muscle 

mass maintenance. Fortunately, insulin is not the only hormone that can 

stimulate glucose uptake and recruit muscle microvasculature, which is central 
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for maintaining glucose homeostasis. Other hormones such as glucagon-like 

peptide 1 (GLP-1) can recruit muscle microvasculature in a similar fashion, yet 

through a different biological pathway, which is discussed in the following 

section.  

1.4. GLP-1 as a potential therapeutic for skeletal muscle 

ageing 

GLP-1 belongs to the group of insulinotropic hormones (along with gastric 

inhibitory polypeptide) called incretins that stimulate a decrease in blood 

glucose levels by inducing secretion of insulin from pancreatic beta cells (69). 

GLP-1 is secreted by the L cells of the proximal intestine (mostly in the ileum 

and colon) (69,70) and is derived from post-translational processing of the pro-

glucagon gene by pro-hormone convertase 1/3 (PC-1/3) where it generates a 

31-residue peptide – GLP-1 (7-37). This form can be then amidated at its C-

terminal glycine to give rise to a second form known as GLP-1 (7-36) NH2 

(69). In humans, most of the released hormone is in the amidated form. GLP-1 

is stored in the intestinal enteroendocrine cells as an intact peptide within 

granules until its secretion is stimulated by the ingestion of food. It has been 

shown (69–71) that all three principal macronutrients: lipids, carbohydrates 

and proteins have stimulatory effects on GLP-1 release, with carbohydrates 

having the most robust incretin response. Upon release, a protease called 

dipeptidyl-peptidase-4 (DPP-4) forms metabolites GLP-1 (9-37) and GLP-1 

(9-36) NH2, which are the major circulating forms (69). GLP-1 has a short 

half-life of only 1-2 minutes due to the fast degradation of GLP-1 by DPP-4 

and exerts its effects by binding to its receptor called GLP-1R, which is a 463 

amino acid G-protein-coupled receptor mostly present in the pancreatic beta 
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and alpha cells, gut, brain and in moderation in other tissues such as lung, 

kidney, heart, blood vessels (vascular endothelium) and skeletal muscle (69–

71). 

1.4.1. Biological action of GLP-1 

The most defined physiological role of GLP-1 is to stimulate insulin secretion 

from pancreatic beta cells also known as ‘classical’ incretin effect, which 

depends on the levels of glucose in the blood. GLP-1 can exert its minimal 

effect when the levels of glucose are slightly raised above the basal level (71). 

In the fasting state, GLP-1 levels are low ranging from 1-10pmol/L, whereas in 

the postprandial state the levels rise to approximately 7-23 pmol/L (72,73). 

Besides stimulating insulin secretion, GLP-1 also inhibits glucagon release 

(due to its effect on the alpha cells), helping to maintain overall glucose 

homeostasis by lowering blood glucose levels (69,70). Furthermore, GLP-1 

also exhibits extra pancreatic effects due to the presence of GLP-1 receptors in 

the other tissues. Due to its receptors in the brain, GLP-1 has been shown to 

further regulate short- and long-term energy homeostasis by 1) affecting 

(slowing) gastric emptying, which prevents glucose concentration rising too 

rapidly in the blood circulation (an important factor for the control of 

postprandial glycaemic excursions) and 2) decreasing gut motility and 

inducing satiety, all via the gut-brain axis mechanism (70–72). Due to all these 

effects, GLP-1 has been of great interest for the treatment of metabolic 

diseases; i.e. increasing GLP-1 bioavailability in the form of DPP-4 inhibitors 

or GLP-1 receptor agonist (such as liraglutide) is now a front-line drug 

treatment of T2DM and obesity (71,72,74). The development of these 

therapies originated from the observation that oral glucose ingestion resulted in 



Introduction 

24 

 

an amplified insulin response compared to intravenous administration, which is 

defined as a ‘true incretin’ effect (70). Additionally, GLP-1 has been further 

explored and has shown to exhibit also ‘novel’ insulin independent extra-

pancreatic effects. Research into this area has revealed novel acute metabolic 

and longer health benefits of GLP-1 such as: 1) cardio protection (75,76); 2) 

beta cells protection (77); and 3) insulin-independent microvascular 

recruitment and glucose disposal in skeletal muscle (78). The latter is 

discussed in the following subsection. A schematic representation of GLP-1 

biological actions in peripheral tissues is demonstrated in Figure 1.6. 

 

 

Figure 1.6 GLP-1 biological actions in peripheral tissues. 
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[Taken from (79)] 

 

 

1.4.2. Role of GLP-1 in skeletal muscle glucose metabolism and 

glucose uptake 

GLP-1 due to its receptors in both skeletal muscle and vascular endothelium 

has been shown to have insulin independent but insulin-like effects on glucose 

homeostasis. In vitro study (80) using human skeletal muscle strips and 

primary culture myotubes (developmental stage of muscle fibre) has shown the 

ability of GLP-1 to stimulate glycogen synthesis, increase the activity of 

glycogen synthase, glucose oxidation and utilisation in association with 

activation of the PI-3K pathway. These effects have been further confirmed by 

animal studies involving normal and diabetic rats (81–83). A study using 

hyperinsulinaemic-euglycaemic clamp and exercise in wild type and knock-out 

mice for GLP-1 receptor has shown that GLP-1 receptor regulates glucose 

production and muscle glucose uptake independent of its insulinotropic ability 

(84). Moreover, Chai et al. (78) measured glucose uptake in rats using a 

femoral arterial-venous (A-V) balance method and demonstrated that there was 

a threefold increase in glucose uptake within 30 minutes of systemic GLP-1 

infusion in an insulin independent manner. This was demonstrated by 

inhibition of endogenous insulin through a somatostatin infusion. Furthermore, 

a study (73) involving fully-differentiated human satellite cells has proposed 

that GLP-1 stimulated increase of glucose uptake and glycogen synthesis is via 

the PI3-K pathway probably due to increased levels of GLUT4 , independent 

of the insulin signalling pathway. However, this was demonstrated only when 

the cells were differentiated in 5mM glucose media. Under hyperglycaemic 

(22.5mM glucose) conditions, the cells were both insulin and GLP-1 resistant 
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in terms of the glucose uptake and glycogen synthesis, providing evidence that 

hyperglycaemia may promote both insulin and GLP-1 resistance in skeletal 

muscle. Beside this, GLP-1 has been also shown to stimulate glucose uptake, 

lipogenesis, and lipolysis in adipocytes of normal rats and obese diabetic mice 

(85,86). In normal human adipocytes, GLP-1 was shown to increase glucose 

uptake in association with the PI-3K pathway, which was impaired in obese 

patients (87). All this suggests that GLP-1 plays an important role in both 

glucose and lipid metabolism independent of insulin, targeting fundamental 

cellular defects in the pathophysiology of metabolic disorders, specifically 

insulin resistance within skeletal muscle via the PI-3K pathway. However, the 

evidence of GLP-1’s ability to stimulate glucose uptake independent of insulin 

in human skeletal muscle is still lacking. Two recent human studies (88,89) 

involving healthy young subjects (following femoral and brachial artery 

infusion) and one study (90) involving subjects with metabolic syndrome 

(following brachial artery infusion) have shown that GLP-1 infusion did not 

stimulate glucose uptake. However, all three studies did show that GLP-1 has 

positive vasodilatory effects on skeletal muscle vasculature, which will be 

discussed in the following section. 

1.4.3. Effect of GLP-1 on skeletal muscle vasculature 

In addition to the glycaemic actions of GLP-1 discussed above, studies in both 

animals and humans have repeatedly shown beneficial actions of GLP-1 on 

skeletal muscle vasculature. For example, in the Chai et al. study (78) the 

infusion of GLP-1 in skeletal muscle of rats was shown to increase MVR and 

volume with a 2.5-fold increase (which likely explains the increased glucose 

uptake discussed previously) via an NO-dependent mechanism as 
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demonstrated by inhibition of NO synthase, which prevented all these changes. 

In a similar fashion, a study by Richter et al. (91) has demonstrated that GLP-1 

exerts its vasodilatory effect through its action on the endothelium, with GLP-1 

losing this effect upon removal of the endothelium. The three human studies 

(88–90) have shown that GLP-1 exerts its vasodilatory action on both conduit 

arteries as well as on MVR. In the Sjøberg et al. study (89), GLP-1 increased 

MVR in human skeletal muscle by 60% following 60 min of continuous GLP-

1 infusion into the femoral artery. Within that time both insulin and GLP-1 

concentrations increased by 80- and 20-fold, respectively. This confirms the 

fact that GLP-1 also enhances the effects of insulin on MVR, which was 

demonstrated already by Liu et al. (92) study where after the ingestion of food, 

MVR in forearm muscles was increased by approximately 100% compared to 

an increase of only about 40% during a euglycaemic hyperinsulinaemic clamp. 

Nevertheless, to adjust for this insulin mediated effect of GLP-1, Sjøberg et al. 

(89) repeated the experiment with infusion of Octreotide to inhibit insulin and 

reduce its concentration below fasting levels and demonstrated that there was 

still 50% increase in MVR in the infused leg (where the postprandial levels of 

GLP-1 were physiologically high) and 40% increase in the contralateral leg 

(where GLP-1 systemic concentration was within postprandial physiological 

ranges). This effect was preserved also when the levels of GLP-1 were no 

more than postprandial. The other study by Subaran et al. (88) presented 

increases in both arterial blood flow (30% increase compare to baseline) and 

also microvascular blood flow (43% increase), after 150min of GLP-1 infusion 

at normal physiological postprandial levels. In the view of these data, we 
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propose that GLP-1 may facilitate glucose uptake under postprandial 

conditions through increased blood flow in older adults. 

 

1.5. Aims and hypothesis 

Only through this ‘brief’ overview, it is obvious that our understanding of 

skeletal muscle anatomy and physiology has increased greatly over the past 

decades and only continuous advances in this field can improve our 

understanding further in the future. At the same time, the need to understand 

the factors influencing muscle health in old age has never been more urgent 

and should be a research priority due to the worldwide increase in ageing of 

our populations. The significant contribution of age-related changes such as 

insulin resistance, impaired glucose metabolism and reductions in limb conduit 

artery blood flow that otherwise guarantee healthy muscle mass maintenance 

cannot be omitted and should be of a first rank in the research priority to 

develop interventions that ensure active and healthy ageing. Therefore, since 

functions of the GLP-1 receptor have been recently shown to extend beyond 

classical insulinotropic effects; i.e. GLP-1 ability to increase blood flow and 

muscle glucose uptake in an insulin-independent manner, these data provide 

strong evidence that GLP-1 may also play an important physiological role in 

postprandial muscle glucose metabolism in older age independent of insulin 

that could be exploited in the future in order to become a novel therapeutic 

target in ageing and age-related conditions such as sarcopenia and T2DM.  

The role of GLP-1 in the skeletal muscle blood flow and glucose uptake has 

not been investigated under postprandial conditions and in aged individuals 
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yet; such that the efficacy of targeting incretin bioavailability for improving 

metabolic responses to nutrition is poorly defined. Therefore, the overall aim 

of this thesis was to define the extra-pancreatic ‘novel’ effect of GLP-1 on 

muscle postprandial glucose metabolism and vascular blood flow in older age. 

The specific objective was to assess 1) glucose uptake in skeletal muscle using 

2-deoxy-D-glucose (2-DOG) by measuring 2-DOG phosphate in muscle by 

gas chromatography-mass spectrometry (GCMS) and 2) femoral artery blood 

flow by US Doppler. It was hypothesised that GLP-1 has a novel facilitative 

role in regulating muscle glucose metabolism and uptake under postprandial 

conditions in an insulin-independent manner in people 65 years old and over. 

We aimed to test the hypothesis by studying the feeding responses in the 

absence or presence of a GLP-1 in seven healthy older men with use of 

techniques including insulin and glucose clamps, the Doppler ultrasound and 

GCMS. Crucially, I.V delivery of both AA and glucose was administered to 

avoid the confounding gut derived incretin effect and to mimic the 

postprandial state. We investigated whether GLP-1 infusion would increase 

total leg blood flow to the muscle and if it does, would improve delivery of 

glucose to the muscle and therefore better capture of the glucose be seen. 

Establishing the results of these investigations would suggest whether GLP-1 

therapy is a promising option to target age related declines in muscle 

performance and help to improve metabolic health and consequently quality of 

life. 
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2. Materials and Methods 

All standard reagents and equipment used are specified within each 

experimental method below. Methods 2.7 and 2.8 were performed by 

technicians at the Human Physiology laboratory at Derby Medical School, 

University of Nottingham. 

2.1. Subjects and Ethics 

Seven healthy older male volunteers [aged 65-75, a body mass index (BMI) 

between 18-28 kg/m2] were recruited for the study. All volunteers underwent a 

fasting (10-12 h) screening visit at the Clinical Physiology laboratory of the 

Division of Medical Sciences and Graduate Entry Medicine (University of 

Nottingham, Royal Derby Hospital) that comprised of 1) a health assessment 

questionnaire detailing previous medical history and medications and 2) a 

routine medical examination (Table 1). 

Table 1. Medical examinations at screening session 

A collection of blood samples for the analysis of: FBC, U&E’s, LFT’s, 

TFT’s, coagulation, fasting glucose, fasting insulin and HbA1c 

Measurements of height, weight, blood pressure (BP), heart rate (HR) 

An electrocardiogram (ECG) 

All volunteers were considered healthy and suitable for the study after meeting 

the inclusion and exclusion criteria detailed in Table A (Appendix B). The 

study was approved by the University of Nottingham Ethics Committee and 

conformed to the ethical standards set by the Declaration of Helsinki (93). All 

volunteers provided their informed and written consent to participate in the 

study, after being informed of the purpose of the study and of all the risks and 

procedures involved. 
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2.2. Study design 

The study conducted in a cross-over design included two acute study visits 

with a four week ‘wash-out’ period between the two visits. For each of the two 

study visits, the volunteers arrived at the clinical physiology laboratory at 8am 

after an overnight fast (10-12 h). They had a dual-energy X-ray absorptiometry 

scan done (at first visit only) to estimate their body composition, i.e. fat and 

muscle mass (DXA; GE Lunar Prodigy II, GE Medical Systems, Chalfont, 

Buckinghamshire, UK). The volunteer then lay in a bed where three 

polyethylene catheters (Becton Dickinson, Oxford, UK) were inserted into 

peripheral veins distributed between both arms. Then under local anaesthetic 

using 1% Lidocaine solution (Pfizer, UK) and under ultrasound guidance 

(iU22, Philips, CA, USA) two further longer catheters were inserted into 1) a 

femoral vein for systemic blood sampling and 2) a femoral artery for GLP-1 

infusion and arterial sampling of one leg (first visit - right leg, second visit - 

left leg; applies to biopsies too). All infusions, their purpose and blood 

sampling sites are detailed in Table 2.  

After taking baseline samples at t = 0 min, 2-DOG infusion was started at a 

rate of 10 mg/kg prime followed by 6 mg/kg/h constant infusion. This was 

subsequently maintained for the entire duration of the study visit (6 hours). 

The three hours’ post start of 2-DOG infusion was designated for baseline 

measurements. During this time, regular samples from femoral venous and 

arterial line were performed. Arterial and venous blood samples were collected 

into tubes containing either ethylenediamine tetraacetic acid (EDTA), an 

anticoagulant to stabilize the blood plasma (94), or P800 to stabilize and 

prevent the degradation of GLP-1 (83). In total, there were 16 samples taken 
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from the venous line (V0-V15) and 14 samples (A2-A15) taken from the 

arterial line collected in the EDTA tubes. In addition, venous samples V0 and 

V7 – V15 and arterial samples A7, A10 and A14 were collected in the P800 

tubes. In addition, two muscle biopsies at t=60 and t=180 and three US 

Doppler measurements were also taken to measure baseline values. 

Table 2. Study infusions, their site of administration and purpose. 

Peripheral venous catheters 

distributed between two arms 

 2-Deoxy-D-glucose (2-DOG; 

Sigma-Aldrich, UK) to 

measure glucose metabolism 

 20% Dextrose (Baxter, UK) to 

maintain blood glucose at 7-

7.5 mmol/L 

 Actrapid Insulin (Novo 

Nordisk, UK) to achieve 

constant postprandial insulin 

levels 

 Octreotide (Novartis, UK) to 

supress endogenous insulin 

 Vamin EF-14 (Fresenius Kabi, 

UK) to provide AA’s 

Femoral artery catheter  Glucagon-like peptide-1(GLP-

1; Bachem, Switzerland) to test 

the effect of GLP-1 on muscle 

glucose metabolism and total 

leg blood flow 

 Arterial blood sampling   

Femoral vein catheter  Venous blood sampling 

 

At t = 180 min following the 2nd biopsy the glucose and insulin clamps were 

started in combination with Octreotide, which adequately supresses 

endogenous insulin release during glucose infusion (89), Vamin EF-14, and ± 

GLP-1 infusion as appropriate to study visit (refer to Table 2) . To achieve 

constant postprandial insulin levels, insulin Actrapid was used and diluted with 

0.9 % saline to make a volume of 48 mL. Further 2 mL of volunteer’s own 

blood was added to prevent insulin sticking to the syringe material making a 
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total volume of 50 mL solution (37). At the start insulin was primed for 10 min 

followed by constant infusion aiming to achieve postprandial levels at 

approximately 30 mU/mL (dose per body surface area per minute, during 180 

min). 10% glucose was also primed for the first 15 min of the infusion aiming 

to raise glucose concentration from fasting levels to levels between 7-7.5 

mmol/L. Octreotide was diluted in 0.9% saline and started as a constant 

infusion of 30 ng/kg/min and continued at a same rate for 180 min. Vamin EF-

14 was infused at a priming rate of 34 mg/kg followed by constant infusion of 

102 mg/kg/h. GLP-1 was diluted in 0.9% Saline and infused to provide 1.2 

pmol/kg/min for 180 min. 

Following the initiation of appropriate infusions detailed above muscle 

biopsies were taken t = 90 min and t = 180 min to provide measures of 

postprandial 2-DOG content in the muscle. Muscle biopsies were taken from 

the vastus lateralis using sterile procedures carried out by appropriately trained 

medical staff. After sterilising the skin using an alcohol wipe, Lidocaine 1% 

was used to provide local anaesthesia. The conchotome technique (96) was 

used to take 200-300 mg of muscle tissue. Blood pressure (BP), pulse, 

respiratory rate and oxygen saturation were also measured throughout the acute 

study day using Datascope Trio monitor (Mindray, Huntingdon, 

Cambridgeshire, UK). The glucose infusion rate was adjusted as necessary 

guided by measurement of the venous blood glucose concentration every 5-15 

min using the Yellow Springs Instrument 2300 Stat Analyser (YSI; YSI Inc, 

Yellow Springs, Ohio, USA), which uses a steady state methodology by which 

a membrane based immobilised glucose oxidase catalyses the oxidation of 

glucose to gluconic acid and hydrogen peroxide (97). After the study, catheters 
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were removed and the volunteers monitored for 30 min before departure. A 

schematic diagram of the protocol can be seen by Figure 2.1. The exact 

sequence of acute study visit events is detailed in Table B, Appendix B.  

 

Figure 2.1 A schematic diagram of the study protocol.  

2-DOG was used to measure glucose metabolism. Glucose and insulin clamps were 

initiated with combination of Octreotide, Vamin EF-14 ± GLP-1 infusions. 

 

 

2.3. Sample processing 

Blood samples and muscle biopsies were processed according to the University 

of Nottingham standard operating procedures (SOPs) for ‘Handling of Human 

Body Fluids and Tissue’ and ‘Blood Samples’. Blood samples were 

centrifuged (IEC Centra CL3R, Thermo electron corporation, Waltham, 

Massachusetts, USA) at 3,200 rpm for 20 min at 4C and the plasma was 

aliquot into appropriate corresponding Eppendorf tubes and stored at -80C for 

further analysis. All muscle biopsies were immediately washed with ice cold 

phosphate buffered saline (PBS) to clear any visible excess of blood, fat or 
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connective tissue, snap-frozen in liquid nitrogen and stored at -80C until 

further analysis for 2-DOG content. 

 

2.4. Determination of glucose and 2-DOG concentration in 

plasma by GCMS 

Gas chromatography coupled to mass spectrometry is an instrumental 

technique by which complex chemical mixtures can be separated (the GC 

component), identified and quantified (the MS component) (33,98). GCMS is 

widely used in metabolic profiling and can identify changes of different 

physiological states (98). The GC method requires the samples to be volatile 

which can be achieved by a processed termed derivatization (98,99). The 

gaseous sample is then carried through a column with an inert gas (such as 

helium) where its constituent parts are separated (100). The separation (and 

subsequent peak detection) can be affected by a range of factors such as the 

injection volume, temperature or the flow into the MS (98). Once in the MS, 

the sample is then ionised and fragmented, each ionised fragment can be 

detected by its mass to charge (m/z) ratio. In the GC the difference in the 

chemical properties between different molecules in a mixture and their relative 

affinity for the stationary phase of the column will promote their separation 

(98,99). The detector can be set to scan for only selected masses over different 

time periods which can be done by setting up a method known as selected ion 

monitoring (SIM). The following GCMS method to measure glucose and 2-

DOG concentration is based on that reported by Shippee et al (101). 
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2.4.1. Determination of glucose  

Standard preparation: Glucose standards were prepared by diluting 10mM 

glucose [180mg of D-Glucose anhydrous (Fisher Scientific, UK) in 100mL of 

double distilled water (ddW)] serially to 8, 6, 4 and 2mM with ddW. 25µL of 

1mM U-13C6 [180mg of D-glucose U-13C6 (Cambridge Isotope Laboratories, 

Inc.) in 100mL of ddW] was added as an internal standard to each glucose 

standard. One sample of 6mM glucose was prepared without adding the 

internal standard to calculate its contribution to 323, as this 13C isotope is 

naturally occurring (102). Relative amounts of the tracer measured in A and V 

blood supply samples were used to calculate release of glucose in the muscle 

of interest (A-V balance). The concentration of glucose in the blood samples is 

measured by reference to a standard curve of known concentration normalised 

to the amount of internal standard. 

Plasma sample preparation: Plasma samples were defrosted, vortex mixed 

(Genie-2, G-560E, Scientific Industries) and then spun for 2 min at 10,000rpm 

(Heraeus Fresco 17, Thermo Scientific) to pellet fibrin clots. 50µL of each 

plasma sample was aliquot into a fresh Eppendorf, followed by the addition of 

25µL of U-13C6 glucose standard before vortex mixing. 

Procedure: 1mL of ice cold 100% ethanol (Scientific laboratory supplies) was 

added to each samples and standards and placed in the fridge for 20 min to 

precipitate protein. The samples and standards were then spun for 2 mins at 

10,000 rpm. After centrifugation, 100µL of the supernatant was removed and 

put into a corresponding 16X100mm labelled glass test tube (Fisherbrand, 

USA) and dried under nitrogen in the techne block (D13-3, Techne) at 90˚C 
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for approximately 2-3 mins. The tubes were subsequently derivatized to 

increase the volatility in two steps. First, 100µL of freshly prepared oxime 

reagent [dissolve 20mg of hydroxylamine hydrochloride (Sigma-Aldrich) per 

1mL of pyridine (Fisher Scientific)] was added to each tube, tubes were 

capped, vortex mixed, and incubated at 85˚C for 30 mins in the techne block 

and allowed to cool. Then 70µL of N,O-bis (trimethylsilyl) 

trifluoroacetimidate with 1% trimethylchlorosilane (BSTFA, 1% TMCS, 

Sigma Aldrich) was added to each tube, capped, vortex mixed and incubated 

for another 30 mins at 85˚C in the techne block. After cooling, 70µL of the 

samples and standards were transferred into autosampler vials (Agilent 

technologies) and capped, ready for analysis by GCMS.  

Pooled quality control (QC) samples were prepared from freshly thawed 

plasma by pipetting 25µL of 40 plasma samples from both venous and arterial 

line from two random subjects into a single Eppendorf tube to create a final 

volume of 1000µL (done 2x), divided into 100µL aliquots and processed 

alongside the rest of the samples. Each QC sample was then repeatedly 

injected (two injections near the start of the sequence, another two injections 

near the middle of the sequence and two injections near the end of the 

sequence) throughout each analysis run (same applies for the 2-DOG analysis) 

to assess machine stability and repeatability. 

Analysis: The samples were ran on an Agilent 7890B (Agilent Technologies) 

GCMS using the selected ion monitoring (SIM) method. The SIM was set to 

detect and report incidence of m/z 319 for glucose, 321 (for deuterium D2 Glc 

– not measured), and 323 for U-13C6 glucose. Data reduction involved 
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recording the peak areas for the 3 masses of the largest peak (Figure 2.3). A 

concentration curve was generated from the 2, 4, 6, 8 and 10mM glucose 

standards. The internal standard mass 323 was corrected for the natural 

isotopomer background signal in the unlabelled sample. Ratio of 319 to 323 

(corrected for carryover) was used to read off the concentrations from the 

standard curve (Figure 2.2).  

 

Figure 2.2 An example of generated glucose standard curve.  

A standard curve was generated from the standards ran to allow calculation of 

glucose concentration in the samples.  
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Figure 2.3 Chromatogram of the three monitored masses. 

The 319 mass is the major peak of unlabelled glucose used for quantitation. The 321 

is the deuterium tracer (not measured but included in the SIM). The 323 mass 

represents the internal U-13C6 standard added to quantify glucose.  

 

2.4.2. Determination of 2-DOG 

Standard preparation: 2-DOG standards were prepared by diluting 5mM 2-

DOG [41mg of 2-DOG (Sigma-Aldrich), UK] in 50mL ddW] standard, 1 in 20 

with ddW to make 250µM working standard which was then aliquot in 10, 25, 

50, 75, 100, 125, 150µL into fresh Eppendorfs. This was followed by adding 

50 µL of 100µM fluorodeoxyglucose (FDG) [1.8mg of FDG (Sigma-Aldrich) 

in 5mL ddW, diluted 1 in 4 to get 500µM and then again 1 in 4 to get 100µM) 

standard into each tube and vortex mixed. 

Plasma sample preparation: After defrosting at room temperature, the plasma 

samples were vortex mixed and centrifuged at 10,000 rpm for 2 mins at 4˚C.  
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100µL of plasma was aliquoted into a fresh Eppendorf, followed by the 

addition of 50 µL of 100µM FDG working standard and vortex mixed. 

Procedure: The procedure in 2.4.1 was followed except that all of the 

supernatant following ethanol precipitation was removed into labelled test tube 

and dried completely in the techne block at 90˚C for approximately 10 min. 

Analysis: 2-DOG concentration was determined using 2DG SIM programme 

set for 231 and 232 m/z. 2-DOG m/z 232 peak  is a doublet and elutes first and 

FDG m/z 231 elutes closely after the second 2-DOG peak (Figure 2.4). 

Samples were run again on the Agilent as in 2.4.1. Data reduction involved 

only the peak area for the first 2-DOG (major) peak and the FDG peak. The 

concentrations were calculated with reference to a standard curve of known 

concentrations prepared alongside each batch. 

 

Figure 2.4 Chromatogram of 2-DOG and FDG peaks.  
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2.5. Determination of human insulin in plasma by enzyme 

immunoassay 

Postprandial plasma (PP) insulin concentrations were measured in this study 

by high-sensitivity insulin enzyme linked immunosorbent assays (ELISA; 

DRG Instruments GmbH, Marburg, Germany) according to manufacturer’s 

protocol (EIA-2337). Samples V0 to V7 baseline samples were ran undiluted 

whilst V8-V15, following commencement of clamps and infusions, were 

diluted 1:5 in ddw. The human insulin ELISA is a solid phase two-site enzyme 

immunoassay based on the direct sandwich technique in which two 

monoclonal antibodies are directed against separate antigenic determinants on 

the insulin molecule (103). In this assay, insulin in the sample during 

incubation period reacted with peroxidase-conjugated anti-insulin antibodies 

causing the antibodies to bind to the microplate. The bound conjugate was then 

detected by reaction with 3,3’,5,5’-tetramethylbenzidine (103). The 96-well 

plates were then read spectrophometrically [filter (nm):450] on an automatic 

microplate reader (Multiskan ascent V1.24, Thermo electron corporation) 

interfaced to a computer with Ascent Software Version 2.6. Measurements 

were calculated against generated standard curve. 

2.6. Determination of GLP-1 in plasma 

Levels of active GLP-1 were measured alongside other gut hormones (leptin, 

GIP and PYY) using undiluted venous (V7-V15) samples collected in p800 

tubes by MILLIPLEX MAP Kit - human metabolic hormone magnetic bead 

panel (EMD Millipore Corporation, Billerica, MA, USA; Cat. # HMHMAG-

34K). The principle of this method is based on the Luminex XMAP 

technology (104) which uses proprietary techniques to internally colour-code 
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microspheres (beads) with two fluorescent dyes that through precise 

concentrations can create 100 distinctly coloured bead sets (each coated with a 

specific capture antibody). Samples were processed according to the 

manufacturer’s instructions except that half volumes were used (12.5µL) of the 

beads and the detection antibodies. Measurements were performed on Luminex 

200 system with xPONENT software, version 3.1 (Luminex, Austin TX) and 

values were interpolated from known standards. In this assay the mean 

fluorescent intensity (MFI) is plotted against known concentration of standards 

and a curve is fitted by the plate reader software (non-linear) (Figure 2.5). Each 

sample’s MFI is then used to calculate the concentration from the standard 

curve (equation). 

 

Figure 2.5 An example of generated GLP-1 standard curve. 
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2.7. Determination of amino acids in plasma by 

phenylalanine labelling 

This method is based on Tipton et.al. (105,106). To determine labelling (atom 

percent excess; APE) and/or concentrations of arterialised venous 

phenylalanine, leucine, valine, and isoleucine: briefly, plasma protein was 

fractionally precipitated using 100% ethanol; the aqueous phase (containing 

the free amino acids) was dried under nitrogen, and then solubilised in 0.5 M 

HCl. Lipids were removed by extraction into ethyl acetate. The aqueous layer, 

containing the amino acids of interest was dried down and the N-tert - 

butyldimethyl - silyl -N- methyltrifluoracetamide (MTBSTFA) derivatives of 

phenylalanine, leucine, valine, isoleucine, and norleucine formed. l-[ring-

13C6]Phenylalanine tracer-to-tracee (t/T) enrichment and amino acid 

(Phenylalanine, leucine, valine, and isoleucine) concentrations were then 

measured by GC-MS by selected ion-monitoring (SIM), m/z 302 for leucine, 

valine, isoleucine, norleucine and 234, 236, 240 for phenylalanine. Appropriate 

corrections were made for overlapping spectra contributing to the t/T ratio in 

enrichment measurement. Concentrations for plasma phenylalanine were 

determined using 2H2 phenylalanine, and norleucine (for the leucine, valine, 

and isoleucine) as the internal standards with reference to a standard curve. 

2.8. Determination of total leg blood flow 

Leg blood flow (LBF) was measured at regular intervals (as previously 

detailed in Table B, Appendix B) using a (US) Doppler ultrasound (iU22; 

Philips Ultrasound, CA, USA). Three measurements were taken to obtain a 

mean final value. All measurements were taken with the subject lying in a 

supine position. A linear array 9-3 MHz frequency probe (Philips Ultrasound) 
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was used to measure mean blood velocity (determined by pulse-wave Doppler) 

and arterial lumen diameter (by 2-D imagining as the distance between inner 

arterial walls) in the common femoral artery of one leg. LBF (l.min-1) was 

calculated from the diameter and the velocity measurements by the system as: 

mean blood velocity (cm.sec-1) × π × (femoral artery radius (mm))2 )/1000 × 

60 (107). 

2.9. Calculations 

Area under the curve (AUC) for insulin was calculated using the trapezoidal 

rule to assess individual statistical differences. Glucose metabolism (M) was 

calculated according to DeFronzo et al. (37) where M is equal to glucose 

infusion rate (GIR) minus urinary loss of glucose (which averages 0.2 

mg/kg/min) minus space correction. In this study M was made for 15 min 

intervals using YSI glucose concentration values. The total M was calculated 

from the means of the twelve 15min study intervals. The M was also calculated 

for the three time periods (fasted and two fed). Total LBF data were corrected 

for plasma using haematocrit. Glucose concentration for A-V balance was 

analysed by GCMS (see 2.4.1) and A-V balance was calculated using the Fick 

principle (108) by subtracting venous concentration from arterial 

concentration, which was multiplied by blood flow, haematocrit and leg 

muscle mass (per 100g).  

2.10. Statistical analyses 

Statistical analyses were performed using Graph Pad Prism Version 6.00 (La 

Jolla, CA, USA). All data are reported as means ± standard error of a mean 

(SEM) with the threshold for significance set at P <0.05. Statistical analyses 



Materials and Methods 

45 

 

applied to the data consisted of a two-way analysis of variance (ANOVA) and 

paired student t-test as detailed within each result section.
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3. Results 

3.1. General characteristics of study demographics 

General characteristics of 7 healthy old male volunteers including BMI, age, 

total lean leg mass, fat mass ratio – legs/total and appendicular skeletal mass 

(ASM) are shown in Table 3. All values (n=7) are expressed as means ± 

(SEM). 

Table 3 General characteristics of study volunteers. 
CHARACTERISTICS Mean ± SEM 

Age ( in years) 70 ± 0.92 

BMI (kg/m2) 26.04 ± 0.65 

Total lean leg mass (g) 18079 ± 469.55 

Fat mass ratio – legs total (%) 0.27 ± 0.008 

ASM (kg) 24 ± 0.68 

 

3.2. GLP-1 concentration in plasma 

The basal concentration of active GLP-1 in -GLP-1 group was 26 ± 4 pM/L 

and in the +GLP group 10 ± 5 pM/L (not significantly different based on 2-

way ANOVA, Tukey’s multiple comparison test). Following the initiation of 

the insulin and glucose clamps, the concentration in –GLP-1 group declined 

very slightly to 9 ± 2 pM/L and then maintained a steady-state throughout the 

whole 180 min period of the study with no significant differences observed 

(based on 2-way ANOVA, Sidak’s multiple comparison test) between 

individual time points (see Figure 3.1). In the +GLP-1 group following 
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commencement of the GLP-1 infusion, the GLP-1 concentration rose steadily 

and plateaued from 45 – 135 min followed by a sharp increase from 135 min. 

Statistical significant differences were observed from 110 min (P ˂ 0.05) when 

compared to the baseline value denoted by different letters (see Figure 3.1). 

The peak value of 378 ± 85 pM/L was reached at 180 min. Furthermore, the 

concentration at 160 min and 180 min differed significantly when compared to 

the earlier time points (P ˂ 0.05). There was a significant difference (P ˂ 0.05) 

between +GLP-1 and –GLP-1 groups (based on paired t-test) (Figure 3.1). 

 

Figure 3.1 Time course of plasma GLP-1 concentrations (pM/L) ± GLP-1 

during 180 min post-clamp period.  

There were statistically significant differences between the two groups and between 

time points in the +GLP-1 group. Error bars denote SEM. (*P ˂ 0.05; a and b letters 

denote significant differences when compared to the baseline; b denotes significant 

differences from previous time points). Statistical analyses via ANOVA – Sidak’s 

multiple comparison test and via a student paired t-test. 
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3.3. Phenylalanine concentration in plasma in fasted and fed 

clamp conditions 

Phenylalanine (Phe) was measured as a proxy of AA concentration in plasma. 

Following the primed constant AA infusion provided at t =0 (post clamp 

postprandial period) increases in plasma Phe concentration were observed in 

both groups when compared to the pre-infusion baseline values (56.7 ± 2.9 -

GLP-1; 59.8 ± 2.2µM +GLP-1). (Figure 3.2). Plasma Phe concentration 

became elevated after 20 min (112.5 ± 5.5 -GLP-1; 111.4 ± 4.5µM +GLP-1) of 

AA infusion, reaching a peak concentration at 180 min (157.3 ± 5.1 –GLP-1; 

156.1 ± 9.2µM +GLP-1) for both groups. There were no significant differences 

between the two groups (based on 2-way ANOVA, Tukey’s multiple 

comparison test). 

 

 

Figure 3.2 Phenylalanine concentration in plasma ± GLP-1 during 180 min 

pre- and 180 min post clamp amino acid (AA) infusion period.  

Error bars denote SEM. No statistical differences observed between the groups. 

Statistical analyses via ANOVA – Tukey’s multiple comparison test. 
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3.4. Leg blood flow 

In both groups leg blood flow rose slightly during the clamp from 0.39 ± 0.04 

to 0.44 ± 0.04 (-GLP-1) and 0.42 ± 0.03 and 0.48 ± 0.05 (+GLP-1) L/min 

(Figure 3.3, A), however that was not significant (based on 2-way ANOVA, 

Sidak’s multiple comparison test). There were also no differences between the 

two groups. However, when LBF for the two fed periods was combined there 

was a significant difference observed between the two groups (based on a 

student paired t-test, P ˂ 0.05) (Figure 3.3, B). 
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Figure 3.3 Comparison of leg blood flow ± GLP-1.  

A) Comparison in between fasted (0-180 min) and two fed (0-90 and 90-180 min) 

periods. B) Comparison between fed periods ± GLP-1. Error bars denote SEM. (*P 

˂ 0.05). Statistical analyses via ANOVA – Sidak’s multiple comparison test (A) and 

via a student paired t-test (B).  
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3.5. Insulin concentration in plasma 

The basal plasma insulin concentration was 4.4 ± 0.7 for –GLP-1 and 3.9 ± 0.9 

µU/mL for +GLP-1. Following initiation of the primed constant infusion of 

insulin a sharp increase in plasma insulin concentration was observed from 20 

to 40 min for both groups (Figure 3.4, A). The –GLP-1 group achieved a 

steady state with average value of 22.7 ± 0.5 µU/mL, whilst insulin 

concentration in the +GLP-1 group rose gradually with average value of 26.5 ± 

4.1 µU/mL and a peak value of 37.9 ± 7.7 reached at 160 min (Figure 3.4, A). 

From 120 min, the values for plasma insulin concentration were statistically 

different between the two groups (based on 2-way ANOVA, Sidak’s multiple 

comparison test, P ˂ 0.05) as presented in Figure 3.4 (A). There was also a 

significant difference in the AUC insulin (Figure 3.4, B) between the groups 

(based on a paired t-test, P ˂ 0.0014) with concentration values of 19.2 ± 7.4 (–

GLP-1) and 25.4 ± 11.5 µU/mL (+GLP-1). 
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Figure 3.4Time course of plasma insulin concentrations (µU/mL) ± GLP-1 

during 180 min post clamp period (A) and area under the curve (AUC) (B).  

Statistical differences were observed from 120 min between the two groups (A). 

There was statistically significant difference in the AUC between the groups (B). 

Error bars denote SEM. (*P ˂ 0.05, **P ˂ 0.02, ***P ˂ 0.001). Statistical analyses 

via ANOVA - Sidak’s multiple comparison test (A) and a student paired t-test (B). 
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3.6. Glucose concentration in plasma measured by YSI and 

measured glucose metabolism (M) 

The basal arterial plasma glucose concentration measured by YSI was 6.5 ± 

0.3 for –GLP-1 and 6.6 ± 0.3 mM/L for +GLP-1. Following the infusion of 

glucose with clamp at 7–7.5 mM/L an increase in plasma glucose 

concentration was observed from 15 min for both groups. In the –GLP-1 group 

the plasma glucose concentration rose significantly (based on 2-way ANOVA, 

Tukey’s multiple comparison test, P ˂ 0.05) when compared to the baseline 

from 45 – 90 min with average value of 7.7 ± 0.2 mM/L and then gradually 

decreased (average value of 7.3 ± 0.1mM/L) till the end of the study. In +GLP-

1 group the plasma glucose concentration was 7.4 ± 0.2 mM/L (average value 

for 15-60 min period), which then slightly dropped to a plateau until the end of 

the study with average value of 7.2 ± 0.2 mM/L. There were no significant 

differences between the two groups (based on 2-way ANOVA, Sidak’s 

multiple comparison test). The time course of the glucose concentration for 

both groups is shown in Figure 3.5 (A). The calculated amount of M (total 

body glucose metabolism) in mg/min/kg during 0 – 90 min period was 1.09 ± 

0.2 (-GLP-1) and 1.30 ± 0.2 (+GLP-1), during 90 – 135 min the M was 1.03 ± 

0.2 (-GLP-1) and 1.39 ± 0.2 (+GLP-1) and during 135- 180 min the M was 

1.02 ± 0.1 (-GLP-1) and 1.52 ± 0.3 (+GLP-1) as shown in Figure 3.5 (B). 

There were significant differences found between the two groups in the last 

two fed time periods (based on 2-way ANOVA, Tukey’s multiple comparison 

test, P ˂ 0.05) (Figure 3.5, B). 
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Figure 3.5Time course of glucose concentration measured by YSI (mM/L) 

(A) and measured glucose metabolism (M) (B) ± GLP-1 during 180 min post 

clamp postprandial period. 

There was a statistical significant increase in plasma glucose concentration in the –

GLP-1 group when compared to the baseline (A). M for the two late fed time 

periods (B) showed significant differences between the groups. Error bars denote 

SEM. (*P ˂ 0.05, **P ˂ 0.02). Statistical analyses via ANOVA – Tukey’s and 

Sidak’s multiple comparison test (A, B). 
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3.7. Glucose infusion rates 

The effect of increasing or decreasing the glucose infusion rate (GIR) to 

maintain 7–7.5mM/L glucose levels is illustrated in Figure 3.6 (A). The initial 

GIR were observed to be 3.4 ± 0.7 (-GLP-1) and 3.83 ± 0.9 (+GLP-1) 

mg/kg/min per kg body weight following the priming rate infusion of glucose 

to establish the 7–7.5mM/L steady state. From 30 min post commencement of 

infusion the GIR in both groups maintained a steady state throughout with 

mean values of 1 ± 0.02 mg/kg/min (-GLP-1) and 1.4 ± 0.3(+GLP-1). 

Although there were no significant differences (based on 2 way ANOVA, 

Tukey’s multiple comparison test) between the groups at any individual time 

point, the AUC over the whole fed period was significantly different (based on 

a paired t-test, P ˂ 0.05) (Figure 3.6, B), which was due to the late (90 – 180 

min) fed period with P ˂ 0.0001 (Figure 3.7, B). 
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Figure 3.6Time course of glucose infusion rates (GIR; mg/kg/min) (A) and 

area under the curve (AUC) ±GLP-1 during 180 min post-clamp 

postprandial period (B). 

There were statistically significant differences in the AUC of GIR between the 

groups (B). Error bars denote SEM. (*P ˂ 0.05). Statistical analyses via ANOVA – 

Tukey’s multiple comparison test (A) and a student paired t-test (B). 
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Figure 3.7 Area under the curve (AUC) of glucose infusion rates (GIR) for 

15 -90 (A) and 90 – 180 (B) min post clamp postprandial period ± GLP-1. 

There were statistically significant differences in the AUC of GIR between the 

groups in the late (90 – 180 min) fed period (B). Error bars denote SEM. (*P ˂ 

0.0001). Statistical analyses via a student paired t-test (A, B). 
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3.8. Glucose concentration in plasma measured by GCMS 

and A-V balance 

The basal venous plasma glucose concentration measured by GCMS at t = -

180 was 5.5 ± 0.4 for –GLP-1 and 5.7 ± 0.4 mM/L for +GLP-1. The basal 

arterial glucose concentration at t = 0 (before the glucose infusion clamp) was 

6.5 ± 0.4 for –GLP-1 (corresponding with the YSI value, see result section 3.6) 

and 5.9 ± 0.3 mM/L for +GLP-1 (0.7 mM/L lower when compared to the YSI 

value). Following the infusion of glucose clamped to achieve 7–7.5 mM/L 

sharp significant increases in both arterial and venous plasma glucose 

concentration were observed from 20 min to approximately 110 min for both 

groups (based on 2-way ANOVA, Tukey’s multiple comparison test, P ˂ 0.05) 

when compared to the arterial baseline values. The average arterial plasma 

glucose concentration for this time period was 8.0 ± 0.4 (–GLP-1) (0.3 mM/L 

higher when compared to the YSI results of a similar period) and 7.7 ± 0. 4 

mM/L (+GLP-1) (~0.3 mM/L higher than the YSI measure for the similar 

period), and 7.7 ± 0.2 (–GLP-1) (0.4 mM/L higher than in YSI) 7.4 ± 0.4 

mM/L 9+GLP-1) (0.2 mM/L higher than in YSI) for the last hour or so. In both 

groups a small decrease was observed towards the end of the study, which 

corresponds with the pattern of glucose concentration measured by YSI (refer 

to Figure 3.5, A and Figure 3.8). There were no significant differences 

observed (based on 2-way ANOVA, Sidak’s and Tukey’s multiple comparison 

test) between the A and V plasma concentration at any time point or between 

the two groups. The time course of the glucose concentration for both groups is 

shown in Figure 3.8.  
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The calculated amount of A-V balance in µM/min/100g of leg mass during the 

fasted period was 0.43 ± 0.2 (-GLP-1) and 0.40 ± 0.4 (+GLP-1), during the fed 

period (20 – 90 min) the amount was -0.97 ± 1.0 (-GLP-1) and -0.96 ± 1.7 

(+GLP-1) and during the late fed period (110- 180 min) the amount was -2.07 

± 2.1 (-GLP-1) and 1.52 ± 1.0 (+GLP-1) as shown in Figure 3.9 (A). The total 

A-V balance amount for the fed periods in –GLP-1 group was -1.52 ± 1.6 and 

0.28 ± 1.3 in +GLP-1 group (Figure 3.9, B). There were no significant 

differences found between the two groups based on 2-way ANOVA, Tukey’s 

multiple comparison test and a student paired t-test).  
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Figure 3.8 Time course of arterial and venous (A-V) glucose concentration 

measured by GCMS (mM/L) ± GLP-1 during 180 min pre- and 180 min 

post- clamp glucose infusion periods.  

Significant increases were observed in both A-V plasma glucose concentration from 

20 min until about 110 min in both groups (A, B) when compared to the baseline. 

(A) –GLP-1; (B) +GLP-1. Error bars denote SEM. (*P ˂ 0.05). Statistical analyses 

via ANOVA – Sidak’s and Tukey’s multiple comparison test (A, B). 
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Figure 3.9 Glucose arterial and venous (A-V) balance in µM/min/100g of leg 

mass ± GLP-1. 

A) Comparison in between fasted (-60 - 0 min) and two fed (20-90 and 110-180 

min) periods. B) Comparison between fed periods ± GLP-1. There were no 

significant differences observed between the two groups. Error bars denote SEM. 

Statistical analyses via ANOVA – Tukey’s multiple comparison test and a student 

paired t-test (A, B). 
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Discussion 

This study was designed to define for the first time the extra-pancreatic ‘novel’ 

effect of GLP-1 on muscle postprandial glucose metabolism and vascular 

blood flow in older age since recent animal and human studies involving 

young subjects (78,81–90,92) have shown beneficial effects of GLP-1 

infusions on skeletal muscle vasculature and glucose uptake. We, therefore, 

hypothesised that GLP-1 infusion would have the same positive effects on 

muscle glucose metabolism and vascular blood flow under postprandial 

conditions in the older population, which would improve delivery of glucose to 

the muscles. We chose to study healthy volunteers aged 65 years old and over 

(mean age in years 70 ± 0.92) since age-related metabolic dysregulations in 

postprandial muscle metabolism i.e. impaired glucose uptake and decreased 

blood flow to muscles are commonly observed phenomena in this age group 

(58–62). Our data revealed that GLP-1 ‘significantly’ increases total leg blood 

flow and has a significant effect on whole body postprandial glucose 

metabolism in healthy old male volunteers. However, no significant change in 

leg glucose uptake has been observed. 

One consequence of ageing is that of impaired glucose uptake; both insulin- 

and non-insulin-mediated glucose uptake, which mostly occurs in skeletal 

muscle under both fasted and postprandial conditions (56,62,109,110). This 

impairment can be partly explained by decreased limb blood flow to the 

muscles causing decreased delivery of nutrients such as glucose and insulin 

(111) as well as by insulin resistance that comes with ageing (36,56). In fact, 

insulin resistance has been shown (112) to be often accompanied by 
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endothelial dysfunction as insulin action within the microvasculature is 

reduced in the phosphatidylinositol 3-kinase/Akt (PI3-K) pathway that is 

otherwise responsible for the activation of endothelial NO synthase (eNOS) 

and NO-mediated vasodilation (113) along with increasing GLUT4 

translocation to the cell membrane (30,38,39). These age-related impairments 

have been then shown to be associated with metabolic disorders including 

cardiovascular (9,55,61,114) and may contribute to the pathophysiology of 

sarcopenia in the elderly (48,54). Here, it is shown that GLP-1, when infused 

peripherally in the femoral artery at rate of 1.2 pmol/kg/min ‘significantly’ 

increases total leg blood flow and has a significant effect on whole body 

postprandial glucose metabolism as indicated by increased values of measured 

glucose metabolism (M). Furthermore, observed significant increases in 

glucose infusion rates (GIR) that were needed to maintain the glucose clamp 

also suggest that GLP-1 infusion promoted glucose uptake.  

The involvement of GLP-1 in insulin mediated glucose uptake is well defined 

(71,79), however, its role in non-insulin mediated glucose uptake particularly 

in skeletal muscle has still not been well established. Recently Chai et al.(78) 

demonstrated that GLP-1 infusion resulted in glucose uptake in rats using 

femoral arterial-venous (A-V) balance method. However, these data conflict 

with the most recent study by Sjøberg et al. (113) where intravenous infusion 

of GLP-1 did not result in increased skeletal muscle glucose uptake in rats. 

This observation supports their previous findings in both rats and humans 

where a direct GLP-1 infusion into the femoral artery also did not cause 

increases in leg glucose uptake (89). These observations are further supported 

by other two human studies that also did not find any increases in glucose 
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uptake following brachial artery GLP-1 infusions (88,90). However, all the 

above mentioned studies demonstrated increases either in arterial (88–90) or 

microvascular limb blood flow (78,88,89,113), which corroborate our findings. 

In our study, GLP-1 group demonstrated 7% increase in total limb blood flow 

which was significant (based on a student paired t-test) when compared to the 

control group. This is in accordance with the Sjøberg et al. (89) study 

(conducted under very similar experimental conditions as applied in this 

study), which showed 12% increase in total leg blood flow in healthy young 

men. Furthermore, most recent Danish study (115) also demonstrated sustained 

significant increases in leg blood flow after the commencement of GLP-1 

infusion in healthy young men, suggesting that GLP-1 acts as a potent vascular 

stimulus in humans too. In our study, similar but smaller changes are seen in 

the old, perhaps as a result of the reduced vasodilatory response of decreased 

postprandial blood flow as demonstrated by Phillips et al. (116). Moreover, it 

is important to note that in both above mentioned studies (89,115) GLP-1 was 

infused in the femoral artery under fasted conditions, so it may be that the 

response to GLP-1 infusion under postprandial conditions would be much 

higher in the young because of the well-defined response of nutrient intake to 

an increased limb blood flow (62,117). Nonetheless, our 7% increase in the old 

still may have a positive impact on the impaired postprandial vasodilation that 

comes with ageing (62) positively affecting consequent glucose metabolism 

and uptake.  

In our experiment the peripherally administered GLP-1 infusion at rate of 1.2 

pmol/min/kg resulted in elevated GLP-1 plasma concentration levels as high as 

378 pM/L that were significantly raised particularly in the last 30 min of the 
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180 min GLP-1 infusion period. One possible explanation for the significantly 

raised levels is probably the inability of dipeptidyl-peptidase-4 (DPP-4) to 

degrade GLP-1 due to oversaturation of its GLP-1R receptors (69). 

Furthermore, the plasma concentration levels of GLP-1 reached are beyond the 

physiological ranges (72,89). However, we speculate that probably even 

physiological plasma GLP-1 postprandial concentrations would be sufficient to 

increase leg blood flow in the elderly as Sjøberg et al. (89) demonstrated in the 

young. The rationale behind is that GLP-1 concentrations are not different 

between younger and older men, both under fasted and postprandial conditions 

(118). 

The mechanisms by which GLP-1 could exert both vascular or glucose uptake 

effects still remain unclear too (we were also unable to seek a mechanism for 

our findings in this study). A mounting evidence indicates that these 

vasodilatory effects of GLP-1 are endothelial dependent (91), however a study 

by Nyström et al. (119) did not support this conclusion. Recently, Chai et al. 

(78) demonstrated that GLP-1 acts via a nitric oxide dependent mechanism, 

which is similar to that utilized by insulin (46,120) and that these GLP-1 

effects could be diminished by a pre-infusion of the nitric oxide inhibitor L-

NAME (78). These observations are further verified by cell culture 

experiments using human umbilical vein endothelial cells (121) demonstrating 

that incubation of cells with L-NAME resulted in attenuation of GLP-1-

induced endothelial NO synthase, an enzyme that is important in regulating 

vascular tone (induces NO-mediated vasodilation) (39,46). Similarly, despite 

the presence of GLP-1 receptors in heart and vasculature of both humans and 

rodents (71,73), which corresponds with GLP-1 vasodilatory effects, its direct 
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effect on skeletal muscle glucose uptake is not fully understood (122). Some 

studies have shown effects of GLP-1 on muscle glucose uptake via increased 

activity of glycogen synthase (80,83,123), in association with activation of the 

PI-3K pathway, independent of insulin (80), which is a positive finding as in 

insulin resistance, impaired glycogen synthesis secondary to reduced activity 

of glycogen synthase have been shown to be the earliest detectable metabolic 

defects in the muscle (124,125). However, a study by Furnsinn et al. (126) did 

not find such effects in isolated rat soleus muscle incubated with either GLP-1 

or insulin ± GLP-1. Moreover, in Tesauro et al. study (90) GLP-1 was co-

infused with insulin in T2DM patients and despite the increased total forearm 

blood flow, glucose uptake did not change. Therefore, despite positive reports 

from animal and cell culture studies that demonstrated increases in glucose 

uptake in skeletal muscle, GLP-1 does not appear to have the same effect in 

humans (even when the concentration of GLP-1 is beyond physiological 

ranges). Saying that, despite not demonstrating significant differences between 

the groups also in our study, there was a positive trend seen in glucose uptake 

in the +GLP-1 group (as indicated by the overall positive A-V balance value), 

which lends itself to a suggestion that glucose was taken up by the muscles and 

it may be that the A-V balance method is not sensitive enough (discussed 

later).  

This study aimed to assess the independent action of GLP-1 whilst insulin 

concentrations were clamped at postprandial levels; and as GLP-1 and amino 

acid infusions result in the release of endogenous insulin from pancreatic beta 

cells (18,72), Octreotide was infused to suppress such release (89). However, 

despite infusing insulin at the same rate under the two conditions i.e. with and 
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without octreotide, plasma insulin was unexpectedly significantly elevated in 

the +GLP-1 group. Assuming the octreotide clamp at the rate of 30 ng/kg/min 

was sufficient to prevent insulin release from the pancreas as previously 

evaluated by Krentz et al. (127) then it appears that insulin is perhaps protected 

from further metabolism in the presence of high GLP-1. As a result, the 

significantly higher insulin levels observed in our study in the GLP-1 group 

may influence the overall importance of the parameters we measured since 

increased blood flow and greater uptake of glucose is to be expected with 

higher insulin levels (34,41). It is not clear, however, what role GLP-1 is 

playing in this. Either GLP-1 is stopping the insulin being metabolized or we 

are getting insulin release from the pancreas despite the Octreotide infusion. In 

fact, a study by Ahrén et al. (128) demonstrated in mice using C-peptide 

deconvolution technique that GLP-1 reduces the clearance of endogenously 

released insulin. Whether this is the case of our study warrants future 

investigation but the C-peptide deconvolution technique suggests C-peptide is 

secreted in equimolar amounts to insulin but, unlike insulin, this peptide is not 

extracted in the liver itself and can therefore be used to determine if insulin is 

indeed released (128,129). The results of our study do not tell a conclusive 

story with regards to the effects of GLP-1 per se on glucose metabolism, 

glucose uptake and vascular blood flow in older age as we cannot dismiss the 

fact that due to the higher circulating insulin in the GLP-1 group the active 

biological component may be actually insulin but the results suggest that 

glucose is indeed being metabolised. However, whether it is being immediately 

stored (glucose to glucose-6-phosphate to glycogen) or undergoes glycolysis 
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(both oxidative and non-oxidative) and in which tissues and to what extent 

warrant future investigations.  

Whilst these findings are generally in accordance with the findings of recent 

human studies (88–90,114) several methodological limitations need to be 

addressed before drawing any conclusion. Firstly, it is important to note that 

the A-V balance approach to assess glucose uptake was not the primary aim of 

this study due to its perceived limitations. In that we are looking for small 

changes in concentration (100-200 µM) across the leg with a prevailing high 

concentration (5-7.5 mM) and most glucose analysers are incapable of 

accurately measuring these changes (130); in addition problems with poor 

sample collection and handling during the study which can lead to erroneous 

glucose concentration measure, may have exacerbated this lack of sensitivity 

such that even more accurate techniques e.g. GC-MS are unable to robustly 

measure these small changes (131,132). Similarly, with the measurement of M, 

the study protocol and design were not optimised for this measurement and 

blood glucose was not measured every 5 min (37), therefore, we had to 

calculate the glucose concentration in between the actual sampling points in 

order to derive the M values. The M value calculation assumes that basal 

hepatic glucose production is suppressed by the infusion of euglycaemic 

hyperinsulinaemic clamp (EHC) (37) when the levels of glucose and insulin 

are raised to levels higher than our postprandial levels. Therefore, if hepatic 

glucose production is not abolished, the measurement of total body glucose 

metabolism may not be accurate in this situation. To determine glucose uptake 

by skeletal muscle more accurately in the future, the use of the 2-DOG method 

would be the best approach. Although we infused the 2DOG in these studies 
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and made measures of plasma 2DOG, to date, we have not been able to 

develop the measurement of 2DOG6P in muscle and hence muscle glucose 

uptake. A colorimetric commercially available kit for 2DOG6P was not 

sufficiently precise nor sensitive to make the measures of muscle 2DOG6P that 

we had planned. LC-MS methods are currently in development and will be 

applied to these samples in the future.  

In summary, this study demonstrates that GLP-1 infusion in healthy old people 

has a significant effect on whole body postprandial glucose metabolism and 

vascular blood flow as demonstrated by the increased levels of glucose 

metabolism (M), glucose infusion rates (GIR) and insulin. However, this might 

be a consequence of the raised insulin concentrations and possibly through an 

insulin-mediated mechanism and not by GLP-1 action alone. However, GLP-1 

effect could still contribute to the increased delivery of glucose to the muscle 

in the elderly and specifically combat the negative consequences of ageing i.e. 

impaired glucose uptake, vascular blood flow and age-related insulin resistance 

by further enhancing the action of insulin. These data form the basis for a 

future research and suggest that GLP-1 therapy may be a promising option to 

target age related declines in muscle performance by enhancing the action of 

insulin and may, therefore, improve metabolic health and consequently quality 

of life of the elderly. However, further analyses are required i.e. 2DOG6P and 

C-peptide to fully understand these data. The increased insulin in the GLP-1 

group was unexpected and could not have been easily controlled. Further work 

may be required to unravel the effects of GLP-1 and provide a robust 

mechanism of its action, possibly using a dose response study design. 
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Appendix A 

 

 

Figure A 

Gross muscle movements are brought about by a cyclic reaction of the cross bridges, 

which in short consists of: attachment (to actin) → tilting (producing movement) → 

release and attachment to the next site. This can only occur with an energy source, 

which is ATP. Briefly, ATP attaches to the myosin head groups, where it is 

hydrolysed by myosin ATPase allowing the myosin heads to release the actin. Upon 

this, a ‘high energy’ phosphate (P), also called creatine phosphate (CP), is 

transferred from the ATP to the myosin, which becomes ‘energized’, while the 

original ATP becomes ADP. The energized cross-bridge will then attach to the actin, 

tilt and move the actin along, which is called a power stroke movement. If ATP is 

not available, the myosin heads remain locked to the actin filaments, so no sliding 

can occur. In addition to ATP, calcium is also required for the attachment phase of 

the cycle to move tropomyosin out of the way upon binding to the troponin, 

therefore exposing the attachment sites (19–21). [Taken from (20)] 
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Insulin (Figure B) and exercise are both able to stimulate muscle and induce 

vasodilation at the level of terminal arterioles, which enhances muscle perfusion and 

subsequent glucose uptake. Muscle due to the action of insulin has the ability to 

recruit greater microvasculature during postprandial conditions (without changing the 

total blood flow), which generates a wider surface for glucose delivery and 

transendothelial transport (41). It is worth nothing that during intense activity skeletal 

muscle blood flow can increase dramatically up to 80-100 ml min-1 100g-1 to meet 

the increased demand for oxygen (24). For example, blood flow to the human 

quadriceps can increase more than 50-fold during brief intense exercise and glucose 

extraction can increase more than six-fold (41). In terms of exercise, the increased 

bulk blood flow during exercise arises both from local factors such as nitric oxide 

(NO) release by the muscle as well as from neurovascular changes (30,40). 

 

  

  

Figure B Insulin vasodilation and vasoconstriction pathways in the endothelium.  

Insulin stimulates two pathways in the endothelium through its binding to the insulin 

receptor on ECs: 1) the phosphatidylinositol 3-kinase/Akt (PI3-K) pathway that activates 

endothelial NO synthase (eNOS) and induces NO-mediated vasodilation; and 2) the MAPK 

pathway which mediates production of the vasoconstrictor endothelin-1 (ET-1) (38–40). 

These signalling pathways presented in this figure are closely parallel to insulin signalling 

pathways that regulate glucose uptake (refer to Figure 1.4), this is supported by studies that 

used limb balance methods combined with euglycemic insulin infusions (40). Following 

ingestion of food, insulin first mediates vasodilation at the level of terminal arterioles, 

thereby increasing microvascular capillary recruitment (MVR) (without changing the total 

blood flow) (41,44,46). This occurs within five minutes of insulin stimulation and causes 

subsequent relaxation of larger resistance vessels, resulting in an increase of total blood 

flow, which can be observed within 30 minutes of insulin stimulation (peak flow is reached 

after two hours) (46). Insulin-stimulated production of NO from endothelium leads to 

capillary recruitment, vasodilation, increased blood flow to skeletal muscle, and subsequent 

increase of glucose uptake and disposal. (Taken from (46)).  
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Appendix B 

 

Table A. Inclusion and exclusion criteria for the study 
Inclusion criteria for the study: 

Aged between 65-75 years 

A body mass index (BMI) ˃18 and ˂28 kg/m2 

Exclusion criteria for the study: 

A BMI ˂18 or ˃28 kg/m2 

Active cardiovascular disease: uncontrolled hypertension (BP ˃ 160/100), angina, 

heart failure (class III/IV), arrhythmia, right to left cardiac shunt or recent cardiac 

event 

Cerebrovascular disease: previous stroke, aneurysm (large vessel or intracranial) 

Respiratory disease including pulmonary hypertension, COPD, asthma or an FEV1 

less than 1.5 l 

Metabolic disease: hyper and hypo-parathyroidism, untreated hyper and 

hypothyroidism, Cushing’s disease, types 1 or 2 diabetes 

Active inflammatory bowel or renal disease 

Malignancy 

Recent steroid treatment (within 6 month), or hormone replacement therapy 

Clotting dysfunction 

Musculoskeletal or neurological disorder 

Family history of early (˂55y) death from cardiovascular disease 

Overt muscle wasting i.e. muscle mass is more than 1 SD below normal muscle or 

fat-free mass for age 

Taking beta-adrenergic blocking agents, statins or non-steroidal anti-inflammatory 

drugs 

Known sensitivity any drug used in the study 

Subject deemed unsuitable for femoral venous cannulation at screening visit 
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Table B. Timetable of acute study day 1 and 2. 
Time (min) Evaluation/Assessment/Procedure/Measurements 

-60 Confirm name, DOB, address 

-60 Assess if any AEs or SAEs occurred since screening visit 

-60 Confirm appropriate period of overnight fasting 

-60 Confirm subject has not taken any medications in the last 24 hours 

that might have effect on tests results 

-60 Confirm normal physical activity in the last 7 days 

-40 Subject would change own dress into a clinical gown 

-30 Subject will have DXA scan performed (acute study visit1 only) 

-20 Insert peripheral venous catheters across two arms, femoral artery 

and vein catheters 

-5 Check BP, Pulse, Respiratory rate and Oxygen saturation 

Obtain baseline arterial and venous blood samples (V0: EDTA, 

P800) 

0 Start primed constant infusion of 2-DOG. This will be maintained for 

360 min (6 hours) 

30 Check BP, Pulse, Respiratory rate 

Obtain AV blood samples (V1: EDTA) 

45 Infiltrate local anaesthetic 

60 Check BP, Pulse, Respiratory rate 

Obtain AV blood samples (V2, A2: EDTA) 

Biopsy 1 

90 Obtain AV blood samples (V3, A3: EDTA) 

120 Check BP, Pulse, Respiratory rate 

Obtain AV blood samples (V4, A4: EDTA) 

130 US Doppler 1 

140 Obtain AV blood samples (V5, A5: EDTA) 

150 US Doppler 2 

160 Obtain AV blood samples (V6, A6: EDTA) 

165 Infiltrate local anesthetic 

170 US Doppler 3 

180 Check BP, Pulse, Respiratory rate and Oxygen saturation 

Obtain AV blood samples (V7, A7: EDTA, P800) 

Biopsy 2 

0 Initiate Insulin, Dextrose, Octreotide and Vamin EF-14 +/- GLP-1 
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YSI GLU – every 5 min until 180 min 

20 Obtain AV blood samples (V8: EDTA, P800; A8: EDTA) 

40 Check BP, Pulse, Respiratory rate 

US Doppler 4 

50 Obtain AV blood samples (V9: EDTA, P800; A9: EDTA) 

60 US Doppler 5 

70 Obtain AV blood samples (V10, A10: EDTA, P800) 

75 Infiltrate local anesthetic 

80 Check BP, Pulse, Respiratory rate 

US Doppler 6 

90 Obtain AV blood samples (V11: EDTA, P800; A11: EDTA) 

Biopsy 3 

110 Obtain AV blood samples (V12: EDTA, P800; A12: EDTA) 

120 Check BP, Pulse, Respiratory rate 

130 US Doppler 7 

140 Obtain AV blood samples (V13: EDTA, P800; A13: EDTA) 

150 US Doppler 8 

160 Obtain AV blood samples (V14, A14: EDTA, P800) 

165 Infiltrate local anesthetic 

170 US Doppler 9 

180 Check BP, Pulse, Respiratory rate and Oxygen saturation 

Obtain AV blood samples (V15: EDTA, P800; A15: EDTA) 

Biopsy 4 

+180 Subject monitoring 
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