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Abstract

Diabetes mellitus is the fastest growing chronic condition globally. In 2021 the
International Diabetes Federation estimated that 1 in 10 (537 million) adults are living
with diabetes, with diabetes-related healthcare expenditure increasing by 316% over
the last 15 years. Postprandial hyperglycaemic excursions are a key target for most
therapeutic strategies, due to glucotoxicity being a major risk factor for the
development of diabetic complications. Progression of disease states in both TI1DM
and T2DM can result in the need for intensive insulin therapy to manage
hyperglycaemia. This can result in an increased incidence of hypoglycaemic episodes
and chronic weight gain. Consequently, there is a rationale and need for novel
pharmacological approaches which may compliment the glucose-lowering response of
insulin, thus providing an insulin-sparing effect and may hold promise as use for a
future adjunct therapy. Our collaborator, Prof. Michael Cowley (Monash University,
Melbourne) has published pre-clinical data demonstrating that through melanocortin
receptor 5 agonism, pituitary derived alpha-melanocyte stimulatory hormone (a-MSH),
improves post-prandial glucose tolerance by inducing glucose uptake into skeletal
muscle via an insulin-independent pathway. This thesis aimed to take the first steps in
translating these findings to human biology and assess whether targeting of this novel
mechanism may hold therapeutic potential in the pharmacological management of

glucose homeostasis.

In vitro studies

Healthy adult volunteers (n=6) were recruited to donate vastus lateralis muscle
biopsies, which were processed to isolate myogenic satellite cells that were used to
establish primary human myoblast cell lines. These cells lines were characterized and
found to be free from fibroblast contamination, capable of differentiating into myotubes,
and were insulin responsive. Additionally, an insulin-resistant myotube model was
developed in which ectopic lipid accumulation was induced by chronic incubation with
palmitic acid. The melanocortin receptor (MCR) profile of the six established cell lines
was characterized. MCR1, MCR3, and MCR4 were found to be expressed at stable
levels, whilst low levels of MCR5 was also found. Incubation of myotubes with a-MSH

significantly increased glucose uptake over basal conditions, with a similar effect size



to insulin. In insulin resistant myotubes, the glucose uptake response to a-MSH was
ablated. Incubation of a-MSH with insulin resulted in an additive effect on glucose
uptake in myotubes. Specific agonism of MCR5 with the peptidomimetic PG-901
increased glucose uptake over control, suggesting that the effect may be in part MCR5
mediated. In commercially obtained primary human adipocytes, MCR1 and MCR3
were both expressed but a-MSH had no impact on glucose uptake.

In vivo studies

Fifteen healthy volunteers were recruited into a study investigating whether a-MSH
infusion could improve post-prandial glucose tolerance during an oral glucose
tolerance test (OGTT) and whole-body glucose uptake during a hyperinsulinaemic-
euglycaemic clamp. Participants first underwent four OGTT visits, in which they were
infused with placebo or one of three doses of a-MSH in a randomized, double-blind,
crossover manner. The highest dose (1500 ng/kg/hr) of a-MSH reduced 0-120 minute
glucose incremental area under the curve (IAUC) in concert with a concomitant
reduction in plasma insulin AUC. Exploratory analysis revealed this effect was most
pronounced during the hyperglycaemic peak of the OGTT (30-60 minutes). The same
cohort of participants then underwent hyperinsulinaemic-euglycaemic clamp studies
while being infused with either saline or 150 ng/kg/hr a-MSH in a randomized, double-
blind, crossover manner. Glucose infusion rate was consistently increased in the
presence of a-MSH. No adverse events were recorded during OGTT or clamp

experiments.

These studies thus document for the first time in humans, that exogenous a-MSH acts
directly on skeletal muscle to induce glucose uptake and can lead to improvements in
glucose tolerance. Manifestation of this physiological effect in healthy humans appears
to have a promising safety profile, with no hypoglycaemic episodes or other adverse
events recorded. This thesis lays the groundwork for further investigation of the

therapeutic potential of skeletal muscle melanocortin receptor activation in diabetes.
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Chapter One

Introduction



1 Introduction

1.1 Glucose Homeostasis

Glucose, alongside protein and fat, represent the primary metabolic fuel sources in
living organisms. Under normal physiologic conditions, glucose serves as the obligate
energy source for the brain (1). In adults, the brain can account for 25% of basal energy
expenditure and 50% of whole body glucose utilization (2). In periods of extended
fasting when endogenous glucose sources are depleted, brain function can be
supported through the metabolism of ketone bodies however, ketogenesis can be
supressed during insulin-induced hypoglycaemia. Therefore, it is paramount that
plasma glucose concentration is maintained within a strict range despite rapid changes
in glucose flux between the fasted and fed state. This is achieved through the interplay
of physiological processes that provide for “homeostasis” or balance between glucose

release into the circulation with the energy needs of the body.

As a general background to the topic of glucose homeostasis, the following sections
discuss the uptake, utilization, and storage of glucose in peripheral tissues. Glucose
can enter the circulation via three routes: digestion and absorption of dietary
carbohydrates, the breakdown of glycogen stores through glycogenolysis, and finally
the synthesis of glucose from carbon precursors via gluconeogenesis. Following
uptake from the circulation, the principal fates of glucose are storage as glycogen,
notably in liver and skeletal muscle tissue, glycolytic metabolism, or metabolism to

generate acetyl-CoA for oxidative phosphorylation or lipogenesis.

1.1.1 Uptake and utilization of glucose by peripheral tissue

The plasma membrane of a cell is impermeable to the hydrophilic glucose molecules
in plasma. A family of proteins known as solute carriers 2A (SLC2A) with varying
affinities for glucose are responsible for binding the monosaccharide and transporting
it across the plasma membrane to be utilized by the cell. Fourteen types of these
SLC2A proteins, also known as GLUT transporters, have been identified and their
distribution in varying amounts across tissue types and the abundance of particular
subtypes relate to the specific tissue’s role in metabolism (3) . The extent to which
different GLUT transporter subtypes mediate peripheral glucose uptake depends on

the metabolic state of the organism, i.e., the fasted or fed state. This section is focused



on the liver, adipose tissue, and skeletal muscle as the principal peripheral tissue types
implicated in initial glucose uptake and clearance in in the periphery.

1.1.1.1 Liver

The liver is a significant player in glucose homeostasis, serving as an organ for the
storage and synthesis of glucose. GLUT2 is the most abundant glucose transporter
found in human hepatic tissue, and the main mediator of hepatic glucose storage.
GLUT2 has a relatively high affinity and capacity for glucose (Km ~17 mmol/L)
compared to other SLC2A transporters and is bidirectional, meaning it well suited for
rapid transport of glucose into the cell when plasma glucose levels are high, but also
allows for easy movement of glucose out of the cell during gluconeogenesis and
glycogenolysis, processes both outlined in subsequent sections (4-6). In the basal
state, the liver is a net producer of glucose, but this rapidly changes once plasma

glucose is elevated.

Whereas kinases such as hexokinase are responsible for phosphorylating glucose in
other tissues such as skeletal muscle and adipose tissue , hepatic glucokinase has a
higher catalytic capability and is better suited to deal with the higher throughput of
glucose from the portal circulation (7,8). In the post-prandial state, when portal and
systemic blood glucose is elevated, glucose freely flows into the hepatocyte via
GLUT2, and is phosphorylated by glucokinase to yield glucose-6-phosphate (G6P).
The abundance of G6P serves as a signal for the initiation of glycogen synthesis by
allosterically activating glycogen synthase 2 (GS2) (7,9). This enzyme converts the
phosphorylated glucose monosaccharide to a highly branched glycogen structure.
GS2 is thus the enzyme responsible for hepatic glycogenesis, while in muscle this
process is mediated by glycogen synthase 1 (7,10). Additionally, GS2 is covalently
activated by dephosphorylation secondary to hepatic insulin receptor activation (11).
As such, the combined effect of elevated plasma glucose and insulin during the post-
prandial state contributes to rapid GS2 activation and glycogenesis.

Firstly G6P is converted to glucose-1-phosphate which is then used as a substrate by
UDP-glucose pyrophosphorylase to catalyse the conversion of glucose-1-phosphase
to the activated UDP-glucose (12). GS2 links UDP-glucose molecules together one at
a time by glycosidic linkages to ultimately form glycogen structures which typically have

a mass of 107 kDA, with the maximal amount of glycogen within the liver amounting to



110g/300 mM at capacity (13). In a healthy human, the mass of the liver is between
15-18 times less than the total mass of skeletal muscle but is responsible for over half
of total body glycogen stores. Thus, the hepatic glycogen reserve can continue to be
tapped for energy for between 24 and 48 hours of fasting and can be replenished within

several hours after feeding.

Any phosphorylated glucose not committed to glycogenesis is metabolized by the liver
through glycolysis, this amounts to approximately half of intestinally absorbed glucose
from the diet. Pyruvate, a product of glycolysis may also be used as a substrate for
indirect glycogen formation(7). The “reversibility” of the hepatic glycolytic pathway is

discussed further is Section 1.1.6.

1.1.1.2 Adipose Tissue

Adipocytes constitute the majority of the whole-body energy store in humans, wherein
energy is stored in the form of intracellular neutral triglycerides. While adipocytes also
catabolize glucose to use as fuel, their primary use of glucose is as a metabolic
substrate for the production of free fatty acids through de novo synthesis from the
product of glycolysis acetyl-coenzyme A (acetyl-CoA)(14). Although GLUT1, an
insulin-independent transporter, is responsible for basal glucose uptake in adipocytes
it is the action of insulin induced translocation of GLUT4 to the adipocyte plasma
membrane (the mechanism of which is described in Section 1.1.2.2) that initiates the

cascade of events leading to de novo lipogenesis (DNL) (6).

Following GLUT4 mediated uptake, glucose is passed through the glycolytic pathway
to yield the three carbon pyruvate, which is then converted to citrate and shuttled to
the tricarboxylic acid (TCA) cycle to produce acetyl-CoA(14,15). During glycolysis, a
portion of the glucose is converted to G3P which is the glycerol backbone onto which
triglycerides are esterified. Acetyl-CoA is then carboxylated to malonyl-CoA by the
enzyme acetyl-CoA carboxylase (ACACA) which is the rate limiting step of the fatty
acid synthesis pathway. In addition to driving glucose into the cell to be used as a
substrate, insulin also promotes the activation of ACACA (16,17). The 16 carbon fatty
acid palmitate is the principal output of the fatty acid synthesis pathway in adipocytes,

and may be utilized as a membrane components of the cell or esterified to a glycerol
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backbone by the catalytic enzyme diacylglycerol acyltransferase and stored as lipid
droplets (18).

1.1.1.3 Skeletal Muscle

In humans skeletal muscle is the largest organ by weight and responsible for
approximately 80% of post-prandial glucose uptake and disposal(19-21). Skeletal
muscle is the primary site of insulin mediated glucose disposal, with the fate of glucose
in the fed state being nonoxidative metabolism through conversion to glycogen and
subsequent storage (20). The glucose-binding SLC2A profile of human skeletal muscle
is similar to that of adipocytes, with GLUT1 localized to the sarcolemma and the more
abundant GLUTA4 residing within intracellular vesicles in the basal state (22,23).
Importantly, intracellular GLUT4 can be separated into two pools categorized by the

stimuli that causes their translocation to the plasma membrane.

One pool of GLUT4 is translocated via an insulin mediated pathway and is described
in detail in Section 1.1.2.2. Briefly, insulin binds to its receptor, catalysing the tyrosine
phosphorylation of insulin receptor substrate isoforms, activating PI3K and Akt. Akt
substrates in the unphosphorylated state act as an inhibitor to GLUT4 vesicle
trafficking to the membrane. When Akt is activated and its substrates become
phosphorylated, GLUT4 is free to localize to the plasma membrane thus facilitating

glucose uptake.

An entirely separate pool of GLUT4 in skeletal muscle is available to translocate
through the contraction (exercise) induced AMP-activated protein kinase (AMK)
mediated pathway that does not rely on insulin-Akt signalling (24—26). During exercise,
the a catalytic subunits of AMPK are phosphorylated by calmodulin-dependant protein
kinase and liver kinase Bl (27-29). The activated AMPK can then directly
phosphorylate its substrates TBC1D4 (also known as AS160) and TBC1D1 (22,27).
In the phosphorylated state, these molecules facilitate GLUT4 vesicle translocation to

the sarcolemma (3,30).

Once taken up by myofibers, the fate of glucose is to either be metabolized for ATP

production or storage as glycogen. There are several metabolic pathways via which



glucose is handled, the first of which is glycogen synthesis. The capacity of skeletal
muscle to convert glucose to glycogen is a primary determinant of an individual’s
sensitivity to insulin. Up to 90% of glucose infused during a hyperinsulinaemic-
euglycaemic clamp, where the insulin response is maximal, is disposed of as glycogen
in skeletal muscle in a healthy human(31). Whereas glycogen stored in the liver
undergoes glycogenolysis to regulate whole body glucose homeostasis, skeletal
muscle lacks the critical enzyme in this process (glucose-6-phosphatase) and thus
uses glycogen as a short-term intracellular energy source. Muscle glycogen can
anaerobically provide energy during low-oxygen conditions such as high-intensity
exercise (32). As described in Section 1.1.1.1, GS2 is the glycogen synthase isoform
responsible for glycogen synthesis in liver whereas in skeletal muscle it is glycogen
synthase isoform 1 (GS1) (7,33). Skeletal muscle glycogen synthesis is initiated by
insulin receptor activation which increases glycogen synthase activity and glucose
uptake. Insulin mediated dephosphorylation (activation) of GS1 is augmented by
allosteric activation by glucose-6-phosphate, an intracellular signal of glucose
availability (33). With the glycogenic pathway primed by insulin and G6P glucose is
stored as glycogen in a similar manner to previously described in hepatocytes. G6P is
converted to glucose-1-phosphate (12). Muscle isoform GS1 links UDP-glucose
molecules together in 1-4 glycosidic linkages to ultimately form glycogen structures in
the cell. Although the glycogen concentration in the liver is greater, skeletal muscle
actually accounts for the majority (80%) of whole body glycogen stores at a
concentration of 80-150 mmol/kg/ww (34).

As skeletal muscle myofibers are the product of cell fusion and differentiation and are
hence post-mitotic, they do not have the biosynthetic needs of dividing cell types and
hence their basal energy consumption is low and glycogen intracellular glucose flux is
minimal (35). ATP is required to fuel skeletal muscle contraction. During exercise, the
energy needs of the cell rapidly increase, and the readily available ATP stores liberated
through the breakdown of phosphocreatine (PCr) and glycogen are only sufficient to
support contraction in the short term (36,37). Therefore, other metabolic pathways
must be employed to tap into available circulating glucose. As previously described,
skeletal muscle contraction translocates an insulin-independent pool of GLUT4 to the
plasma membrane promoting glucose uptake. Glucose may then be used as a

substrate in two main catabolic pathways which vary in their contribution to ATP
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synthesis, and partition glucose between them depending on the length and intensity

of exercise.

During intense short-term exercise (<1 minute) once PCr stores are exhausted, rapid
glycogenolysis occurs and the liberated glucose is metabolized to lactate through
anaerobic glycolysis(38,39). In this pathway, glucose is first phosphorylated by
hexokinase to glucose-6-phosphate to ensure the glucose molecule does not diffuse
out of the cell. Glucose is then processed through five energy-consuming enzymatic
steps to yield glyceraldehyde-3-phosphate, upon which the ATP generating phase of
the pathway begins. Two three-carbon pyruvate molecules are products of these
reactions resulting in a net yield of 2 ATP and 2 NADH molecules. In the anaerobic
conditions of intense short-term exercise, pyruvate cannot be oxidated is then further
metabolised to lactate. Lactate dehydrogenase converts pyruvate to lactate which can
then be transported into the circulation by monocarboxylate transporters as part of the
Cori cycling and resulting hepatic gluconeogenesis described in Section 1.1.4.2
(40,41). Although rapid, this method of ATP generation is not sufficient to meet the
energy requirements of the muscle during prolonged exercise.

As the exercise stimulus in muscle increases in length, blood flow to the muscle
increases resulting in an increase in oxygen availability which facilitates the
mitochondrial oxidative phosphorylation of pyruvate. In these conditions, intramuscular
glycogen still provide the majority of glucose substrate, but once exercise begins to
extend into the long term (minutes to hours) the reliance on circulating blood glucose

to serve as the substrate for oxidation increases.
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Figure 1.1 Overview of skeletal muscle glucose uptake and utilization

Insulin receptor agonism and contraction cause skeletal muscle GLUT4 translocation
to the plasma membrane. Glucose diffuses into the cell and is phosphorylated by
hexokinase and either processed to G1P for glycogen synthesis or F6P before
undergoing glycolysis followed by either oxidative phosphorylation or anaerobic

fermentation.

1.1.2 Normal Physiology of Insulin Release and Action

1.1.2.1 B-Cell Function and Insulin Secretion

The pancreas consists mainly of exocrine tissue interspersed with endocrine islets
comprising approximately 3% of organ volume(42). These islets contain four principal
cell types namely q, B, y, and € cells. The most abundant of these cells are the (3 cells
representing approximately 60% of islet cell types by volume (42). Beta cells contain
tightly packed granules of insulin sufficient for an approximately 2-week supply in
healthy insulin-sensitive individuals (43). Although insulin also acts on essential
pathways modulating lipid and protein metabolism, circulating levels of the hormone
are most closely coupled to plasma glucose concentrations. The B-cell must rapidly

and accurately respond to fluctuating plasma glucose concentrations, as well as



longer-term factors such as varying tissue sensitivity, to dynamically fine-tune the level

of insulin release required to achieve euglycaemia.

Insulin hormone is a product of post-translational proteolytic cleavage of the
preproinsulin polypeptide found within the cytoplasm of the (3-cell(44). The cleavage of
the N-terminal signal peptide from preproinsulin to yield proinsulin is primarily
controlled by changing levels of plasma glucose (44,45), and is then further cleaved in
the secretory granules of the cell to yield equimolar amounts of insulin hormone and
C-peptide (45,46). After nutrient dependent depolarisation of the B-cell membrane,
granules containing insulin and C-peptide are trafficked to the plasma membrane and
released into circulation through calcium regulated exocytosis (45). This response is
primarily associated with the facilitated transport of extracellular glucose into the
cytoplasm through GLUT1, the most abundant glucose transporter found in the human
B-cell (47), although it is suggested GLUT2 may also play a role in human insulin
secretion (4). Once internalised, glucose is phosphorylated by glucokinase
(hexokinase 1V) before proceeding to the glycolysis pathway. As glucokinase is rate-
determinant for the glycolytic pathway, it is thought of as the “glucose sensor” in the 3-
cell (47,48). The pyruvate yield from glycolysis enters the TCA pathway in the
mitochondrion resulting in a net gain of ATP in the cell. The increase in cytosolic ATP
resulting from glucose metabolism leads to the closure of Katp channels, depolarising
the B-cell membrane. The depolarisation triggers an influx of Ca2* from the extracellular
space through voltage-dependant calcium channels (VDCCs). Calcium ions then bind
to synaptotagmin 7, a binding protein co-localized with granules containing insulin, to
induce exocytosis of the granules and release of insulin into the circulation(45,49,50).
Calcium transient regulated exocytosis thus facilitates the rapid response of the B-cell
to changing blood glucose(45).

Complementary to the downstream effects of glucose metabolism leading to insulin
granule exocytosis, are pathways activated by pancreatic B-cell Gas-protein-coupled
receptor agonism that augment insulin secretion by agonists known as incretins. These
insulinotropic peptides, such as GLP-1 and GIP (51,52), bind to their respective Gas
receptors, activating adenylate cyclase and generating cyclic adenosine mono-
phosphate (cCAMP). An increase in CAMP mediates PKA-dependant mechanisms
which increases signalling of proteins such as Epac2A and Piccolo that sensitize
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calcium binding proteins and result in an increase in insulin granule exocytosis (53,54).
As this mechanism relies on glucose metabolism to promote the flux of calcium ions
into the cell, it is glucose-dependant and primarily having a physiologically relevant
insulinotropic effect in the presence of elevated plasma glucose (52,55,56). The effect
of incretins on insulin release is dose dependant, with a five-fold increase in an oral
glucose load resulting in a two-fold increase of incretins such as GLP-1 and GIP (55—
57). As the release of the GLP-1 and GIP (from enteroendocrine L-cells and K-cells
respectively) are themselves dependant on nutrients passing through the digestive

tract, this cascade of events is a powerful metabolic-amplifying pathway in (3-cell

physiology.

The kinetics of insulin release from (-cells in response to a glucose load is biphasic,
with an initial 15 phase consisting of an acute burst of insulin release lasting several
minutes from granules primed for exocytosis(58), followed by a sustained 2" phase of
insulin secretion that more closely tracks with changes in blood glucose (59). The
magnitude of the 15 phase insulin secretory response is proportional to the elevations
in plasma glucose, and typically represents 10% of the insulin required to be secreted
to clear 75g of glucose during a standard oral glucose tolerance test (60). It is believed
the purpose of this 1% phase is to suppress endogenous glucose production as well as
prime peripheral tissue insulin receptors to take up glucose, thus blunting any
prolonged hyperglycaemic excursions. The 2" phase is a function of plasma glucose
levels and the sensitivity of the B-cell to stimuli causing insulin release, and as such
after the 15 phaser of release, insulin levels rise synchronous with glucose levels in a

healthy insulin sensitive individual.

1.1.2.2 The Glucose Transporter Response to Insulin in Peripheral Tissue

Insulin secreted by the pancreas exhibits a wide range of anabolic effects in a multitude
of peripheral tissues. The most relevant of which to this thesis is its role in maintaining
blood glucose levels within a narrowly defined range by acting on the muscle and
adipose tissue to promote glucose uptake and glycogen synthesis, and by inhibiting

glycogenolysis and gluconeogenesis in the liver.
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Insulin signal transduction begins with the ligand-receptor binding between the insulin
peptide and the tyrosine kinase insulin receptor at the plasma membrane of the cell.
Ligand binding initiates autophosphorylation of the intracellular 8 subunit region of the
receptor, increasing the activity of the subunits and allowing for insulin receptor
substrate docking (44,61,62). The next step following receptor autophosphorylation is
rapid tyrosine phosphorylation of cytosolic proteins, the category of which is involved
in the regulation of metabolism is the insulin receptor substrate (IRS) family of proteins.
Insulin receptor isoforms IRS-1 and IRS-2 are most relevant to glucose homeostasis
being expressed in muscle, fat, liver and pancreatic tissue (63), with IRS-3 not
expressed in humans and IRS-4/5/6 having no demonstratable link to insulin action
(64). This is the first of three critical steps in the insulin mediated pathway which
ultimately leads to GLUT4 translocation to the plasma membrane and subsequent
glucose uptake, the second of which is phosphatidylinositide-3 kinase (PI3K)

activation.

Upon insulin-stimulated phosphorylation of IRS insulin receptor tyrosine kinase, IRS-1
and IRS-2 then proceed to bind the p85 subunit of PI3K, thus increasing the catalytic
activity of the kinase. PI3K generates 3,4,5-triphosphate (PIP3) by phosphorylating
glycolipids found on the intracellular plasma membrane, which then activate PIP3-
dependant kinases. The PIP3-dependant kinases, PDPK1 and PDPK2, activate Akt
isoforms which is the third critical node in insulin signal transduction. Activation of Akt,
known also as protein kinase B (PKB) is caused by specific phosphorylation of its
threonine (T308) and serine (S473) regions (65). In their unphosphorylated state, Akt
substrates TBC1D4 and TBC1D1 (phosphorylation mediated by downstream AMPK
activation) act as intracellular breaks on GLUT4 translocation to the plasma membrane
by inhibiting actin filament exocytotic machinery (45,66). Once TBC1D4 is
phosphorylated by the activated Akt, inhibition of GLUT vesicle trafficking is alleviated,
allowing for exocytosis and fusion of GLUT transporters to the plasma membrane.
GLUT 4, one of 14 species classified under solute carriers 2a (SLC2A), is the primary
mediator of insulin induced glucose uptake in muscle and adipose tissue and is critical
in post-prandial glucose homeostasis(3,22,66). Once docked at the plasma
membrane, GLUT4 allows for rapid facilitated glucose transport from the blood to the
intracellular space at a rate of up to 12 mmol min-* at maximum hyperinsulinaemic and

hyperglycaemic stimulation of muscle tissue (67). This rapid signal transduction from
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insulin receptor tyrosine kinase to GLUT4 translocation facilitates an effective

response to prevent excessive hyperglycaemic excursion in the post-prandial state.

1.1.2.3 Measurement of Insulin Release and Action

Quantitively measuring insulin release and action in vivo is an important goal in
diabetes research. While an individual's sensitivity to insulin action can be inferred
through surrogate indexes such HOMA-IR, and although useful in its simplicity, this
may only be an accurate indicator of B-cell function and can be confounded by insulin

resistance or signalling defects(68).

The oral glucose tolerance test (OGTT) is widely used clinically to diagnose glucose
intolerance. A standard protocol consists of the patient ingesting 75g of liquid glucose
following an overnight fast and serial blood samples taken over 2 hours. A diagnosis
of diabetes can be made if blood glucose is elevated above 11 mmol/L after 120
minutes (69). Although the OGTT is a useful proxy for postprandial glucose and insulin
dynamics other factors such as incretin effects and variability in gastric emptying hinder
the technigues accuracy in assessing insulin sensitivity and -cell response to glucose.
(70,71).

Developed in the 1970’s, the hyperglycaemic clamp involved a continuous intravenous
infusion of glucose which exposes the B-cells to a square wave of hyperglycaemia by
elevating and maintaining blood glucose (72). The main benefit of this technique is its
ability to tease apart the biphasic response of insulin secretion by the pancreas. In the
first 5-8 minutes, there is a sharp burst of insulin release followed by a progressive
slow increase that lasts as long as hyperglycaemia is maintained. The value of this
measurement lies predominantly in the measurement of the 1%t phase response, as
defects in this response are an accurate predictor of $-cell dysfunction and onset of
diabetes (60,73,74).

As discussed throughout this thesis, the hyperinsulinaemic-euglycaemic clamp
developed by Ralph A. DeFronzo is the most valuable quantitative tool in assessing
whole body insulin sensitivity(72,75). Detailed further alongside it's use Chapter 4, the
purpose of this method is to obtain an accurate and reproducible measurement of
whole body insulin sensitivity (71,72). Briefly, hyperinsulinaemia is induced in subjects

via a continuous and fixed intravenous insulin infusion. In this condition, endogenous
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glucose production is supressed and euglycaemia is maintained by a variable
intravenous glucose infusion. A quantitative measurement of whole body glucose
uptake can then be imputed through the weight adjusted rate of glucose infusion
needed to maintain euglycaemia. This allows the relationship between insulin
secretion and sensitivity to be teased apart and is valuable in the pharmacodynamic
assessment of interventions impacting glucose homeostasis. However, this method
does have its limitations. Safely and successfully conducting this experiment is time
consuming and requires highly trained personnel as blood samples need to be taken
every 5 minutes and the variable glucose infusion rate adjusted manually in real time.
Although computational algorithms have been developed to automatically adjust
glucose infusion rates, they have not found widespread use (76,77). Nonetheless, the
hyperinsulinaemic-euglycaemic clamp remains the method of choice in assessing

changes in whole body insulin sensitivity where resources allow.

1.1.3 Glycogenolysis

At its resting glucose consumption rate of on average 8g per hour, the body would
metabolise all circulating blood glucose within 30 minutes without the constant supply
of endogenous glucose. Following an overnight fast, the breakdown of hepatic
glycogen stores, termed glycogenolysis, is responsible for approximately 40% of
endogenous glucose production (78). During glycogenolysis, glucose molecules are
liberated one at a time from the branched glycogen structures and released into
circulation to maintain glucose homeostasis. This metabolic pathway is regulated by
the activity of glycogen phosphorylase which cleaves the a 1-4 glycosidic links of the
glycogen molecules to yield glucose-1-phosphate. The enzyme phosphoglucomutase
converts glucose-1-phosphate to glucose-6-phosphate by transferring the phosphate
group from carbon 1 to carbon 6. Once G6P is hydrolysed it is free to pass through the
bidirectional GLUT2 transporter due to the high glucose gradient and be released into

circulation.

1.1.3.1 Regulation of Glycogenolysis

The shifting dominance between glycogen synthesis and catabolism is gradual, with
the hepatic glucose flux a function of glycogen synthase and glycogen phosphorylase
activity. Activation of glycogen phosphorylase is a result of glucagon binding to its
receptor on the hepatocyte and initiating a cascade of metabolic signals. Glucagon
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receptor is a Gas protein coupled receptor type, and its agonism rapidly increases
intracellular cAMP through adenylyl cyclase activation (79). cAMP initiates the
signalling cascade wherein cAMP-dependant protein kinase A is activated, leading to
phosphorylation and subsequent activation of phosphorylase kinase. Lastly, this
phosphorylase kinase converts the inactive glycogen phosphorylase to its active form
(11).

Initiation of glycogenolysis is principally controlled by a key enzyme that react to the
metabolic state of the hepatocyte. As described in Section 1.1.1.1 glycogen synthase
is activated by dephosphorylation, whereas its reciprocal enzyme glycogen
phosphorylase is activated by phosphorylation. Protein phosphatase 1 (PP-1)
dephosphorylates both enzymes, thus inhibiting glycogenolysis. Glucose-6-phosphate
mediates PP-1 activity by binding to glycogen synthase, catalysing the phosphorylation
of the enzyme by PP-1, but also binds glycogen phosphorylase to reduce its activity
through enhanced PP-1 dephosphorylation (11,80). Therefore, the influx of glucose
into the hepatocyte and subsequent rise in G6P concentration is a key regulator of

glycogenolysis.

1.1.4 Gluconeogenesis

Gluconeogenesis is a metabolic process defined as the biosynthesis of glucose from
3-carbon precursors, e.g., glycerol, pyruvate, and lactate and amino acids such as
alanine and glutamine. In the fasting state, gluconeogenesis accounts for 50-60% of
endogenous glucose production (78). Gluconeogenesis occurs in the two tissue types,
the liver and kidney renal cortex, that express the essential enzyme in the process
glucose-6-phosphatase. The liver accounts for approximately 90% of gluconeogenic

activity and the kidney the remaining 10% (78).

1.1.4.1 Glucagon Release from Pancreatic a-cells

Glucagon is the main endocrine product of pancreatic a-cells, with its release mediated
by hypoglycaemia, mixed nutrient ingestion, and autonomic nervous system (ANS)
activity. The main physiological function of the peptide hormone is to raise blood
glucose levels by stimulating glycogenolysis and gluconeogenesis whilst inhibiting
glycogenesis and glycolysis.

14



The 29 amino acid sequence of glucagon is highly conserved between mammalian
species. The glucagon gene produces the 180 amino acid preprohormone termed
proglucagon (81). Proglucagon can be tissue specifically post-translationally modified
to yield a multitude of peptides in the glucagon superfamily, such as glucagon like
peptides 1 and 2 (GLP-1/2) and glucagon-related polypeptide (GRPP). In the
pancreatic a-cells, glucagon is the main peptide produced by proglucagon
processing(81).

The secretory mechanism of the a-cells in the release of glucagon in response to blood
glucose levels shares much of the same exocytotic machinery and Kate ion channels
as that of B-cell insulin release. In summary, whereas in B-cells the increase in
intracellular ATP levels as a result of glucose metabolism causes exocytosis in
response to potassium channel closure, in a-cells membrane depolarization inhibits

rather than stimulates the exocytotic machinery (82,83).

The ANS is an important counter regulator of hypoglycaemia through its actions on the
a-cell to stimulate glucagon release via parasympathetic and sympathetic limb
activation. The threshold for activation of the ANS by central hypoglycaemia is typically
above the levels at which signs of hypoglycaemia begin to manifest themselves,
between 75-85 mg/dl (84,85). Once stimulated, postganglionic terminals found within
the pancreatic islets release norepinephrine and acetylcholine which bind to their
receptors on the a-cell plasma membrane. Additionally, a third component of
sympathetic branch driven glucagon release occurs via the effects of epinephrine, (86).
Thus this trifecta of autonomic stimuli increase intracellular cAMP, liberates

intracellular Ca?* stores and accelerates glucagon exocytosis (87).

After release by the pancreatic a-cells and transport through the bloodstream to the
liver, glucagon binds to the hepatic glucagon receptor inducing the transcription of the
key gluconeogenic enzyme PEPCK whose action is described in detail in Section
1.1.4.3 (88).
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1.1.4.2 Substrates of Gluconeogenesis

Three carbon molecules, amino acids, and glycerol can all be used as substrates for
gluconeogenesis, entering the pathway at different points depending on the origin of
the carbon precursor. The adaptability of the pathway to use a wide range of
metabolites ensures glucose homeostasis can be maintained even in states where

there is low nutrient availability.

The Cori cycle provides lactate as a by-product of glycolysis in peripheral tissues, in
particular the skeletal muscle, and transports them to the liver where they are
converted to pyruvate and used to create glucose (89,90). During periods of low
oxygen supply, such as bouts of physical activity, lactate is produced through
anaerobic fermentation of glucose in the muscle cells. When the muscle is at rest,
lactic acid diffuses out of the myocyte and into the bloodstream, where it may be further
oxidized by the heart or taken up by the liver where it is taken up by plasma membrane

monocarboxylate transporters to be used as substrate for gluconeogenesis (41,91).

Alanine and glutamine are the two most relevant amino acid substrates for
gluconeogenic pathway(91). In the liver alanine is the main contributor, while in the
kidney it is glutamine. In what is known as the Cabhill cycle, alanine is released into
circulation after skeletal proteolysis, where it is taken up by the liver and
deaminated(40,92). Once in the hepatocyte, the alanine is transaminated to glutamate
by glutamic-pyruvic transaminase, then once again deaminated to yield the
gluconeogenic substrate pyruvate(93). Similar to the Cori cycle, the Cahill cycle serves
to repurpose skeletal muscle metabolic by-products to maintain glucose homeostasis.
The entry of glutamine into the gluconeogenic pathway is unique in that unlike alanine
or direct three carbon precursors, there is a net yield of energy in the form of ATP as
a result of its processing (94). Glutamate is first converted to glutamine by
mitochondrial glutamate-alanine-transaminase in a similar fashion to the metabolism
of alanine described previously. Three carbon segments of glutamine are then
liberated in the mitochondria by the Krebs Cycle at which point glutamine enters the

gluconeogenic pathway as oxaloacetate as described in the following section.

Although not as significant a contributor as the aforementioned amino acids and

lactate, glycerol provided by the lipolysis of triglycerides in adipocytes is responsible
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for 3-7% of substrate contribution for gluconeogenesis (91,95). Once released by the
adipocyte, glycerol is phosphorylated to glycerol-3-phosphate (G3P) by the liver
specific glycerol kinase. G3P is then converted to dihydroxyacetone phosphate
(DHAP) which is the entry point of glycerol into the gluconeogenic pathway. From here
DHAP can proceed up through the reversible steps in glycolysis to yield a glucose

molecule.

1.1.4.3 The Gluconeogenic Pathway

Eleven key enzymes may be employed in the gluconeogenic conversion of pyruvate
to glucose. Four of these enzymes are exclusive to the gluconeogenic pathway, while
seven are involved in reversible steps in the glycolytic breakdown of glucose-6-
phosphate. Pyruvate is first transported into the hepatic mitochondrion by a
mitochondrial pyruvate carrier where gluconeogenesis begins, and it is converted to
the 4-carbon oxaloacetate (OAA) by pyruvate carboxylase. The next major step is the
decarboxylation of OAA by the cytosolic isoform of phosphophenolpyruvate
carboxykinase (PEPCK-C). However, the mitochondrial membrane is impermeable to
OAA, and so it must first be converted to malate by the enzyme malate dehydrogenase
via NADH oxidation before passing through the malate-aspartate shuttle into the
cytosol. The malate molecule is now localized in the cytosol of the hepatocyte where
it is then converted back into OAA by the action of cytosolic malate dehydrogenase. It
is now readily available as a substrate for PEPCK-C to yield phosphoenolpyruvate
(PEP). PEP is an intermediate product of the glycolytic pathway, and the enzymatic
steps in the mitochondrion just described present an intuitive way to bypass the
irreversible step in glycolysis that is the breakdown of PEP to pyruvate. Now in the
cytosol, PEP then proceeds back through the six reversible enzymatic steps in
glycolysis (described in Section 1.1.1.3) resulting in fructose, 1-6-bisphosphate.
Conversion of fructose, 1-6-bisphosphate to fructose-6-phosphate involves the
removal of a phosphate group by fructose 1-6-bisphosphatase, and then proceeds to
another reversible step of glycolysis which is the hexose isomerase reaction of
fructose-6-phosphase to glucose-6-phosphate. The final step of gluconeogenesis that
is the dephosphorylation of glucose-6-phosphate to yield glucose which can then enter
the bloodstream involves a key enzyme complex, glucose-6-phosphatase (G6Pase),
only found within the endoplasmic reticulum of the hepatic and renal cortex tissue. G6P

is brought into the endoplasmic reticulum through the translocase known as T1. Once
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delivered to the G6Pase complex, the final phosphate group is removed, glucose is
returned to the cytoplasm via the T2 translocase where it is free to diffuse through

GLUT2 and into the bloodstream thereby raising circulating glucose levels.

1.1.4.4 Regulation of Gluconeogenesis

As with the balance between glycogenosis and glycogenolysis previously described,
the regulation of gluconeogenesis is a gradual change between the fed and fasted
states involving transcriptional regulation through specific gene promoters as well as
acute regulation by hormones and metabolites through allosteric and covalent

modification of key gluconeogenic enzymes.

Acute regulation of gluconeogenesis takes place in the short term (seconds to minutes)
to rapidly change hepatic glucose flux in response to plasma glucose levels. The acute
regulation of gluconeogenesis primarily takes place at the reversible steps shared with

the glycolysis and serve to promote/inhibit these opposing pathways.

Pyruvate dehydrogenase (PDH) decarboxylates pyruvate in the mitochondrion to yield
OAA in an early step of gluconeogenesis. In the fed state, PDH is phosphorylated
which serves to allosterically inhibit the enzyme. This is due to hepatic insulin receptor
activation increasing expression of pyruvate dehydrogenase kinases which repress
gluconeogenesis by keeping PDH phosphorylated thus inhibiting its action (96).
Pyruvate carboxylase (PC) is one of the more potent gluconeogenic enzymes,
converting pyruvate to OAA by carboxylation in the mitochondrion. Acetyl-CoA is a
strong allosteric activator of pyruvate carboxylase (97). The absence of hepatic Acetyl-
CoA induces a conformational change in the structure of the PC enzyme, preventing
its binding and carboxylation of pyruvate. In the fasted state, when fatty acid oxidation
is increased and thus acetyl-CoA as a result, gluconeogenesis is stimulated (97).
Pyruvate kinase (PK) is responsible for converting PEP to pyruvate in the liver, and
has long been known to serve as a negative regulator of gluconeogenesis by
antagonising the actions of both PDH and PC(96,98,99). PK is inactivated by
downstream glucagon receptor activation mediated by cAMP-PKA signalling. The
phosphorylation of PK by PKA decreases the enzymatic activity on its substrate PEP,
thus allowing PEP to be further processed in the gluconeogenic pathway instead of

being directed towards glycolysis. The final critical step in which gluconeogenesis is
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acutely regulated are the irreversible steps involving the enzymes fructose,1-6-
bisphosphatase (F1-6B) and phosphofructokinase (PFK) in gluconeogenesis and
glycolysis respectively. These two enzymes reside at a junction of pathways that
represent complementary but irreversible steps in which they catalyse the conversion
of fructose, 1-6-bisphosphate to fructose-6-phosphate by F1-6B and vice-versa by
PFK. Hepatic PFK is allosterically inhibited by the presence of PEP and citrate, both
of which indicate high abundance of gluconeogenic substrates and available energy.
Additionally, PFK is also inhibited by the product of F-1-6B, fructose,1-6-phosphate.

Following shifts between the fed and fasted state that acutely regulate
gluconeogenesis just described, come longer term regulation of the pathway through
influence over the transcription of gluconeogenic gene expression. The two opposing
forces in this transcriptional regulation are the hormones insulin and glucagon, with
glucagon increasing intracellular cAMP which increases the activity of transcription
factors, and insulin repressing these effects by disabling the key gluconeogenic

transcriptional regulator FOXO1 as detailed below.

These transcriptomic shifts are primarily manifested through their influence on the
expression of PEPCK, F1-6B, and G6Pase. Glucagon is a principal activator of PEPCK
and G6Pase gene expression. Upon binding to the hepatic glucagon receptor, PKA
activated downstream phosphorylates c-AMP response element binding (CREB) in the
nucleus. CREB binds to its response element in the genes encoding for PEPCK and
G6Pase, initiating transcription of these enzymes (100,101). Although the mechanisms
by which have not been fully elucidated, the release of insulin initiates the primary
transcriptomic counterregulatory response to gluconeogenesis (102,103) . Agonism of
hepatic insulin receptor phosphorylates IRS and PI3K and the phosphorylation
cascade that activates Akt previously described in Section 1.1.2.2. Akt then
phosphorylates forkhead transcription factor 1 (FOXO1). FOXOL1 is a promoter of
PEPCK and G6Pase transcription in its active (unphosphorylated) state. Through
insulin mediated FOXO1 phosphorylation, gluconeogenic gene expression is inhibited
as this key transcription factor is deactivated (80,102). PGC-1a is another gene
expression promoter with influence over the gluconeogenic pathway that exerts its
effecting during the basal state (102,104). PGC-1a is essential to the expression of
main gluconeogenic enzymes (PEPCK, F1-6B, and G6Pase) and is activated in
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response to glucagon receptor cCAMP generation and CREB(104). Once activated by
phosphorylation, PGC-1a binds to gene promoters of the gluconeogenic enzymes and

enhances their expression.

1.2 Skeletal Muscle Glucose Metabolism in Diabetes Mellitus

Having described the broad picture of glucoregulatory physiology in the preceding
sections, the following pages address the failure of glucoregulation in diabetes, with a
focus on changes in skeletal muscle biology as they pertain to pathogenesis and the

mechanism of action of anti-diabetic drugs.

1.2.1 Classification of Diabetes Mellitus

The majority of cases of diabetes mellitus (DM) are classified either Type 1 DM
(T1DM), resulting from autoimmune B-cell destruction and insulin deficiency or Type 2
DM (T2DM) due to the gradual loss of normal B-cell function in the context of insulin
resistance. The American Diabetes Association defines an additional two broad
categories in their 2022 update to Standards of Medical Care (69), gestational diabetes
and diabetes from other causes (encompassing monogenic syndromes, disease of the
exocrine pancreas, chemical-induced diabetes, and post-organ transplantation).
However, today it is clear that TLDM and T2DM are heterogenous diseases in which

there are a wide range of symptoms and rates of disease progression.

The disease progression of TLDM is more clearly defined and can be separated into 3
distinct stages, with the age of onset, autoantibody levels, and autoantibody specificity
being the main predictors rate of progression (105). Stage 1 of T1DM is typically pre-
symptomatic, with the individual being normoglycaemic but presenting with
autoimmunity via islet autoantibodies. In Stage 2, the individual is still free from
microvascular and macrovascular complications but presents some dysglycemia.
Stage 2 can be diagnosed by an increase in autoantibody levels, fasting glucose of
5.6-6.9 mmol/L, a 2-hour glucose level following an OGTT of 7.8-11 mmol/L, or HbA1C
39-47 mmol/mol. By Stage 3, profound hyperglycaemia and ketoacidosis is presented
in untreated cases, and B-cell function is effectively lost. Although the specific
mechanisms in which B-cell death occurs remains controversial there is substantial

evidence that destruction of the cell is due to an autoimmune response. For example,
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in Caucasian children diagnosed with TD1DM at a young age, 90% were positive for
at least one of the four autoantibodies associated with TD1DM (106).

T2DM accounts for 80-90% of diabetes and in the past has been referred to as “adult-
onset diabetes” or “noninsulin-dependent diabetes”, however those terms have been
deemed redundant by the rapidly growing body of research describing the
heterogeneity of the disease. Typically, autoimmune destruction of the pancreatic -
cell does not occur, and most patients have a body mass index (BMI) in the obese
range (>30kg/m?) and insulin resistance. Disease progression can be significantly
slower than in T1DM, with individuals going undiagnosed for several years as
carbohydrate metabolism is gradually dysregulated during prediabetes. In terms of
glucose homeostasis, prediabetes is defined by HbAL1C levels of 5.6-6.4%, but high
circulating triglycerides or low HDL cholesterol may also be present (69). As
prediabetes progresses into T2DM, endogenous insulin secretion becomes insufficient

to overcome insulin resistance and impaired glucose tolerance becomes prominent.

Recognizing the heterogeneity of the disease, Ahlgvist et al. have proposed a refined
classification system that may be used as a tool with the aim of improving patient
outcomes by personalizing treatment (107). Using data-driven cluster analysis in 8980
patients with newly diagnoses diabetes, five clusters of patients each with distinct
characteristics and diabetic complications were observed. Cluster 1, representing
6.4% of patients studied, fits the classical description of TLDM in which the patient has
low BMI, insulin deficiency and evidence of an autoimmune response. Cluster 2, 17.5%
of patients, were also insulin-deficient, low BMI, and early age of onset but
demonstrated no evidence of an autoimmune response. Cluster 3, fitting the traditional
definition of T2DM, was characterized by high BMI with severe insulin resistance and
hyperinsulinaemia. This cluster classified 15.3% of subjects studied. Patients in cluster
4, 21.6% of those examined, had no evidence of insulin resistance but high BMI
indicative of obesity. The largest cluster comprising 39.1% of patients studied was
Cluster 5 in which patients were characterized by old age with moderate metabolic
dysregulation. The authors also found that these clusters displayed discrete rates of
disease progression and incidence of complications. Cluster 1 and 2 displayed
significantly elevated HbAlc and frequent ketoacidosis. Cluster 3 had a high rate of
Non-alcoholic fatty liver disease (NAFLD) and chronic kidney disease (CKD), with
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lower incidence rates found in Clusters 4 and 5. In terms of disease management
through pharmacotherapy, insulin was prescribed in 42% of patients in Cluster 1 and
29% of patients in Cluster 2, but <4% in Clusters 3-5. Interestingly, Cluster 3 had a
lower rate of metformin in comparison to Clusters 4 and 5. This cluster, defined by
obesity and insulin resistance, would be thought to benefit the most from metformin
use. In conclusion, an increasingly stratified approach to the classification of DM, such
as that proposed by Ahlgvist et, al. may be useful in a personalized medicine approach
to the treatment of diabetes. This approach may be particularly useful in identifying
responders to novel pharmaceutical treatments that may only be effective in certain
disease states.

1.2.2 Mechanisms of Skeletal Muscle Insulin Resistance
While insulin resistance (IR) can arise in multiple tissues and organs, skeletal muscle

IR is of particular relevance to dysglycaemia.

Skeletal muscle accounts for 80% of insulin mediated post-prandial glucose disposal
and metabolic defects in this tissue result in profound dysregulation of glucose
homeostasis. These metabolic defects are underpinned by impairment of insulin signal
transduction, and attendant impairment of glucose uptake, glycogen synthesis and
glucose oxidation (75,108). It has been demonstrated that skeletal muscle insulin
resistance may predate hepatic insulin resistance in T2DM disease progression, with
the fate of postprandial carbohydrates being directed to hepatic de novo lipogenesis in
individuals with skeletal muscle insulin resistance which lead to further metabolic
complications (75,109). Once clinical manifestations of T2DM begin to appear, patients
often have a multitude of metabolic abnormalities such as hyperglycaemia,

hyperinsulinaemia, and elevated FFA levels(75,110).

Although the relative contributions of these factors to the pathogenesis of insulin
resistance is a challenge to quantify, elevations in circulating FFA leading to ectopic
lipid accumulation is widely acknowledged to act as a mediator of skeletal muscle
insulin resistance. Adipocytes provide a buffer to lipid accumulation in other peripheral
tissues, and the inability of adipocytes to store excess fatty acids leads to ectopic lipid

accumulation in skeletal muscle that is commonly observed in patients with skeletal
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muscle insulin resistance (111-114). Circulating FFA’s increase when the capacity of
white adipose tissue to take up and utilize the fatty acids is reached and as a result
these are taken up by skeletal muscle. In lipoatrophic mice lacking adipocytes, a
marked increase in fat accumulation is observed in skeletal muscle and liver tissue
(115). When fat is transplanted from wild-type littermates subcutaneously into these
same mice, ectopic lipid content is normalized and insulin signalling restored.
Additionally, in mice overexpressing lipoprotein lipase intracellular fat is accumulated
specifically in skeletal muscle and hepatic tissue (116,117). As lipid accumulation in
the muscle is a product of the difference between fatty acid uptake and oxidation,
disruptions in mitochondrial metabolism are a principal predisposing factor for insulin
resistance. Reduced mitochondrial density and activity in offspring of patients with
T2DM suggests this can be an inherited genetic defect (118,119). Furthermore, as
intracellular lipid accumulates, gene expression linked to mitochondrial oxidation is
decreased, leading to the increased production of reactive oxygen species which
further impair the function of the mitochondrion and exacerbate accumulation of fatty

acid metabolites such as diacylglycerol and ceramides(108,114).

Skeletal muscle glucose uptake in response to insulin relies on efficient coupling of
intracellular signalling events between starting with receptor activation and terminating
with GLUT4 translocation. The intracellular environment in the context of ectopic fat
accumulation can lead to multiple points of failure in this signalling cascade. Over the
last two decades the laboratory of Gerald Shulman (Yale University) has generated
substantial evidence implicating diacylglycerol (DAG) accumulation in inhibiting
GLUT4 translocation at specific locations in the skeletal muscle insulin signalling
pathway (114,120). Humans and mice with transiently increased FFA levels caused by
lipid infusions demonstrated a significant reduction in G6P concentration in skeletal
muscle, demonstrating the fault lies in GLUT4 translocation and increased glycolytic
flux t (121,122). It was then established in both human and animals that elevated free
fatty acids increased intracellular DAG, which activates a novel protein kinase (nPKC)
that directly inhibits IRS-1 phosphorylation through a serine-threonine kinase cascade,
ultimately stopping GLUT4 translocation (123-125). These data was substantiated in
genetic studies in mice where this serine-threonine phosphorylation cascade was
inhibited through IRS-1 mutation which resulted in subsequent protection from lipid
induced insulin resistance (126). These findings are particularly important they suggest
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a dissociation between neutral lipids such as triacylglycerol (TAG) and insulin
resistance, instead implicating DAG in signalling defects. However, DAG accumulation
does track with an increase in intracellular TAG deposition, thus the presence of TAG

in muscle is still a reliable indicator of insulin resistance.

Numerous other points of failure in insulin mediated glucose uptake in resistant skeletal
muscle have also been observed. Evidence for signalling defects can be found at
various upstream locations such as the site of receptor activation in addition to post-
receptor reaction steps. Activation of the insulin receptor leads to insulin receptor
tyrosine kinase activity as described in Section 1.1.2.2. In insulin resistant diabetics
(both obese and non-obese subjects), insulin receptor tyrosine kinase activity is
decreased (125,127-129). However, the effect being reversed in patients with
improved glycaemic control after weight loss suggests defects at this signalling step
may be secondary to hyperglycaemia (130). Studies examining the skeletal muscle of
individuals with  T2DM during hyperinsulinaemic-euglycaemic clamps have also
observed reduced IRS phosphorylation, and downstream Akt/PKA activity in addition

to failure of the receptor to autophosphorylate (125,129,131,132).

Further to the aforementioned defects in insulin signalling, discrete impairment of
glycogen synthesis in skeletal muscle is associated with T2DM. Insulin resistant
patients display a marked reduction in skeletal muscle glycogen synthesis and glucose
uptake during hyperinsulinaemic-euglycaemic clamps (72,133,134). Although insulin
has been shown to have no influence on glycogen synthase expression (135,136),
glycogen synthase mRNA levels are significantly decreased in patients with T2DM
(136,137). This metabolic pathway may be another point at which genetic defects may
predispose an individual to developing insulin resistance. Healthy offspring of parents
with skeletal muscle insulin resistance and T2DM have been shown to display impaired
glycogen synthesis (138). To date, studies investigating this phenomenon have found
no specific genetic defects linking the impairment of glycogen synthase to T2DM
(139,140). While there is not yet a molecular explanation for the impairment of
glycogen synthesis in this context, studies to date have clearly shown this can be
another point of failure in the transduction of insulin signalling in resistant skeletal

muscle.
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In summary, there are a multitude of post-receptor signalling defects that may
contribute to metabolic dysregulation in insulin resistant skeletal muscle, although the
precise mechanisms of which are not yet fully elucidated. Despite this, targeting of the
insulin  mediated glucose uptake remains an attractive and highly effective
pharmacological method of managing glucose homeostasis in individuals with
diabetes mellitus.

1.2.3 Insulin-Centric Pharmacological Management of Diabetes

Due to advances in modern medicine, both TIDM and T2DM are highly treatable
diseases. In addition to diet and exercise, the pharmacological management of glucose
homeostasis in diabetes mellitus represents a critical part of the overall therapeutic
strategy. An improvement in glycaemic control is strongly associated with a reduction
in diabetic complications and an improvement in overall disease outcomes. In T1DM,
the Diabetes Control and Complications Trial (DCCT) demonstrated that intensive
insulin therapy reduced early stage microvascular complications by up to 76% (141),
and it's follow up study the Epidemiology of Diabetes and its Complications (EDIC)
demonstrated reduction in macrovascular diseases with long term insulin therapy
(142). The UK Prospective Diabetes Study (UKPDS) showed that for every 1%
reduction in HbAL1C in patients with T2DM,there was a 35% reduction in microvascular
complications and 25% reduction in diabetes related mortality (143). Therefore,
pharmacological strategies modulating the release and action of insulin present an
attractive and effective target in managing the disease. Classes of drugs currently used
as part of this strategy are summarized below.

1.2.3.1 Pharmacological Agents Targeting of Insulin Action and Secretion

Insulin secretagogues, such as the sulfonylurea Glipizide, are oral agents that are
agonists at the sulfonylurea-1 receptor (SUR1). These SURL1 agonists act by regulating
the action of the Kate channel on the pancreatic -cell and stimulating insulin secretion
(144,145). Secretagogues are typically only used in T2DM where B-cell function is still
largely intact, and have proved effective when initiated as a combination therapy, often
co-formulated with metformin, in newly diagnosed T2DM (146,147). These orally
administered drugs have a long duration of action leading to them often only having to
be administered once daily with the effect of lowering fasting glucose by potentiating

basal insulin secretion. As an alternative dosing regimen to once a day administration,
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the dose of secretagogues may be reduced but administered twice a day thereby
reducing the risk of acute hypoglycaemic episodes. Second-generation sulfonylureas
such as the aforementioned Glipizide, are designed to slow their absorption, thus
reducing the peak of action of the drug and lowering the risk of hypoglycaemic
episodes (148,149). Differences in pharmacokinetic profiles between drugs in this
class lead to varying side effects. For example, chlorpropamide, which is no longer in
use, can only be cleared by the kidneys and results in hypoglycaemia when renal
clearance is compromised. Additionally, sulfonylureas have been associated with
increased risk of myocardial infarctions (149), although long term safety has been
demonstrated when using long acting agents such as gliclazide, glyburide and glipizide
(150,151). More recently, insulin secretagogues distinct from sulfonylureas have been
developed. Known as meglitinides, these agents have a shorter half-life and a different
SURL1 binding site (145). The limited half-life of these drugs necessitates a different
dosing regimen. They are typically taken orally immediately following a meal, acutely
managing post-prandial glucose excursions. There is also less risk of overnight or
fasting hypoglycaemia, as they do not last long enough to increase basal insulin
secretion as in the case of sulfonylureas. However, disadvantages include a high cost
and need for multiple daily doses in comparison to traditional sulfonylureas.

GLP-1 receptor agonists are either short or long-acting analogues of the human GLP-
1 peptide hormone. Agonism of GLP-1 receptor increases pancreatic insulin secretion
in a glucose dependant manner, slows gastric emptying, reduces glucagon secretion
and improves satiety (52,152). Exanatide is a short-acting agonist and the first GLP-
1 analogue to gain marketing authorization. Exanatide has a total duration of
approximately six hours, with twice daily pre-prandial injections resulting in a 1%
reduction in HbA1c and modest weight loss in the long term (>16 weeks) (153,154).
Recently, long acting GLP-1 agonists such as liraglutide and semaglutide have entered
clinical use. These agents have the same mode of action as their shorter half-life
counterparts but impart greater benefits to the patient through larger reductions in
HbAlc due to their prolonged overnight effects (152,155). Additionally, liraglutide and
semaglutide, in the LEADER and SUSTAIN-6 respectively, have demonstrated
reduction in cardiovascular death, all-cause mortality and albuminuria progression in

patients with T2DMat risk of cardiovascular complications (156,157). As the
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potentiation of insulin secretion by GLP-1 agonists is glucose depending, there is
reduced risk of hypoglycaemic complications.

The endogenous GLP-1 hormone has a short half-life of approximately 2 minutes as a
result of its rapid inactivation in plasma by dipeptidyl peptidase-4 (DPP4) (158). Oral
DPP4 inhibitors have been developed that when administered can raise endogenous
postprandial GLP-1 twofold (159). Although not affecting satiety, gastric emptying or
bodyweight, DPP4 inhibitors can reduce HbAlc levels by 0.5-1% as demonstrated in
meta-analysis of 80 clinical studies administering these agents (159). As is the case
with sulfonylureas, GLP-1 receptor agonists and DPP4 inhibitors rely on functioning

pancreatic B-cells to cause improvements in glycaemic control.

Insulin treatment is critical in patients with TIDM and decompensated T2DM. It is the
longest used and most studied therapeutic agent in managing DM, with a multitude of
formulations currently available. The majority of analogues today are recombinant
human insulin that are either short or long-acting agents. Long-acting insulins are
typically modified to ensure a slow release from the tissue following subcutaneous
injections. For example, detemir has myristic acid, a 14-carbon fatty acid, bound to the
insulin molecule which causes the agent to be more slowly absorbed (160). Insulin
glargine is another long-acting insulin analogue that is modified to have an isoelectric
point of 6.7. Soluble in its injection formulation, it rapidly comes out of solution at
physiological pH resulting in a slower subcutaneous absorption (161). Neutral
protamine Hagedorn (NPH) is the most common form of long-acting insulin currently
in use, with a duration of 12-16 hours it is typically taken twice a day. Unlike insulin
glargine, and similar to detemir, NPH has a pronounced peak of action which carries
an elevated risk of hypoglycaemia. Long-acting insulins are preferred in TLDM and
T2DM requiring insulin as they improve both fasting and post-prandial glycaemia
control in patients who are still insulin sensitive. Short-acting and rapid-acting insulin
analogues are typically only administered in settings where there is severe insulin
resistance and acute post-prandial glycaemic control is needed. Regular short-acting
insulin typically has a time of onset of about 30 minutes and a duration of up to 8 hours,
while rapidly acting insulin can begin acting within 15 minutes and having an effect
over 4 hours(161,162).
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1.2.3.2 Complications of Insulin-based Therapy

Hypoglycaemia is the most common acute complication in patients undergoing
intensive therapy with insulin secretagogues and analogues outlined previously. The
critical risk factor for hypoglycemia in diabetes is the absolute or relative level of
therapeutic insulin as a result from insulin analogues and/or secretagogues. The ratio
of insulin to glucose may be increased when there is an ill-timed administration of
pharmacotherapy, or there is an impairment of renal clearance of insulin or

secretagogues.

In TLIDM the hierarchy of counterregulatory responses to low glucose levels are
impaired, thus these patients are at high risk of hypoglycaemia. Amplifying this risk is
the fact that the source of insulin in these patients is exogenous, and as such
circulating levels of insulin won’t decrease in response to falling blood glucose.
Analysis of large cohort studies indicate that between 7-10% of deaths in patients with
T1DM are due to hypoglycaemia (163,164). In the DCCT, severe symptomatic
hypoglycaemia was observed in 61.2% of patients on intensive insulin therapy (165).
Although occurring less frequently, patients with progressed T2DM are also at risk for
hypoglycaemia as a combination of pharmacotherapies are often employed in their
therapeutic strategy(166). The U.K Hypoglycaemia Study group found that the
frequency of hypoglycaemic episodes increase with time in patients on insulin therapy

with T2DM, increasing from 7% for <2 years on treatment to 25% for >5 years (166).

Glucose is an essential fuel source for the brain, and while other fuel sources such as
ketones can be utilized, they cannot be delivered in sufficient amounts to maintain
normal function during acute bouts of hypoglycaemia. Cognitive function begins to be
impaired at blood glucose levels <3 mmol/L which is when symptoms of severe
hypoglycaemia begin to manifest (1). While glucose levels <3.9 mmol/L are defined
as an “alert level” by the ADA (167), hypoglycaemia does not have a universally
accepted definition as clinical manifestations can be nonspecific(1,168). These
manifestations of symptoms can be categorized by their cause either being
neuroglycopenic, a direct result of central glucose deprivation, or neurogenic which are
results of systemic responses triggered by the sympathetic neural system in response
to hypoglycaemia (168,169). Neuroglycopenic symptoms are often not directly

measurable, and manifest in cognitive impairments such as a lack of awareness,

28



deterioration of motor skills and if allowed to progress seizure and coma. Neurogenic
are more easily measured as vital functions are affects. Heart rate and systolic blood
pressure are raised alongside cutaneous vasoconstriction, and excessive sweating
can be observed after cholinergic sweat gland activation (170). Recurring
hypoglycaemic episodes can result in hypoglycaemic-associated autonomic failure
(HAAF) in which the sympathoadrenal response to low blood glucose is reversibly
impaired (171). Repeated bouts of hypoglycaemia attenuate epinephrine secretion and
sympathetic neural activation, thereby reducing a patients awareness to symptoms of
hypoglycaemia, their ability to mount a counterregulatory response, and overall
cognitive function (168,172,173). Although HAAF is more common in T1DM, it is also

a significant risk in patients with severe T2DM (171).

The anabolic effects of intensive insulin therapy can lead to weight gain that leads to
the obvious physiological consequences, but also detrimental psychological impact.
This weight gain can further impede glycemic control, particularly in patients who are
overweight prior to beginning treatment. For example, in the UKPDS T2DM patients
on intensive insulin therapy gained 2.9kg more weight on average than the
conventionally treated group, and 4kg more than those treated with secretagogues
(151). This weight gain can further compound cardiovascular risk factors, even in
T1DM. In the DCCT, weight gain as a result from intensive insulin therapy was
associated with atherosclerosis, increased blood pressure, and dyslipidemia
(174,175). Another significant issue is the retention of an estimated 500 kcal
previously lost through glycosuria once insulin therapy is initiated however, this weight
gain due to this cause has been demonstrated to be offset by metformin use as an

adjunct therapy (176).

Improvement in glycaemic control is paramount in managing complications in DM.
Although insulin-independent adjunct therapies are available such as biguanides, a-
glucosidase inhibitors, and SGLTZ2, in TLDM and severe cases of T2DM reliance on
the insulin signalling pathway to manage the disease is unavoidable. Potentiating
insulin signalling and secretion is highly effective but not without risk of acute
hypoglycaemic events and weight gain with intensive therapy. Novel treatment
approaches that could facilitate improvements in glycaemic control in both TI.DM and
T2DM with minimal risk to the patient are highly anticipated. As described in the
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following section, pre-clinical data suggests a novel pituitary-skeletal muscle endocrine
axis unexplored in human biology has potential to fill this niche.

1.3 The Melanocortin System and Energy Homeostasis

1.3.1 Melanocortin Receptors and Ligands

The melanocortin system is a collective term for the melanocortin neuropeptides and
adrenocorticotropic hormone (ACTH), the endogenous antagonist’s agouti signalling
protein (ASP) and agouti-related protein (AgRP), and G protein-coupled melanocortin
receptors (MCRs). The melanocortin system is involved in a wide array of physiological
functions both centrally and peripherally such as appetite control, pigmentation, sexual
function, energy homeostasis and inflammation. Cross-species variability in the tissue
specific distribution of MCRs melanocortin receptors, particularly in the periphery,
show significant variability in published literature. Additionally, MCRs have been
detected in most tissue types in varying amounts, leading to many proposed functions
that have not yet been fully elucidated and are in the very early stages of research. As
such, the data presented in this section will focus on highlighting the physiological
effects pertaining to humans that are sufficiently supported in published literature, with

attention still given to animal data that is relevant to the topic of this thesis.

1.3.1.1 Processing of Pro-opiomelanocortin

Pro-opiomelanocortin is the 241 amino acid precursor to ACTH and the melanocyte-
stimulating hormones (MSH) a-MSH, B-MSH, and y-MSH. In humans, the POMC gene
is expressed in cells within the anterior pituitary, the hypothalamus and the skin where
the polypeptide precursor is tissue specifically post-translationally processed by the
enzymes carboxypeptidase E (CPE) prohormone convertases (PC) 1, 2, and 3. The
degree of processing is dependent on the extent these enzymes are present in the
tissue(177-180). The arcuate nucleus of the hypothalamus is the site at which POMC
is most extensively processed, with a-MSH, B-MSH, and y-MSH resulting as the end
products of the proteolytic pathway. PC1/3 initially cleaves POMC to generate the
precursor peptide fragments ACTH, B-lipotropic hormone (B-LPH), and pro-y-MSH
which are then used to generate the active forms of the melanocortin peptides. The

generation of a-MSH is as follows; PC1 sequentially cleaves POMC to yield pro-ACTH
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then ACTH. ACTH is cleaved by PC2 to yield the peptide fragment ACTH1-17, which
has its C-terminal end cleaved by CPE to yield the deacetylated version of a-MSH.
Deacetylated a-MSH is finally acetylated by n-acetyltransferase to generate the active
form of the hormone(178). To produce B-MSH, Beta-LPH is cleaved at its Lys-Lys bond
by PC2 to generate y-LPH, which is cleaved again by PC2 to generate the active
peptide. Finally, to yield y-MSH, pro-ACTH is sequentially cleaved first by PC1/3 to
yield Pro-y-MSH, then once more by PC2 to yield the active y-MSH.

POMC processing in the human anterior pituitary is less extensive, with only ACTH
and a-MSH being generated in physiologically relevant amounts (179,181). However,
the anterior pituitary is the primary source of circulating melanocortin peptides as will
be outlined in Section 1.3.1.2. Although it is unclear how critical PC1/3 is in the
generation of a-MSH as an end product due to their variable abundances in the tissues
the hormone is present is, ablation of PC2 inhibits the biosynthesis of POMC fragments
beyond ACTH cleavage suggesting a-MSH generation is at least dependant on PC2
in the tissues it has been detected in (182). POMC processing in the skin follows a
similar path to the hypothalamus due to the presence of the same proteases, but the
function of the peptides produced here is to stimulate melanogenesis through a-MSH

mediated MCR1 activation.
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Co-localized in the arcuate nucleus are neurons expressing AgRP which acts as both
an inhibitor of POMC processing and a competitive antagonist of central MCR3/4
(183,184). Similarly to the aforementioned peptides, AgRP precursor undergoes
proteolytic cleavage to generate the active form of the peptide that is stored in
secretory granules to be released in response to metabolic signals (184,185).The
primary role of interaction of POMC/AgRYP neurons in the hypothalamus is in the

central regulation of satiety and energy balance, as summarised in Section 1.3.2.
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Figure 1.2 Processing of pro-opiomelanocortin to active melanocortin
peptides.

1.3.1.2 Melanocortin Receptor Binding and Activation

The five melanocortin receptors are a family of seven-transmembrane G-protein
coupled receptors with varying sequence homology, binding affinities, and tissue
distribution. Melanocortin receptors are classified as Gas receptor subtypes, and their
signalling relies on cAMP generation by activated adenylyl cyclase. These receptors
have both orthosteric, the site identified at which endogenous ligands bind, and
allosteric binding sites, the latter of which has recently begun to be exploited as a
pharmaceutical target with the highly selective and potent MCR4 allosteric agonist

Setmelanotide gaining marketing authorisation in 2021 for the treatment genetic
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obesity caused by MCR4 mutation (186). Human MCRs have high levels of sequence
homology, being as high as 60% between MCR4/5 and 45% between
MCR1/3(187,188). This leads to a range of binding affinities for the endogenous
melanocortin ligands, with the exception of MCR2 which exclusively binds ACTH(189).
The broad functions of the MCRs, their binding capacities, and human tissue
distribution are outlined below, with their physiological effects further expanded upon

in subsequent sections.

MCRL1 is the most extensively characterised receptor, best known for its role in
melanogenesis in cutaneous melanocytes mediated by a-MSH (190,191), it has also
been found in human pituitary and testes (192). MCR1 preferentially binds a-
MSH=ACTH> B-MSH>y-MSH however, whereas ACTH produces a similar effect to a-
MSH in melanocytes the physiological role of the latter two peptides at this receptor
has not been fully elucidated in humans (193,194). MCR2 is the classical melanocortin
receptor of the adrenal gland, binding exclusively to ACTH with no affinity to other
endogenous melanocortin ligands (189,192). The agonism of MCR2 by ACTH is a
crucial part of the hypothalamic-pituitary-adrenal axis, increasing the concentration of
circulating glucocorticoids as a stress response. MCR3 is primarily found centrally in
the hypothalamus, thalamus but also in low levels in the heart and intestines (192,195).
MCR3 is unique in that a-MSH is the only endogenous agonist with binding affinity for
this receptor. MCR3 is antagonised by AgRP and ASP as part of the central
melanocortin control of food intake and energy homeostasis (184,194,195). MCR4 is
widely expressed in the central nervous system, often alongside MCR3 such as in the
hypothalamus and thalamus (192). In the periphery, there has been conflicting
evidence of its expression in the human Gl tract, and its peripheral functions are still
not clear (196,197). MCR4 is an important central regulator of food intake, with
disruptions of this gene causing hyperphagia and is the most common monogenic
cause of obesity in humans (198,199). Briefly, leptin receptor activation causes central
a -MSH release and MCR3/4 agonism, supressing food intake. This axis is described
in further detail in Section 1.3.2. MCR4 has a similar binding affinity profile to MCR1,
preferentially binding a-MSH=ACTH>B-MSH>y-MSH (194). MCR5 is the most recent
melanocortin receptor to be sequenced, and shares approximately 60% sequence
homology with MCR4 (187,200). It is diffusely expressed in peripheral tissues including
such as skeletal and cardiac muscle, skin, and exocrine glands (192,200,201). Very

33



little data exists, particularly in humans, establishing a physiological role for MCR5.
The research that has been translated to human models has shown a potential role of
MCR5 in sebocyte differentiation and sebum secretion in the skin (202-204). Our
collaborator Professor Michael Cowley (Monash University, Melbourne) has pioneered
investigation of MCR5 mediated glucose uptake in skeletal muscle and this work forms
the backdrop to the human translation based studies in this thesis.3 (205,206).

1.3.2 Central Melanocortin Regulation of Food Intake in Humans

Central melanocortin system control of food intake is regulated by the balance of
agonism of MCR3/4 by a-MSH and antagonism by NPY and AgRP occurring in POMC
cells in the arcuate nucleus. MCR4 insufficiency in humans results in increased
adipose and lean mass, hyperphagia, hyperinsulinaemia and obesity, accounting for
approximately 5% of monogenic causes of obesity (198,207). Anatomically,
neurovascular supply to the arcuate nucleus is permits direct input from the periphery,

from hormones and nutrients outside the blood-brain-barrier(208).

Leptin, and to a lesser extent insulin, are the primary hormonal mediators of the
anorexigenic effect of the central melanocortin system (180,209,210). Leptin is an
adipokine secreted by adipose tissue at levels proportional to the amount of body fat,
and insulin secreted by pancreatic B-cells in response to nutrients but also by the
presence of fat mass in the long term. Leptin and insulin receptors are found in high
concentrations in the arcuate nucleus, the primary site of central POMC expression
(209,210). Activation of hypothalamic insulin receptor has been shown to play an
important role in the control of food intake, with central administration of insulin
enhancing satiety and ablation of brain-specific insulin receptor inducing hyperphagia
and weight gain (210,211). The evidence for the anorectic function of insulin lies in its
inhibition of endogenous melanocortin antagonist expression. In animals, central
administration of insulin decreases AgRP mRNA expression therefor reducing the
competition of a-MSH MCR3/4 binding (209,210).

The action of leptin on the central regulation of food intake is more established. Binding
of leptin to its hypothalamic receptor hyperpolarizes POMC neurons, activating Janus
kinase which phosphorylates LEPR-Db, in turn activating STAT3. STAT3 binds to POMC

gene promoters increasing the expression of the POMC precursor polypeptide and its

34



subsequent proteolytic product a-MSH (180,209,212). POMC neurons project from the
arcuate nucleus to the paraventricular nucleus (PVN) which contains a high
concentration of MCR3 and MCR4 that bind a-MSH. Melanocortin receptor activation
in the PVN has been shown to modify vagal afferent fibre signalling from the gut which
promotes satiety, (213,214). As demonstrated by genetic ablation, MCR3 does not
appear to have as impactful a role as MCR4 in control of food intake. Knockout of
MCR3 results in increased adiposity and reduced energy expenditure but does not
affect food intake (215), whereas disruptions in MCR4 signalling result in profound
obesity induced by hyperphagia, hyperinsulinaemia, and increased fat and lean mass
(199,207). Setmelanotide (brand name Imcivree) is a first-in-class selective allosteric
MCR4 agonist approved in 2021 for the treatment of obesity resulting from POMC,
proprotein subtilisin/kexin type 1, or leptin receptor deficiency (186,216).
Setmelanotide restores MCR4 signalling in disease states where the pathway is still
intact but is lacking endogenous stimulation, in the Phase Il trial weight loss of 10%
over 1 year was observed in 80% of patients with POMC deficiency and 45% lacking

leptin receptor (217).

The blockade of central MCR4 signalling by endogenous antagonists provided the first
evidence of the role of the central nervous system in the control of energy balance.
The agouti yellow mouse is one of the oldest models of genetic obesity (218,219). The
cause for the phenotype of this model defined by a yellow coat, hyperphagia, increased
fat and lean mass and obesity (218,219), became clear after the cloning of the
melanocortin receptors in the 1990s when MCR4 was shown to be expressed in the
hypothalamus (187,188). It was found that these mice overexpress agouti, a MCR1
and MCR4 antagonist which blocks MCR4 centrally to increase food intake and MCR1
peripherally to halt eumelanin production thus resulting in a distinct yellow coat
(184,218,219). Whilst the innervation of POMC neurons to supress food intake is
chronic in nature, the inhibitory actions of AQRP neurons can be acutely regulated by
fasting (220,221). Ghrelin is secreted primarily by the stomach and circulating levels
rapidly increase in the fasted state (222,223). Ghrelin is a ligand for the growth
hormone secretagogue receptor (GHSR), which is expressed on neurons in the
arcuate nucleus (212,224). Agonism of this receptor stimulates NPY and AgRP gene

expression which antagonize the downstream anorectic effect of leptin and increase
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food intake and obesity (225). Thus, ghrelin provides a potent acute inhibitory signal
which contributes to its appetite stimulatory effects.

1.3.3 Peripheral a-MSH and Improvements in Glucose Tolerance

1.3.3.1 The Anterior Pituitary as the Source of Circulating a-MSH

In fasted humans plasma a-MSH levels fluctuate between 15-25 pM, rising ~3-fold
postprandially (205,226,227). Whereas a-MSH derived from POMC cells in the skin
and brain act on other tissues in a paracrine fashion, the endocrine pituitary releases
a-MSH directly into circulation to act on peripheral tissue. It has been demonstrated
that the anterior pituitary releases a-MSH independently of hypothalamic control in
response to elevated blood glucose (205,228). Zelent et al. hypothesized that based
on their discovery showing glucokinase, an enzyme traditionally serving as a glucose
sensor in endocrine tissue, being highly expressed in anterior pituitary cells that it may
serve to detect elevations in blood glucose and send paracrine signals to other pituitary
cells (228). The mechanism is which this signal could be transduced, to what cell type,

and the physiological relevance of this discovery was unknown at the time.

Recently, Enriori et al. established a link between this previously described glucose
sensing ability of the pituitary and the postprandial increase in circulating a-MSH levels
(205). Immunofluorescence imaging revealed high concentrations of a-MSH co-
localized with ACTH in the pituitary of rhesus macaques. Additionally, in humans with
panhypopituitarism and craniopharyngioma after surgery, a-MSH was undetectable in
the circulation. These findings establish the pituitary as the source of peripheral a-
MSH. To investigate whether elevated glucose levels were the cause of a-MSH
release, glucose tolerance tests were performed in lean mice, monkeys, and humans.
Following the glucose load, a-MSH levels increased while ACTH levels were
unchanged despite the two peptides shown to be co-localized in the pituitary. In
POMC-null mice, a glucose tolerance test produced no elevations in plasma a-MSH
levels. These results support the hypothesis that glucose sensing cells in the pituitary

are responsible for release of a-MSH into the periphery.
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1.3.3.2 a-MSH Improves Post-Prandial Glucose Tolerance in Animals

Our collaborators have published extensive pre-clinical data describing a novel
endocrine circuit in animals that improves post-prandial glucose tolerance through
skeletal muscle glucose uptake mediated by MCR5 agonism(205,206). This body of
work served as the basis for the first steps in translating these findings to humans that
comprise the contents of this thesis. These pre-clinical data are summarised below.

1.3.3.2.1 Direct Action on Skeletal Muscle Improves Glucose Tolerance and
Increase Glucose Uptake via MCR5
Incubation with a-MSH (100nM) significantly increased glucose uptake in rat and mice
muscle explants and rat L6 myotubes. When co-incubated with insulin the effect size
was further increased, suggesting the effects of the hormones on glucose uptake is
additive. Systemic infusion of a-MSH in lean mice improves glucose tolerance during
a GTT, and during a hyperinsulinaemic-euglycaemic clamp results in an increase in
the glucose infusion rate required to maintain remain euglycaemia. These studies also
demonstrated a direct increase in glucose disposal in gastrocnemius and soleus
muscles. Additionally, systemic infusions in sheep raised post-prandial muscle
temperature supporting the hypothesis that muscle takes up and utilizes glucose in
response to a-MSH. Seahorse analysis suggested that the fate of glucose in response

to a-MSH in rodent skeletal muscle is disposal via glycolysis.

A non-specific melanocortin agonist, a-MSH has binding affinity at MCR1, MCR3,
MCR3, MCR4 and MCR5. Blockade of central MCR3/4 in mice by the endogenous
antagonist AgRP did not abolish the glucose tolerising effects of a-MSH, eliminating
the possibility the effect is mediated centrally by these receptors. Knocking out MCR5
abolished any effect a-MSH had on glucose uptake and clearance and administering
the MCRS5 specific agonist PG-901 in lean mice replicated the effect of a-MSH. These
data strongly suggest that the effects of a-MSH on skeletal muscle are mediated by
MCR5(205).

MCRS5 is a Gas protein coupled receptor, with its activation stimulating adenylyl cyclase
to generate CAMP. After stimulation with a-MSH, cAMP levels in skeletal muscle were

significantly elevated and treatment with a cAMP inhibitor blocked the effects of a-
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MSH. In mice with diet-induced obesity (DIO) that underwent glucose tolerance tests
and insulin clamps, the glucose lowering effects of a-MSH were ablated. Pre-treatment
of DIO mice with a phosphodiesterase inhibitor, thus inhibiting the breakdown of cCAMP,
allowed a-MSH to produce similar effects to that found in lean mice. This establishes
that a-MSH initially produces a signal through the classical cAMP mediated GPCR
signalling pathway which is disrupted in mice with diet induced obesity.

1.3.3.2.2 Evidence for an Insulin-Independent Pathway

Mgiller et al. presents compelling proteomic evidence that the signalling mechanism
behind a-MSH induced glucose uptake in rodent skeletal muscle is insulin independent
(206).

Activation of MCRs lead to the generation of the signalling molecule cAMP as
previously described. This in turn activates PKA which in turn phosphorylates AMPK,
a kinase that plays a crucial role in the regulation of glucose transport in muscle. In
muscle obtained from lean mice, a-MSH caused an increase in PKA and a dose-
dependent increase in AMPK. When treated with a PKA inhibitor, a-MSH was still
capable of inducing phosphorylation of AMPK suggesting this is independent of
upstream PKA. AMPK phosphorylation in response to a-MSH was previously reported
by An et al. in which data indicates that the peptide increases fatty acid oxidation in rat
skeletal muscle (229). To investigate whether AMPK was also crucial in the signalling
pathway that causes glucose uptake, muscle explants from AMPK-knockdown (AMPK-
KD) mice were incubated with a-MSH and glucose uptake measured. AMPK-KD
explants still displayed an increase in glucose uptake in response to a-MSH,
suggesting that although the peptide does cause phosphorylation of AMPK this is not

involved in glucose uptake.

TBC1D1 and TBC1D4 are phosphorylated to induce GLUT4 translocation as part of
the exercise and insulin mediated glucose uptake pathways respectively. In AMPK-KD
mice, TBC1D1 was phosphorylated independently of AMPK. In both wild type and
AMPK-KD mice, TBC1D4 phosphorylation did not increase in response to a-MSH and
instead displayed reduced phosphorylation of sites T642 and S704. To establish
whether phosphorylation of TBC1D1 was mediated by PKA, phosphorylation of the

protein was measured after treatment with a PKA inhibitor. No reduction in TBC1D1
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phosphorylation was observed in mice treated with a PKA inhibitor compared to
control. Finally, due to the aforementioned data showing TBC1D1 phosphorylation,
GLUT4 translocation to the plasma membrane was measured after a-MSH stimulation.
No increase in GLUT4 translocation was observed during a-MSH induced glucose

uptake.

In summary, these data suggest a-MSH activates MCR5 to stimulate a cAMP
dependant increase in glucose uptake in skeletal muscle that appears to be
independent of traditional insulin and exercise mediated signalling mechanisms and

translocated an unknown GLUT receptor to the plasma membrane of the myotube.
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Figure 1.3 Molecular overview of MCR5 mediated glucose uptake in rodent skeletal
muscle.

In rodent skeletal muscle, MCR5 agonism leads to cAMP generation by GPCRas
mediated adenylyl cyclase activation which causes an unknown GLUT transporter to
translocate to the plasma membrane and induce glucose uptake and glycolysis. PKA
is activated, with AMPK and TBC1D1 being phosphorylated but these steps are not

essential for glucose uptake.
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1.4 Summary and Research Aims

Pre-clinical data demonstrates a role for a-MSH in skeletal muscle glucose uptake and
utilization in animals. As a sequel to these findings, the aim of this research project
was to take the first steps in translating these pre-clinical findings to human studies
interrogating the glucoregulatory effect of a-MSH in vitro and in vivo. This was
investigated using relevant in vitro primary culture models in addition to a clinical study
in healthy volunteers, constituting the first time a-MSH will be continuously infused in
humans.

Well-characterised human myotube cultures were first established using muscle
biopsies obtained from healthy volunteers. In comparison to immortalized animal
myotube cell lines, this primary human myotube model was used to increase
translational relevance to human biology. The melanocortin receptor profile of the cell
lines was then assessed and the impact of a-MSH on glucose uptake measured. This
was the first study examining the effect of direct stimulation of melanocortin receptors
in human skeletal muscle in vitro in any context. An MCR5 specific agonist was used
to elucidate whether any effect may be mediated by MCRS5. To further translate the
findings from rodent myotubes, insulin was co-incubated with a-MSH to investigate
whether any effects on glucose uptake are complimentary. Obese mice were
previously reported to be resistant to the glucose tolerising effects of a-MSH. Using
lipid loaded insulin resistant primary human myotubes treated with a-MSH, whether
this phenomenon translated to human myotubes was investigated. Melanocortin
receptor expression and response to a-MSH stimulation was assessed. This may
assist in elucidating whether any effects on glucose uptake are muscle specific.
Finally, a first of its kind clinical investigation was carried out in which healthy
volunteers were recruited to undergo OGTT and hyperinsulinaemic-euglycaemic
clamps whilst being infused with various doses of a-MSH. In addition to glucose
tolerance during OGTTs and glucose disposal during clamps, biochemical analysis
was carried out to assess whether a-MSH has a concomitant impact on insulin and
GLP-1 levels.
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Aims:

1. To establish primary human myotube cell lines from biopsies obtained from
healthy volunteers and validate using functional and transcriptomic approaches.

2. To interrogate whether a-MSH induces glucose uptake in the context of in vitro
human skeletal muscle and adipocyte culture

3. To assess in healthy human volunteers, the effect of a-MSH on glucose
tolerance during an oral glucose tolerance test and glucose disposal during

hyperinsulinaemic-euglycaemic clamp.
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Chapter Two

Establishment and
Characterisation of Primary

Human Myotube Models
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2 Chapter 2: Establishment and Characterisation of

Primary Human Myotube Models

2.1 Introduction

Muscle precursor cells, or myoblasts, are quiescent satellite cells found within the
basal lamina of adult muscle that are released to repair damaged muscle or
differentiate to form new multinucleated fibres(230-232). When isolated in vitro,
myoblasts can be proliferated and terminally differentiated to mature, multinucleated
myotubes. Myotubes cultures reflect the metabolic characteristics of their parent
tissue(233-236) in addition to preserving the donor’s genetic background thus allowing
the establishment of cell lines from a known phenotypic background(21,119,237,238).
This facilitates relevant in vitro models to be used in the study of peripheral glucose

metabolism, particularly in diabetes research.

A large proportion of seminal in vitro studies on muscle glucose metabolism have used
either the immortalized C2C12 cell line derived from mice(239), or the L6 cell line
derived from rats(30,240). These rodent cell lines are readily available, do not require
complex or expensive culture conditions, and are often used in commercial assay
optimization thus ensuring compatibility. However, these models possess several key
metabolic differences to human myotube cultures. In an extensive study by Abdelmoez
et al., transcriptomic profiles and metabolic characteristics of L6, C2C12, and human
myotube cell lines were compared (241). They found that in comparison to human
myotubes, L6 cells have a lower rate of basal glucose uptake (decreased GLUT1
expression), a greater insulin-induced glucose uptake response (increased GLUT4
expression), and higher oxidative capacity. Similarly, C2C12 cells were shown to have
a similar GLUT profile to L6 cells, and exhibited reduced glycolytic activity compared
to human myotubes. This leads to a higher “fold-difference” of glucose uptake in insulin
stimulated versus basal C2C12 and L6 cells when compared to human, and has been
corroborated in numerous other studies (234,235,242,243). As such, when conducting
experiments investigating potentially novel pathways in glucose metabolism, such as
those found in Chapter 4, it is prudent to employ a model that will most accurately

reflect the translational relevance of any novel findings to human biology.
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Isolated human muscle samples are impractical to use as model to extensively study
glucose uptake and related pathways due to the short timespan they are viable ex vivo
and the heterogenous cell types found within samples. Human myoblasts can be
isolated from the heterogenous cell population of skeletal muscle by enzymatic
digestion or migration of cells out of a seeded muscle fragment (244-246). Once
further purified, these myoblast cultures can then be expanded and differentiated to
multinucleated myotubes which better represent the metabolic profile of adult skeletal
muscle (242,247). With the derived cells retaining the metabolic characteristics of the
donor, a volunteer cohort of a pre-defined phenotype, such as healthy volunteers, can
be recruited to donate skeletal muscle biopsies which can then be used to establish a

relevant in vitro model.

The aim of this chapter was to establish multiple characterized primary human
myoblast cell lines from healthy volunteers to be used as a platform in which to conduct
first-in-human in vitro experiments examining the novel role of a-MSH on skeletal

muscle glucose uptake can then be conducted.

44



2.2 Methods
2.2.1 Muscle Biopsies from Healthy Volunteers

2.2.1.1 Ethical Approval
This study was approved by the UCD Human Research Ethics Committee (study
reference LS-18-101-Docherty) to be conducted from February 2019 to August 2020.

2.2.1.2 Study Design

Healthy male and female adults were recruited to attend a screening visit in which
eligibility was assessed against inclusion and exclusion criteria then if passing
screened, attending a follow up visit in which a muscle biopsy of the vastus lateralis
was taken. This muscle biopsy was then transported to the Conway Institute on ice

and processed for downstream myogenic satellite cell isolation.

2.2.1.2.1 Inclusion and Exclusion Criteria

Participants were entered into the study based on the inclusion criteria of being
between 18-50 years of age and capable of giving informed consent. Potential
participants were excluded on the diagnosis of diabetes mellitus, a clotting disorder or

active treatment with an anti-coagulant, and evidence of muscle wasting (sarcopenia).

2.2.1.2.2 Screening Visit

Potential participants first attended a screening visit at UCD. A doctor or nurse took
medical history and conducted a physical examination which included anthropometric
measurements and blood pressure and heart rate. Fasting blood glucose was
measured via fingerprick blood sampling. If deemed eligible for the study, participants
were given a copy of the patient information leaflet to review and the consent form to

sign and bring to the follow-up muscle biopsy visit.

2.2.1.2.3 Muscle Biopsy Visit

Participants that passed the screening visit were invited to attend a follow-up visit in
which microbiopsies of the vastus lateralis were obtained by a qualified medical doctor.
Participants were allowed to rest and administered subcutaneous 2% lidocaine as a
local anaesthetic. A 14G cannula was inserted at an angle directly into the skeletal
muscle. A co-axial springle loaded needed was then repeatedly inserted into the

cannula to obtain up to two 20mg muscle biopsies. These biopsy samples were placed
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in a solution of DPBS with 1% penicillin streptomycin on ice and transported to the lab
for processing.

2.2.2 Biopsy Digestion and Satellite Cell Isolation

2.2.2.1 Preparation of Enzymatic Digestion Solution
An enzymatic digestion solution was prepared (Table 2.1) and sterile filtered through

a 0.2 uM membrane before being warmed to 37 °C.

Specific Final Mass/Volume for
activity/molar mass Concentration 10mL solution
Collagenase D  0.15 U/mg 10mg/mL 100mg
Dispase Il 0.5 U/mg 4.8 mg/mL 48mg
250mM CaCl2  110.98 g/mol 2.5 mM 100 uL

Table 2.1 Composition of enzymatic digestion solution for muscle biopsies

2.2.2.2 Mechanical and Enzymatic Digestion of Muscle Biopsies

In a sterile biosafety cabinet, biopsies were removed from DPBS and briefly
submerged in 70% ethanol to eliminate microbial contamination. Biopsies were then
washed in DPBS before being immerse in 1mL of warmed enzymatic solution in a petri
dish to be minced with a scalpel and forceps. Any observable fat and fibrotic tissue
were discarded. The enzymatic solution, sample and an additional 1mL of enzymatic
solution was transferred to a 50mL falcon tube and incubated at 37°C for 40 minutes
with gentle agitation every 5 minutes.

Two volumes (4mL) of warmed Skeletal Muscle Growth Medium (Cell Applications Inc.
151-500) was added to the enzymatic solution containing the sample to stop digestion
and repeat pipetted 10 times to break up the biopsy. If any visible muscle fragments
were present, they were incubated again with fresh enzymatic solution. Digested
muscle was filtered through a 70 uM cell strainer and the suspension centrifuged at
443 x g for 5 minutes at room temperature. The supernatant was discarded, and the
pellet resuspended in 2mL of warmed Skeletal Muscle Growth Medium.
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2.2.2.3 Initial Seeding of Cell Suspension

Filter capped culture flasks were incubated with collagen coating solution (Cell
Signalling Technologies 125-50) for 30 minutes at 37°C. The collagen solution was
then discarded, yielding a culture surface coated with an extracellular collagen matrix.
This coating technique was used for all further myoblast and myotube cultures.
Filtered cell suspensions were initially seeded in coated T25 culture flasks and left
undisturbed for 24 hours. After 24 hours, the growth medium was changed to remove
any debris and unattached cells, yielding a population of viable myoblasts and
fibroblasts. Medium was replaced every 48-hours until cultures approached 80%

confluency.

2.2.2.4 Pre-plating Technique

A technique known as pre-plating was employed to eliminate fibroblast contamination
from the cell lines. When 80% confluency was reached in the culture vessel biopsy
suspensions were initially seeded in, media was removed and incubated with TrypLE
Express (ThermoFisher 12604013) until cells were visually observed to have
detached. The cell suspension was aspirated and added to a falcon tube containing 2
volumes of warm DMEM, then centrifuged at 350 x g for 10 minutes at room
temperature. The supernatant was discarded, and the pellet resuspended in warmed
growth medium. The cell suspension was incubated undisturbed in an uncoated T75
culture flask for 40 minutes. The growth medium, containing the myoblasts unable to
attach to the uncoated surface, was aspirated and seeded in a fresh collagen coated
T75 flask with the fibroblasts eliminated by their attachment to the uncoated T75.

2.2.3 Culture of Primary Human Myoblasts and Myotubes

2.2.3.1 Expansion of Myoblast Cultures
Once myoblasts reached 80% confluency, they were passaged to avoid spontaneous
differentiation to myotubes. Cells were detached using TrypLE Express as previously

described and seeded at a density of 1:4 in new flasks.

2.2.3.2 Cryopreservation

Cells were detached as previously described and counted using the Countess™ Cell
Counting System, then centrifuged at 350 x g for 10 minutes at room temperature and
the pellet resuspended in growth medium supplemented with 8% dimethylsulphoxide
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(DMSO) at a concentration of 1x10° cells per millilitre. Suspended cells in 8% DMSO
medium were transferred to cryovials and placed in a -80°C freezer within a Mr.
Frosty™ freezing container for 24-hours before being transferred to liquid nitrogen.

Aliquots of cells were cryopreserved at each passage.

2.2.3.3 Differentiation of Myoblasts to Myotubes

Once terminally differentiated to myotubes, the cells cannot be moved or further
passaged. Myoblasts were seeded in flasks or plates to be used in experiments, and
growth medium changed every 48 hours until the myoblasts reached maximum
confluency. The medium used was then changed to Skeletal Muscle Differentiation
Medium (Promocell C-23061) and replaced every 48 hours for 5-7 days. Once
observed to have differentiated to elongated multinucleated myotubes, cells were used

within 24 hours for further experiments.

2.2.3.4 Culture of Primary Human Adipocytes

Primary human preadipocytes were purchased from Merck (S802S-05A) and grown to
confluency in Human Preadipocyte Growth Medium (Merck 811-500). Growth medium
was changed every 48 hours. Once a fully confluent monolayer of preadipocytes was
observed medium was changed to Human Adipocyte Differentiation Medium (811D-
250) and changed every 48 hours. After 10-15 days differentiation of lipid filled

adipocytes was complete.

2.2.4 Immunofluorescent Microscopy
The presence of desmin and myosin heavy chain isoform 3 (MHC3) was visualized by

immunofluorescent microscopy in myotubes.

2.2.4.1 Cell Fixation and Staining

To prepare cells for immunofluorescence, cells in 6-well plates were first rinsed with
DPBS before being fixed by 10-minute incubation in 4% formaldehyde at room
temperature. Cells were rinsed again with DPBS and 1.5 mL blocking solution (DPBS
containing 2% horse serum and 0.5% Triton X-100) was added and incubated for 30
minutes at room temperature. Blocking solution was aspirated and 1.5 mL primary
antibody solution diluted 1:1000 in blocking solution (anti-desmin ab15200,MHC3
ab124205) was added to the fixed cells then incubated overnight at 4°C on a plate
shaker. The next morning, primary antibody solution was removed, and cells washed

twice with blocking solution, then incubated with 0.8 mL of secondary antibody solution
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consisting of goat anti-rabbit AlexFluor® 488 diluted 1:1000 in blocking solution
(Thermofisher A-11008) in the dark at room temperature for 1 hour. Cells were then
washed twice with DPBS and incubated with 1 pg/ml DAPI solution in the dark at room
temperature for 15 minutes. Cells were washed a final time with DPBS then 1 mL

DPBS added to each well and visualized under an inverted fluorescent microscope.

2.2.4.2 Image Acquisition
Fixed and stained cells were visualized in the dark at 405nm (DAPI) and 488nm
(AlexFluor® 488) under an inverted fluorescent microscope (Leica SP8) and images

acquired at 10x and 40x magnification (AxioVision Viewer 4.8).

2.2.5 RNA Isolation

RNA isolation of both cell and tissue samples were carried out using the RNEasy mini
kit (Qiagen 74104). On dry ice, 20mg of mice gastrocnemius muscle was transferred
to a chilled round-bottomed eppendorf containing a metal tissue lysis bead. After
chilling the sample on ice, 350 pL of RLT buffer was added and the eppendorf placed
in the Tissue Lyser LT (Qiagen) then sonicated at 50 Hz for 5 minutes. Sample
homogenate was then transferred to a new tube and 1 volume of 70% ethanol added.
For the lysis of cell samples, RLT buffer was directly added to pelleted cells and
pipetted repeatedly to lyse the sample.

The lysed sample was then transferred to RNEasy spin columns inserted into 2mL
collection tubes. The spin columns were centrifuged at 13,500 RPM for 15 seconds at
4°C. The flow-through was discarded and DNase (Qiagen 79254) was added directly
to the spin column membrane and allowed to sit at room temperature for 15 minutes.
The spin column was then washed with 350 pL buffer RW1 and buffer discarded. 500
puL of buffer RPE was then added followed by centrifugation for 2 minutes at 13,500
RPM and 4°C. The spin column was removed from the waste collection tube and
placed in a fresh 2mL eppendorf. 40 pL of sterile RNase free water was added to the
column followed by a centrifugation step of 10,000 RPM for 1 minute at 4°C. The eluted
water containing the extracted RNA was measured and qualified using the NanoDrop
2000 (ThermoFischer) and stored at -80°C.
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2.2.6 RNA Quality Determination
The quality of the extracted RNA was determined using the Agilent 2100 bioanalyzer.

The bioanalyzer assays are based on a traditional gel electrophoresis technique in a
chip format. Each chip contains a set of micro-channels that are filled with a polymer
matrix and fluorescent dye. Once filled with gel, the chip represents a complete electric
circuit. Charged molecules such as RNA are driven by a voltage gradient and
separated by size. The dye binds with the RNA and this is detected by fluorescent
measurements. Images and electropherograms are then generated. A ladder is run
alongside samples so that migration time versus fragment size can be plotted,
indicating the integrity of the RNA sample.

The procedure was carried out as per the manufacturers protocol. The gel dye matrix
was prepared by mixing 65 pL of filtered matrix gel with 1 pL of dye. This solution was
then vortexed briefly and centrifuged for 10 minutes at 10,000 x g. The chip was primed
by pipetting 9 pL of dye into a designated well and placing it in the chip loading station.
Five microliters of marker were loaded in every well. Samples and ladders were
denatured by heating to 70°C for 2 minutes and then 1 pL of each denatured sample
added to each well. The chip was then run by the machine within 5 minutes of

preparation.

2.2.7 cDNA Synthesis

First strand cDNA synthesis was performed with 1 ug of RNA using Superscript Il
reverse transcriptase according to manufactures protocol. Two controls were set up: a
no template control containing no RNA, and a reverse transcriptase control containing
no superscript. Reactions were carried out in RNAse free PCR reaction tubes and a

tube was prepared for each sample as per Table 2.2.

Component Amount per sample
RNA 1pgin2pL
DEPC water 6 pL
10x DNase buffer 1L
Total 8 pL

Table 2.2 cDNA Synthesis Master Mix 1
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Samples were DNAse treated with 1 ul of DNase for 10 minutes at room temperature.
DNase was then neutralized by adding 1 ul of EDTA followed by incubation at 65°C for
10 minutes using a thermo cycler (T3000 Biometra). A master mix was set up as per
Table 2.3.

Component Amount per reaction
50 ng/ ul Random Primer 1
5 X First Strand Buffer 4 ul
0.IM DTT 2 ul
10mM dNTP 1l
TOTAL 8 pl

Table 2.3 cDNA Synthesis Master Mix 2

cDNA master mix 2 (8 ul) was added to each sample and mixed. The samples were
incubated at 65°C for 5 minutes followed by 25°C for 2 minutes. Superscript Il reverse
transcriptase (1 ul) was added to each sample and mixed gently. The reaction tubes
were returned to the thermo cycler for the remaining steps: 25°C for 10 minutes, 42°C

for 50 minutes and 70°C for 10 minutes. cDNA was stored at -20°C.
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2.2.8 Real Time Polymerase Chain Reaction

In real-time PCR, the quantity of DNA is determined after each cycle via fluorescent
dyes whereby the increasing fluorescent signal is directly proportional to the number
of PCR amplicons generated. Amplification plots are then generated by plotting
fluorescent signal from each sample against cycle number which represents the

accumulation of product over the duration of the experiment.

For endogenous controls, 18S was used for mice gastrocnemius samples and human
GAPDH for myoblast, myotube and adipocyte samples. A list of TagMan assays used
for gene expression studies can be seen in Table 2.4.

Tagman Assay Gene TagMan Assay ID
Mouse melanocortin Mc5r MmO00442970_m1
receptor 5
Human melanocortin Mclr Hs00267167_s1
receptor 1
Human melanocortin Mc3r Hs01562847_s1
receptor 3
Human melanocortin Mcd4r Hs00271877_s1
receptor 4
Human melanocortin Mc5r Hs00271882_s1
receptor 5
Human insulin receptor INSR Hs00961557_m1
Human myosin heavy MYH3 Hs01074230_m1
chain 3
18S 18S Hs03003631_g1
Human GAPDH GAPDH Hs02786624_ g1

Table 2.4 Tagman assays used

Reactions were carried out in duplicate for each sample within each assay run. A PCR
master mix was prepared for each gene target as outlined in Table 2.5. Sufficient
master mix was prepared for all samples, reverse transcriptase control, no template
control and to account for pipetting error. The master mix was vortexed and centrifuged

briefly.
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Reagent Volume per sample

Target probe 1L
PCR master mix 10 pL
DEPC water 8 uL
Total 19 pL

Table 2.5 PCR Master Mix

Eppendorfs were labelled for each sample and 19 ul of master mix was pipetted into
each. cDNA (1 ul) was added into its corresponding eppendorf. Samples were vortexed
and centrifuged briefly and 9 ul was carefully pipetted in duplicate into a 384 well plate.
The plate was sealed and vortexed briefly. Quantitative RT PCR was performed using
QuantStudioTM 7 Flex System. Comparative quantification was used for analysis
using the AACt method which compares results from experimental samples with both
a calibrator (untreated) and a normalizer (18S housekeeping gene). Using this method,
the Ct value for the gene of interest is normalized by the C: value for the housekeeping

gene.

The ACt for the sample is calculated by subtracting the Ct endogenous control from the Ct
target gene. AS the purpose of these PCR experiments was to confirm the expression or
absence of target gene expression, the ACt were used as the endpoint of this

experiment for data analysis.

2.2.9 Palmitic Acid Conjugation
In vivo free fatty acids are bound to carrier proteins to facilitate their uptake by cells.
Bovine serum albumin (BSA) was used as a carrier protein for in vitro experiments

involving palmitic acid.

Lyophilized palmitic acid was first dissolved in 100% ethanol at a concentration of
500mM and incubated at 70°C to fully dissolve. This 500mM stock solution was then
added to 10% BSA (Merck A1595-50ML) to yield a palmitic acid concentration of 1.5
mM and a palmitic acid to BSA ratio of 3.3:1. To conjugate the BSA and palmitic acid,
the mixture was incubated with agitation at 40°C for 30 minutes. The conjugated

solution was then sterile filtered in a biosafety cabinet and added to Skeletal Muscle
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Differentiation Medium to yield a final concentration in medium of 0.75 mM. Myotubes
were then incubated with this fatty acid supplemented medium in the final 24-hours of

differentiation in experiments requiring ectopic lipid accumulation.

2.2.10 Oil Red O Stain

Oil Red O was used to stain for ectopic lipid accumulation after incubation with palmitic
acid supplemented culture medium. Cells were first rinsed twice with sterile DPBS then
incubated with 10% formalin for 1 hour at room temperature to fix. The formalin was
then aspirated, and cells gently washed twice more with DPBS. Cells were incubated
with 60% isopropanol at room temperature for 5 minutes. The isopropanol was
aspirated, and Oil Red O solution (Merck O1391) was gently pipetted onto the cells
and allowed to sit for 5 minutes. The oil red o solution was removed, and the cells
repeatedly rinsed with water until no visible stain remained. Intracellular lipid was

observed in red by visualization under an inverted light microscope.

To perform semi-quantitative analysis, Oil Red O was solubilized from fixed cells by
incubation with 100% isopropanol for 10 minutes. The solubilized Oil Red O in solution
was then measured for absorbance at 492 nM in a plate reader (BMG Labtech

Clariostar).
2.2.11 Cell Treatments Preparation

22111 Insulin

Recombinant human insulin in solution at a concentration of 1.8 mM was purchased
from Merck (119278). Insulin solution was diluted in serum and glucose free DMEM to
yield a concentration of 1.8 UM stock solution and frozen. This was further diluted to

10nM in serum and glucose free DMEM for use as a working solution in cell treatments.

2.2.11.2 Radiolabelled 2-deoxy-D-glucose
A working solution consisting of both labelled and unlabelled 2-deoxy-D-glucose was

prepared for use in glucose uptake assays.

2-deoxy-D-glucose (Merck D8375-10MG) was dissolved in DPBS supplemented with
0.2% BSA for a concentration of 304.5 mM, then sterile filtered and stored in the fridge.
On the day of experiment 137 pL of this unlabelled 2-deoxy-D-glucose was
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supplemented with 13 pL of tritiated [3H] 2-deoxy-D-glucose (PerkinElmer
NET549250UC) to yield a concentration of 278 mM and 83 pCi/mL. This was sufficient

for 25 wells of a 24-well plate.

2.2.12 Measurement of Glucose Uptake
The principle of using measuring the radioactivity of cell lysates by liquid scintillation
counting after incubation with glucose labelled with a radioisotope as a proxy for

glucose uptake was employed in myotubes and adipocytes.

2.2.12.1 Glucose Uptake Assay

Cells in 24-well plates were first serum starved for 6-hours by incubating with low
glucose serum-free DMEM (Lonza BE12-707F). In the final hour of this serum
starvation, media was changed to serum and glucose free DMEM (Lonza BE12-604F)
to glucose starve the cells. Three hundred microliters of experimental treatments
(preparation detailed in Section 2.12) were added to duplicate or triplicate wells
depending on the experiment and placed in an incubator for 1 hour. The basal control
for each experiment was cells incubated with serum and glucose free DMEM during
this 1-hour treatment incubation time. After 1 hour, 6 pL (0.5 pCi) of the radiolabelled
2-deoxy-D-glucose (preparation detailed in Section 2.12.4) was swiftly added directly
to the treatment media and gently agitated then placed in the incubator for 10 minutes.
After 10 minutes, 24-well plates were placed immediately on ice and media containing
the treatment and labelled glucose swiftly aspirated. Cells were then rinsed 3 times
with ice-cold DPBS. To lyse the cells, 600 uL of Cell Lytic™ MT (Merck C3228-50ML)
was added to each well and incubated with gentle agitation in the cold room for 30
minutes. Once lysis was visually confirmed under a microscope, radioactive lysates
were transferred to eppendorfs. To 4 mL of Ultima Gold™ liquid scintillation fluid
(Merck L8286-5L) in liquid scintillation counting vials, 400 uL of cell lysate was added
and vortexed. These vials were then placed in a liquid scintillation counter (Perkin

Elmer Tri-Carb 5100TR) and counts per minute measure for 1 minute per sample.
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2.2.12.2 Protein Normalization

An aliquot of lysates from the glucose uptake assay was retained for protein
quantification and normalization. The Pierce™ BCA Protein assay (ThermoScientific
23225) was carried out according to manufacturer’s protocol. In duplicate, 25 uL of cell
lysate was added to wells of a 96-well plate. BCA working reagent was prepared by
adding 50 parts Reagent A to 1 part Reagent B, and 200 pL of working reagent was
added to each standard and sample well. The plate was gently agitated then incubated
for 30 minutes at 37°C before absorbance at 562 measured in a spectrophotometer.
The concentration of protein in pg/mL was used to normalize the CPM gained from
measuring the radioactivity of 400 uL cell lysate by liquid scintillation counting, and

glucose uptake was expressed as cpm/ug protein.
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2.3 Results

2.3.1 Seeding of Myoblasts from Biopsies

Six discrete cultures of proliferating primary myoblasts from six different participants
were successfully established. Initial yield from biopsy digestion was low (Fig 2.1 A)
however, after the first passage and pre-plating step a stable culture was established
(Fig 2.1 B). Of the six participants who yielded stable cultures, there were 2 females
and 4 males with a mean age of 29 £ 5.5 and BMI of 22.5 + 2.6 . Aliquots of cells were

taken during the first four passages for cryopreservation.

Figure 2.1 Initial cell yield and establishment of stable primary myoblast culture.

A) 10x light microscope image taken 6 hours after seeding the cell suspension gained
from the biopsy digestion. Myoblasts that have attached to the collagen coated surface
highlighted in red. B) 10x light microscope image taken at Passage 2 of stable
myoblast culture after fibroblast contamination has been eliminated in pre-plating.
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2.3.2 Assessment of Cell Line Purity

To confirm a pure myoblast culture had been obtained from biopsies, and fibroblasts
eliminated, each of the six myoblast cell lines were stained for desmin and visualised
under a fluorescent microscope after passage 2. Cultures of undifferentiated,
mononucleated myoblasts were confirmed by staining positive for desmin (Fig 2.2

overleaf).
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Figure 2.2 Immunofluorescent desmin expression in primary myoblasts.

Representative immunofluorescent image of a pure myoblast culture expressing

desmin (green). Nuclei shown in red.
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2.3.3 Assessment of Capacity to Differentiate

Mononucleated myoblast cultures were assessed for their capacity to differentiate to
form mature multinucleated myotubes. After reaching confluency, culture media was
switched from growth to a differentiation formulation and observed over 7 days under
a light microscope. During incubation with differentiation medium, myoblasts were
observed to align, elongate then fuse to form mature striated myotubes after 5-7 days
(Fig. 2.3 overleaf).

To confirm the myoblasts had successfully differentiated, the presence of the structural
contractile protein myosin heavy chain 3 (MHC3) was observed via
immunofluorescence and substantiated by gqRT-PCR. Immunofluorescent images from
post-mitotic cultures of each cell line indicated the myoblasts had fused to form
multinucleated myotubes and express MHC3. A population of myoblasts in each
culture, approximately 30%, do not terminally differentiate and can be seen by the
nuclei not expressing MHC3 (Fig 2.4 A overleaf). Increased expression of MHC3
MRNA demonstrated by RT-gPCR was used to validate differentiation, with uniform
expression observed across all six cell lines. MHC3 mRNA was present at varying
levels in myoblasts as spontaneous differentiation occurs when the cultures approach

the confluency required for RNA isolation (Fig 2.4 B overleaf).
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Figure 2.3 Differentiation timeline of myoblasts to myotubes.

Representative images taken under light microscope at 10x magnification. A) 2 days
after commencing incubation with differentiation medium cells begin to align and
elongate. B) 4 days after beginning differentiation, cells begin to fuse and begin forming
multinucleated cells. C) Between 5 and 7 days of differentiating, the myoblasts are

terminally differentiated into striated, multinucleated myotubes.
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Figure 2.4 Contractile protein expression in mature differentiated myotubes.

Myotubes express the structural protein MHC3 when differentiated. A) Representative
immunofluorescent image of myotube cultures expressing MHC3 (blue) after 5-7 days
of differentiation. Nuclei shown in red. B) Myoblast and myotube MHC3 mRNA levels

as assessed by gRT-PCR. Each data point represents a discrete cell line n=6.
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2.3.4 Insulin Receptor Profile and Response

2.3.4.1 Presence of Insulin Receptor
gRT-PCR was used to confirm the presence of insulin receptor in established myotube
lines. Insulin receptor was consistently found to be present in high abundance across

all cell lines (Fig 2.5).
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Figure 2.5 Presence of insulin receptor in myotubes.

Insulin receptor mRNA levels in established cell lines with GAPDH used as a
reference gene. Insulin receptor was found in high abundance across all lines (mean
ACT=7.99).
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2.3.4.2 Insulin Stimulated Glucose Uptake

One-hour incubation of myotubes with 10nM insulin significantly increased glucose
uptake over untreated control as measured by uptake of tritiated 2-deoxy-D-glucose
via liquid scintillation counting (7.88 CPM/ug + 2.5 vs. 16.66 CPM/ug £ 1.6, unpaired
t-test p<0.0001) (Fig. 2.6 overleaf). In a dose-response experiment, 10nM insulin was
found to produce the maximal glucose uptake response, with no further increment at
100nM (Appendix 6.2)
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Figure 2.6 Glucose uptake in response to insulin in myotubes.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=6). ****p<0.0005 vs
Untreated. Data are presented as mean * standard deviation. Statistical analysis was

performed with unpaired t-test.
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2.3.5 Establishment of Insulin Resistant Lipid-Loaded Myotube Model
Differentiated myotubes were incubated with 0.75mM palmitic acid conjugated to
bovine serum albumin to induce ectopic lipid accumulation and downstream

impairment of insulin induced glucose uptake.

2.3.5.1 Ectopic Lipid Accumulation in Myotubes

Myotubes incubated with differentiation medium supplemented with 0.75 mM BSA-
conjugated palmitic acid for 24 hours exhibit intracellular lipid accumulation (Fig. 2.7
overleaf). Incubation with conjugated palmitic acid at concentrations of 0.25 mM and

0.50 mM did not ablate the insulin induced glucose uptake response (Appendix 6.3).
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Figure 2.7 Ectopic lipid accumulation after incubation with palmitic acid.

Myotubes incubated with palmitic acid accumulate ectopic lipid droplets. Cells stained
with Oil Red O demonstrate intracellular lipid accumulation after incubation with
palmitic acid (A-Control, B- 0.75mM palmitic acid, 40x magnification). C) Semi-
guantitative measurement of oil red o extracted from fixed cells shows significant
increased absorption at 492 nm after 0.75mM palmitic acid treatment (n=3, unpaired
t-test p<0.0005).

67



2.3.5.2 Glucose Uptake in Lipid-Loaded Myotubes

Insulin induced glucose uptake was measured in myotubes after 24-hour incubation
with 0.75 mM palmitic acid. Glucose uptake in lipid-loaded myotubes treated with
insulin was reduced compared to myotubes treated with insulin and without palmitic
acid (Fig. 2.8).
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Figure 2.8 Insulin resistance induced by ectopic lipid accumulation.
Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=4). *p<0.05 vs Insulin.
Data are presented as mean * standard deviation. Statistical analysis was performed

with one-way ANOVA and post-hoc Dunnett’s multiple comparisons test.
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2.4 Discussion

The aim of this chapter was to establish multiple characterized primary human
myoblast cell lines from healthy volunteers to be used as a platform in which the first
human in vitro experiments examining the novel role of a-MSH on skeletal muscle
glucose uptake can then be conducted. Strict criteria were laid out that the established
myotubes must meet in order to be used for further experiments in that they must be
free from fibroblast contamination, display normal morphology and mitotic behaviour,
capacity to differentiate into mature myotubes, and exhibit basal and insulin-stimulated
glucose uptake and lipid induced insulin resistance at levels in line with published data.

In a study approved by the UCD Human Research Ethics Committee, fifteen healthy
volunteers between the ages of 18-50 with no history of metabolic complications were
recruited to donate vastus lateralis skeletal muscle biopsies under local anaesthesia.
From each participant, a maximum of two ~20mg biopsies were obtained and pooled
together for downstream enzymatic digestion following published protocol (245,248).
As muscle biopsies were obtained by repeated insertions of a co-axial biopsy needle
into an in-situ cannula, tissue obtained beyond the second needle insertion resulted in
significantly increased intramuscular haemorrhaging and thus were not used in
downstream isolation due to the risk of non-myogenic cell type contamination. From
the fifteen pooled biopsy samples obtained from participants, six of these were
successfully established as stable myoblast cell lines.

Cell suspensions derived from enzymatically digested human skeletal muscle contain
an abundance of fibroblasts which if co-cultured with myoblasts, will quickly overrun
the culture (249,250). A technique known as pre-plating was employed during the first
passage to eliminate fibroblast contamination. Once the cell suspension that was
initially seeded follow biopsy digestion forms a confluent monolayer on the collagen-
coated culture flask, the cells are detached and incubated in an uncoated culture flask
for 45 minutes. Unlike myoblasts, fibroblasts do not need a protein matrix such as
collagen to attach to in vitro, and as such will readily adhere to the flask during this
incubation step. The cell suspension that is harvested after 45 minutes from this
uncoated flask contains a pure myogenic cell population that can be further expanded.

The larger, star-like fibroblasts were observed to have attached in the uncoated flask
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during this step. To confirm a pure population of myoblasts all cell lines were screened
for positive desmin expression, a marker of myogenic cells not found in fibroblasts, via

immunofluorescent microscopy prior to further expansion.

Myotubes are mature muscle cells containing highly organized contractile protein
structures and comprised of up to thousands of post-mitotic myonuclei. These
myotubes are formed during a process known as myogenesis, which is characterized
by the fusing of the mononucleated myoblasts into elongated, multinucleated
myotubes and the formation of protein structures that comprise the sarcomere, the
basic contractile unit in mature skeletal muscle(237,251). The established cell lines
were confirmed to have myogenic potential after being cultured in conditions promoting
differentiation for 5-7 days. Elongated, multinucleated cells were visually confirmed
under phase-contrast microscopy. Relative levels of myosin heavy chain 3 (MHC3)
expression, a marker of mature myotube formation (248), between myoblasts and
myotubes was assessed by gRT-PCR and found to be consistently increased in post-
mitotic cells. At the confluency that these myoblasts were required to be cultured at for
sufficient RNA isolation, spontaneous differentiation began to occur, thus leading to
increased MHC3 levels in myoblasts and a lower relative increase in expression in
myotubes in comparison. Although the difference in MHC3 expression between the
two cell sub-types shown may be lower than expected due to spontaneous
differentiation in myoblasts, the consistent increase in this protein expression in mature
myotubes can be interpreted as sign of successfully differentiation. GAPDH was used
as a reference gene for this analysis and all subsequent transcriptomic analysis as it's
expression is stable in differentiated myotubes, as well as remaining relatively
unchanged before and after the differentiation process (252). MHC3 was also
visualized by immunofluorescent microscopy, with the striated contractile structures

clearly visible within multinucleated cells.

A significant population of myoblasts, approximately 30%, were not observed to
differentiate even after extended periods in differentiation medium. This phenomenon
is frequently observed in human myoblast cultures (245,247,248), and it has been
suggested that myoblasts are not a homogenous cell type that are all capable of

terminal differentiation and instead adopt divergent fates, with some myoblasts
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remaining in a quiescent state in vitro mimicking the pool of myogenic satellite cells

found within intact muscle tissue in vivo (253,254).

In the early stages of experimental protocol optimisations, it was found that in 96-well
culture plates myoblasts fail to differentiate into elongated multinucleated myotubes.
During the differentiation process, instead of elongating and fusing, myoblasts would
aggregate then detach from the culture surface. Several variations of culture plastics
and extracellular matrix coatings were used in an attempt to induce differentiation in
96-well plates but were unsuccessful, this phenomenon was not found to be reported
in published protocols. We hypothesise this is due to the decreased culture surface
area of 96-well plates not providing enough space for the several millimetre-long
myotubes to develop, as myotube formation was successful in culture surface areas
equivalent to 48-well plates and above. This proved to be an obstacle in conducting
several experiments that were designed to function in a 96-well plate setting. For
example, significant attempts were made to convert the Agilent pH-Xtra Glycolysis
assay from the intended 96-well plate setup to a 48-well and despite technical support,
a reliable signal could not be obtained from the assay using myotubes in this setting.
Similarly, myotube formation could not be induced in Seahorse compatible culture
cartridges as they have half the surface area of 96-well plates. Therefore, it was not
feasible to obtain data on the glycolytic capabilities of a-MSH, as demonstrated in

animal models in vitro (205), during the course of this project.

Human primary myotubes retain the insulin-mediated glucose uptake signalling
pathway found in their parent tissue (21,238,241-243), allowing cultured myotubes to
act as a suitable model for skeletal muscle glucose uptake in vitro. To ensure the
myogenic cell lines established were capable of normal insulin induced glucose
uptake, the presence of insulin receptor and capability for downstream glucose uptake
was assessed. Using gRT-PCR, insulin receptor was found to be abundant and
consistent across the six cell lines. Measurement of tritiated 2-deoxy-D-glucose taken
up by the cell after 1-hour treatment with 10nM insulin resulted in a 2-fold increase in
glucose uptake over the basal state. This proportional increase in insulin stimulated
glucose uptake is consistent with those levels widely published (238,242,243). An
effort was made to increase the effect size by prolonged serum starvation prior to the
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glucose uptake assay, however the 6-hour serum starvation used was the maximum

time in these conditions before detachment of the myotubes were observed

The main disadvantage of using primary human myotubes in this context is the effect
size of an insulin treatment on glucose uptake compared to the basal state is not
equivalent to that observed in vivo, which is closer to an 8-10-fold difference. This is
due to the significantly elevated GLUTL1 transporters found in cultured myotubes (241).
Although it is possible to reduce GLUTL1 levels through RNA interference (255), this
may detract from the benefits of having a primary, unaltered cell line derived from
humans with a known phenotype. However, this increase in basal glucose uptake
should not be significant enough to mask any increases in glucose uptake in response

to a treatment.

Elevated levels of circulating free fatty acids are linked to metabolic disorders such as
obesity and Type 2 diabetes, and lead to defects in skeletal muscle insulin signalling
mediated by intramuscular lipid accumulation (124,125,256). An in vitro model
commonly employed to study these lipotoxic effects on glucose uptake is one in which
intracellular lipid accumulation is induced by extended incubation in media
supplemented with high levels of free fatty acids(257-259). This leads to accumulation
of neutral lipids in particular ceramides and diacylglycerols (258,260) which then leads
to downstream defects in Akt/PKB activation and inhibited GLUT4 trafficking to the
plasma membrane (260). The primary human myoblast cell lines established in this
chapter were incubated with differentiation medium supplemented with 0.75 mM
palmitic acid conjugated to bovine serum albumin in the final 24-hours of differentiation.
Ectopic lipid accumulation was confirmed both visually by staining with Oil Red O, and
semi-quantitively by measuring the absorbance of solubilized and extracted Oil Red O
stain. With this lipid-loaded model established, insulin induced glucose uptake was
measured after palmitate incubation. Glucose uptake after 10 nM insulin treatment was
significantly blunted in myotubes incubated with palmitate compared to those without,
with glucose uptake levels in lipid-loaded myotubes resembling those of the untreated
control. This lipid-loaded, insulin resistant myotube model will be used in the
subsequent chapter to investigate the effects of a-MSH on glucose uptake in an insulin

resistant environment in vitro.
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In this chapter, vastus lateralis skeletal muscle biopsies obtained from healthy
volunteers were used to establish six discrete cell lines of primary human myoblasts.
The purity of the cell type obtained was established, and their capability to successfully
differentiate into multinucleated myotubes confirmed. The effect size of insulin-
stimulated glucose uptake in these myotubes was comparable to published data,
indicating a functioning pathway downstream of the insulin receptor. An insulin-
resistant, lipid-loaded myotube model was then developed by incubation with palmitic
acid. Thus established and characterized, these myotube cultures were subsequently
deployed in the investigation of the effect of a-MSH on human skeletal muscle glucose
uptake.
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Chapter Three

Effect of a-MSH on Glucose
Uptake in Human Myotube
and Adipocyte Culture
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3 Chapter 3: Effect of a-MSH on Glucose Uptake in Human
Myotube and Adipocyte Culture

3.1 Introduction

a-MSH is a 13 amino-acid acetylated peptide hormone belonging to the melanocortin
family of peptides. It is produced through tissue specific proteolytic processing and
post-translational modification of the of the proopiomelanocortin (POMC) polypeptide
(177,179). Although produced in small amounts within melanocytes and keratinocytes
in response to ultraviolet light exposure(193,261,262), the primary source of peripheral
a-MSH in humans is the anterior lobe of the pituitary (205,263), from where it has been
demonstrated to be released into the circulation in response to transient elevations in
blood glucose (205,228,264). A-MSH is an agonist at melanocortin receptors MCR1,
MCR3, MCR4 and MCR5 but not MCR2 (187,193).

While central MCR expression is primarily limited to MC3R/4R, MCR1, MCR2 (limited
to the adrenal gland), MCR3 and MCR5 can be expressed to varying degrees across
a range of peripheral tissues(193-195). The central role of the melanocortin system in
energy balance is well characterized as part of the leptin signalling pathway. Briefly,
leptin binds to the leptin receptor found in the hypothalamus which then activates
posttranslational processing of POMC in POMC neurons to release centrally binding
a-MSH(209). This leads to an agonistic effect on MC3/4R which in turn leads to
reduced food intake (265—-267). To date, published data on the role of the peripheral
melanocortin system in the context of energy homeostasis is sparse, particularly in
human models. A-MSH has been shown to increase fatty acid oxidation in murine
myotubes (both primary and C2C12) and lipolysis in adipocytes derived from mice
(229,268). Interestingly, administration of an insulin bolus proves fatal to POMC-
knockout mice in which both glucose tolerance and fasting insulin/glucose levels are
normal However, administration of a-MSH to these mice restores insulin tolerance in
association with elevations in circulating glucagon, which increases by 130% (269).
Additionally, agonism of MC5R has been demonstrated to have a protective effect
against glucose-induced hypertrophy in rat cardiomyocytes and high-glucose damage
in retinal cells(201,270).
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Prior pre-clinical work carried out by our collaborators on this project (Prof. Michael
Cowley, Monash University) points to a MC5R-mediated stimulatory effect of a-MSH
on glucose uptake in rodent and primate skeletal muscle (205,206). To summarize the
in vitro and ex vivo data to date; a novel endocrine circuit has been discovered in which
a-MSH acts directly on rodent and primate skeletal muscle to cause glucose uptake
downstream of MC5R. This appears to proceed in an insulin-independent manner,
wherein GLUT4 is not translocated to the plasma membrane nor is the effect reliant on
upstream PKA or AMPK involvement. This discovery provides the basis for this
research project which aims to take the first steps in translating these findings to human

biology.

This chapter aims to establish whether the enhancement of glucose uptake in
response to a-MSH and MC5R selective agonism previously observed in vivo and in
rodent myotube cultures translates to the context of primary cultures of human
myotubes and adipocytes. To achieve this, the MCR expression profile of primary
human myoblast cell lines was assessed, then glucose uptake after incubation with
varying concentrations of a-MSH measured and compared to the myotubes response
to insulin. PG-901, a peptidomimetic MC5R-specific agonist was used to establish
whether any changes in glucose uptake were directly mediated by MC5R, as has been
demonstrated in rodents. In obese mice, a-MSH induced improvements in glucose
tolerance were blunted (205). The lipid-loaded myotube model of insulin resistance
was used to assess whether lipid loading impacted on a-MSH responses. Additionally,
with the intention of investigating whether a-MSH stimulated glucose uptake occurred
in other insulin sensitive cells relevant to metabolic control, primary human adipocytes

were treated with a-MSH, and glucose uptake assessed.
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3.2 Methods

3.2.1 Measurement of Glucose Uptake

The principle of using measuring the radioactivity of cell lysates by liquid scintillation
counting after incubation with glucose labelled with a radioisotope as a proxy for
glucose uptake was employed in myotubes and adipocytes as detailed in Section
3.2.12.1. Treatments were prepared as detailed below.

3.2.1.1 Glucose Uptake Assay Treatment Preparation

3.2.1.1.1 Alpha-Melanocyte Stimulatory Hormone
Pharmaceutical grade a-melanocyte stimulatory hormone was custom synthesized by
Auspep Clinical Peptides Australia to GMP standards for both in vitro and human

infusion studies in this project.

For in vitro studies, 33mg aliquots of the peptide were first reconstituted in 50mL
deionised H20 to yield a concentration of 394.4 uM stock solution and 1mL aliquots of
this stock solution immediately frozen. For further use, this stock solution was diluted
in serum and glucose free DMEM to yield a 1000nM solution, which was then serially
diluted to 100, 10 and 1 nM working solutions for cell treatments.

3.2.1.1.2 PG-901

Professor Michael Cowley (Monash University) kindly provided the MC5R
peptidomimetic agonist PG-901 for use in this project. Having the same molecular
weight as a-MSH, PG-901 followed an identical dilution protocol as detailed in Section
2.12.1.

3.2.1.1.3 Insulin

Recombinant human insulin in solution at a concentration of 1.8 mM was purchased
from Merck (119278). Insulin solution was diluted in serum and glucose free DMEM to
yield a concentration of 1.8 uM stock solution and frozen. This was further diluted to

10nM in serum and glucose free DMEM for use as a working solution in cell treatments.
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3.2.2 Real Time Polymerase Chain Reaction
Ribonucleic acid was isolated, analysed and used to synthesize cDNA as detailed in
Section 3.2.5-7. Real time polymerase chain reaction was carried out as detailed in

Section 3.2.8 with the probes used in Table 3.1 overleaf.

Tagman Assay Gene TagMan Assay ID
Human melanocortin Mclr Hs00267167_s1
receptor 1
Human melanocortin Mc3r Hs01562847_s1
receptor 3
Human melanocortin Mc4r Hs00271877_s1
receptor 4
Human melanocortin Mc5r Hs00271882_s1
receptor 5
Human GAPDH GAPDH Hs02786624 g1

Table 3.1 Tagman assays used.
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3.3 Results

3.3.1 MCR Expression in Primary Human Myotube Cultures

To compare the relative abundance of expression across cell lines and targets, the
target cycle threshold (CT) was normalized to the GAPDH endogenous control CT and
displayed as ACT (Target CT- GAPDH CT). The presence of MCR1, MCRS3, and
MCR4 was confirmed with mRNA levels of MCR1 being the most abundant (mean ACT
7.99 +0.33) followed by MCR3/4 (means ACT 17.8 + 1.5 and ACT 16.33 = 1.1
respectively) at similar levels.

MC5R was faintly detected, only being amplified in PCR cycles 35-40 with a ACT of
21.65 = 1.09. Additionally, amplification was not observed consistently in duplicate

samples (Fig 3.1 overleaf).

3.3.2 MCR Expression in Commercially Obtained Human Skeletal Muscle RNA
In order to substantiate the above findings, human skeletal muscle tissue RNA was
commercially obtained and analysed for MCR expression. Relative expression levels
between the receptors were similar to those found in isolated primary human
myotubes, with MCR1 most abundant (mean ACT 16.7) followed by MCR3/4 (means
ACT 20.4 and ACT 20.1 respectively). MCR5 was not detected (Fig 3.2 overleaf).
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Figure 3.1 Melanocortin receptor profile of primary myotube lines.

Melanocortin receptor mRNA expression in established cell lines with GAPDH used as
a reference gene, expressed as the difference in cycle thresholds of the target and
reference gene (ACT) as measured by qRT-PCR. Each data point represents a

discrete cell line assayed in duplicate.
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Figure 3.2 Melanocortin receptor profile of commercially obtained human
skeletal muscle RNA.

Melanocortin receptor mRNA expression in established cell lines with GAPDH used as
a reference gene, expressed as the difference in cycle thresholds of the target and
reference gene (ACT) as measured by qRT-PCR. RNA was used to prepare cDNA
template in duplicate. Each duplicate template was assayed in triplicate and means of

each triplicate shown above (n=2).
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3.3.3 a-MSH Induced Glucose Uptake in Human Primary Myotubes
Glucose uptake was measured under various treatment conditions by liquid scintillation

counting of tritiated 2-deoxy-D-glucose uptake by differentiated myotubes.

3.3.3.1 a-MSH-induced Glucose Uptake in the Absence of Insulin

A 60-minute incubation of myotubes with 10nM and 100nM a-MSH elevated glucose
uptake approximately 2-fold above untreated basal glucose uptake (7.8+2.5 CPM/ug
vs. 15.24+4.19 CPM/ug and 15.71+4.52 CPM/ug respectively, one-way ANOVA
p=0.0014). The summary effect was thus comparable in magnitude, to the increase in
glucose uptake in response to 10nM insulin (16.66+1.66), though less consistent, (Fig.

3.3 overleaf).
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Figure 3.3 a-MSH induced glucose uptake in primary human myotubes.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=6). **p<0.005 vs.
Untreated, ***p<0.0005 vs. Untreated. Data are presented as mean * standard
deviation with each data point shown as the mean of duplicates. Statistical analysis
was performed with one-way ANOVA with post-hoc Dunnett’s multiple comparison

test.
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3.3.3.2 Glucose Uptake in Response to a-MSH and Insulin Co-Incubation
Co-incubation of 10nM a-MSH with 10nM insulin resulted in a significant increase in
glucose uptake over insulin alone (16.66+1.66 CPM/ug vs. 28.58+11.31 CPM/ug, one-
way ANOVA p=0.0003) (Fig 3.4).
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Figure 3.4 The effect of insulin and a-MSH co-incubation on glucose
uptake in myotubes.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=6). *p<0.05 vs
Untreated. Data are presented as mean + standard deviation with each data point
shown as the mean of duplicates. Statistical analysis was performed with one-way

ANOVA with post-hoc Dunnett’s multiple comparison test.
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3.3.4 MC5R Agonism
PG-901, a MC5R specific agonist was used to identify the MCR responsible for a-MSH

induced glucose uptake.
Incubation with the peptidomimetic agonist PG-901 significantly increased glucose

uptake over untreated control at a concentration of 100nM (9.61+1.05 CPM/ug vs.
14.74+2.87 CPM/ug, one-way ANOVA p=0.002) (Fig. 3.5).
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Figure 3.5 Glucose uptake in response to MCR5 agonism by PG-901.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=6). **p<0.005 vs
Untreated. Data are presented as mean + standard deviation with each data point
shown as a mean of triplicates. Statistical analysis was performed with one-way
ANOVA with post-hoc Dunnett’s multiple comparison test.
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3.3.5 a-MSH Induced Glucose Uptake in Lipid-Loaded Myotubes

Ectopic lipid accumulation was induced in myotubes as previously described, and

glucose uptake in response to a-MSH was measured.

In myotubes incubated with 0.75 mM palmitic acid for 24-hours, a-MSH failed to induce

a significant increase in glucose uptake that was comparable to insulin as shown in
Figure 4.2 (Fig. 3.6).
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Figure 3.6 The effect of palmitic acid on a-MSH induced glucose uptake.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=4). *p<0.05 vs
Untreated. Data are presented as mean + standard deviation with each data point
shown as a mean of triplicates. Statistical analysis was performed with one-way

ANOVA with post-hoc Dunnett’s multiple comparison test
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3.3.6 Melanocortin Receptor Profile and Glucose Uptake in Primary Human
Adipocytes

A commercially obtained primary human preadipocyte cell line was cultured and

differentiated into adipocytes. The melanocortin profile of this cell line was assessed

by gRT-PCR and glucose uptake measured by liquid scintillation counting of tritiated

glucose.

3.3.6.1 Primary Human Adipocyte Melanocortin Receptor Profile

gRT-PCR was used to profile the abundance of MCR1, MCR3, MCR4, and MCR5
MRNA in differentiated adipocytes.

The presence of melanocortin receptors 1 and 3 were confirmed with mRNA levels of
MC1R being the most abundant (mean 10.83 + 0.13 ACT) followed by MC3R (mean

16.18 + 2.5 ACT) (Fig. 3.7). Melanocortin receptors 4 and 5 were not detected.
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Figure 3.7 Melanocortin receptor profile of commercially obtained primary
human adipocytes.

Melanocortin receptor mRNA expression in commercial primary adipocytes with
GAPDH used as a reference gene, expressed as the difference in cycle thresholds of

the target and reference gene (ACT) as measured by gRT-PCR (n=3).
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3.3.6.2 a-MSH Induced Glucose Uptake in Primary Human Adipocytes

Glucose uptake was measured under various treatment conditions by liquid scintillation
counting of tritiated 2-deoxy-D-glucose taken up by differentiated adipocytes.
Whereas 10nM insulin induced a significant increase in glucose uptake over untreated
control (p=0.04), a-MSH did not increase uptake at any dose used (Fig. 3.8).
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Figure 3.8 a-MSH induced glucose uptake in primary human adipocytes.
Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (Untreated and 10nM
insulin n=4) (1, 10 and 100nM a-MSH n=3). *p<0.05 vs Untreated. Data are presented
as mean * standard deviation with each data point shown as a mean of triplicates.
Statistical analysis was performed with one-way ANOVA with post-hoc Dunnett’'s

multiple comparison test.
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3.4 Discussion

This chapter aimed to establish whether the enhancement of glucose uptake in
response to a-MSH and MC5R selective agonism previously observed in vivo and in
rodent myotube cultures translates to the context of primary cultures of human
myotubes and adipocytes. This was achieved by characterising the expression levels
of melanocortin receptors in previously established primary human myotubes,
commercially obtained primary human adipocytes, and RNA extracted from human
skeletal muscle tissue. Glucose uptake in response to a-MSH with and without insulin
was measured in both myotubes and adipocytes. To investigate whether the glucose
uptake effect was MCR5 mediated, the selective agonist PG-901 was used. Using the
lipid-loaded myotube model established in Chapter 2, the impact of ectopic lipid
accumulation on a-MSH induced glucose uptake was measured. This marked the first

time direct MCR agonism in human skeletal muscle has been investigated.

The melanocortin receptor profile of skeletal muscle in mice and rats is well
characterized, with MC5R shown to be highly abundant and MC4R detectable at low
levels (205,206). Scant data exists on the melanocortin receptor profile in human
skeletal muscle and at the time of writing, this is the first study examining the direct
action of a-MSH on human skeletal muscle in any context. In contrast to rodents where
it is shown to be the MCR primarily expressed in skeletal muscle, MC5R has been
shown to have very Ilow levels of expression in human skeletal
muscle(192,200,271,272). No evidence of melanocortin receptors 1,3 and 4
expressions in human skeletal muscle could be found in published literature, although
tissue expression databases such as the Human Protein Atlas show MCR1 and MCR4

are present.

All six primary human myoblast cell lines were assayed for melanocortin receptors 1,
3, 4 and 5. MC2R was not investigated as a-MSH has no binding properties at this
receptor. MC1R was found in high abundance and in consistent levels across all cell
lines. MC3/4R were expressed at lower levels but routinely detectable. MC5R was
faintly detected, not being consistently amplified between technical replicates across

multiple PCR experiments. When amplified, MCR5 expression would only cross the
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detection cycle threshold in the last 5 (of 40) amplification cycles. RNA used in cDNA
template preparation for these experiments was found to be free from contamination
and largely intact (see Appendix 6.3 for RNA quality assessment). Extracting RNA
from myotubes cultured in a high glucose environment, which has been shown to
upregulate MC5R expression in cardiomyocytes (201), did not result in increased
MC5R expression in human myotubes (Appendix 6.4). Additionally, no difference in
MC5R amplification was observed when using three-fold higher cDNA template in the
PCR assay. Total RNA extracted from human skeletal muscle tissue was commercially
obtained and MCR expression analysed. MCR1/3/4 were found to be expressed at
similar levels relative to each other in comparison to myotubes, and MCR5 not being
detectable. These data suggest that, in contrast to rodents, MC5R is expressed at

extremely low levels in human myotube culture.

Serum and glucose starved myotubes were incubated with insulin or a range of doses
of a-MSH for 1-hour, and uptake of tritiated 2-deoxy-D glucose measured. In an effort
to control for the impact of any genotypic or phenotypic differences between biopsy
donors on the a-MSH response, the experiment was repeated twice within a cell line
from three separate biopsy donors for a total of 6 experimental replicates. Within each
experiment, treatments were assayed in duplicate. Incubation of myotubes with a-MSH
at concentrations of 10 and 100 nM increased glucose uptake over untreated control.
The effect size was comparable to that the of measured insulin-induced glucose
uptake. As cultured primary myotubes retain some metabolic characteristics of their
donor organisms (21,119,237,238), biopsy donors were screened for any history of
diabetes or metabolic disease. As expected, this resulted in a highly consistent insulin
mediated glucose uptake response across all cell lines assayed. However, there was
more variability in glucose uptake in cells treated with a-MSH. Experimental duplicates
in each cell line had consistent a-MSH responses, suggesting the variability may be
derived from differences in donor characteristics manifesting in the inter-cell line
variability observed in these data. This represents the first time this novel mechanism
of glucose uptake in response to direct a-MSH stimulation has been measured in

human cells.

Next, the impact of co-incubation of insulin and a-MSH on glucose uptake was

measured to assess whether combined downstream signalling of insulin receptor and
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MCR’s result in a response greater than either alone. Data in rodent models has shown
that glucose uptake mediated by MC5R activation is independent of insulin signalling,
and that the glucose uptake effect size of combined incubation is additive (205,206).
In the human myotubes assayed, co-incubation of 10nM insulin and 10nM a-MSH
resulted in a statistically significant increase in glucose uptake over insulin alone. A
similar effect can be seen in insulin co-incubated with 1 and 100nM a-MSH however,
the results are variable, and the net effect size is not of the same magnitude as that of
the data in rodents. These data suggest that the complementary effects of a-MSH and
insulin may translate to human models. However, the increased GLUT1 present in
human myotubes (241) may obscure the true effect size mediated by recruiting
additional GLUTs to the plasma membrane, leading to the maximum treatment-
induced increase in glucose uptake being reached at a lower “fold-difference” to the

basal state.

To further interrogate the translational relevance of the finding in animals that glucose
uptake is mediated by MC5R, myotube glucose uptake as assessed following
incubation with PG-901, a highly selective peptidomimetic agonist of MC5R. One-hour
incubation with 100 nM PG-901 increased resulted in a glucose uptake relative to
control, with a similar effect size to that seen with insulin. When initially characterised
PG-901 was shown to have an ECso of 0.072nM and demonstrated high specificity for
MC5R (273) however, in the myotube experiments described herein a significant
increase in glucose uptake was only observed at a concentration of 200nM. This may
be due to the faintly detectable levels of MC5R expression in the myotubes used. The
cells used in binding assays to establish the pharmacological properties of the newly
synthesized PG-901 compound were Chinese hamster ovary cells modified to stably
express MC5R at high levels (273), and thus are not biologically equivalent to the
primary human myotubes used in this experiment. Therefore, it is possible that with
the low receptor abundance observed, PG-901 will only produce significant
downstream effects at 100nM in the 1-hour incubation time used in these experiments.
In conclusion, these data tentatively suggests that direct agonism of MC5R in human
myotubes is capable of eliciting a significant increase in downstream glucose uptake
but whether this supports the likelihood of an MCR5 mediated response to a-MSH

transients in vitro is questionable.
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In mice with diet-induced obesity, the glucose tolerising effect of a-MSH during glucose
tolerance tests was ablated (205). The lipid-loaded myotube model established in
Chapter 3 was employed in an effort to translate these findings to human cells. In an
environment where insulin mediated glucose uptake is hampered due to ectopic lipid
accumulation, the concentrations of a-MSH used produced no noticeable increase in
glucose uptake after 1-hour incubation. In mice, a combination of nonselective
phosphodiesterase inhibitors ameliorated the inhibitory effect of obesity on a-MSH
induced glucose uptake by blocking the breakdown of cAMP, indicating a failure in
signal transduction., It may prove useful in future experiments to demonstrate that
insulin resistant human myotubes respond to a-MSH wherein cAMP signalling is

restored.

The downstream effects of MCR agonism on glucose uptake was also investigated in
human primary adipocytes. Commercially obtained preadipocytes were cultured and
differentiated to adipocytes. The melanocortin profile of this cell line was assessed by
gRT-PCR and MCR’s 1 and 3 were found to be expressed, with no evidence of
MC4/5R expression. Following the same glucose uptake assay protocol, differentiated
adipocytes were incubated with insulin and a range of doses of a-MSH after being
serum and glucose starved. No enhancement of glucose uptake was induced after
incubation with a-MSH; thus, the cell type was not used in any subsequent

experiments.

This chapter aimed to investigate whether the findings in rodent models that
demonstrated direct agonism of skeletal muscle MC5R leads to downstream glucose
uptake. Primary human myoblast cell lines were shown to stably express MCR’s 1, 3
and 4, with MC5R being faintly detected. The presence of MC5R in human skeletal
muscle can be corroborated in the literature however, peer-reviewed data
demonstrating whether or not MC1/3R is expressed in human muscle could not be
found. A-MSH was shown to significantly increase glucose uptake at concentrations of
10 and 100nM after 1-hour incubation, with this effect size increasing upon co-
incubation with insulin. PG-901, a selective MC5R agonist, significantly increased
glucose uptake, but only at a concentration of 100nM suggesting that the effect of
native hormone at lower dosage is possibly not mediated via signalling downstream of

MC5R. This represents a fundamental difference to what has been described
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heretofore in rodent studies and has major implications for receptor level drug targeting
of this pathway.

In lipid-loaded myotubes a-MSH fails to elicit a glucose uptake response at any of the
concentrations used. Whether this can be attributed to a failure in cAMP signalling
remains a subject for future experiments. Human primary adipocytes expressing
MC1/3R do not demonstrate any increase in glucose uptake in response to a-MSH

incubation.

The work described above in primary human culture represents the targeted
investigation of the effect of a-MSH on skeletal muscle glucose handling. With
evidence of translation of this novel pathway to the human context established, the
impact of systemic a-MSH infusion on oral glucose tolerance and skeletal muscle
disposal of glucose was investigated in healthy human volunteers as described in the
following chapter.
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Chapter Four

Investigating the Effect of a-
MSH on Glucose Clearance

In Healthy Humans
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4 Chapter 5: Investigating the Effect of a-MSH on Glucose

Clearance in Healthy Humans

4.1 Introduction

Diabetes mellitus is recognized as the fastest growing chronic condition around the
globe. In 2021 the International Diabetes Federation estimated that 1 in 10 (537 million)
adults are living with diabetes, with diabetes-related healthcare expenditure increasing
by 316% over the last 15 years (274). Postprandial hyperglycaemic excursions are a
key target for most therapeutic strategies due to glucotoxicity being a major risk factor
for the development of diabetic complications (142,275,276). Fortunately,
hyperglycaemia is a modifiable risk factor, and a wide array of insulin-centric
therapeutics are available.

The primary treatment outcome in patients with both TIDM and T2DM is an
improvement in glycaemic control as measured by a reduction in HbAlc. The 2022
update to the Clinical Practice Recommendations of the American Diabetes
Association states that adults with Type 1 Diabetes (T1D) should be treated with rapid-
acting insulin analogues either prandially or basally. In Type 2 diabetics (T2D),
metformin alongside lifestyle modification should be a first-line therapy before
progressing to combination therapy with GLP-1 analogues and sulfonylureas The ADA
further recommends introduction of insulin to the pharmacotherapeutic strategy if there
is no improvement of glycaemic control and/or evidence of ongoing catabolism (277).
Progression of disease states in both T1D and T2D can result in the need for intensive
insulin therapy to manage hyperglycaemia. This can lead to significant weight gain and
the risk of hypoglycaemia in T1D (278), and mortality from cardiovascular causes in
T2D (279). As such, there is a need for novel pharmacological approaches which may
compliment the glucose-lowering response of insulin thus providing an insulin-sparing

effect and may hold promise as use for a future adjunct therapy.

Continuous infusion of a-MSH in mice significantly improves glucose tolerance during
a glucose tolerance test and increases the glucose infusion rate during
hyperinsulinaemic-euglycaemic clamps mediated by increased glucose uptake in
muscle. Additionally, arterial infusions of a-MSH in sheep lead to an increase in muscle

temperature, further demonstrating the direct effects on skeletal muscle in vivo (205).
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As demonstrated in Chapter 4, a-MSH increases glucose uptake in primary human
myotubes, with an effect complimentary to insulin. A critical next step in understanding
this previously undescribed pathway in humans is validating whether this response in
vitro translates in vivo, in healthy human subjects in the first instance. Therefore, a
study in healthy volunteers involving the intravenous infusion of a-MSH during both an
oral glucose tolerance test and a euglycaemic-hyperinsulinaemic clamp was designed.
Prior to the human study, a mouse study was conducted to validate the batch of peptide
to be used in humans. Ten lean mice received bolus injections of 1, 10 and 100ng a-
MSH prior to intraperitoneal glucose tolerance test. This was carried out to validate the
glucose tolerising effects of the peptide on mice in our own lab, and as previous studies
have administered continuous infusions, to investigate whether a single pre-prandial
bolus injection of a-MSH would produce a similar effect.

Fifteen participants were then recruited and studied in a double-blind, placebo-
controlled crossover manner whilst being infusion with a range of doses of the a-MSH
peptide (15, 150 and 1500 ng/kg/hr) and placebo (saline) during OGTT. A reduction in
the 0—120-minute iIAUC for glucose was investigated as the primary outcome. In the
clamp phase of the study, the same cohort of healthy volunteers underwent a
hyperinsulinaemic-euglycaemic clamp on two occasions while receiving a saline or a-
MSH infusion in a double-blind, placebo-controlled manner crossover manner. Serial
blood samples were taken during OGTTs and clamps, and assayed for glucose,
insulin, and GLP-1for secondary endpoint analysis.
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4.2 Methods

4.2.1 Pre-Clinical Validation in Mice

In a study approved by the UCD Animal Research Ethics Committee (Study ID 18-07-
HPRA-P138). Ten C56/B7 mice underwent intraperitoneal (i.p.) glucose tolerance
tests four times, one week apart. On week 1 mice were given i.p. saline injections prior
to the glucose tolerance test, and on subsequent weeks escalating doses (1, 10 and
100ng) of a-MSH. Mice were euthanised on the final week after 100ng glucose
tolerance tests. Gastrocnemius muscle tissue was harvested from each mouse upon
euthanasia, RNA isolate and MC5R mRNA assessed by qRT-PCR as previously
described.

4.2.2 Study Design and Outcome Measures

4.2.2.1 Study Design
This study was designed to answer the question of whether alpha-MSH increases
glucose clearance in healthy humans. This was addressed through the completion of

two objectives:

. Objective 1- To identify the concentration of peripherally administered alpha-
MSH that increases glucose clearance following an oral glucose load in healthy
humans.

. Objective 2- To identify whether changes in skeletal muscle glucose uptake are
implicated in alpha-MSH induced enhancement of glucose clearance in healthy

humans.

To achieve objective 1, we conducted a prospective randomised double-blinded
physiological study recruiting 15 healthy participants from either sex from the
community. On each of four study visits, participants underwent a 75g oral glucose
tolerance test and were randomized to either a placebo infusion or infusion of a-MSH,
at one of three doses (15, 150, 1500 ng/kg/hr). Each participant was studied at least
one week apart in a randomized, double blind, placebo-controlled, crossover manner.
Following the completion of objective 1, a hyperinsulinaemic euglycaemic clamp was
conducted with placebo and the dose of a-MSH observed to induce the maximal

change in the area under the curve of glucose OGTT at interim analysis. Each
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participant was studied at least one week apart in a randomized, double- blinded,

placebo-controlled, crossover manner.
4.2.2.2 Outcome Measures

4.2.2.2.1 Primary Outcome
. Difference in the incremental area under the curve (IAUC) of glucose
concentration at an OGTT during saline vs. alpha-MSH infusion between 0 and 120

minutes.

4.2.2.2.2 Secondary Outcomes

e Difference in the area under the incremental curve of insulin (IAUC)
concentration at an OGTT during saline vs. alpha-MSH infusion between 0 and
120 minutes.

e Difference in the glucose infusion rate adjusted for insulin at the euglycaemic
hyperinsulinaemic clamp during saline vs. alpha-MSH infusion between 270-
300 minutes.

e Difference in the incremental area under the curve (IAUC) of GLP-1
concentrations at an OGTT during saline vs. the highest effect dose of alpha-
MSH infusion between -30 and 180 minutes.

4.2.3 Ethical Approval and Recruitment

This clinical investigation did not fall under the scope of a clinical trial and was
approved as a physiological study by the London-Fulham Research Ethics Committee
(IRAS ID; 275910, REC Ref; 20/LO/0355) in March 2020. Formal recruitment began in
October 2020.

Posters were distributed and placed throughout the community, and a recruitment

email was circulated through the Imperial College healthy volunteer database.

4.2.4 Participant Screening

Potential participants attended a screening visit after an overnight fast. The study was
explained, and the participant given a copy of the participant information sheet and
consent form, then given ample time to ask questions. Anthropometric measurements

of heigh, weight, and bio-electric impedance analysis used to calculate body
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composition was taken. A medical professional then took medical history, sampled
blood for glucose, HbAlc, liver function and clotting and performed an

electrocardiogram. Inclusion and exclusion criteria are detailed below.

4.2.4.1 Inclusion Criteria
. 18-50 years old

. Normal fasting glucose (< 5.6 mmol/L)

. Stable body weight for at least 3 months

. BMI 218 < 30 Kg/m2

. The participant is capable of giving written informed consent

. The participant is able to read, comprehend and record information written in
English

4.2.4.2 Exclusion Criteria
. Previous or current psychiatric diagnosis listed in DSM-V Axis 1.
. Significant current or past medical or psychiatric history that, in the opinion of

the investigators, contraindicates their participation.

. History of type 1 or type 2 diabetes mellitus.
. History of endocrine disorder.
. History of ischaemic heart disease, hypertension, heart failure, cardiac

arrhythmia, peripheral vascular or cerebrovascular disease.

. History or presence of significant respiratory, gastrointestinal, hepatic,
oncological, neurological or renal disease or other condition that in the opinion of the
Investigators may affect participant safety or outcome measures.

. Unwillingness or inability to follow the procedures outlined in the protocol.

. History of sensitivity to any of the peptides, or components thereof, or a history
of drug or other allergy that, in the opinion of the investigators, contraindicates their
participation.

. Use of current regular prescription or over-the-counter medications that in the
opinion of the Investigators may affect participant safety or outcome measures.

. Clinically significant abnormalities in screening electrocardiogram (ECG) or
blood tests abnormalities which in the opinion of the study physician, is clinically

significant and represents a safety risk.
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. Current pregnancy or breast-feeding in female participants (the investigators
would advise using contraception for the duration of the study).

. Pulse rate <40 or >100 beats per minute OR systolic blood pressure >160 and
<100 and a diastolic blood pressure >95 and <50 in the semi-supine position.

. The participant has participated in a clinical trial and has received an
investigational product within the following time period prior to the first experimental
visit in the current study: 90 days, 5 half-lives or twice the duration of the biological
effect of the investigational product (whichever is longer).

. Exposure to more than 3 new investigational medicinal products within 12
months prior to the screening.

. Participants who have donated, or intend to donate, blood within three months

before the screening visit or following study visit completion.

4.2.5 Preparation of Infusions

Infusion syringes were prepared by a qualified medical professional in a controlled
environment dedicated to drug preparation. Pharmaceutical grade a-MSH custom
synthesized by Auspep Clinical Peptides Australia was diluted in saline supplemented
with 4% gelofusine to prevent peptide adhesion to the syringe and infusion lines.
Corresponding to the dose increment of a-MSH to be given, concentrations of the
syringes were made up to 150, 1500, or 15000 ng/mL.

To deliver a weight (kg) adjusted dose corresponding to one of the three doses (15,
150 or 1500 ng/kg/hr) the infusion pump was set to deliver an infusion rate of 0.1 mL/hr
per kilogram of body weight. For example, a 70kg participant would have an infusion
rate of 7 mL/hour regardless of the dose which was administered using syringe
concentrations of 150, 1500 or 15000 ng/mL to deliver doses of 15, 150 or 1500
ng/kg/hr respectively. The infusion rate remaining the same across all visits allowed
the blinded researchers to remain unbiased even if they were to set up the infusion

pumps.

4.2.6 Oral Glucose Tolerance Tests

Participants were asked to refrain from alcohol and strenuous physical activity for 48
hours before the study. They were also asked to consume a standardised meal the
evening before the study and only consume fluids from 10pm onwards. Participants
attended the Imperial NIHR clinical research facility on the day of the visit. Two venous

catheters were inserted. The first cannula was used for infusions and the other for
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blood sampling. Female participants will be studied in the follicular stage of their

menstrual cycle.

The sequence of work-up of each study visit was as follows:
. Pregnancy test for females. If positive, they were excluded from the study.
. Anthropometric Measurements (height, weight, body composition using

bioimpedance)

. Record medications and any changes in health

. Cannulation

. Infusion of study solution (a-MSH at one of three concentrations or saline)
. Oral Glucose Tolerance Test (OGTT)

The saline visit involved infusion of pharmaceutical GMP-grade sterile 4% gelofusine
(dissolved in saline) obtained from Imperial College Healthcare NHS Trust. Peptide
solutions were made up in saline supplemented with 4% gelofusine as detailed in
Section 2.17. To reduce binding of peptides to infusion lines, 4% gelofusine dissolved
in saline was used to prime the infusion lines prior to infusion of the peptides or placebo

solutions.

The participants were cannulated then allowed to rest for 30 minutes, after which they
received an infusion of either saline or one of three doses (15, 150, 1500 ng/kg/hr) of
a-MSH. Thirty minutes after the infusion started patients underwent a standard OGTT.
They were asked to consume a liquid containing 75g glucose within 5 minutes. After
the 150-minute infusion had ceased, the participants remained cannulated for an
additional 30 minutes where a final sample was drawn, and the participant discharged.
Blood samples were collected at the following time points relative to initiation ofthe
glucose tolerance test at: -30, 0, 15, 30, 60, 90, 120, 150, 180 minutes.

4.2.7 Hyperinsulinaemic-Euglycaemic Clamps

Once glucose tolerance test infusion visits were completed in 10 participants and an
interim unblinding carried out, a hyperinsulinaemic euglycaemic clamp was carried out
with placebo and 150 ng/kg/hr a-MSH which was observed to induce the maximal

change in the area under the curve of glucose concentration during interim unblinding
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of OGTTs. Female participants were studied during the follicular stage of their

menstrual cycle.

The sequence of work-up of each study visit was as follows:
. Pregnancy test for females. If positive, they were excluded from the study.
. Anthropometric Measurements (height, weight, body composition using

bioimpedance)

. Record medications and any changes in health
. Cannulation

. Infusion of study solution (a-MSH or saline)

. Euglycaemic Hyperinsulinaemic Clamp

The participants received an infusion of either saline or a-MSH. One hundred and
twenty minutes after the alpha-MSH infusion has started patients underwent clamp
studies. Insulin was infused at a dose depending on patient’s weight/body surface area
for 3 hours. Euglycaemia was maintained by infusing 20% dextrose at a variable rate.
The rate of variable dextrose infusion was calculated using a 200mg/mL solution of
dextrose in saline with the participants bodyweight (kg) to deliver a glucose infusion
rate in mg/kg/hr that was adjusted continuously to maintain euglycaemia. Blood
samples were taken every 10 minutes to measure blood glucose concentration and
the dextrose infusion adjusted accordingly to maintain the participant at £0.5 mmol/L
blood glucose within their baseline level. Additional blood was also drawn at timepoints
0, 30, 60, 90, 120, 150, 180, 210, 270, 280, 290, and 300 minutes for further plasma
analysis. After all infusions were completed, the participant was offered a meal and
monitored for 30 minutes before they left the research facility. Plasma/serum was
separated immediately by centrifugation at 4°C and then stored at -80°C until analysis.

4.2.8 Biochemical Analysis

During the OGTTSs, blood taken for glucose measurements were immediately sent to
the Hammersmith Hospital biochemistry lab to be assayed for glucose oxidase.
Plasma samples were assayed for insulin at the UCD Clinical Research Facility (Alinity
Ci Series-00192). GLP-1 was measured by ELISA according to manufacturer's
protocol (Mercodia 10-1278-01).
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4.2.9 Calculation of Sample Size

We defined the minimally important physiological effect of a-MSH to detect as being a
reduction in 2-hour area under the curve for glucose during OGTT of 20%, occurring
in the context of a standard deviation of 10% of the mean on saline treated day. To
detect this reduction with 90% power and a low type 1 error rate (1%) and factoring in
6 pairwise comparisons between the saline treated and three doses result in a
predicted sample size of 10. We recruited at 150% power to mitigate for drop-out and

hence the study included 15 individuals studied in repeated measure.

4.2.10 Data Handling and Statistical Analysis

Data were tested for evidence of non-normality using the Shapiro-Wilk test and
summarised using appropriate descriptive statistics. Incremental area under the
curves were calculated by trapezoid analysis using the mean of timepoints t=-30 and
t=0 and baseline. Differences in metabolic outcomes between saline and three doses
of a-MSH were compared using either two-way ANOVA with the Sidak correction for
multiple comparisons, one-way repeated measures ANOVA with Dunnett’s correction
for multiple comparisons, or paired t-tests as appropriate. P<0.05 was considered

statistically significant. Analyses were performed with GraphPad Prism 9.0.
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4.3 Results

4.3.1 Peptide Validation in Mice

Ten C56/B7 mice underwent intraperitoneal (i.p.) glucose tolerance testing as
described. Serial blood samples were taken for glucose measurement and RNA
isolated from gastrocnemius muscle samples for MCR5 expression analysis upon

euthanasia.

Melanocortin receptor 5 was confirmed as being expressed in mouse skeletal muscle
(Fig. 4.1 A overleaf). Bolus injections of 1, 10 and 100ng a-MSH prior to i.p. glucose
tolerance tests significantly reduced glucose area under the curve compared to saline
(Fig. 4.2 B overleaf).
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Figure 4.1 MCR5 expression in mice gastrocnemius muscle and glucose
AUC during i.p. glucose tolerance tests.

MC5R gastrocnemius mRNA expression and AUC of i.p glucose tolerance tests
following bolus injections in C56/B7 mice. A) MC5R is highly expressed in mouse
gastrocnemius muscle (mean 18.49 + 0.47 ACT, n=10). 18S used as internal control.
Each data point is a sample from a discrete mouse assayed in duplicate. B) Area under
the curve of glucose from 60 minute i.p glucose tolerance tests following bolus
injections of saline, 1ng, 10ng and 100ng a-MSH. **p<0.005, ***p<0.0005,
****n<0.00005 vs. Saline. Data are presented as mean = SD. Statistical analysis was

performed with mixed-effects analysis and Dunnett’'s multiple comparison test.
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4.3.2 Healthy Volunteer Cohort Characteristics

This clinical investigation did not fall under the scope of a clinical trial and was
approved as a physiological study by the London-Fulham Research Ethics Committee
(IRAS ID; 275910, REC Ref; 20/LO/0355) in March 2020. Formal recruitment began in
October 2020.

Fifteen healthy volunteers over 18 years of age and with no major medical conditions
successfully passed screening and were entered into the study. The cohort consisted
of 8 male and 7 female participants. All participants were metabolically healthy, with a
BMI =218 <30 Kg/m2, normal fasting glucose (<5.6 mmol/L) and HbAl1c (<48 mmol/mol)
(Table 4.1).

Measurement Mean SD
Age (years) 28 8.4
Height (cm) 174 12
Weight (kg) 73 15
Body fat (%) 24 5.9
Fat mass (kg) 28 40
Fat free mass (kg) 53 11
Resting metabolicrate (kcal) 1663 337
BMI (kg/m~2) 24 3
Fasting glucose (mmol/L) 4.5 0.32
HbAlc (mmol/mol) 32 4.1
Sex 8M,7F

Table 4.1 Anthropometric and metabolic characteristics of healthy
participants who successfully passed screening and were entered
into the study (n=15).
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4.3.3 Oral Glucose Tolerance Tests

Using a randomized double-blinded, cross-over design, fifteen healthy volunteers
completed four oral glucose tolerance tests each while receiving either infusions of
saline, 15, 150 and 1500 ng/kg/hr a-MSH. Infusions of saline or a-MSH began 30
minutes prior to consumption of the oral glucose load (T=-30). Plasma samples were
collected at timepoints -30, 0, 15, 30, 60, 120 and 180 minutes (Fig. 4.2).

> Oral Glucose Tolerance Test >

> Peptide or Saline Infusion >

Minutes
0 15 20 80 120 120

Time-points of evaluation

Figure 4.2 Study schematic of oral glucose tolerance test visits.

Blood samples were taken at the time points of evaluation indicated.
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4.3.3.1 Glucose Clearance during OGTT a-MSH Infusions
Plasma glucose in blood samples taken at timepoints of evaluation were assessed by

clinical biochemistry services at ICL.

Due to the small sample size of the study, a Shapiro-Wilk test was performed to test
for non-normality. Glucose and insulin data did not show evidence of non-normality
(Appendix 8.7). No significant reduction in glucose was observed in a two-way
ANOVA analysis of time and dose (Table 4.2 overleaf). Incremental area under the
curve (IAUC) during the OGTT (0-120 minutes) was calculated for each participant by
using their individual fasting blood glucose reading as baseline for area under the curve
calculations. Blood glucose iIAUC trended downwards with escalating doses of a-MSH,
with the highest dose of 1500 ng/kg/hr having the largest effect compared to saline
(187.2 £ 31.01 mmol.min vs. 250.4 + 28.63 mmol.min, p=0.09) (Fig. 4.3 B overleaf).

Exploratory analysis was conducted and the difference in blood glucose during each
infusion of a-MSH compared to saline at each timepoint was calculated. The largest
reductions in blood glucose occurred during the hyperglycaemic peak of the OGTT, at
timepoints 30 and 60 minutes (Fig. 4.4 overleaf). Narrowing the iIAUC analysis to
timepoints 0-60 minutes, 1500 ng/kg/hr infusions of a-MSH significant reduced IAUC
for blood glucose compared to saline in a post-hoc analysis of the data set (92.47 +
11.81 mmol.min vs. 126.5 + 11.25 mmol.min, p=0.03) (Fig. 4.5 overleaf).

F (DFn, DFd) P value
Time F (2.157, 30.19) = 35.02 P<0.0001
Dose F (2.586, 36.21) = 2.560 P=0.0780
Time x Dose F (5.208, 72.92) = 1.314 P=0.2665

Table 4.2 Two-way ANOVA analysis of glucose time x dose during OGTT
infusions. n=15.
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Figure 4.3 Glucose measurements during oral glucose tolerance tests.

Blood glucose (mmol/l) measured during oral glucose tolerance tests (n=15)
Two-way ANOVA p=0.26. Data shown as mean + SEM. B). iAUC of blood
glucose levels (mmol.min) from timepoints 0 to 120 minutes of OGTTs (n=15).
Data are presented as mean = SEM. One-way ANOVA p=0.09.
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Figure 4.4 Delta glucose measurements during a-MSH infusions.

Change in blood glucose (mmol/L) during a-MSH infusions relative to placebo at

timepoints indicated (n=15). Data shown as mean + SEM.
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Figure 4.5 Sixty-minute glucose iAUC during OGTTs.

IAUC of blood glucose levels (mmol.min) from timepoints 0 to 60 minutes of OGTTs
(n=15). *p<0.05 vs. Saline. Data are presented as mean = SEM. Statistical analysis
was performed with one-way ANOVA with post-hoc Dunnett’s multiple comparison

test.
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4.3.3.2 Total GLP-1 levels in responders

Conflicting data has been published on whether a-MSH directly causes
enteroendocrine L-cells to secrete GLP-1 (196,197). An enzyme-linked immunoassay
(ELISA) was carried out to assess whether increased GLP-1 secretion in response to
a-MSH caused a glucose tolerising effect. Plasma samples from six responders, as
defined by a <20% reduction in iIAUC between Saline and 1500 ng/kg/hr infusions,
were chosen to be assayed for total GLP-1.

No significant difference in IAUC of total GLP-1 levels between saline and 1500
ng/kg/hr a-MSH infusions was measured in the six responders (616 + 91.63 pmol/L.min
vs. 593.2 + 101.5 pmol/L.min, p=0.8) (Fig. 4.6 overleaf).
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Figure 4.6 Total GLP-1 measurements during oral glucose tolerance tests.

A) Total GLP-1 (pmol/L) measured during oral glucose tolerance tests (n=6) Data
shown as mean + SEM. B) iAUC of total GLP-1 levels (pmol/L) from timepoints -30 to
120 minutes of OGTTs (n=6). Data are presented as mean + SEM. Paired t-test
p=0.08.
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4.3.3.3 Plasma Insulin during OGTT a-MSH Infusions

Plasma was harvested from blood samples taken prior (T=-30), during (T=0-120) and
after (T=180) the OGTT and assayed for insulin.

No significant reduction in insulin was observed in a two-way ANOVA analysis of time
and dose (Table 4.3). Incremental area under the curve (IAUC) during the OGTT (0-
120 minutes) was calculated for each participant by using their individual fasting insulin
reading as baseline for area under the curve calculations. In a similar manner to
glucose, insulin iIAUC trended downwards with escalating doses of a-MSH, with the
highest dose of 1500 ng/kg/hr having the largest effect compared to saline (4455 + 568
pU/mL vs. 5484 + 781 pU/mL, p=0.08) (Fig. 4.7 B overleaf).

Exploratory analysis was conducted and the difference in plasma insulin during each
infusion of a-MSH compared to saline at each timepoint was calculated. The highest
dose of 1500 ng/kg/hr a-MSH consistently had the lowest maximum insulin levels
during the hyperinsulinaemic peak of the OGTT (timepoints 15, 30 and 60 minutes). At
60 minutes, a similar insulin sparing effect was observed at all doses of a-MSH (Fig.
4.8 overleaf). Similar to glucose, narrowing the iIAUC to timepoints 0-60 minutes in
post-hoc analysis, 1500 ng/kg/hr infusions of a-MSH significant reduced IAUC for
blood glucose compared to saline (2137 + 359.3 pU/mL vs. 2773 + 472.8 pu/mL,
p=0.006) (Fig. 4.9 overleaf).

The ratio of plasma insulin to blood glucose (uU/mmol) was calculated at each
timepoint. Insulin/glucose ratios were reduced following the glucose load at 15, 30 and
60 minutes (Fig. 4.10 overleaf).

F (DFn, DFd) P value

Time F (2.584, 36.18) = 24.80 P<0.0001
Dose F (2.095, 29.34) = 3.842 P=0.03
Time x Dose F (3.804, 53.26) = 2.164 P=0.09

Table 4.3 Two-way ANOVA analysis of insulin time x dose during OGTT
infusions. n=15
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Figure 4.7 Insulin measurements during oral glucose tolerance tests.

A) Plasma insulin (uU/mL) measured during oral glucose tolerance tests (n=15).Two-
way ANOVA p=0.09. Data shown as mean = SEM. B) iAUC of plasma insulin levels
(MU/mL) from timepoints 0 to 120 minutes of OGTTs (n=15). Data are presented as
mean = SEM. One-way ANOVA p=0.08.
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Figure 4.8 Delta plasma insulin measurements during a-MSH infusions.

Change in plasma insulin (uU/mL) during a-MSH infusions relative to placebo at

timepoints indicated (n=15). Data shown as mean + SEM.
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Figure 4.9 60-minute iIAUC of plasma insulin during OGTTs.

IAUC of plasma insulin levels (pU/mL) from timepoints 0 to 60 minutes of OGTTs
(n=15). Data are presented as mean + SEM. One-way ANOVA p=0.006, post-hoc
Dunnett’s comparison test Saline vs. 1500 ng/kg/hr p=0.014).
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Figure 4.10 Insulin to glucose ratio (WU/mmol) during OGTTSs.

Data shown as mean + SEM. Multiple paired t-tests 1500 ng/kg/hr vs. Saline; -30
minutes p=0..5, 0 minutes p=0.9, 15 minutes p=0.08, 30 minutes p=0.08, 60 minutes
p=0.1, 120 minutes p=0.4, 180 minutes p=0.2 (n=15).
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4.3.4 Hyperinsulinaemic-Euglycaemic Clamps

Once 10 participants had completed the OGTT phase of the study (infusions of saline
and 3 doses of a-MSH) and interim unblinding of the data was carried out, and the
most effective dose, as defined by the greatest reduction in glucose iIAUC between 0-
120 minutes, chosen to proceed with in hyperinsulinaemic-euglycaemic clamps.
Demonstrating the largest reduction in glucose IAUC, a dose of 150 ng/kg/hr was
chosen to administer during clamps in a double-blinded, placebo controlled
randomized design. However, as shown ultimately 150 ng/kg/hr rather than 150

ng/kg/hr was the most effective dose in OGTT upon analysis of the complete data set.

Fasting blood glucose was measured at baseline (0 minutes), and a range of + 0.5
mmol from this measurement was used as a target to maintain euglycaemia. A
modified design of a traditional hyperinsulinaemic-euglycaemic clamp experiment was
employed, separated into two stages (Fig 4.11 overleaf). Stage 1 (0 to 120 minutes)
consisted of an infusion of either saline or 150 ng/kg/hr a-MSH. Blood glucose was
measured every 10 minutes and an intravenous infusion of 20% dextrose was initiated
as necessary to maintain the defined euglycaemic range. At 120 minutes an
intravenous infusion of insulin was initiated at a dose of 1 pU/kg/hr for 180 minutes
alongside a-MSH or saline. The glucose infusion rate (GIR) of 20% dextrose was
increased as necessary to maintain euglycaemia. Fourteen participants completed
both clamp visits, with one drop-out.
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Figure 4.11 Study schematic of clamp visits.

Peptide or a-MSH infusion was initiated 120 minutes prior to beginning the insulin
infusion and subsequent clamp. Blood glucose was measured every 10 minutes for
300 minutes. Plasma was collected at 0, 30, 60, 90, 110, 120, 150, 240, 270, 290, and

300 minutes.

During Stage 1, a-MSH marginally increased the GIR needed to maintain the
euglycaemic range (t=90-100 minutes, 0.47 mg/kg/min vs. 0.26 mg/kg/min) (Fig. 4.12
overleaf). However, both the low levels of glucose needed to maintain euglycaemia
during a-MSH infusions and the magnitude of effect compared to placebo were not
considered physiologically relevant. Additionally, in some participants the glucose
needed to be initiated during saline infusions, possibly confounded by the extended

fasting time.

Area under the curve for the duration of Stage 2 (120-300 minutes) was increased
during a-MSH infusions (610.3 + 79.03 mg/kg vs. 520.8 + 66.03 mg/kg, p=0.1). This
increase in GIR was not observed to the same extent by the time the plateau phase
(270-300 minutes) of the clamp was reached (insulin adjusted GIR 0.1297 = 0.01
mg/kg vs. 0.1229 + 0.01 mg/kg) (Fig. 4.13 overleaf).
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Figure 4.12 Glucose infusion rate (GIR) during the first stage of hyperinsulinaemic-

euglycaemic clamps.

A) GIR from timepoints 0 to 110 minutes. Data presented as mean + SEM B) iAUC of
GIR during the first stage. Data presented as mean + SEM. Statistical analysis was

performed using paired t-test, p=0.4.
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Figure 4.13 Glucose infusion rate (GIR) during the second stage of hyperinsulinaemic-
euglycaemic clamps.

A) GIR from timepoints 120 to 300 minutes. Data presented as mean + SEM. B) iAUC
of GIR during the second stage. Data presented as mean + SEM. Statistical analysis
was performed using paired t-test, p=0.1. C) GIR adjusted to plasma insulins levels
during the stage state (270-300 minutes). Data presented as mean = SEM. Statistical

analysis was performed using paired t-test, p=0.3.
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4.4 Adverse Events

The peptide was well tolerated with the exceptions of facial flushing in two participants
during OGTT infusions of 1500 ng/kg/hr a-MSH. Nausea was reported by one

participant during the insulin phase of the clamp while receiving a saline infusion.
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4.5 Discussion
The aim of this chapter was to carry out a first of its kind physiological response study
in healthy volunteers in which the effects of a-MSH on glucose tolerance and uptake

was investigated.

Prior to commencing the clinical study, an in vivo investigation administering bolus
injections of a-MSH during an intraperitoneal glucose tolerance test was conducted.
Ten mice were administered i.p. glucose tolerance tests after receiving injections of
saline, following by subsequent escalating doses (1, 10 and 100ng) of a-MSH, each
one week apart. These doses were chosen to reflect the total exposure mice had
received to the peptide during previous infusions which were found effective (205). All
doses of the peptide produced a significant improvement in glucose tolerance in mice.
Whilst this physiological effect has been recorded previously during infusions, this
presents novel data that pre-prandial bolus injections, as well as continuous infusions,
can lead to increases in glucose tolerance in mice. Gastrochnemius muscle samples
were taken upon euthanasia and expression of MC5R measured by gRT-PCR. MC5R
was found to be highly abundant, consistent with published data (187,200,205).

Fifteen healthy volunteers were recruited to take part in a physiological study in
Hammersmith Hospital, part of the Imperial College London Healthcare Trust (REC
reference 20/LO/0355). Due to the novelty of this investigation, strict inclusion and
exclusion criteria were employed to ensure participants were of sound metabolic
health. All participants were between 18-50 years old, with a healthy BMI, stable body
weight for 3 months, and a normal fasting blood glucose with no history of endocrine
disorders. Allometric scaling, a method preferred for inter-species dose conversions of
short half-life peptides(280,281), was used to convert the effective dose range
observed in mice (205), to humans (Appendix 6.5). Three ten-fold increments
beginning at the lower end of this dose range (15 ng/kg/hr) were chosen to employ in
human infusions. Unpublished data from Prof. Michael Cowley has demonstrated that
in primates, allometrically scaled doses at the upper end of the range previously used
causes a counterregulatory response of unknown mechanism, reversing the glucose
tolerising effects seen at lower doses. Thus, doses at the lower end of the allometrically

scaled effective range were chosen for this first-in-human investigation. Additionally,

124



establishing ineffective lower doses in humans may be beneficial for the design of
future studies.

Using a randomized double-blinded, cross-over design, the fifteen healthy volunteers
that passed screening then completed four oral glucose tolerance tests each while
receiving infusions of saline, 15, 150 and 1500 ng/kg/hr a-MSH. Infusions of saline or
a-MSH began 30 minutes prior to consumption of the oral glucose load (T=-30). This
30-minute pre-infusion of the peptide before the OGTT began was to allow for

circulating a-MSH to equilibrate.

Analysis of the primary endpoint (0-120 minute glucose iIAUC) revealed improvements
in glucose tolerance during infusions of 15 and 150 ng/kg/hr, with the greatest effect
size observed at a dose of 1500 ng/kg/hr. Exploratory analysis of the data calculating
the delta blood glucose between placebo and each dose across each timepoint, it is
apparent that instead of lowering blood glucose across all timepoints, a-MSH is having
its impact during the hyperglycaemic peak of the OGTT (15, 30 and 60 minutes) by
blunting post-prandial glucose excursions. Upon narrowing down the IAUC analysis to
the timeframe this effect is observed at (0-60 minutes) during post-hoc analysis, 1500
ng/kg/hr produces a significant reduction in the average glucose iIAUC of approximately
27%.

In a study by Panaro et al. in 2014, it was shown that MC4R is diffusely expressed
across the human Gl system, and that infusion of a MC4R receptor agonist in mice
rapidly elevated plasma GLP-1 (196). In a pilot experiment investigating whether this
improvement in glucose tolerance observed in humans was mediated by increased
GLP-1 release leading to amplified insulin secretion, plasma samples from six
responders (as defined by a 20% reduction in IAUC during 1500 ng/kg/hr OGTT
infusions) were assayed for total GLP-1. No change in total GLP-1 was observed
between saline and a-MSH infusions in these samples. In August of 2021, a study
failing to corroborate Panaro et al. was published in which it was demonstrated that
MC4R expression is marginal in the small intestine of mice and humans, and that
MCA4R agonism in mice and rats does not stimulate GLP-1 secretion (197). In vitro data

as described in Chapter 4 supports the hypothesis that systemic a-MSH is improving
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glucose tolerance in humans during an OGTT by acting directly on the skeletal muscle,
causing glucose uptake and clearance from the blood

Plasma insulin was measured in samples taken at all timepoints during OGTT visits
for secondary endpoint analysis. The effect of a-MSH infusions on insulin levels was
similar to glucose in that while the reduction in insulin during the 0—120-minute iIAUC
was marginal, during post-hoc analysis profound decreases in insulin levels at
timepoints 15, 30 and 60 minutes were observed, with a dose of 1500 ng/kg/hr a-MSH
reducing the 0—-60-minute IAUC by an average of 23%. As demonstrated in Fig. 5.7,
at 60 minutes all doses of a-MSH lead to a reduction in insulin levels which does not
necessarily reflect the effect size in glucose reduction at each timepoint, particularly at
a dose of 15 ng/kg/hr. Upon further examination comparing individual glucose and
insulin curves within the same participant, in several cases insulin levels are drastically
reduced in response to a-MSH without a concomitant reduction in glucose levels. This
suggests that glucose levels may not be the primary outcome measure of a “response”
to the peptide infusions, as in some participants where glucose levels remained
unchanged between saline and a-MSH, there was a significant reduction in insulin.

Thus, we hypothesise the glucose tolerising effects of a-MSH during an OGTT appears
to manifest a physiological response by reducing hyperglycaemic excursions after a
glucose challenge thereby blunting insulin secretion in during the time points

measured.

In the same cohort of participants, a hyperinsulinaemic-euglycaemic clamp was
performed with infusions of saline or a-MSH as part of a secondary study objective.
The purpose of this widely applied clinical research method (72,282) is to obtain a
quantitative measure of whole body insulin sensitivity by measuring the rate at which
intravenous glucose is required to maintain euglycaemia. In the basal state, glucose
homeostasis is maintained by a balance of endogenous glucose production and
glucose (both insulin dependent and independent) uptake in tissue. The value of the
clamp technique lies in that during these conditions, endogenous glucose production
is greatly supressed thus allowing the relationship between endogenous glucose
production and uptake of exogenously administered glucose to be teased apart. Insulin
sensitivity during the clamp is expressed as a mean of the GIR once steady state (a
balance between glucose uptake and exogenous glucose infusion after a prolonged
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period of hyperinsulinaemia) is achieved, usually in the final 30 minutes of the
experiment. Although muscle specific glucose uptake was not measured, which is
typically done via tracer molecules and muscle biopsies, skeletal muscle accounts for
80% of glucose uptake in the hyperinsulinaemic steady state (21,72). This steady-state
GIR is then normalized by the plasma insulin level at the time to provide an accurate
assessment of whole-body insulin sensitivity and glucose uptake.

Prior to commencement of the clamp phase of the study, an interim unblinding was
carried out once 10 participants completed OGTTs with saline and all three doses of
the peptide. This data set showed that the middle dose of 150 ng/kg/hr was the most
effective at reducing glucose IAUC, therefor was chosen as the dose to use during the
clamps.

A modified design of the traditional single-stage, high-dose insulin clamp was
employed in which a monitoring period, which we termed 1%t Stage, preceding the
initiation of an insulin infusion was carried out for 120 minutes. During this 15t Stage,
the infusion of saline or a-MSH was initiated whilst blood glucose was measured every
10 minutes and a 20% dextrose bag was connected to an intravenous line as per
standard clamp protocol. If necessary, if a participant’s blood glucose began to fall
below the clamped euglycaemic range, the dextrose infusion was started. The purpose
of this augmentation to the clamp protocol was to investigate whether an infusion of a-
MSH would reduce blood glucose levels in the basal state. Although a minor increase
in the glucose infusion rate (GIR) was observed in a-MSH infusions during this phase,
this was physiologically insignificant and confounded by the fact that glucose infusions
were occasionally required during placebo, potentially owing to the extended period of
fasting. This matches pre-clinical findings in mice, where basal euglycaemia was
unaffected by continuous a-MSH infusion (205).

At 120 minutes from the initiation of either saline or a-MSH infusions, insulin was
administered at a rate of 1 pU/kg/hr for 180 minutes and the GIR increased as
necessary to maintain the euglycaemic clamp. While 150 ng/kg/hr a-MSH led to a
noticeable increase in the GIR needed to maintain euglycaemia during the equilibration
phase (180-270 minutes) of the clamp, by the time the glucose infusion was
equilibrated with whole body glucose uptake the difference, although still present, had
lessened. This may be attributed partly to receptor desensitization to the peptide, as
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by the time the equilibration phase was reached the participant had been receiving a
continuous infusion of a-MSH for almost 5 hours. Although an insulin reducing effect
was seen across all doses during OGTTs, future studies in which a dose of 1500
ng/kg/hr and muscle biopsies are taken before and after the clamp will be invaluable
in elucidating whether a higher dose of a-MSH can further increase whole body
glucose uptake, and if a continuous infusion of this length can lead to desensitization

to the peptide.

This study represents the first time a-MSH has been continuously infused into humans
and its impact on glucose homeostasis assessed. Although the primary outcome of the
trial (0-120 minute glucose IAUC analysis) did not reveal any statistically significant
results, post-hoc analysis tentatively suggest a previously undiscovered mechanism in
which peripheral melanocortin receptor agonism can improve post-prandial glucose
tolerance as demonstrated by a reduction in glucose IAUC during oral glucose
tolerance tests. In the context of a concomitant reduction in insulin levels alongside
this increase in glucose clearance alongside the direct action of a-MSH on human
myotubes in vitro inducing glucose uptake via MC5R may be evidence of a novel
pathway in which skeletal muscle melanocortin agonism induces an insulin-like
physiological response in humans by clearing glucose from the blood via skeletal
muscle. During the high-dose (1 pU/kg/hr) insulin infusions of the clamps described
herein, a maximal insulin-induced glucose uptake response is occurring in peripheral
tissue. In this physiological state, a-MSH appears to further increase this response
beyond the maximum response possible with endogenous insulin alone. This suggests
a pathway that may be responsible for insulin-independent glucose uptake.

The data generated from this pilot study presents an exciting justification for further

clinical investigations, both in healthy and diabetic volunteers.
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Chapter Five

General Discussion and

Future Research
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5 General Discussion and Future Research

5.1 Summary of Findings

MCR1/3/4 are expressed in both primary human myotubes and skeletal muscle
tissue. MCR5 is weakly expressed in myotubes, and not detectable in skeletal
muscle tissue.

a-MSH induces glucose uptake in primary human myotubes at a level
comparable to insulin. When co-incubated with insulin this effect size is further
increased.

Incubation with the MCRS5 selective agonist PG-901 causes glucose uptake at
high concentrations, suggesting the action of a-MSH may be mediated by
MCRS5.

Primary human adipocytes express MCR1/3 and do not have a glucose uptake
response when incubated with a-MSH.

Lipid-loaded myotubes demonstrating insulin resistance do not have a glucose
uptake response when incubated with a-MSH.

Mice express MCR5 in skeletal muscle and demonstrate improvements in
glucose tolerance when administered a bolus of a-MSH prior to an i.p. GTT.
Healthy human volunteers infused with a-MSH during an OGTT display a
reduced 0-120 minute glucose IAUC compared to placebo. Exploratory post-
hoc analysis reveals the greatest difference to lie in the initial 60 minutes of the
OGTT.

GLP-1 is unchanged between placebo and 1500 ng/kg/hr a-MSH infusions in
participants who showed improvements in glucose tolerance during a-MSH
administration.

Insulin is reduced concomitant to glucose with infusions of a-MSH during
OGTTs.

During hyperinsulinaemic-euglycaemic clamps, participants infused with 150
ng/kg/hr a-MSH required a nonsignificant increase in GIR in order to maintain

euglycaemia compared to placebo.
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5.2 General Discussion

The aim of this research project was threefold; to establish validated and characterized
human primary in vitro models in which glucose uptake could be quantified, to use
these in vitro models to quantify glucose uptake in response to melanocortin receptor
agonism, and finally to conduct a first-in-human infusion study investigating whether
a-MSH improves post-prandial glycaemic control and increases whole-body glucose

uptake.

Whilst pre-clinical animal studies conducted by Prof. Michael Cowley have clearly
demonstrated the insulin-independent role of MC5R agonism on glucose uptake in
skeletal muscle, to date there has been no investigations into the translational

relevance of this novel pathway to human biology.

The aim of Chapter 2 was to establish multiple characterized and validated primary
human myoblast cell lines derived from healthy volunteer muscle biopsies, with the
purpose of using this model in further experiments examining the direct actions of a-
MSH on skeletal muscle. Establishment of these cell lines proved challenging, as even
with pooled biopsy samples satellite cell yield was extremely low yielding to failed
cultures. After several optimisations of both the digestion and isolation protocol itself
and the culture reagents used, six cell lines were successfully established. Through
differential attachment to uncoated culture surfaces, fibroblast contamination was
eliminated from each culture at early passages and purity was confirmed by desmin
staining. Normal differentiation into multinucleated myotubes was confirmed by
observation of morphological changes and confirmation of contractile protein

expression.

Once the presence of the insulin receptor was validated by gRT-PCR, a radiometric
based assay was employed to measure glucose uptake in vitro. Published literature
shows that due to high GLUT1 levels, the insulin induced glucose uptake reaches a
maximum effect size approximately 2-3 fold above basal levels (234,241,242). This
effect size was observed in the primary human myotubes that were established,

validating a functioning insulin signalling pathway.
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Thus, by establishing a validated in vitro model of human skeletal muscle in Chapter
2, followed by measuring the effects of melanocortin receptor agonism on glucose
uptake in this model in Chapter 3 and finally, conducting a first-in-human a-MSH
infusion study in Chapter 4, this project aimed to provide the first evidence that skeletal
muscle melanocortin receptor agonism improves post-prandial glucose tolerance in

humans.

Elevated levels of circulating free fatty acids are linked to metabolic disorders such as
obesity and Type 2 diabetes, and lead to defects in skeletal muscle insulin signalling
mediated by intramuscular lipid accumulation (124,125,256). An in vitro model
commonly employed to study these lipotoxic effects on glucose uptake is one in which
intracellular lipid accumulation is induced by extended incubation in media
supplemented with high levels of free fatty acids(257-259). This leads to accumulation
of neutral lipids in particular ceramides and diacylglycerols (258,260) which then leads
to downstream defects in Akt/PKB activation and inhibited GLUT4 trafficking to the
plasma membrane (260). A model in which this resistance to insulin-mediated glucose
uptake was established using the primary human myotube cultures and was then used
to investigate whether there is a concomitant resistance to a-MSH in this state.

In Chapter 3, the myotube models previously detailed were then used as a foundation
for the investigation of the direct effects a-MSH has on glucose uptake in human
skeletal muscle. Cell lines were assayed for melanocortin receptors 1, 3, 4 and 5.
MC2R was not investigated as a-MSH has no binding properties at this receptor.
MC1R was found in high abundance and in consistent levels across all cell lines.
MC3/4R were expressed at lower levels but easily detectable. MC5R was faintly
detected. This melanocortin profile differs significantly from that of rodents, where
MC5R is highly abundant and MC4R is faintly detected (205,206).

Using concentrations previously found to induce glucose uptake in rat and mice
myotubes (205,206), myotubes were incubated with insulin and 1, 10 and 100nM a-
MSH for one hour and glucose uptake measured. At 10 and 100nM a-MSH, there was
a statistically significant increase in glucose uptake compared to basal. This effect size

was similar, although less consistent to the response to insulin. These data are the first
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evidence of a novel pathway in which a-MSH acts directly on human skeletal muscle
to stimulate glucose uptake.

In myotubes this glucose uptake can be further increased by co-incubation of insulin.
While all doses of a-MSH when co-incubated with insulin showed a trend to increase
the average glucose uptake over insulin alone, 10nM a-MSH generated a statistically
significant response. Data in rodent models has shown that glucose uptake mediated
by MC5R activation is independent of insulin signalling, and that the glucose uptake
effect size of combined incubation is additive (205,206). While further research in
human myotubes needs to be done to validate the insulin-independence of the a-MSH
pathway, these results suggest that similar to rodents, these effects may be
independent and complementary to insulin. Additionally, the increased GLUT1 present
in human myotubes (241) may obscure the true effect size mediated by recruiting
additional GLUTs to the plasma membrane in response to co-incubation of the
peptides, leading to the maximum treatment-induced increase in glucose uptake being

reached at a lower “fold-difference” to the basal state.

PG-901, a highly selective MC5R agonist, was used in a first step to identify which of
the melanocortin receptors found in the myotubes could be responsible for the glucose
uptake observed. In animals, blockade of MC5R signalling abolished the effects of a-
MSH in vivo and in vitro and further experiments treating with PG-901 confirmed the
glucoregulatory effects were mediated by MC5R. In human myotubes, 100nM PG-901
induced a significant increase in glucose uptake over basal. Published data shows PG-
901 to have an ECso of 0.072nM and demonstrate high specificity for MC5R (273).
However, in these myotube experiments a significant increase in glucose uptake was
only observed at a concentration of 100nM. This may be due to the faintly detectable
levels of MC5R expression in the myotubes used. The cells used in bindings assays
to establish the pharmacological properties of the newly synthesized PG-901
compound were Chinese hamster ovary cells modified to stably express MC5R at high
levels (273), and thus are not biologically equivalent to the primary human myotubes
used in this experiment. Therefore, it is possible that with the low receptor abundance
observed, PG-901 will only produce significant downstream effects at 100nM in the 1-
hour incubation time used in these experiments. This result suggests that MC5R is

responsible for downstream glucose uptake.
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In mice with diet-induced obesity, the glucose tolerising effect of a-MSH during glucose
tolerance tests was ablated (205). The lipid-loaded myotube model previously
described was employed to translate these findings to human cells. In an environment
where insulin mediated glucose uptake is hampered due to ectopic lipid accumulation,
the concentrations of a-MSH used produced no noticeable increase in glucose uptake
after 1-hour incubation. In mice, a combination of nonselective phosphodiesterase
inhibitors ameliorated the inhibitory effect of obesity on a-MSH induced glucose uptake
by blocking the breakdown of cAMP, indicating a failure in signal transduction. Access
to phosphodiesterase inhibitors was not logistically possible at the time of these
experiments. However, this lipid-loaded myotube model may prove useful in future
experiment that continue to translate these pre-clinical findings and may demonstrate
that insulin resistant human myotubes respond to a-MSH where cAMP signalling is

restored.

The downstream effects of melanocortin agonism on glucose uptake was also
investigated in another insulin-sensitive cell type, human primary adipocytes.
Commercially obtained preadipocytes were cultured and differentiated to adipocytes.
The melanocortin profile of this cell line was assessed by qRT-PCR and MCR’s 1 and
3 were found to be expressed, with no evidence of MC4/5R expression. Following the
same glucose uptake assay protocol, differentiated adipocytes were incubated with
insulin and a range of doses of a-MSH after being serum and glucose starved. No
noticeable glucose uptake was induced after incubation with a-MSH; thus, the cell type

was not used in any subsequent experiments.

Chapter 3 generated novel data demonstrating that a-MSH can act directly on human
skeletal muscle to produce a glucose uptake response, likely mediated by MC5R and
complimentary to insulin. The in vitro data shown is a key step in elucidating this
previously unknown pathway in humans. With this discovery in vitro, a physiological
response study was conducted in healthy volunteers at the Hammersmith Hospital
London, in collaboration with Imperial College London. As detailed in Chapter 4, this
study aimed to investigate whether continuous infusions of a-MSH improved post-

prandial glucose tolerance and whole-body glucose uptake in healthy volunteers.
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Fifteen healthy volunteers were screened and accepted into the study which consisted
of two parts. The first of which consisted of four oral glucose tolerance test (OGTT)
visits in which participants received infusions throughout of saline or one of three (15,
150 and 1500 ng/kg/hr) a-MSH in a randomized, double-blind manner. Infusions began
30 minutes prior to the 75g oral glucose load to equilibrate the peptide in circulation,
serial blood samples were taken and assayed for glucose, insulin, and GLP-1. At a
dose of 1500 ng/kg/hr, the highest dose used in this study, a marked increase in
glucose tolerance was observed although this was not significant during primary
outcome analysis. Exploratory analysis revealed this effect primarily manifested itself
by blunting hyperglycaemic excursions during the first 60 minutes of the OGTT. This
physiological response cannot be attributed to increased insulin secretion as GLP-1
levels remained unchanged between treatments and interestingly, a-MSH reduced
insulin levels during the same period of time the glucose lowering effect was observed.
In light of in vitro data described in Chapter 4, this presents a strong case that a-MSH

acts directly on skeletal muscle to improve post-prandial glucose clearance in humans.

Before commencing the second part of this study, in which the same cohort of
participants received infusions of saline and a-MSH during a hyperinsulinaemic-
euglycaemic clamp, an interim unblinding occurred once 10 participants completed the
OGTTs to facilitate the commencement of the clamps phase of the study by unblinding
and analysing which dose is most effect to proceed with in clamps. This interim
unblinding was necessitated by the study taking place throughout 2020/21 and
significant pandemic related pressures on the use of clinical resources for non-
therapeutic trials were present, thus prompting us to commence the clamps in a timely
manner. At the time of the interim unblinding, 150 ng/kg/hr was observed to have the
greatest glucose tolerising effects during the OGTTs and was chosen to use in the
clamps. However, once the entire OGTT dataset was analysed 1500 ng/kg/hr was
found to be the most effective dose. Further studies are planned in which the clamps

are repeated at the higher dose of 1500 ng/kg/hr.

Traditionally, the output of the hyperinsulinaemic-euglycaemic clamp is a quantitative
measurement of whole-body glucose uptake attributed to specifically the subject’s own
sensitivity to insulin. However, in the context of this trial where in vitro data

demonstrates an insulin-independent effect it is more useful to view the glucose
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infusion rate (GIR) as an endpoint rather than inputting GIR and insulin into formulae
to generate an index for insulin sensitivity. Additionally, glucose tracers and muscle
biopsies are commonly employed in clamp studies allowing skeletal muscle-specific
sensitivity to be quantified. As this was a pilot study in which the glucoregulatory effects
of a-MSH was being investigated for the first time in humans, it was decided more
reliable novel data could be obtained if there was no additional stress placed on the
participant as a result of biopsies before and after clamps thus leading to confounding

effects of stress-induced changes in glucose homeostasis.

Prior to beginning the high-dose insulin infusions of the clamp, subjects received a
120-minute infusion of a-MSH or saline whilst blood glucose was measured every 10
minutes and a 20% dextrose bag was connected to an intravenous line as per standard
clamp protocol. If necessary, if a participant’s blood glucose began to fall below the
clamped euglycaemic range, the dextrose infusion was started. The purpose of this
augmentation to the clamp protocol was to investigate whether an infusion of a-MSH
would reduce blood glucose levels in the basal state. Although a minor increase in the
glucose infusion rate (GIR) was observed in a-MSH infusions during this phase, this
was physiologically insignificant and confounded by the fact that glucose infusions
were occasionally required during placebo, potentially owing to the extended period
the participant was fasting for. This matches pre-clinical findings in mice, where basal

euglycaemia was unaffected by continuous a-MSH infusion (205).

At 120 minutes from the initiation of either saline or a-MSH infusions, insulin was
administered at a rate of 1 pU/kg/hr for 180 minutes and the GIR increased as
necessary to maintain the euglycaemic clamp. While 150 ng/kg/hr a-MSH led to a
noticeable increase in the GIR needed to maintain euglycaemia during the equilibration
phase (180-270 minutes) of the clamp, by the time the glucose infusion was
equilibrated with whole body glucose uptake the difference, although still present, had
lessened. At this high dose of insulin, a healthy, non-insulin resistant person will have
a maximal peripheral glucose uptake response to insulin. It can be inferred that any
increase in GIR during a-MSH infusions is leading to an increase over this maximal
response. Confirmation whether this is due to sensitization of the insulin signalling
pathway or by an independent pathway mediated by melanocortin receptor signalling
will be the subject of future studies. Furthermore, the reduction in effect size of an
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increase in GIR during a-MSH infusions may be attributed partly to receptor
desensitization to the peptide, as by the time the equilibration phase was reached the
participant had been receiving a continuous infusion of a-MSH for almost 5 hours. More
importantly however, upon completion of the OGTTs it was a dose of 1500, not 150
ng/kg/hr, that was found to be most effective at improving glucose tolerance. Future
studies in which a dose of 1500 ng/kg/hr and muscle biopsies are taken before and
after the clamp will be invaluable in elucidating whether a higher dose of a-MSH can
further increase whole body glucose uptake, and if a continuous infusion of this length

can lead to desensitization to the peptide.

5.3 The Opportunity for Insulin-Independent Pharmacotherapy in

Diabetes Mellitus

As detailed in Section 1.2.3, pharmacological management of diabetes mellitus is
heavily reliant on the targeting of insulin release and action. Intensive therapy carries
significant risk to the patient in the form of increased incidence of hypoglycaemic
episodes and weight gain. The data presented in this thesis suggests skeletal muscle
glucose uptake can be stimulated by MCR agonism to improve post-prandial glucose
tolerance in healthy humans. Importantly, fasted participants infused with 150 ng/kg/hr
a-MSH for 120 minutes (prior to commencing the insulin clamp) showed no evidence
of hypoglycaemia. We hypothesize the reason for this may be the presence an
endocrine counter-regulatory pathway, which there is some unsubstantiated evidence
for in published literature. In POMC-null mice, lacking central and peripheral
melanocortin peptides, administration of an insulin tolerance tests results in fatal
hypoglycaemic episodes (269). Upon administration of an a-MSH analogue prior to the
insulin tolerance test, POMC-null mounted a counterregulatory response to defend
against hypoglycaemia with glucagon levels rising by 130%. Additionally, in a study
conducted in 1984 by J. Knudtzon, intravenous injections of a-MSH increased plasma
levels of glucagon in rabbits (283). However, Enriori et al. found no upregulation of
gluconeogenic enzymes following a-MSH infusions during a clamp in mice (205).
Further investigations into human biology, such as measuring glucagon in the fasted
and post-prandial state during a-MSH infusions, must be carried out before the merit

of this hypothesis can be established.
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In insulin resistant primary human myotubes (Fig. 3.5) and mice with diet-induced
obesity (205), no improvements in glucose uptake or tolerance are observed. This may
limit the therapeutic potential of a-MSH in obese patients with insulin-resistant
diabetes. However, with the increasing stratification of subtypes of diabetes mellitus
(as outlined by Ahlqgvist et al., (107) and outlined in Section 1.2.1) the efficacy of a-
MSH may not be binary between insulin-resistant and insulin-dependent disease
states as it has been demonstrated a-MSH “resistance” in muscle is mediated by cAMP
signalling defects and thus does not have the same point-of-failure as in insulin
resistant skeletal muscle. Alpha-MSH may improve glucose tolerance in patients from
Cluster 1 and 2, those that are insulin-deficient and of low BMI. Additionally, patients
in Cluster 5 in which metabolic dysfunctions are age-related may also respond.
Although current in vitro suggest it may be ineffective in patients with severe insulin
resistance due to obesity (Cluster 2), and those with obesity and metabolic
dysfunctions without significant insulin resistant (Cluster 3), this remains inconclusive

in the absence of physiological data obtained from humans in these disease states.

5.4 Limitations

The in vitro myotube models described herein presented significant challenges due to
their morphological and metabolic behaviour. Unlike their immortalized murine
counterparts, myoblasts could not be differentiated to myotubes in 96-well plate culture
vessels. Multiple attempts were made to change the basal protein coating, plastics,
and seeding densities used but these optimisations were unsuccessful. This
phenomenon has not been reported in the literature however, this limitation could
possibly be due to the limited surface area (0.32 cm?) inhibiting myotube formation
which can be several millimetres long in vitro. Normal differentiation was observed in
vessels with larger surface areas such as, 24-well plates, and flasks. This led to the
myotubes not being compatible with multiple biochemical analysis platforms such as
the Agilent Seahorse system which has cartridges for cell culture fixed at a size of 0.16
cm?. In terms of metabolic limitations, whereas insulin and a-MSH had a clear additive
effect on glucose uptake in rodent myotubes (205), the combined effect size was
significantly weaker in primary human myotubes. This could be due to the increased

GLUT1, and therefor total glucose uptake, in human myotubes obfuscating the
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combined contribution of the two hormones to glucose uptake. The glucose analogue,
2-deoxy-D-glucose is phosphorylated to 2-deoxy-D-glucose-6-phosphate (analogous
to glucose-6-phosphate) upon entering the cell but cannot be further metabolized. As
phosphorylated glucose is an allosteric inhibitor of hexokinase, a maximum amount of
glucose uptake could have taken place before the end of the 10-minute incubation,
leading to inactivation of hexokinase by a build-up of 2-DG-6-phosphate and an excess
of unphosphorylated glucose which may have been lost by diffusion out of the cell in

the downstream washing steps and thus not quantified.

The human infusion study was powered to detect a 20% reduction in IAUC with a
standard deviation of 10%, 90% power and 1% type 1 error rate. Although statistical
significance was achieved in post-hoc analysis of the truncated 0-60 minute OGTT
curve where the peptide was imparting its glucose tolerising effect, these sample size
calculation parameters may have been too stringent to detect a significant difference
in the complete 0—120-minute OGTT. This may be due to the standard deviation being
drastically higher than anticipated, upwards of 40% depending on the treatment,
despite a substantial mean effect size of a 27% IAUC reduction at the 1500 ng/kg/hr
dose. Using the measured standard deviation from this study as an input into sample
size calculations with a 5% type 1 error rate and 80% power, a total sample size of 22
participants is calculated. Future studies will employ more facilitative study powering,
and a validation cohort is planned as detailed in the following section. During the
course of the clinical investigation, COVID-19 related logistical restraints led to an
interim unblinding being amended into the study protocol. This facilitated
commencement of the hyperinsulinaemic-euglycaemic clamps once 10 participants
had completed the OGTTs and an effective dose found, instead of all 15 participants.
At the time of the unblinding, the intermediate dose of 150 ng/kg/hr caused the greatest
reduction in glucose AUC and thus was infused during the clamps. Although an
increase in GIR was observed at this dose compared to placebo, it was not significant

during the steady state.
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5.5 Future Research

The data generated in this thesis represents the first step in establishing the role of the
peripheral melanocortin system in glucose homeostasis in humans and provides a
strong foundation for further research. There is strong justification for further exploring
the glucoregulatory mechanism both in vitro and in vivo in addition to gaining insight
into the therapeutic potential for this pathway in various diabetic disease states.

With respect to additional analysis of samples, valuable data can be obtained through
biochemical analysis given additional resources. In plasma samples obtained from
human infusions, glucagon could be measured both in the post-prandial state and
fasted state, shedding light into a possible counterregulatory endocrine mechanism
that prevents the peptide from causing hypoglycaemia. Using the principle of
radioimmunoassay, which UCD does not have the facilities for, the low levels of plasma
a-MSH can be quantified. This would provide an insight into whether or not the
circulating levels of a-MSH during infusions are still within the physiological range and
establish a kinetic profile of when stable levels of the hormone are reached in

circulation.

Employing mass spectrometry, the as of yet unknown signalling pathway leading to
skeletal muscle glucose uptake can be explored. Using stable isotope labelling by
amino acids (SILAC) in myotube cell culture the GLUT transporters, which are
hydrophobic and cannot prepared for mass spectrometry using traditional methods,
can be analysed in plasma membrane extracts. This will allow us to identify which
GLUT is being translocated in response to a-MSH and corroborate animals studies
showing an insulin independent mechanism. Additionally, phosphoproteomic analysis
of both cell and muscle biopsy lysates can be used to establish the intracellular
signalling mechanism downstream of the MCR. Due to the novel and unknown nature
of this pathway, it would be infeasible to target individual proteins and phosphorylation

events using traditional methods such as Western Blots.

Further experiments in the clinical setting are being planned, with recruitment of a
validation cohort of an additional 10 participants for OGTT infusions already underway.
Repeating the clamps using the high dose, ultimately shown to be the most effective

in OGTTs, is a critical next step. The gathering of muscle biopsies before and after a-
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MSH infusions in volunteers would provide valuable data on tissue-specific responses
to the peptide. Finally, oral glucose tolerance tests and clamps with a-MSH infusions
in patients with varying degrees of diabetes would aid in assessing the therapeutic

potential of this mechanism in different diabetic disease states.

In conclusion, the data described in this thesis details highly promising results which
mark the first steps of the discovery of a novel glucoregulatory pathway in humans.
Possibly mediated by MC5R, it is evident that a-MSH acts directly on skeletal muscle
to produce a glucose uptake response leading to an improvement in post-prandial
glucose tolerance which may be complimentary to the effects of insulin as
demonstrated by hyperinsulinaemic clamps and co-incubation of a-MSH with insulin in
vitro. This research will lay the foundations for a future drug development pipeline in
which the therapeutic benefits of peripheral melanocortin receptor agonism in both

insulin resistant and insulin sensitive diabetics.
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6 Appendix

6.1 Reagents and materials used

Methods Section Reagent Supplier Code
2.2.1.2.3 Bio-feather Coaxial Medax Srl BF1416002
Needle 14G
DPBS ThermoFIsher 14040141
2.2.2.1 Collagenase D Merck 11088858001
Dispase Il Merck D4693-1G
Calcium Chloride Merck 10035-04-8
2.2.2.3 Skeletal Muscle Cell Applications 151-500
Growth Medium Inc.
70um Cell Strainer Falcon 352350
Collagen Coating Cell Applications 125-50
Solution Inc.
TrypLE Express ThermoFisher 12604013
2.2.3.2 Dimethyl sulfoxide Merck MFCDO00002089
solution
2.2.3.3 Skeletal Muscle Promocell C-23061
Differentiation
medium
2234 Human Merck S802S-05A
Preadipocytes
Human Merck 811-500
Preadipocyte
Growth Medium
Human Adipocyte Merck 811D-250
Differentiation
Medium
2.24.1 Formaldehyde Merck 1004968350
solution 4%
MHC3 Antibody Abcam Ab124205
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Desmin Antibody Abcam Ab15200
AlexFluor 488 Thermofisher A-11008
DAPI Abcam Ab228549
2.2.5 RNEasy Mini Kit Qiagen 74104
Dnase Qiagen 79254
2.2.7 Superscript 1l ThermoFisher 18080093
Reverse
Transcriptase
2.2.8 Human ThermoFisher Hs00267167_s1
melanocortin
receptor 1 probe
Human ThermoFisher Hs01562847_s1
melanocortin
receptor 3 probe
Human ThermoFisher Hs00271877_s1
melanocortin
receptor 4 probe
Human ThermoFisher Hs00271882_s1
melanocortin
receptor 5 probe
Human insulin ThermoFisher Hs00961557_m1
receptor probe
Human myosin ThermoFisher Hs01074230_m1
heavy chain 3
probe
Human GAPDH ThermoFisher Hs02786624_g1
probe
PCR Master Mix ThermoFisher K0171
2.2.9 Palmitic Acid Merck 258725
BSA Merck A1595-50ML
2.2.10 10% Formalin Merck HT501128-4L
Solution
Oil Red O Solution Merck 01391
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2-propanol Merck 109634
2.2.11 Recombinant Merck 119278
Human Insulin
Tritiated 2-deoxy- PerkinElmer NET549250UC
D-glucose
2-deoxy-D-glucose Merck D8375-10MG
22121 1 g/L glucose Lonza BE12-707F
DMEM
Glucose free Lonza BE12-604F
DMEM
Cell Lytic MT Merck C3228-50ML
Ultima Gold Merck L8286-5L
Scintillation Fluid
2.2.12.2 Pierce BCA ThermoFisher 23225
Protein Assay
4.2.8 Insulin Assay
Total GLP-1 ELISA Mercodia 10-1278-01

Table 6.1 Reagents and materials used.
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6.2 Dose-response of insulin induced glucose uptake in myotubes.

%k %k %k %k
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Figure 6.1 Insulin induced glucose uptake in myotubes.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=3). *p<0.05,
****p<0.0005 vs Untreated. Data are presented as mean * standard deviation with
each data point shown as a mean of duplicates. Statistical analysis was performed

with one-way ANOVA with post-hoc Dunnett’s multiple comparison test
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6.3 Impact of palmitic acid on insulin induced glucose uptake in

myotubes.
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Figure 6.2 Resistance to insulin induced glucose uptake in response to
palmitic acid incubation.

Glucose uptake represented as counts per minute (CPM) of cell lysates as measured
by liquid scintillation counting normalized by protein content (n=3). 0.75 mM palmitic
acid (20.71 2.1 cpm/uG) produced the greatest reduction in glucose uptake over
insulin control (35.45 +4.4 cpm/pg) in comparison to 0.25mM and 0.50 mM palmitic
acid (32.25+3.7 cpm/ug and 34.5£17.6 cpm/ug respectively). Data are presented as
mean * standard deviation with each data point shown as a mean of triplicates.

Statistical analysis was performed with one-way ANOVA.
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6.4 Assessment of RNA Quality
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Figure 6.3 Representative bioanalyzer results of RNA isolated during in vitro
experiments. RNA with integrity values over 1.8 were exclusively used.
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6.5 MCRS5 Expression in myotubes cultured in high glucose

Amplification Plot
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Figure 6.4 RT-qPCR amplification plot of GAPDH and MCR5 expression in myotubes cultured in
high glucose. GAPDH amplification curves shown in yellow and MCR5 in blue (n=4).

149



6.6 Human Infusion Dose Calculation
Human Equivalent Dose (mg / kg) = Animal does (mg / kg) x (Animal Km / Human Km)

Using 0.001 ug/hr=0.000001 mg/hr
Assuming 20g mouse= 0.00005 mg/kg/hr
Mouse Km=3

Human Km=37

Rhesus Macaque Km=12

HED= (0.00005 mg/kg/hr) x (3/37)

HED= 0.000004 mg/kg /hr

HED of Lowest Effective Dose in Mice =4 ng/kg/hr
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6.7 Data Normality Tests

Glucose x Treatment Curves -
30 to 180 minutes.

Saline 15 ng/kg/hr 150 ng/kg/hr | 1500 ng/kg/hr
W 0.92 0.93 0.94 0.9
P value 0.53 0.61 0.69 0.38
Glucose iIAUC 0-120 minutes
Saline 15 ng/kg/hr 150 ng/kg/hr | 1500 ng/kg/hr
W 0.95 0.89 0.93 0.94
P value 0.67 0.056 0.36 0.48

Insulin X Treatment Curves- 30

to 180 minutes

Saline 15 ng/kg/hr 150 ng/kg/hr | 1500 ng/kg/hr
w 0.89 0.87 0.89 0.9
P value 0.27 0.18 0.29 0.33

Insulin IAUC 0-120 minutes

Saline 15 ng/kg/hr 150 ng/kg/hr | 1500 ng/kg/hr

w 0.91 0.89 0.93 0.94
P value 0.43 0.38 0.57 0.61
Clamp 2" Stage Insulin

Adjusted GIR
Saline 150 ng/kg/hr

w 0.96 0.93

P value 0.82 0.31

Table 6.2 Shapiro-Wilk test of glucose and insulin data sets during OGTT (n=15)
and clamp (n=14) experiments.
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