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i.  Abstract

Obesity and its related comorbidities pose a significant challenge to the individual and
global healthcare systems. Bariatric surgery has provided a benchmark for weight loss
outcomes however is limited by supply of resources, side effects and patient preference.
Over the last two decades, significant progress has been made in the development of
pharmacotherapies for the treatment of obesity and metabolic disease. GLP-1-based
analogues have emerged as a safe and effective anti-obesity medicines (AOM), for

example, Semaglutide (Novo Nordisk) and Tirzepetide (Eli Lilly).

‘Multi-agonists’ targeting multiple hormone receptors are actively being developed and
have the potential to achieve substantial weight loss. A key component of many of these
is glucagon receptor activity, which leverages metabolic benefits of glucagon including
enhanced energy expenditure and improved lipid metabolism. However, glucagon
enhances hepatic amino acid catabolism and can lead to hypoaminoacidemia in excess.
Emerging evidence also suggests that hypoaminoacidemia leads to a divergent activation
of energy expenditure, which raises the possibility that glucagon-mediated EE may be a
response to low plasma amino acid availability. This thesis aims to determine whether a
long-acting analogue active at the glucagon receptor results in chronic suppression of

amino acids and the implications of this on whole-body physiology.

In this thesis, a long-acting glucagon analogue, G108, is used to explore the effect on
amino acid metabolism. In an obese mouse model, a high protein diet ‘rescues’ plasma
amino acids and mitigates against functional muscle loss in G108-treated mice. Glucagon-
mediated energy expenditure and body weight loss are also linked to its action on hepatic
amino acid catabolism. This was confirmed with mechanistic studies in obese mice.
Despite a high protein diet, key benefits of glucagon receptor signalling remained in
G018-treated mice, including improved hepatic lipid metabolism and blood glucose
control. A phase 1 study was carried out using a potent GLP-1R/GCGR co-agonist, G3215,
which led to a broad reduction in plasma amino acids and highlighting the importance of
screening for changes in protein metabolism in further development. Finally, strategies
are suggested to optimise glucagon-receptor targeted multi-agonists for the treatment of

obesity and metabolic disease.
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1 Chapter 1 - General Introduction - Glucagon in an obesity strategy and

implications of glucagon-stimulated protein metabolism

1.1  Obesity; a global epidemic and an emerging treatment gap

We are currently facing a global epidemic of overweight and obesity. More than half of
European adults were classified as overweight or obese in 2016 (World Health
Organisation). Globally, in 2016 1.9 billion adults globally were classified as overweight
with 650 million adults classified as obese (World Health Organisation). The co-
morbidities associated with obesity represent major burdens to the healthcare system
and economy and include type 2 diabetes, ischaemic heart disease, hypertension and
many types of cancer (Guh, Zhang et al. 2009). The Covid-19 pandemic has also
highlighted the link between obesity and illness severity (Gao, Piernas et al. 2021). The
burden of overweight and obesity go beyond health impacts and are also reflected in the
economic costs to society, estimated at 27 billion pounds per year in the United Kingdom

(England 2017).

Both genetic and environmental factors play a role in the development of obesity with
genetic factors accounting for up to 50-90% of variance of BMI in twin studies (Maes,
Neale et al. 1997). Numerous environmental factors are implicated including increased
availability to energy dense food (McAllister, Dhurandhar et al. 2009), reduced physical
activity (Cassidy, Chau et al. 2017), chronic stress (Jackson, Kirschbaum et al. 2017),
disturbed sleep (Cassidy, Chau et al. 2017), and drug side effects (Ness-Abramof and
Apovian 2005). The rapid change in our ‘built environment’ exposing humans to many of
these environmental factors explains the rapid increase in the prevalence of obesity over

the last 50 years (Lam, Vaartjes et al. 2021).

Due to the rapid increase in the prevalence of obesity, associated with both health and
economic burdens, increased demand for anti-obesity strategies subsequently
developed. The gold-standard weight loss strategy which has proved itself since
inception in the 1960’s, is bariatric surgery. Recent meta-analysis has found that long-
term outcomes after gastric bypass surgery show a mean weight loss of 56.7% (O'Brien,
Hindle et al. 2019). However, despite this success, surgical options for obesity are not

suitable for everyone due to either availability, preference, or side effects. Furthermore,
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it is not conceivable for surgery to meet the current demand driven by the obesity
epidemic globally. Despite the need for a highly efficacious anti-obesity medicine (AOM),
a ‘treatment gap’ has however emerged between ineffective lifestyle interventions and
these invasive surgical procedures (Hope, Tan et al. 2018). Over the last two decades
there has been an increasing effort to develop pharmacotherapeutics to fill this
‘treatment gap’ with newer drugs continuously raising the bar in terms of weight loss
achieved. Many of these newer treatments are based on one or more gut hormones,
known to regulate energy balance. For example, at higher doses, injectable GLP-1
analogues are licensed and routinely used to treat obesity and include Liraglutide 3 mg
daily (Saxenda) (Pi-Sunyer, Astrup et al. 2015) and (recently approved in the US)
Semaglutide 2.4 mg weekly (Wegovy) (Wilding, Batterham et al. 2021). Over the time-
course of these trials, these result in more impressive 8 % and 14.9 % body weight loss,
respectively. Demonstrating the rapidly moving field and push for these greater degrees
of body weight loss, the novel GLP-1/GIP combined analogue Tirzepetide showed an
impressive, combined effect on glycaemia (-2.37 % HbA1C) and body weight loss (12.4
kg) in a recent phase 3 SURPASS trial (Ludvik, Giorgino et al. 2021). More recently, in the
SURMOUNT-1 phase 3 trial, Tirzepetide showed an impressive average 16% (16 kg) body
weight loss over 72 weeks in participants with overweight or obesity (Jastreboff, Aronne

et al. 2022); Tirzepetide is currently filed for regulatory approval in the US.

To understand the challenges of previous/historic obesity pharmacotherapeutics and the
role of current and novel research pharmacotherapeutics, the regulation of body weight
and mechanisms of energy balance will be discussed. It is by understanding these
mechanisms that the rationale design of AOM’s has allowed the progression of novel

treatments through to clinical practice.

1.2 Body weight homeostasis in an obesogenic environment

Body weight is controlled within a narrow margin, and this prevents diseases associated
with under- or over-nutrition. Central signalling pathways have evolved to maintain
energy balance and potently protect against times or famine or starvation. The regulation
of these pathways is underpinned by the human genotype and in particular gene products
of central signalling hubs of the brain. Indeed, many studies have demonstrated that

single-nucleotide-polymorphisms (SNP) in the brain contribute towards polygenic
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obesity (Loos and Yeo 2022). However, in our current society the readily available calorie
dense foods coupled with increased sedentary behaviour, have meant a thrifty genotype
predisposes to increased weight gain. To complicate matters, the body defends against
loss of weight to restore its previous energy balance. For example, decreased expression
of anorexigenic peptides in the hypothalamus occurs in response to weight loss, reducing
the threshold for weight re-gain (Yu, South et al. 2008). Furthermore, long-term signals
of adiposity, in particular leptin, exhibit resistance in obesity resulting in a dampened

effect on satiety (Scarpace and Zhang 2009).

1.3  Central regulation of energy balance

The central homeostatic control of feeding and energy balance comprises of several
signalling pathways located mainly in the hypothalamus and the brainstem. The two
major hubs implicated in this highly regulated homeostatic machinery is the
hypothalamic arcuate nucleus (ARC) in addition to the nucleus tractus solitarius (NTS)
and area postrema (AP) in the brainstem (Figure 1.1). Once activated, these highly
integrated areas of the brain communicate with each other through GABAergic signalling,
resulting in either increased or suppression of hunger. A plethora of hormones released
from the gut, pancreas, liver and adipose tissue signal directly to the ARC or AP via the
circulation or via vagal afferents to the NTS. These hormones respond both in the short
term to food intake or hunger, or to the longer-term degree of adiposity in the body. Short
term gut hormones include for example Ghrelin, GLP-1, peptide tyrosine tyrosine (PYY),
glucose-dependent insulinotropic polypeptide (GIP) and oxyntomodulin (OXM). Longer
term signals of adipose tissue storage include leptin, insulin and amylin. In addition to
these homeostatic control signals in the hypothalamus and brainstem, hedonic centres

including the mesolimbic areas provide a strong drive to consume highly palatable food.

Circulating hormones which signal directly to the hypothalamus or activated pathways
from the NTS and AP brainstem regions, converge on a key neuronal signalling pathways
within the hypothalamic ARC (Figure 1.1). These pathways comprise of the orexigenic
and anorexigenic neurons. Orexigenic neurons express neuropeptide Y (NPY) and agouti-
related peptide (AgRP), whilst anorexigenic neurons express pro-opiomelanocortin
(POMC) and cocaine-and amphetamine-regulated transcript (CART). Alpha-melanocyte

stimulating hormone is released from POMC/CART neurons and activate MCR4 receptor,
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leading to suppression of food intake. In contrast, AgRP released by the orexigenic

NPY/AgRP neurons leads to inhibition of MCR4 and stimulation of food intake.

Intestinal derived hormones which regulate food intake include GLP-1, PYY, CCK, Ghrelin
and GIP. GLP-1, secreted from the intestinal L-cells, suppresses food intake by activating
a number of brain regions including vagal afferents, the anorexigenic POMC/CART
neurons in the ARC, the NTS and AP in the brainstem, and dopaminergic reward centres
(Chen, Chen et al. 2021). The multi-faceted effects on satiety pathways may be a reason
to why GLP-1 has emerged as the current forerunner anti-obesity medication. PYY, in its
activated form of PYY3.36 is also secreted from the intestinal L-cells and reduces food
intake by binding to Y2 receptors and inhibiting the orexigenic NPY/AgRP neurons
(Batterham, Cowley et al. 2002). PYY also regulates food intake by signalling via vagal
afferents to the brainstem NTS (Koda, Date et al. 2005). CCK is secreted from intestinal I-
cells and by binding to CCK1 receptors in vagal afferents, is able to enhance the vagal-
brainstem-hypothalamic NTS pathway to suppress food intake (Raybould 2007). Ghrelin
is secreted from enteroendocrine cells of the stomach and enhances food intake by
signalling directly from the circulation to activate the orexigenic NPY/AgRP neurons at
the hypothalamic ARC (Chen, Trumbauer et al. 2004). Glucose-dependent insulinotropic
polypeptide (GIP), is released from the intestinal K-cell. The role of GIP in the control of
food intake is not fully understood, however it appears to signal directly to the
hypothalamic ARC to suppress food intake as shown in acute and chronic studies in vivo
(Zhang, Delessa et al. 2021). The pancreatic signals, insulin, amylin and glucagon are also
able to regulate food intake via central mechanisms. Insulin, secreted from the pancreatic
beta-cell in response to nutrient ingestion, inhibits the orexigenic NPY/AgRP neurons in
the ARC to suppress food intake (Dodd, Kim et al. 2021). Amylin, which is co-secreted
with insulin, suppresses food intake by signalling through the circulation to the AP and
ARC (Lutz, Coester et al. 2018). Glucagon, secreted from the pancreatic alpha-cell in
response to fasting suppresses food intake through vagal afferent signalling to the NTS
(Weatherford and Ritter 1988). Leptin secreted from adipose tissue informs the brain of
the long-term degree of adiposity. It signals via the leptin receptor (LepRb) in the ARC to
both activate the anorexigenic POMC/CART neurons and inhibit the orexigenic

NPY/AgRP neurons (Elias, Aschkenasi et al. 1999).
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Figure 1.1: Central control of food intake through integration of peripheral signals to the brainstem and
hypothalamus. Peripheral hormones derived from the adipose tissue, pancreas, intestines and stomach
signal via the circulation to the Arcuate nucleus (ARC) and Area postrema (AP). Peripherally secreted
hormones also activate the vagal afferent nerve signalling directly to the Nucleus Tractus Solitarius (NTS).
Bidirectional crosstalk allows integrated signalling between these central hubs regulating food intake
through activation or inhibition of key orexigenic and anorexigenic neurons in the ARC. Further regulation
of hedonic food intake occurs through activation of dopaminergic reward pathways. PVN; Paraventricular
nucleus, DMH; Dorsomedial hypothalamus, LH; Lateral hypothalamus, VMH; Ventromedial hypothalamus,

VTA; Ventral tegmental area. Image created using Biorender.

1.4 The need for a safe and effective anti-obesity medication (AOM)

Due to the prevalence of obesity in the UK and globally, there is a demand for effective
and safe anti-obesity medications (AOM’s) which can target specific central pathways of
energy balance. However, achieving this has been challenging due to safety and
tolerability of centrally acting drugs (See section 1.6). Furthermore, to achieve weight
loss effects similar to bariatric surgery and avoid side effects, it is likely that multiple
pathways need to be targeted using a pharmacotherapeutic strategy; This approach is not
dissimilar to other chronic diseases such as hypertension or type-2 diabetes, where

multiple pathways are targeted with polypharmacy. Ultimately, the benchmark for a safe
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and effective AOM will be long term outcomes of metabolic disease, quality of life and
mortality. Indeed, long term studies following bariatric surgery are emerging showing
improved outcomes including long-term mortality (Courcoulas, King et al. 2018, Carlsson,

Sjoholm et al. 2020).

1.5 Previous challenges and current obesity pharmacotherapeutics

The history of anti-obesity medications (AOM’s) is marked by long-term failures due to
significant side effects profiles. One of the first class of AOM’s to be used was the
sympathomimetics, introduced in the 1950’s mainly in the United States (US). A number
of these are still approved for treatment (Muller, Bluher et al. 2022) despite no long-term
outcome data and troublesome side effects of dry mouth and nausea. Several other drug
classes have been tried including mitochondrial uncouplers, inverse agonists of the
cannabinoid receptor, serotonergic agonists and monoamine reuptake inhibitors (Muller,
Bluher et al. 2022). However, notable failures highlight the unexpected and severe side
effect profiles which precluded the long-term use of many of these classes of drugs. For
example, Fenfluramine, a serotonergic activator was approved by the US Food and Drug
Administration (FDA) in 1996 however withdrawn due to studies demonstrating a higher
rate of valvular heart disease and pulmonary hypertension (Connolly, Crary et al. 1997).
Lorcaserin, a serotonergic agonist marketed under the brand name Belviq, was licensed
for use in the US between 2012 and 2020. However, due to increased rates of cancer in
patients treated with the drug, Lorcaserin was subsequently withdrawn by the FDA
(Sharretts, Galescu et al. 2020). Silbutramine, a serotonin-norepinephrine re-uptake
inhibitor was licensed for use in the US and Europe between 1997 and 2010. However,
due to an increased risk of non-fatal myocardial infarction and non-fatal stroke in a large
prospective study (SCOUT trial), it was subsequently withdrawn (James, Caterson et al.
2010). In addition to cardiovascular safety, previously used AOM’s have also been linked
with psychological harm. For example, Rimonabant, an inverse agonist to the
endocannabinoid receptor, was approved for use in Europe between 2006 and 2009.
However, due to increased risk of anxiety, depression and suicide in the CRESENDO
study, the European Medicines Agency (EMA) withdrew the license for Rimonabant in
2008 (King 2010).
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The current selection of AOM’s approved for use therefore remain limited. In the UK these
mainly include the pancreatic lipase inhibitor Orlistat and GLP-1 based treatments,
including liraglutide 3mg (Saxenda). Naltrexone/Bupoprion (Mysimba), a combined
opioid receptor antagonist/dopamine and noradrenaline reuptake inhibitor is currently
licensed for use in the UK, however, is not commonly prescribed or approved for use
within the NHS by NICE. In the US, a wider selection of AOM’s is available including
various sympathomimetics, phentermine/topiramate, naltrexone/bupropion, and more

recently one-weekly Semaglutide 2.4mg (Wegovy).

GLP-1 treatment has led the way in reaching higher degrees of weight loss for a safe and
effective AOM. Its discovery as an incretin in humans and key central regulator of food
intake in vivo occurred in the current department at Imperial College London (Kreymann,
Williams et al. 1987, Turton, O'Shea et al. 1996). Further studies confirmed its role in
regulating food intake in humans (Gutzwiller, Goke et al. 1999) and was subsequently
developed and progressed through clinical trials over the next decade for the treatment
of type 2 diabetes and obesity. GLP-1 therapy benefits from having predictable
gastrointestinal side effects of nausea and vomiting, based on its known mechanism of
action. Liraglutide 3mg (Saxenda) was the first GLP-1-based dedicated anti-obesity
treatment to be approved by the FDA in 2014, and subsequently EMA. In a randomised
control trial, Saxenda was shown to result in approximately 8% body weight loss over
placebo (Pi-Sunyer, Astrup et al. 2015). Prior to the approval of Saxenda, Liraglutide
1.8mg (Ozempic), licensed for use in type-2 diabetes was often used for its weight loss
properties in overweight patients with dysglycaemia. In addition to weight loss
properties, the beneficial cardiovascular outcomes associated with Liraglutide 1.8mg as
shown in the LEADER trial (Marso, Daniels et al. 2016) have promoted swift development
of more potent GLP-1 based therapies. Recently, once weekly Semaglutide 2.4mg has
been shown to achieve 14.9% total body weight loss over 68 weeks, compared to placebo-
controlled body weight loss of 2.4% in adults with overweight or obesity (Wilding,
Batterham et al. 2021). Furthermore, a third of patients who received Semaglutide
achieved an impressive 20% total body weight loss. Semaglutide 2.4mg (Wegovy) has
been recently approved for use in the US and Europe and is awaiting introduction for use

as an AOM later this year in the UK.
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1.6 Novel and combination AOM’s in various research stages

Whilst the success of GLP-1 mono-agonist therapies has emerged, in the background
there has been a drive to develop gut-hormone-based multi-agonists which target more
than one pathway implicated in energy balance. This strategy remains promising due to
the potential for synergistic action, therefore reducing the side effect profile and by
targeting multiple pathways may maximise weight loss efficacy. A well-known example
of this combination strategy is the development of the GLP-1R/GCGR co-agonist,
designed to target food intake with GLP-1 action and energy expenditure with glucagon
action. The combination approach was first demonstrated as a feasible strategy in human
clinical studies where co-infusions of glucagon and GLP-1 led to enhanced energy
expenditure and reduced food intake (Tan, Field et al. 2013, Cegla, Troke et al. 2014). This
strategy also benefited by being glucose neutral, due to the balanced effects of GLP-1 and
glucagon. In a seminal study, Day et al developed a unimolecular GLP-1R/GCGR co-
agonist which demonstrated superior weight loss effects compared to GLP-1 alone in
obese rodents (Day, Ottaway et al. 2009, Day, Gelfanov et al. 2012). This seminal work led
to development of several GLP-1R/GCGR co-agonists with a number of successes in pre-
clinical trials (Hope, Vincent et al. 2021). However, of these, MEDI0832 (Cotadutide) was
the first to progress well through clinical trials. Despite this, in humans Cotadutide
appears to have modest weight loss effects and more prominent effects on hepatic lipid
metabolism (Nahra, Wang et al. 2021); It is therefore being targeted towards individuals
with obesity and NAFLD in later phase clinical trials. Although Cotadutide has progressed
well in clinical trials, other have not had such success. A recent report of a Novo Nordisk
once weekly administered compound ‘NN1177’ in Phase 1 highlighted significant
tolerability and safety issues, including cardiovascular concerns (PRE PRINT: DIO
10.1101/2022.06.02.22275920). It therefore appears that a careful balance of receptor
potency is required to obtain efficacy whilst minimising side effects attributed to either
the GLP-1 or GCG pathways (Hope, Vincent et al. 2021). A selection of GLP-1R/GCGR co-

agonists in clinical development is listed in Table 1.1.

Several other therapies targeting multiple hormone receptors are in various stages of
drug development programmes. These include GLP-1R/GIPR co-agonists, GLP-
1R/GIPR/GCGR tri-agonists, Y2R agonists, amylin analogues and GDF analogues (Table

1.1). Others drug classes in pre-clinical development include mitochondrial uncouplers
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and compounds which target the ghrelin pathway (Muller, Bluher et al. 2022). Despite
the variety of drug classes and hormone combinations, many of these are in early phase
clinical trials. However, particular progress has been made with the development of the
GLP-1R/GIPR co-agonist, Tirzepetide, achieving an average 15% weight loss in obese
adults with once weekly administration over 72 weeks (Jastreboff, Aronne et al. 2022).
Furthermore, recently, translational studies have reported promising pre-clinical and
phase 1 single dosing studies of GLP-1R/GIPR/GCGR triple agonists (Bossart, Wagner et
al. 2021, Coskun, Urva et al. 2022). Therefore, the research and clinical community will
await results of whether one or more of these drug candidates will prove safe and
efficacious for the primary aim of treating obesity. Furthermore, it remains to be seen
whether these novel drug candidates will rival or surpass the current bar set by bariatric

surgery in terms of total body weight loss and metabolic outcomes.

Drug Name Drug Developer Status Reference
Class
G3215 GLP- Imperial College | Phase 1 NCT02692040
1R/GCGR London
co-agonist
NN1177 GLP- NovoNordisk Phase 1 Pre-print
1R/GCGR discontinued | https://doi.org/10.1101/2022
co-agonist .06.02.22275920
MEDI0832/Cot | GLP- Astrazeneca/Me | Phase 2b (Nahra, Wang et al. 2021)
adutide 1R/GCGR dimmune
co-agonist
BI456906 GLP- Boehringer Phase 2 NCT04153929
1R/GCGR Ingelheim NCT04771273
co-agonist
Efinopegdutid | GLP- Hamni Phase 2 NCT03486392
e 1R/GCGR Pharmaceutical (Fatty liver
co-agonist disease)
ALT- GLP- Altimmune Phase 2 NCT05295875
801/Pemviduti | 1R/GCGR
de co-agonist
IBI362 GLP- Eli Lilly Phase 2 NCT04904913 (Ji, Gao et al.
LY3305677 1R/GCGR 2022)
co-agonist
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Tirzepetide GLP- Eli Lilly Phase 3 NCT04184622
(SURMOUNT1) | 1R/GIPR (Jastreboff, Aronne et al.
co-agonist 2022)
HM15211 GCGR/GIPR | Hamni Phase 2 NCT04505436
/GLP-1R tri- | Pharmaceutical
agonist
GCG tri- GCGR/GIPR | Sanofi Phase 1 NCT04521738
agonist /GLP-1R tri- (Bossart, Wagner et al. 2021)
SAR441255 agonist
GCG tri- GCGR/GIPR | Eli Lilly Phase 2 NCT04881760
agonist /GLP-1R tri- (Coskun, Urva et al. 2022)
LY3437943 agonist
Efpeglenatide | Longacting | Hamni Phase 2 NCT02075281
GLP-1R Pharmaceutical (Pratley, Jacob et al. 2022)
agonist
Rybelsus Long acting | NovoNordisk Phase 3 NCT05035095
(oral GLP-1R
Semaglutide) agonist
HM15136 Glucagon Hamni Phase 1 NCT04167553
analogue Pharmaceutical
GLPR-NPA Long acting | Eli Lilly Phase 2 NCT05051579
GLP-1R
biased
agonist
NNCO0165 - PYY NovoNordisk Phase 1 NCT03707990
Semaglutide analogue
NNCO0165 PYY NovoNordisk Phase 1 NCT02568306
analogue
NN9838/Cagril | Amylin NovoNordisk Phase 2 NCT03856047
intide analogue
LY3463251 GDF15 Eli Lilly Phase 1 NCT03764774
analogue
GDF15 GDF15 NovoNordisk Phase 1 NCT04010786
analogue

Table 1.1: Drugs currently in clinical trial phases for the treatment of overweight and obesity.

1.7 Glucagon as an anti-obesity agent - overview

Several important technological breakthroughs over the last 60 years have paved the way
for a greater understanding of glucagon as a protein and its biology. A brief mention of
these also help put important research efforts in the context of the technological
advantages on which they are founded. A major technological breakthrough was the use
of the radio-immunoassay procedure (RIA) by Roger Unger in 1959, to detect glucagon
using glucagon antibodies (Unger, Eisentraut et al. 1959). Roger Unger had worked

closely with the laboratory of Solomen Berson who initially developed this technique for
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the detection of insulin (Yalow and Berson 1960). The technique led to experiments
benefiting from the direct detection of glucagon itself rather than relying on the
pharmacodynamic effects (ie. Hyperglycaemia or hepatic glycogenolytic activity) as
measured outcomes. Furthermore, RIA opened possibilities for the entire research field
with the ability to detect a wide variety of proteins present in very small concentrations.
Other important technological breakthroughs include the discovery of somatostatin and
its inhibitory role on pancreatic endocrine function (Koerker, Ruch et al. 1974). This
allowed dissection of the physiological roles of insulin and glucagon by suppressing
endogenous endocrine function whilst administering either hormone. Another important
development was the generation of glucagon receptor knockout mice by Gelling and
colleagues in 2003 allowing a mechanistic approach to studying glucagon biology

(Gelling, Du et al. 2003).

1.8 Glucagon - discovery of the protein

Glucagon, a 29-amino acid pancreatic hormone is established as a key protein which plays
a role in glucose homeostasis with its serendipitous discovery dating back to studies
carried out in the early 20t Century. Following the observation that pancreatectomised
dogs develop hyperglycaemia and administration of pancreatic extract reversed this,
work intensified to isolate the substance implicated (von Mering ] 1890, Murlin JR 1923).
This resulted in the isolation of insulin which was subsequently used for the first time to
treat a patient with type 1 diabetes (Banting, Best et al. 1922). In some of these studies to
isolate pure pancreatic extracts, protein precipitation experiments were carried out by
Dr Charles Kimball and Dr John Murlin at the University of Rochester. In their seminal
study, in addition to various alcohol precipitation reactions, they demonstrated that with
acetone precipitation, a substance could be isolated which had a ‘distinctly hyperglycemic
effect’ (Kimball C 1923); They coined this substance ‘glucagon’ after its primary observed
effect of being a glucose agonist. These foundational observations were noted in early
December 1922, and this centenary of this discovery has recently been marked at the
well-attended Glucagon Meeting 2022 (Danish Diabetes Academy, Novo Nordic

Foundation).
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Further seminal studies in the 1940’s demonstrated that glucagon stimulated
glycogenolysis in ex vivo liver slices and was produced within the pancreatic islet
independent to the presence of beta cells (Sutherland and De Duve 1948). Through
efforts of the Lilly research laboratory, the crystal structure of glucagon was determined
which allowed later successful determination of the protein sequence in 1957 (Staub,
Sinn et al. 1953, Bromer, Sinn et al. 1957). The next major breakthrough in the glucagon
research was the sequencing of the primary protein by Bell and colleagues. The sequence
of mammalian (hamster) preproglucagon was successfully characterised, identifying the
glucagon sequence in addition to two ‘glucagon-related polypeptides’, named GLP-1 and
GLP-2 (Bell, Santerre et al. 1983). Not long before this important finding, the anglerfish
variant of preproglucagon had been identified, facilitated by the advantageous separation
of the exocrine and endocrine parenchyma (Lund, Goodman et al. 1983). The full
sequence of mammalian preproglucagon identified in 1983 by Bell and colleagues was
consistent with previous research efforts utilising RIA and ‘glucagon-like-reactivity (GLI)’
to identify the protein sequences for parts of the precursor protein in gut extracts,
including Glicentin, Glicentin-related-polypeptide (GRPP) and glucagon with an 8-amino
acid c-terminal extension (later to be called oxyntomodulin) (Sundby, Jacobsen et al.
1976, ].J 1980, Moody, Holst et al. 1981, Bataille, Tatemoto et al. 1982). These earlier
efforts were fuelled by prior observations that glucagon-like reactivity was detected in
response to an oral glucose load (Unger, Ohneda et al. 1968). Research in the early 1980’s
also revealed evidence for post-translational processing of preproglucagon to glucagon,
glicentin and GRPP in the porcine pancreas (Moody, Holst et al. 1981). The processing of
preproglucagon was later determined to be tissue specific with major divergence
between pancreatic and gut tissues and the preproglucagon protein products are now
well established (Figure 1.2); Preproglucagon processing in the pancreas is mediated by
the prohormone convertase 2 (PC2) and in the gut by prohormone convertase 1/3

(PC1/3) (Holst, Bersani et al. 1994, Ugleholdt, Zhu et al. 2004).
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Figure 1.2: Proglucagon derives peptides. From Striking the balance: GLP-1/glucagon co-agonism as a
treatment strategy for obesity. 2021. Frontiers in Endocrinology (Hope, Vincent et al. 2021).

1.9 Glucagon secretion

The cellular mechanisms of glucagon secretion are complex and governed by both intra-
and extra-islet factors (Gaisano, Macdonald et al. 2012). As with the beta-cell, alpha-cells
contain secretory granules under the control of voltage-dependent calcium channels
(VDCC’s). The main stimulus to glucagon secretion in the alpha cell is directly through
plasma glucose availability. In contrast to the beta-cell, in response to low glucose the
potassium ATP channel activity is low in the alpha-cell, paradoxically due to an elevated
ATP:ADP ratio. Therefore, the alpha cell membrane is partially depolarised and action
potential firing through sodium channels leading to calcium influx via the VDCC and
exocytosis of glucagon-containing granules (Zhang, Ramracheya et al. 2013). In response
to hyperglycaemia, the ATP:ADP ratio is elevated further and results in full inhibition of
the potassium ATP channel and further membrane depolarisartion. In this case, enhanced
membrane depolarisation leads to inactivation of the sodium channels and action
potential firing. Therefore, VDCC'’s are inactivated with no calcium influx and lack of
glucagon-granule exocytosis (Zhang, Ramracheya et al. 2013). In contrast, in response to
low glucose, the beta-cell membrane is hyperpolarised and in response to
hyperglycaemia, an increased ATP:ADP ratio leads to membrane depolarisation and
calcium-dependent (via the VDCC) insulin-granule exocytosis (Gaisano, Macdonald et al.
2012). Therefore, full membrane depolarisation in response to hyperglycaemia appears
to switch off voltage dependent ion channels in the alpha-cell membrane, which are
regulated in the opposite manner in the beta-cell under the same conditions
(Ramracheya, Ward et al. 2010). In addition to glucose, the alpha cell can directly respond

to plasma nutrient availability. For example, amino acids are potent regulators of
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glucagon secretion (Unger, Ohneda et al. 1969), whereas free fatty acids inhibit glucagon
secretion (Gerich, Langlois et al. 1974). Arginine, alanine, glutamine and glycine are
examples of amino acids which may potently stimulate glucagon secretion (Capozzi,

D'Alessio et al. 2022).

In addition to the direct action of nutrients, the regulation of alpha-cell function is
complicated by intra-islet (paracrine) and extra-islet hormone/metabolite signalling in
addition to control by the central nervous system. The suppressive effect of intra-islet
signalling metabolites secreted from the beta-cell include glutamate (Cabrera, Jacques-
Silva et al. 2008), zinc (Hardy, Serino et al. 2011), ephrin (Hutchens and Piston 2015),
insulin (Kawamori, Kurpad et al. 2009) and serotonin (5-HT) (Almaca, Molina et al. 2016).
Paracrine control of alpha-cell function is also regulated mainly by the suppressive action
of somatostatin from the delta-cell, which has been shown to be under the control of
insulin and urocortin-3 secreted from the beta-cell, in response to hyperglycaemia
(DiGruccio, Mawla et al. 2016, Vergari, Knudsen et al. 2019). Extra-islet hormones which
stimulate alpha-cell glucagon secretion include GIP (Meier, Gallwitz et al. 2003), GLP-2
(Meier, Nauck et al. 2006) and Ghrelin (Chuang, Sakata etal. 2011). In contrast, GLP-1 has
been shown to have a glucagonostatic effect through GLP-1R signalling on the alpha cell
membrane (Ramracheya, Chapman et al. 2018). The multiple humoral suppressive
signals described on alpha cell secretory function point towards a basal suppressive tone
which, in times of hypoglycaemia is lost leading to glucagon secretion. Interestingly, there
appears to be a synergistic effect of nutrient availability, in particular amino acids and
alpha cell secretory function through GCPR activation (El, Gray et al. 2021). In addition to
humoral control of alpha cell function, both the sympathetic and parasympathetic

nervous system have been implicated in glucagon secretion (Faber, Deem et al. 2020).

1.10 Hepatic glucagon signalling

Numerous studies have investigated potential pathways of glucagon signalling and
understandably these initially focused on hepatic carbohydrate metabolism, however
important roles in hepatic lipid and amino acid metabolism have subsequently emerged.
An early discovery of a signalling messenger regulated by glucagon was by Rall and
Sutherland (Rall and Sutherland 1958). This was further confirmed by Robinson and

colleagues who identified stimulation of cyclic AMP (cAMP) in a series of experiments
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characterising a wide range of hormones, including glucagon (G A Robison 1968). The
interaction between glucagon, insulin, cAMP and hepatic carbohydrate metabolism was
further explored in a series of seminal experiments by Exton and Park in 1968, and
defines our current knowledge of the potent acute and chronic glucose mobilising effect

glucagon exerts through glycogenolysis and gluconeogenesis (Exton 1987).

The glucagon receptor (GCGR) is a G-protein coupled receptor expressed primarily in the
liver, kidney and adrenal glands (Figure 1.3). Glucagon signals via the GCGR to activate a
Gs protein which itself stimulates adenylate cyclase and cAMP accumulation within the
cell. This in turn mediates the acute and chronic effects on glycogenolytic and
gluconeogenic pathways (Exton 1987). Glucagon has also been shown to activate
gluconeogenesis and glycogenolysis through cAMP-independent signalling molecules,
including inositol phosphates (IP), calcium, mTORC2 and CREB (Wakelam, Murphy et al.
1986) (Jelinek, Lok et al. 1993) (Koo, Flechner et al. 2005). It is thought that glucagon
generally signals through cAMP-dependent and cAMP-independent pathways with cAMP
being able to acutely activate both post-translational and transcriptional signalling
pathways, the latter through carbohydrate response binding element (CREB); In this way,
glucagon is able to adapt acutely to fasting and also regulate these pathways chronically
(Albrechtsen 2021). For example, chronic upregulation of rate limiting gluconeogenic
enzymes such as phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-
phosphatase (G6P) through cAMP/PKA/CREB, enhances glucose output (Exton 1987).
Acutely, glucagon-mediated induction of cAMP/PKA enhances phosphorylation of
glycogen phosphorylase kinase and therefore subsequent phosphorylation and
activation of glycogen phosphorylase, leading to hepatic glucose mobilisation
(Albrechtsen 2021). Furthermore, PKA activity enhances phosphorylation targets within
the glycolysis/gluconeogenesis pathway including FBPase2 to induce gluconeogenesis,
and pyruvate kinase to suppress glycolysis. In addition to the effect on hepatic glucose
metabolism, glucagon-mediated hepatic metabolism of amino acids also occurs through
cAMP-dependent (cAMP/PKA-post-translational and cAMP/PKA/CREB-transcriptional)
and cAMP-independent pathways, leading to enhanced amino acid catabolism and
ureagenesis (Albrechtsen 2021). Glucagon-mediated hepatic metabolism of lipids is

thought to occur through cAMP signalling both transcriptionally and post-translationally
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via PKA, leading to both suppression of de novo lipogenesis and enhanced fatty acid beta-

oxidation (Albrechtsen 2021).

Interestingly, more recently the state of hepatic ‘glucagon resistance’ in obesity and fatty
liver disease has been characterised and gives further insight into hepatic signalling
pathways regulated by glucagon. Glucagon resistance is characterised by a triad of
hyperglucagonemia, hyperaminoacidemia and hyperglycemia (Winther-Sorensen,
Galsgaard et al. 2020). The observation of hyperglycaemia in this setting suggests that
the regulation of glycose and amino acid pathways downstream to the glucagon receptor
may be independent to each other (Albrechtsen 2021). Based on the likely predominant
signalling pathways involved, the divergent response to the metabolism of these
nutrients in glucagon resistance states has been proposed to be due to the varying
glucagon sensitivity on differential activation of transcriptional vs post-translational
signalling pathways; For example, it has been proposed that in states of glucagon
resistance, a reduction in post-translational signalling via cAMP may preferentially
affect/reduce the post-translational signalling pathway of amino acid catabolism, whilst
cAMP/PKA/CREB mediated stimulation of gluconeogenesis is sustained (Albrechtsen
2021). This presumably would rely on urea cycle activity being predominantly regulated
by post-translational means and glucagon resistance affecting the ability of cAMP to

activate these pathways rather than a lack of cAMP accumulation itself within the cell.

Based on the potent hepatic glucose mobilising effect of glucagon, it has been used as an
emergency treatment for severe hypoglycaemia in the community for decades. However,
broader biological functions of glucagon have subsequently emerged positioning itself as
a potential breakthrough drug candidate for the treatment of obesity and metabolic

disease; This is discussed further in section 1.7.7.
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Figure 1.3: NCBI database search (October 2022) for pattern of tissue expression of the glucagon receptor.
National Center for Biotechnology Information (NCBI). Bethesda (MD): National Library of Medicine (US),

National Center for Biotechnology Information; Available from: https://www.ncbi.nlm.nih.gov/.

1.11 Glucagon in the pathophysiology of type 2 diabetes mellitus (T2DM)

The “bihormonal theory” of diabetes was proposed in 1975 by Roger Unger through
three lines of evidence. Firstly, endogenous hyperglycaemia in various models had not
been observed without the presence of glucagon (Unger and Orci 1975). Secondly,
somatostatin suppression of both insulin and glucagon does not result in hyperglycaemia,
which is restored with exogenous glucagon infusion (Mortimer, Tunbridge et al. 1974).
Thirdly, somatostatin suppression of glucagon with exogenous insulin therapy improved
glycaemia in individuals with diabetes (Gerich, Lorenzi et al. 1974). In patients with type
2 diabetes, studies have found that glucagon is elevated in both the fasting and
postprandial state (Unger, Aguilar-Parada et al. 1970, Borghi, Wajchenberg et al. 1984).
The primary cause of hyperglucagonemia in diabetes appears to be at partly due to
defective insulin signalling within the islet and this was initially suggested in a study
demonstrating whole body insulin resistance is independently associated with
hyperglucagonemia (Ferrannini, Muscelli et al. 2007). The role for abnormal insulin

signalling in the development of alpha cell hyperglucagonemia was also supported by
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using alpha-cell specific insulin receptor knockout mice. Mice lacking the alpha cell IR
exhibited a significantly higher glucagon and blood glucose levels than control mice
(Kawamori, Kurpad et al. 2009). Other studies have demonstrated that other gut
hormones in particular an exaggerated GIP secretion, play a role in enhancing glucagon
secretion in response to an oral glucose load (Lund, Vilsboll et al. 2011). Several
mechanisms have now been suggested to play a role in enhancing alpha cell function
relative to beta cell function in the pathogenesis of type 2 diabetes (Martinez, Manzano
et al. 2021). More recently the focus has shifted towards the role of altered amino acid
metabolism in the hyperglucagonemia observed in type 2 diabetes, in particular
dysfunction of the ‘liver-alpha’ axis (Holst, Wewer Albrechtsen et al. 2017) (further
described in section 1.16.4). In a seminal study, it was discovered that increased plasma
amino acids are associated with hyperglucagonemia independent to glycaemia/presence
of diabetes (Wewer Albrechtsen, Junker et al. 2018). Therefore, resistance to amino acid
metabolism in the liver may be the main cause of fasting hyperglucagonemia and
therefore contributing factor to hyperglycaemia observed in those with type 2 diabetes
and hepatic lipid accumulation. Earlier work has also shown that enhanced post-prandial
hyperglucagonemia and hyperglycaemia following oral glucose load vs an intravenous
load in type 2 diabetes may be a result of gut derived glucagon; Ongoing work is required

to elucidate this mechanism (Knop 2018).

As aresult of the glucagonocentric view of type 2 diabetes, glucagon receptor antagonism
has been employed. Interestingly, glucagon receptor antagonists have been shown to
modestly improve fasting glucose but not postprandial glucose levels. Furthermore,
GRA’s have been associated with side effects including hepatic lipid accumulation
(Guzman, Zhang et al. 2017). As discussed in the next sections, paradoxically glucagon

agonism has also been investigated for the treatment of type 2 diabetes and obesity.

1.12 The effect of glucagon on food intake

Glucagon has been exploited for two major effects on whole-body energy balance, food
intake and energy expenditure. Indeed, it is precisely these actions on the two sides of the
energy balance equation that has made a successful drug which targets the glucagon
receptor so highly sought after (Hope, Vincent et al. 2021). The effect of glucagon on both
food intake and energy expenditure were reported in the late 1950’s. The first study to
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show the effect on food intake was carried out in a small clinical study (Schulman,
Carleton et al. 1957). 10 participants received a cross over intervention of 1mg glucagon
intramuscularly prior to meals for 2 weeks and then a further 2 weeks receiving placebo.
Glucagon was found to reduce food intake by an average of 440 calories per day which
was also accompanied by a small amount of weight loss. This was further confirmed in
human studies (Penick and Hinkle 1961). This finding has been replicated in rodent
models which have also demonstrated that in rats, glucagon increases satiety via a
hepatic mechanism, in particular by the hepatic branch of the vagus (Geary, Le Sauter et
al. 1993). Glucagon also appears to signal directly to the CNS appetite centres as
peripheral administration in vivo leads to enhanced activity in the hypothalamus and
brainstem (Parker, McCullough et al. 2013). Specifically, glucagon can activate a
GCGR/PKA/CaMKKbeta pathway in the hypothalamic ARC leading to enhanced AgRP
neuron signalling and decreased food intake in vivo (Quinones, Al-Massadi et al. 2015). In
addition to the role of glucagon during the fasting phase, these findings are consistent
with a physiological role of glucagon as a post-prandial hormone to contribute towards

satiety and meal termination.

1.13 The effect of glucagon on EE

The first report of glucagon’s stimulatory effect on EE was in the late 1950’s with acute
dosing studies in Rats. In this study, it was shown that glucagon enhanced whole-body
oxygen consumption within an hour of administration (Davidson, Salter et al. 1957). This
confirmed a study by the same group in 1957 showing that glucagon-treated rats lost
more weight than pair fed controls over 7 days with thrice daily administration (Salter,
Davidson et al. 1957). To confirm glucagon-induced EE in a chronic setting, pair feeding
studies demonstrated that daily dosing of glucagon (40 micrograms OD) in the male
Wistar rat over 22 days, led to 75 % less body weight gain than a pair fed group (Davidson
1960, Salter 1960). Investigating the physiological role of glucagon in catabolic
conditions, a subsequent glucagon-somatostatin co-infusion study demonstrated for the
first time that glucagon acutely increases the resting metabolic rate in humans (Nair
1987). Several clinical studies have confirmed these observations in humans with doses
of glucagon up to 50 ng/kg/min acutely (Calles-Escandon 1994, Tan, Field et al. 2013,

Salem, Izzi-Engbeaya et al. 2016). However, not all human studies have demonstrated an
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increase in EE, for example in one study where glucagon was administered at a lower
dose (3 ng/kg/min) and following a meal (Bagger, Holst et al. 2015); This may suggest a
possible link between prandial status and the ability of glucagon to increase EE. More
recently, intranasal glucagon has also been demonstrated to increase resting energy
expenditure in overweight/obese humans (Stahel, Lee et al. 2019). The ability of glucagon
to increase EE in species other than rodents and humans was also demonstrated early on

in pigs and dogs (Weiser and Grande 1974, Ingram and Kaciuba-Uscilko 1980).

1.14 Rationale for GLP-1/glucagon co-agonism as an anti-obesity strategy

As discussed in briefly in Section 1, the rationale for combining GLP-1 and glucagon was
based on the individual action of these hormones on either side of the energy balance
equation, food intake and energy expenditure, respectively. This rationale was supported
by previous studies demonstrating that the endogenous GLP-1R-/GCGR co-agonist,
oxyntomodulin (OXM) results in weight loss and reverses obesity (Dakin, Gunn et al.
2001, Dakin, Small et al. 2004, Pocai, Carrington et al. 2009). Indeed, glucagon receptor
activation by OXM was shown to drive energy expenditure via the GCGR in vivo (Kosinski,
Hubert et al. 2012). The combination approach was subsequently demonstrated in both
humans with native hormone co-infusion studies (Tan, Field et al. 2013, Cegla, Troke et
al. 2014), and with the development of unimolecular GLP-1R/GCGR co-agonists tested in
vivo (Day, Gelfanov et al. 2012). Importantly, in both human co-infusion studies,
combined administration of GLP-1 and glucagon did not adversely affect glycaemia due
to the insulinotropic effect of GLP-1. Furthermore, in obese rodents, co-agonist treatment
led to an improvement in glycaemia, in addition to other metabolic parameters including
plasma lipids and hepatic steatosis (Day, Gelfanov et al. 2012). These also showed food-
intake independent changes in body weight and fat mass in addition to increased EE (Day,
Gelfanov et al. 2012). A raft of unimolecular co-agonists were subsequently developed
and tested in vivo, with many progressing swiftly to clinical trial testing (Hope, Vincent et
al. 2021). Despite the acceptance of the beneficial effect of glucagon on energy balance,
the mechanism(s) of EE are less understood. However, to develop a safe and effective
drug targeting the GCGR, an understanding of the EE mechanism is essential and prior

studies contributing to this understanding will be discussed in the next section.
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1.15 Glucagon mediated EE - Mechanisms

Since the initial finding by Davidson in 1957, several groups have studied various
pathways implicated in glucagon-mediated EE. These initially focused on brown adipose
tissue thermogenesis and more recently novel pathways including FGF21, FXR signalling
using transgenic models (Al-Massadi, Ferno et al. 2019). However, despite numerous
reports on the subject, a clear understanding of glucagon-mediated EE remains to be
established. Furthermore, it remains possible that a combination of pathways is
implicated in the EE response to glucagon, and these may be dependent for example on
dose, timing, and chronicity of treatment. In the following sub-sections, previously

proposed mechanisms of glucagon-mediated EE are discussed.

1.15.1 Glucagon mediated EE and BAT

Brown adipose tissue (BAT) is an important thermogenic organ in mammals, producing
adaptive cold-induced non-shivering thermogenesis (R 1961, Donhoffer S 1964).
Uncoupling protein 1 (UCP1) is the canonical protein in BAT which uncouples oxidative
phosphorylation from ATP synthesis, with the resultant energy released as heat (Nicholls,
Bernson et al. 1978, Golozoubova, Hohtola et al. 2001, Fedorenko, Lishko et al. 2012). The
early observation of glucagon’s stimulatory effect on BAT in rodents came from
experiments on BAT tissue explants and use of supra-physiological doses of glucagon
(Joel 1966, Kuroshima and Yahata 1979). In vivo studies showed indirect evidence for
glucagon’s effect on BAT for example interscapular temperature increases in rabbits and
increased blood flow into BAT in rats (Cockburn, Hull et al. 1967, Yahata, Habara et al.
1983). Further in vivo studies also showed direct evidence for glucagon’s thermogenic
effect on BAT in rats (Doi and Kuroshima 1982). However, several other studies show
that glucagon induced thermogenesis is not mediated by BAT. In species with minimal or
no BAT, such as adult dogs or pigs, glucagon can still enhance thermogenesis (Weiser and
Grande 1974, Ingram and Kaciuba-Uscilko 1980). Furthermore, studies in transgenic
mice have shown that despite increased oxygen consumption in BAT tissue, whole-body
Ucp1 or BAT-specific Gegr ablation does not prevent glucagon induced thermogenesis,
indicating UCP-1 independent pathways (Beaudry, Kaur et al. 2019). Interestingly,

glucagon-mediated EE was blunted in Fgf217/- mice, suggesting it is an important
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regulator. More recently, it has been shown that acute glucagon infusion (50 ng/kg/min)
in humans increases energy expenditure independent of BAT-activity (Salem, Izzi-
Engbeaya et al. 2016). Together these findings are generally conflicting and suggest that

glucagon increases thermogenesis independent to BAT in humans.

1.15.2 Alternative possible mechanisms for glucagon-mediated EE

Glucagon’s key catabolic actions include hepatic free fatty acid (FFA) and amino acid
oxidation (Charlton, Adey et al. 1996, Longuet, Sinclair et al. 2008). Glucagon is also able
to directly stimulate white adipose tissue lipolysis (Vaughan and Steinberg 1963),
thereby liberating FFA’s to the liver and other tissues. In addition to the stimulatory effect
on glycogenolysis, glucagon is also able to stimulate gluconeogenesis, a pathway able to
increase hepatic glucose output providing a whole-body energy substrate (Exton 1987).
As gluconeogenesis is an energy-costly process (with a net consumption of ATP
molecules), it is possible that this contributes to the energy effects observed with
exogenous glucagon administration. Due to the challenges in measuring the energy
expenditure of specific metabolic pathways, the contribution of these effects to the
overall EE effects observed remains uncertain (Kleinert, Sachs et al. 2019). However,
studies which have ‘stressed’ the gluconeogenesis pathway using a high protein/low
carbohydrate diet, have demonstrated that hepatic gluconeogenesis contributes as much
as 40% to the increased EE effects observed in humans (Veldhorst, Westerterp-Plantenga
et al. 2009). More recently, it has been shown that in conditions of insulin resistance,
gluconeogenesis may account for up to one third of resting energy expenditure (Quaye,
Chacko et al. 2021). In addition to these energy consuming pathways, glucagon also
stimulates another important catabolic hormone, cortisol (Waldhausl, Haydl et al. 1976)
in addition to catecholamine release (Lawrence 1967), both with direct effects on the
sympathetic nervous system. Consistent with the role of these adrenal hormones in
glucagon-mediated EE, glucagon does not result in enhanced EE in adrenalectomized rats
(Davidson 1960). Whole-body protein catabolism has also been implicated. Following
early glucagon infusion studies demonstrating acute EE in humans (Nair 1987),
subsequent studies showed that hyperglucagonemia was responsible for the enhanced
resting metabolic rate and leucine oxidation (a marker of proteolysis) during insulin

deprivation (Charlton and Nair 1998). The importance of protein catabolism for energy
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metabolism in type 1 diabetes has therefore been highlighted previously (Hebert and
Nair 2010).

In a seminal paper, Habbager et al demonstrated that hepatic derived FGF21 is an
important mediator of the beneficial actions of glucagon on energy expenditure
(Habegger, Stemmer et al. 2013). In a series of experiments, it was shown that the novel
long-acting glucagon analogue, IUB288, resulted in food intake-independent body weight
loss in DIO mice over 18 days. They demonstrated that the hepatic expression of FGF21
was increased by [IUB288 and this mirrored increased circulating levels of FGF21. [UB288
treatment over 20 days did not result in body weight loss in global Fgf21-/- transgenic
mice, compared to wild-type (WT) mice. Furthermore, using metabolic cages it was
shown that the absence of Fgf21 prevented IUB288-enhanced energy expenditure and
associated locomotion. This research suggests that the EE effects of glucagon are
dependent on the presence of FGF21. In keeping with these findings, FGF21 is known to
increase energy expenditure acutely through central mechanisms targeting
thermogenesis in brown and white adipose tissue (Owen, Ding et al. 2014, Douris,
Stevanovic et al. 2015, BonDurant, Ameka et al. 2017). Supporting the central action of
FGF21 on energy expenditure pathways, it has been demonstrated that the lack of FGF21
receptor in adipocytes does not prevent FGF21-induced body weight loss in DIO mice
(BonDurant, Ameka et al. 2017). The effect of glucagon signalling on thermogenesis in
adipose tissue has also been highlighted with studies in Gcgr/- mice where a a decrease
in thermogenic markers has been observed (Townsend, Medak et al. 2019). Collectively,
these data support the glucagon’s role as a regulator of thermogenesis in BAT and WAT
in vivo, mediated through the action of FGF21 and CNS signalling to peripheral tissues.
Indeed, more recently, glucagon mediated hepatic FGF21 induction has been shown to
enhance EE through CNS signalling (Nason, Antipenko et al. 2021). However, it appears
that hepatic FGF21 is not obligatory for glucagon induced EE. In another study using
hepatic specific Fgf21/- transgenic mice, it was shown that the lack of hepatic Fgf21 only
led to a partial blunting of body weight loss following chronic [UB288 treatment (Kim,
Nason et al. 2018). Other contributory mediators of the glucagon-EE and body weight
effect may also be partly due to hepatic farsenoid X receptor (FXR) signalling, mediating
effects of various bile acid ligands (Kim, Nason et al. 2018). Specifically, loss of body

weight in response to [UB288 was blunted in hepatic-specific Fxr/- transgenic mice with
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a prevention of [UB288 induced EE. Furthermore, in this study, it was noted that the

thyroid hormone T4 also significantly increased with IUB288 treatment.

Further adding to the potential mechanisms by which glucagon enhances EE, it has been
demonstrated that glucagon may also directly increase EE in rodents when administered
intracerebroventricularly. This has been shown to be associated with BAT thermogenesis
(Lockie, Heppner et al. 2012). Together these findings suggest that glucagon has the

potential to enhance EE through several different mechanisms.

As glucagon is a protein catabolic hormone, the effects of chronic treatment with a long-
acting glucagon analogue, as an anti-obesity strategy, on plasma amino acid availability,
lean mass and energy expenditure is remains unexplored. These questions form the basis
for the current thesis and therefore, in the next section, the background to the effect of

glucagon on protein metabolism is further discussed.

1.16 Glucagon and protein metabolism

1.16.1 The urea cycle and amino acid catabolism

The hepatic Ornithine cycle (also known as the Urea cycle) comprises of five enzymes and
is required for the detoxification of ammonia in mammals (Morris 2002). It was the first
metabolic cycle to be discovered in 1932 by Hans Kreb and Kurt Henseleit in a series of
biochemical studies described by Hans Kreb himself in 1973 (Kreb 1973). The five key
enzymes of the urea cycle are now known to include Carbamyl phosphate synthetase-1
(CPS-1), Arginosuccinate synthetase (ASS), Arginosuccinate lyase (ASL), Ornithine
transcarbamylase (OTC) and Arginase (Arg) (Morris 2002). The urea cycle enzymes are
expressed in the periportal hepatocytes of the liver and therefore also readily available
for presenting circulating amino acids. On a cellular level, the machinery of the urea cycle
spans both the mitochondrial matrix and cytosol, with both CPS-1 and OTC located in the
mitochondrial matrix. CPS-1 carries out the first step in the urea cycle pathway,
transferring an ammonia molecule to phosphorylated bicarbonate, producing carbamoyl
phosphate, which is subsequently condensed with ornithine (Figure 1.4). As CPS-1 has a
requirement for the allosteric activator, N-acetyl-glutamate, N-acetyl-glutamate

synthetase (NAGS) is also seen as the sixth urea cycle enzyme. The incoming ammonia
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molecule is liberated from glutamate, interconverted from a variety of amino acids, and
provides the nitrogen supply (in Carbomyl phosphate) to Ornithine (which contains two
nitrogen atoms). A series of intermediate steps tightly regulate the transfer of nitrogen to
the end-product urea, with the subsequent reformation of Ornithine (Figure 1.4). In
addition to Carbamoyl phosphate supplying one nitrogen atom to Ornithine, through the
action of ASS, aspartate also provides an additional nitrogen atom to the intermediate
Citrulline generating the four nitrogen atom-containing Arginosuccinate. At the end of
the cycle, Arginase facilitates the liberation of urea, containing two-nitrogen atoms, from

arginine, reforming Ornithine (Figure 1.4).

Substrate availability to the urea cycle is an important factor in the acute regulation of
cycle function. This is important as the urea cycle needs to have the capacity to respond
to large fluxes in nitrogen load, for example during high levels of protein intake. Both
short and longer-term control of the urea cycle is determined by the expression and
activity of the individual urea cycle enzymes, influenced by insulin, glucagon and cortisol
(Morris 2002). Increased activity of all five of the urea cycle enzymes has been
demonstrated in response to glucagon in vivo, demonstrating its potent ability to increase
activity of the cycle (Snodgrass, Lin et al. 1978). Subsequent studies have shown that
glucagon is able to post-transcriptionally regulate urea cycle enzymes leading to
enhanced activity within minutes (Janah, Kjeldsen et al. 2019). Other studies have shown
that glucagon is also able to upregulate mRNA expression enzymes of the urea cycle in
cultured rodent hepatocytes (Ulbright and Snodgrass 1993). As glucagon is secreted
following a protein meal, it can therefore acutely facilitate metabolism of excess nitrogen
load by increasing the activity of the urea cycle to produce the waste product, urea.
Following a predominantly protein rich meal, insulin is also secreted from the pancreatic
beta cell increasing the peripheral uptake of amino acids. Therefore, the hepatic glucose-
mobilising action of glucagon may also serve to counter any potential hypoglycaemic
effect of insulin in the presence of limited carbohydrate availability (Janah, Kjeldsen et al.

2019).
More recently, using glucagon receptor knockout models, glucagon analogues and

glucagon receptor blocking antibodies, hepatic GCGR activity has been associated with

divergent effects on both the transcriptional and post-translational regulation of the urea
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cycle and hence its overall activity (Solloway, Madjidi et al. 2015, Kim, Okamoto et al.
2017, Emilie Elmelund 2022).

Aming acids
Glutamine l
Glutamate
Wia TCA cycle
¥ Oxaloacetate. «
Glutamine ;. Aspartate
\Q:ut'ansferase
Glutaminase |——» Glutamate ——» Aspartate (:.Asparl.ate
Glutarn.a?e l N A Arginosuccinate
dehydrogenase Citrulline = synthetase 1
* NH:"  gRetoglutarate
Calhamoy{l [J'IF.JS[:lhi:ﬂE HCO, I . .
synthetase 1 citrulline Argininosuceinate
Carbamayl phosphate K
Arginosuccinate lyase
Urea cycle v d
Ornithine |
transcarbamylase Arginine Fumarate
Ornithine
// Arginase
T Omithine (
Mitochondrial matrix Urea

Cytosol
Figure 1.4: Mechanisms of amino acid entry to the urea cycle. Created using Biorender.com. Adapted from
‘Exploring Metabolic Consequences of CPSI1 and CAD Dysregulation in Hepatocellular Carcinoma by

Network Reconstruction’ (Dumenci, U et al. 2020).

1.16.2 Early experiments exploring the interaction between native glucagon and

nitrogen balance

The catabolic effect of glucagon on protein was discovered in the early 1950’s not long
after it was first purified and synthesised in at Eli Lilly and Co (Staub, Sinn et al. 1955,
Bromer, Sinn et al. 1957). In these first in vivo experiments glucagon stimulated an
increase in urinary nitrogen following administration in Rabbit (Tyberghein 1953). For
the first time, the authors described the counter-regulatory action of insulin and
glucagon, not only on carbohydrates but on protein metabolism. Urinary nitrogen was
measured on the knowledge that increased amino acid catabolism results in nitrogen-

containing urea (see Section 1.9.1). Using the measurement of urinary nitrogen content,

39



these observations were subsequently confirmed in other tissue and animal models
(Salter, Davidson et al. 1957, Miller 1960, Salter 1960, Izzo and Glasser 1961). Due to a
similar effect of steroids and glucagon on urine nitrogen production, early studies were
quick to investigate the effect of glucagon in conditions of inflammation. Indeed, Salter
suggested the potential use of glucagon for inflammatory conditions and when glucagon
was administered to patients with rheumatoid arthritis, despite gastrointestinal side
effects, a significant improvement in joint symptoms was observed (Ezrin, Salter et al.

1958).

With regards to the interaction between glucagon and lean mass, early studies indicated
the role of reduced plasma amino acid availability on loss of muscle mass. For example,
ex vivo studies demonstrated early on that nitrogen is released from skeletal muscle in
glucagon treated rats (Peterson, Beatty et al. 1963). Furthermore, following a study in
Rabbits whereby amino acids were measured in blood released from muscle, it was first
suggested that glucagon stimulated reduction in amino acids may be the stimulus to
release of amino acids from skeletal muscle, sustaining gluconeogenesis (Daniel, Pratt et

al. 1977).

Through the application of more sophisticated methods, including the use of isotopes,
studies in humans further described the whole-body changes in protein metabolism with
administration of glucagon infusions. These studies sought to understand the whole-body
change in nitrogen balance, beyond the primary catabolic action of glucagon in the liver.
Indeed, these were important aspects to characterise as in the 1970’s hyperglucagonemia
was beginning to be associated with trauma (Meguid, Brennan et al. 1972), sepsis (Rocha,
Santeusanio et al. 1973) and diabetes (Unger 1971). Isotope-labelled leucine was used in
humans undergoing glucagon infusions to investigate the interaction between glucagon
and protein balance. As leucine is an essential BCAA oxidised in the muscle, using this
method, leucine oxidation, the rate of muscle proteolysis (leucine flux) and synthesis
(non-oxidative leucine flux) could be estimated. These measures give an overall estimate
of whole-body protein balance. Glucagon infusions achieving high physiological
circulating levels lower plasma amino acids, enhance leucine oxidation and proteolysis in
skeletal muscle (Nair, Halliday et al. 1987, Nair, Woolf et al. 1987, Hartl, Miyoshi et al.
1990, Pacy, Cheng et al. 1990, Charlton, Adey et al. 1996). As leucine is a positive
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regulator of protein synthesis, these findings suggest that glucagon action, through
stimulating hypoaminoacidemia and muscle leucine oxidation may result in reduced
intramuscular leucine and a subsequent suppression of protein synthesis. Indeed, using
leucine isotopes, infusions of glucagon in humans reduce markers of protein synthesis
(Pacy, Cheng et al. 1990). Furthermore, in a human study, an infusion of glucagon
attenuated skeletal muscle protein synthesis in response to an amino acid mixture
(Charlton, Adey et al. 1996). In addition to the amino group released from muscle leucine
oxidation, it has been suggested that the suppression of muscle protein synthesis in
response to lowered intramuscular leucine allows valuable amino acids to be re-directed

to the liver for glucose production (Adeva-Andany, Fernandez-Fernandez et al. 2021).

1.16.3 Protein metabolism in the glucagonoma syndrome

In parallel to studies characterising the physiological effects of glucagon on protein
metabolism, the first reports of the glucagonoma syndrome were published, highlighting
glucagon’s effects in this pathological condition. In this report, Mallinson and colleagues
first described the glucagonoma syndrome in a case series where patients exhibited low
plasma amino acids and marked muscle wasting (Mallinson, Bloom et al. 1974). Further
case reports have confirmed hypoaminoacidemia is a common finding in the
glucagonoma syndrome (Barazzoni, Zanetti et al. 1999). However, the mechanism of

muscle wasting in the glucagonoma syndrome has not been characterised.

1.16.4 Plasma amino acid availability and amino acid sensing; Recent insights

from the liver-alpha axis

Plasma amino acids are tightly controlled and therefore any alteration of this would be
expected to have systemic effects. The idea that amino acid sensing is important in
healthy metabolism has recently been highlighted with the finding that glucagon-
dependent clearance of plasma amino acids is coupled to alpha cell hyperplasia in a
nutrient circuit (Longuet, Robledo et al. 2013, Solloway, Madjidi et al. 2015). In this
circuit, disruption in glucagon action at the level of the liver leads to impaired amino acid
catabolism and therefore increased plasma amino acid levels. Subsequently, plasma
amino acids provide the signal to the pancreatic alpha cell for growth and differentiation

(Dean, Li et al. 2017). This explained the previous finding that glucagon receptor
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inactivating mutations in humans or transgenic GCGR knock-out mice exhibit pancreatic
alpha-cell hyperplasia (Gelling, Du et al. 2003). This nutrient circuit was later termed the
liver-alpha axis (Holst, Wewer Albrechtsen et al. 2017) with the ability of individual
amino acids to enhance alpha-cell hyperplasia and glucagon secretion via mammalian

target of rapamycin (mTOR) (Dean, Li et al. 2017).

Interestingly, increased fasting plasma glucagon was shown in patients with hepatic
steatosis in the presence, or absence of type 2 diabetes (Junker, Gluud et al. 2016). In
keeping with a disrupted liver-alpha axis, an important study demonstrated that
hyperglucagonemia correlates with plasma amino acids in patients with hepatic steatosis
without diabetes (Wewer Albrechtsen, Faerch et al. 2018, Wewer Albrechtsen, Junker et
al. 2018), hence confirming glucagon resistance in this individuals (Janah, Kjeldsen et al.
2019). Using trans-jugular liver biopsies and gene expression analysis, hepatic glucagon
resistance and disrupted hepatic amino acid catabolism has subsequently been shown
directly in patients with hepatic steatosis (Suppli, Bagger et al. 2020); Interestingly, in
this study by Suppli et al., the ability of glucagon to stimulate endogenous glucose
production was not impaired in those with hepatic steatosis. Consistent with the data in
humans, glucagon-stimulated amino acid catabolism is also blunted in a mouse model of
hepatic steatosis (Winther-Sorensen, Galsgaard et al. 2020). Together, these important
findings have heralded further clinical studies including one which is currently
investigating the role of plasma amino acids as sensitive markers for hepatic steatosis

when given a glucagon challenge (NCT04907721).

Amino acid sensing is not only applicable to the pancreatic alpha cell but occurs in
multiple tissues including skeletal muscle (Moro, Ebert et al. 2016). Therefore, the wider
potential effects of chronic hypoaminoacidemia and altered amino acid sensing will be
discussed below. Interestingly, more recently a study has described alpha-cell hypoplasia
in response to the use of a long-acting GCG analogue, suggesting a significant impact on
the beta-cell in this context (Emilie Elmelund 2022). Furthermore, this study has also
characterised the pattern of individual amino acids which is established when
perturbation of the liver-alpha axis results in either hypoaminoacidemia or

hyperaminoacidemia. It appears that certain amino acids foe example alanine, arginine,
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asparagine, threonine, methionine with lesser effects on the branched-chain and

aromatic amino acids (Emilie Elmelund 2022).

1.17 The effect of amino acid availability on amino acid sensing and lean mass;
implications for long-term glucagon treatment?

The human body comprises of approximately 40-50% muscle mass and is essential for
physical function and healthy metabolism. Muscle mass is determined by the coordinated
regulation of protein synthetic and proteolysis pathways. The resulting protein turnover
is therefore dynamic and allows for continued adaptation to metabolic demands. When
the rate of proteolysis exceeds that of protein synthesis, muscle mass is lost, and for

example, is a key element of anabolic resistance in sarcopenia (Moro, Ebert et al. 2016).

Proteolysis in muscle is controlled through several pathways, primarily the
macroautophagy pathway (autophagy-lysosome) and the ubiquitin-proteosome pathway
(UPP). Both pathways are distinct and unique in the way they operate. The autophagy-
lysosome pathway is responsible for clearing protein aggregates and organelles which
may present cell stress if not removed. Through the coordinated action of many
‘atrogenes’, cell constituents are targeted to autophagosomes which then fuse with
lysosomes to form the autolysosome which can facilitate the enzymatic degradation of
the vesicle components (Sandri 2010). Key regulators of the autophagy-lysosome
pathway are mechanistic target of rapamycin complex 1 (mTORC1) and AMPK (Peris-
Moreno, Cussonneau et al. 2021) (Figure 1.5). In contrast, the ubiquitin-proteosome
pathway (UPP) targets proteins to the 26S proteosome for proteolysis through the
coordinated action of ubiquitin ligases (Lecker, Goldberg et al. 2006). Two well-known
and key E3 ligases implicated in muscle atrophy are Muscle RING finger 1 (MuRF1) and
muscle atrophy F-box (MAFbx/atrogin-1) (Bodine and Baehr 2014). The UPP is regulated
by AKT/FOX01 pathway signalling (Peris-Moreno, Cussonneau et al. 2021) (Figure 1.5).

The widest recognised regulator of protein synthesis is the serine/threonine kinase,
mechanistic target of rapamycin complex 1 (mTORC1), a complex of proteins present in
all mammalian cells (Takahara, Amemiya et al. 2020). A number of upstream signals
converge on the mTORC1 pathway including amino acid availability, glucocorticoids,

mechanical stimulation, Insulin/IGF1 and myostatin (Yoon 2017). Positive signals from

43



amino acids, mechanical stimulation and the Insulin/IGF1 pathway result in mTORC1
activation at the lysosomal surface leading to subsequent activation of S6 kinase 1 (S6K)
and inhibition of 4E-binding protein 1 (4EBP1) (Ma and Blenis 2009). S6K facilitates
translation initiation at the S6 ribosomal. In contrast, 4E-BP1 is a translation repressor
through recruiting complexes to the mRNA at the ribosome. Therefore, any activation
signal to mTORC1 leads to the coordinated increase in protein synthesis. It is increasingly
recognised that mTORC1 is also able to negatively regulate various steps of autophagy,
which helps ensure suppression of the autophagic flux during times of protein synthesis

(Dossou and Basu 2019).

As amino acids are required for cellular processes, any reduction in supply would be
detrimental to the cell. In the muscle fibres, important protein synthetic and proteolytic
pathways need to be responsive to amino acid availability. One of the most well
characterised amino acid sensors is indeed the mTORC1 complex, at the helm of
orchestrating protein synthesis. Over the last decade, significant advances have been
made in understanding the mechanisms of amino acid sensing within the mTORC1
pathway (Moro, Ebert et al. 2016). Amino acids promote activation of the so-called Rag
proteins which recruit mTORC1 to the lysosomal surface where it interacts and is
activated by Rheb. A heterodimer of Rag (GTPases) proteins is also activated by amino
acids and change their nucleotide state. A lysosomal amino acid transporter SLC38A9
which senses arginine in the lysosome also activated mTORC1. Upstream to the activated
Rag heterodimer, amino acids arginine and leucine are sensed by Sestrin2 and Castor 1
proteins, leading to activation of Gator2, inhibition of Gator1 which allows mTORC1 to be
activated. Collectively, this shows that the mTORC1 pathway is highly sensitive to amino
acid availability. Another amino acid sensing pathway is the GCN2/EIF2alpha/ATF4
pathway. GCN2 is a known amino acid sensor and in contrast to mTORC1 is activated by
low plasma amino acid availability inhibiting protein synthesis (Moro, Ebert et al. 2016).
Activated ATF4 regulates a number of downstream genes which serve to inhibit protein

synthesis, including activation of 4E-BP1.
In addition to the role of amino acids in regulator the activity of the mTORC1 pathway,

therefore affecting protein synthesis and autophagy, there is increasing evidence that the

ubiquitin proteosome pathway is amino acid responsive. For example, it has been shown
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that leucine attenuates skeletal muscle wasting through the inhibition of muRF1 and

Atrogin 1 (Baptista, Leal et al. 2010).

Collectively, these findings support the possibility that chronic glucagon-stimulated
hypoaminoacidemia, through local amino acid sensing pathways, may result in lean mass
loss through altering the balance of protein synthesis and proteolysis. This would also be
consistent with glucagon-infusion studies using isotope-labelled leucine (Section 1.9.2)
and the findings of muscle wasting in the glucagonoma syndrome (Section 1.9.3).
Although leucine is a key positive regulator of mTORC1 and altered leucine metabolism
has been demonstrated in glucagon infusion studies, it is possible that the reduction in
multiple individual amino acids is implicated in lean mass loss. If this is confirmed, then
a strategy that could rescue of plasma amino acids may well serve to prevent any

aberrancy within these amino acid sensing pathways.
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1.18 The effect of amino acid availability on whole body energy balance - insight
from models of dietary protein and amino acid restriction

The potential impact of glucagon-stimulated hypoaminoacidemia on energy balance is
uncertain. However previous studies in models of dietary protein restriction provide
insight into the possible effects of reproducing a state of low amino acid availability
through a pharmacological intervention. Early studies first showed that dietary protein
restriction led to enhanced longevity (Ross 1961, Miller and Payne 1968) and enhanced
energy expenditure (Miller 1962, Miller and Mumford 1967, Stirling and Stock 1968) in
rodents. These early studies used low protein diets to demonstrate reduced feed
efficiency as a marker for energy expenditure. Further studies focused particularly on
the effect of a low protein diet on the thermogenic brown adipose tissue (BAT), as a
mechanism of energy dissipation (Rothwell and Stock 1979, Rothwell, Stock et al. 1982,
Rothwell, Stock et al. 1983). The original definition of diet-induced thermogenesis (DIT)
arose from these studies where it was thought that increased thermogenesis allowed
disposal of excess non-essential energy consumed from protein-poor diets; In this way a
strategy emerged to maintain protein and whole-body energy balance by overconsuming
a low protein diet (Stock 1999). The increased food intake response to dietary protein
restriction was subsequently termed ‘protein leveraging’ as a contributing factor to
obesity in humans (Simpson and Raubenheimer 2005). Consistent with this and the early
studies of protein restriction in rodents, more recent research has confirmed that a low
protein diet in rodents may increase food intake through protein leveraging, and this can
offset thermogenesis leading to increased adiposity (Sorensen, Mayntz et al. 2008,

Huang, Hancock et al. 2013).

The early studies by Rothwell, Stock and others described the importance of brown
adipose tissue in low protein diet stimulated thermogenesis. Since this time, numerous
studies have led to further proposals of mechanisms leading to enhanced energy
expenditure (Pezeshki and Chelikani 2021). FGF21 has received particular attention and

therefore its potential role in low protein diet-thermogenesis is discussed below.

47



1.18.1 Hepatic FGF21, a key endocrine signal of protein restriction

FGF21, a hormone predominantly secreted in the liver was first identified as a factor
enhancing glucose uptake in cultured adipocytes (Kharitonenkov, Shiyanova et al. 2005).
FGF21 was subsequently shown to increase energy expenditure and insulin sensitivity
in vivo (Coskun, Bina et al. 2008, Sarruf, Thaler et al. 2010, Owen, Ding et al. 2014). Using
transgenic mouse models of FGF21 overexpression and hypothalamic KO of the co-
receptor, FGF21 was found to signal through its cognate receptors in the hypothalamus
to increase energy expenditure and body weight loss (Owen, Ding et al. 2014). The
mechanism of body weight loss and energy expenditure appears to be through increased
lipolysis and UCP1 thermogenesis in both BAT and WAT tissue, through upregulation of
the sympathetic outflow to these thermogenic tissues (Owen, Ding et al. 2014). Previous
work has suggested FGF21 also directly acts on adipose tissue increasing glucose uptake
(BonDurant, Ameka et al. 2017). Therefore, it is proposed that FGF21 mediates both the
‘fuel’ and the ‘fire’ by increasing substrate supply to adipose tissue through direct glucose
uptake and SNS-mediated lipolysis in addition to increasing thermogenic capacity with

SNS-mediated upregulation of Ucp1 in BAT and WAT (Owen, Mangelsdorf et al. 2015).

A seminal link between the metabolic effects of a low protein diet and fibroblast growth
factor 21 (FGF21) was made in by Laeger et al, in 2014. This link changed the
understanding of how low protein diets mediated their metabolic effects. Due to the
similarity between the metabolic effects of a dietary protein restriction and FGF21 in
vivo, Laeger et al., investigated whether FGF21 was responsible for mediating the long-
observed metabolic effects of protein restriction (Laeger, Henagan et al. 2014). Not long
before, a clue to this hypothesis emerged when it was demonstrated that amino acid
restriction leads to increased FGF21 expression via ATF4, an integrated stress response
pathway, in cultured murine hepatocytes and hepatocyte cell lines (De Sousa-Coelho,
Marrero et al. 2012). Prior to this, the main physiological regulation of FGF21 was noted
to be via PPARalpha, which in the fasting phase is upregulated by fatty acid supply from
increased adipose tissue lipolysis (Badman, Pissios et al. 2007). Laeger and colleagues
provided evidence of the additional regulation of FGF21 conferred by amino acid
restriction and the ATF4 pathway. Indeed found that hepatic FGF21 is the key hepatic

‘endocrine signal’ of protein restriction, leading to enhanced energy expenditure and
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body weight loss (Laeger, Henagan et al. 2014). Using GCN2 KO mice (GCN2 being
upstream to Eif2alpha, ATF4 and FGF21, they demonstrated that hepatic FGF21
expression was prevented in response to a low protein diet. Furthermore, the EE and
weight loss effects of a low protein diet were not observed in FGF21 KO mice (Laeger,

Henagan et al. 2014).

To characterise these findings further, Maida et al., 2016 comprehensively demonstrated
that dietary protein restriction leads to whole body metabolic remodelling with
increased carbohydrate and fat oxidation and improved glucose homeostasis (Maida,
Zota et al. 2016). These effects were not only dependent on hepatic FGF21 induction but
also associated with the upregulation of an additional integrated stress response protein
in the liver, NUPR. Interestingly, they demonstrated in murine hepatocytes that
restriction of non-essential amino acids (NEAA) was necessary for these metabolic

effects of a dietary protein restriction.

Similar to studies which demonstrated the central FGF21 co-receptor dependent effects
of FGF21 on EE (Owen, Ding et al. 2014), using brain-specific FGF21 co-receptor KO mice,
more recent work has confirmed that CNS FGF21 signalling mediates the metabolic
effects of a low protein diet including EE, body weight loss and adipose tissue

thermogenesis (Hill, Laeger et al. 2019).

Since the work by Laeger et al., research has focused on the likely amino acid suspects
mediating the FGF21-dependent metabolic adaptations to dietary protein restriction.
Conflicting reports have implicated both essential- and non-essential amino acids. For
example, culturing murine hepatocytes in restricted NEAA media was able to
recapitulate the effects of dietary protein dilution (Maida, Zota et al. 2016). In contrast
other have shown that restriction of essential amino acids are necessary for these effects.
Using a systematic experimental approach and a series of custom diets, Yap et al,
demonstrated that the EE effect of dietary protein restriction was due to restriction of
essential and not non-essential amino acids (Yap, Rusu et al. 2020). They further
demonstrated that of the metabolically essential amino acids, lysine, threonine and
tryptophan, dietary restriction of either threonine or tryptophan was able to reproduce

the EE effect, with the add back of both being required to prevent it. The effects of
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restriction of threonine and tryptophan on EE were also associated with a robust
increase in hepatic FGF21 secretion and a measure of insulin sensitivity, the fasting
insulin sensitivity index (fISI). Selective knockdown of hepatic FGF21 abolished the
metabolic remodelling observed with Threonine restriction, confirming the EE effect of
amino acid restriction is FGF21 dependent. Furthermore, enforcing hepatic threonine

biosynthesis also prevented the EE effects observed with threonine restriction.

However, despite the strong evidence to suggest FGF21 mediates the EE effect of specific
dietary amino acid restriction, others have shown FGF21 independent effects. For
example, one study has shown that restriction of the branched-chain essential amino
acids enhances body weight loss, however this appears to be independent to hepatic
FGF21 induction (Fontana, Cummings et al. 2016). Furthermore, there is mounting
evidence that individual amino acid restriction or depletion engages distinct pathways
which lead to altered energy balance (Xiao and Guo 2022). Therefore, although hepatic
FGF21 induction appears to be a key signal of protein restriction to metabolic adaptation,
it may not be the only path to influencing energy balance. In the next section some studies

are discussed which highlight the divergent effects of dietary amino acid restriction.

1.18.2 Restriction or depletion of individual amino acids can alter energy balance

As discussed above, exogenous glucagon administration may affect total and individual
plasma amino acid levels in both rodents and humans. Is it possible that glucagon-
stimulated hypoaminoacidemia may have direct or indirect effects on whole-body
energy balance? Furthermore, is it possible that reduction in specific individual amino
acids activate distinct pathways of energy balance? Early work demonstrated that diets
deficient in single amino-acids, in particular tryptophan or histidine, led to weight loss
in rats (Yokogoshi and Ashida 1975). Since then, several studies have attempted to
characterise the effects of individual amino acids on body weight and energy balance.
Interestingly, individual amino acids have been found to have a divergent effect on
energy balance through specific signalling pathways and some of these will be discussed

further below.
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1.18.3 Methionine deprivation or restriction alters energy balance

In a seminal study investigating the effect of single amino acid restriction, it was shown
that rats fed a 0.17% methionine diet had a 30% increase in life span and reduction in
body weight despite increased food intake (Orentreich, Matias et al. 1993). These effects
have been confirmed in subsequent studies (Hasek, Stewart et al. 2010). As much focus
on energy expenditure in mammals has been on UCP1l-dependent thermogenesis,
studies of methionine restriction have been associated with an increased expression of
Ucpl in rat BAT and WAT (Hasek, Stewart et al. 2010). Interestingly, methionine
restriction also leads to direct action on both WAT lipogenesis (Hasek, Stewart et al.
2010) and lipolysis (Perrone, Mattocks et al. 2010), and it has been suggested this could
lead to an adipose tissue-specific energy consuming futile cycle (Zhou, He et al. 2016).
Furthermore, methionine restriction has been shown to increase physical activity in

mice (Lees, Krol et al. 2014).

The mechanism by which methionine affects aspects of energy balance appears to be
through hepatic FGF21 secretion and signalling. In diet-induced-obese mice, methionine
restriction results in the increased hepatic expression and circulating levels of FGF21
(Ables, Perrone et al. 2012, Lees, Krol et al. 2014). Furthermore, the increase in energy
intake and expenditure due to methionine restriction is not observed in Fgf21~/- mice
(Wanders, Forney et al. 2017). Methionine is also not able to increase EE or expression
levels of Ucpl in BAT or WAT, in mice with a CNS-specific deletion of the FGF21 co-
receptor, B-klotho. (Forney, Fang et al. 2020). These data suggest that methionine
increases the hepatic expression of FGF21 which then signals via the CNS to peripheral
effector organs such as BAT and WAT. Human studies have also shed light on the role of
methionine restriction and plasma FGF21 availability. As a vegetarian or vegan diet
contain less methionine, it has also been shown that after short term vegetarian diet in

humans increases plasma FGF21 levels (Castano-Martinez, Schumacher et al. 2019).

Studies have also demonstrated FGF21-independent effects of methionine restriction on
energy balance. For example, mice with growth hormone deficiency are resistant to the
effects of methionine restriction on energy balance (Brown-Borg, Rakoczy et al. 2014).

Other FGF21-independent effects of methionine restriction on energy balance have also
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been highlighted. Methionine can be converted to cysteine through a series of reactions
to cysteine, levels of which are associated with obesity (Virtanen, Voutilainen et al.
2006). Studies have also demonstrated that cysteine supplementation can reverse the
phenotype of methionine restriction in mice (Elshorbagy, Valdivia-Garcia et al. 2011). In
addition to studies exploring effects of methionine restriction on energy balance,
deprivation of dietary methionine is also associated with increased plasma
norepinephrine levels in mice (Xiao, Du et al. 2016). Together, these findings suggest that
methionine restriction can signal through a variety of pathways, both peripherally and

centrally to affect overall body energy balance.

1.18.4 Threonine deprivation or restriction alters energy balance

A diet specifically restricted in threonine has been demonstrated to increase energy
intake and expenditure in adult mice over 8-weeks (Yap, Rusu et al. 2020). This was
associated with a reduced feed efficiency and loss of fat mass. An earlier study
highlighted the different response to complete removal of threonine from the diet
(Russell, Koehnle et al. 2003). In this study, it was demonstrated that threonine
deficiency led to food aversion in rats, an effect reduced by direct injection of threonine
into the anterior piriform complex (APC). Further studies have shown that threonine
deficiency over 7 days in mice leads to reduced food intake in addition to increased

energy expenditure (Xiao, Du et al. 2016).

Similar to other studies with methionine, the mechanism by which threonine restriction
mediates energy balance also appears to partly depend on hepatic FGF21 secretion. In
the study by Yap et al 2020, the EE effects of threonine restriction were not observed in
adenoviral-mediated hepatic specific Fgf21 knock out mice after 8-weeks of dietary
intervention (Yap, Rusu et al. 2020). Activation of the sympathetic nervous system has
also been implicated in the EE effects of altering threonine in the diet. In the study by
Xiao et al, an increase in plasma norepinephrine levels were observed with dietary

threonine deprivation in mice (Xiao, Du et al. 2016).

52



1.18.5 Lysine deprivation or restriction alters energy balance

In a study exploring the effect of altering individual EAA’s in mice, it was shown that
lysine deprivation led to a reduction in food intake and increased energy expenditure
after 7 days (Xiao, Du et al. 2016). In contrast to these findings, in their single amino acid
restriction study, Yap et al showed that individual reduction on lysine does not
reproduce EE effects of low EAA diets (Yap, Rusu et al. 2020). Few studies have explored
the specific effects of lysine deficiency on energy balance, however it appears that lysine
deficiency results in the selective increase in the neurotransmitter, serotonin, regulating
the anxiety and stress response (Smriga, Kameishi et al. 2002). In keeping with this,
lysine is a known partial antagonist at the serotonin receptor (Smriga and Torii 2003).
Similar to the effects of threonine or methionine deprivation, Xiao et al also
demonstrated an increase in plasma norepinephrine levels with selective dietary lysine

deprivation in mice, implicating the SNS in the EE effects observed (Xiao, Du et al. 2016).

1.18.6 Leucine deprivation or restriction alters energy balance

Individual dietary restriction of leucine in rodents has also shown to affect energy
balance. For example, 80% restriction of leucine leads to increased food intake and
energy expenditure in mice, with a similar however weaker response to 80% methionine
restriction (Lees, Banks et al. 2017). This is supported by another study demonstrating
the 85% restriction of leucine leads to enhanced energy intake and expenditure within
7 days in mice (Wanders, Stone et al. 2015). Interestingly, in contrast to these findings,
it has recently been demonstrated that dietary leucine restriction in mice does not alter
energy balance (Yu, Richardson et al. 2021). Several studies have investigated the
possible mechanisms by which leucine restriction mediates its effects on whole body
energy balance. In one report, leucine restriction was associated with increased hepatic
FGF21 expression and circulating levels in addition to thermogenesis in BAT and WAT
(Wanders, Stone et al. 2015). The involvement of SNS activation has also been suggested
following reports of adrenergic stimulation to the WAT mice (Cheng, Zhang et al. 2011).
Interest has been shown in general control nonderepressible 2 (Gecn2), a ubiquitously
expressed amino acid sensor activated by uncharged tRNA’s (Gallinetti, Harputlugil et al.

2013). Studies in mice have shown that GCN2 within amygdalar protein kinase C delta
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neurons is activated when leucine is deficient from the diet. This subsequently triggers
sympathetic nervous system mediated WAT browning (Yuan, Jiang et al. 2020).
Furthermore, GCN2 activation in WAT macrophages upon dietary leucine deprivation
has also been shown to enhance WAT browning (Wang, Xiao et al. 2021). The same
pathway in the anterior piriform complex (APC) has been implicated in the food aversion
response to EAA deprivation in rodents (Leung and Rogers 1971, Hao, Sharp et al. 2005)
Another key amino acid sensor, mammalian target of rapamycin complex 1 (mTORC1) is
also regulated by leucine. mTORC1 is a master coordinator of cellular protein synthesis
(Gallinetti, Harputlugil et al. 2013). In the hypothalamus, leucine deprivation leads to
increased activation of ribosomal protein S6 kinase beta 1 (S6K1), downstream, of
mTOR, which subsequently leads to increased expression of corticotropin releasing
hormone (CRH) in addition to thyrotropin releasing hormone (TRH), resulting in
increased energy expenditure (Xia, Cheng et al. 2012, Xia, Zhang et al. 2015). To further
add to the divergent mechanisms by which leucine deprivation alters energy balance,
leptin receptor signalling has been shown to drive EE in response to dietary leucine

deprivation in mice (Zhang, Liu et al. 2014).

1.18.7 Isoleucine or valine restriction alters energy balance

In a recent study it was demonstrated that that isoleucine or valine restriction, and not
leucine restriction, led to increased energy intake and expenditure in rodents. A 67%
reduction in dietary isoleucine or valine over 12 weeks in mice led to reduced gain of fat
and lean mass despite a higher food intake (Yu, Richardson et al. 2021). Interesting, only
dietary isoleucine restriction led to the induction of hepatic, iWAT and skeletal muscle
FGF21 promoting energy expenditure. The energy expenditure effect was demonstrated
to be due to the beiging process in iWAT due to a significant increase in a number of

markers of thermogenic genes, including Ucp1, Cidea and Elovi3.

1.18.8 Histidine restriction alters energy balance

As histidine is an essential neurotransmitter which regulates energy intake and
expenditure, it is possible that dietary restriction of histidine may affect energy balance

(Tabarean 2016). Interestingly, more recently a study has found that individual
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restriction of histidine increases energy expenditure, independent to FGF21 (Victoria
Flores 2022). Further studies are required to further explore the effects of individual

histidine restriction.

1.18.9 Phenylalanine deprivation or restriction alters energy balance

In addition to deprivation of other essential amino acids, Xiou et al demonstrated that
individual restriction of dietary phenylalanine over 7 days in mice led to enhanced
energy expenditure and reduced food intake (Xiao, Du et al. 2016). This was associated
with increased markers of lipolysis and also plasma epinephrine levels suggesting

activation of the sympathetic nervous system.

1.18.10 Tryptophan deprivation or restriction alters energy balance

Alterations in plasma levels of tryptophan, the precursor to serotonin has generated
interest due to the ability of central serotonergic signalling to enhance energy
expenditure and sympathetic nervous system activity (Yabut, Crane et al. 2019).
However, a diet specifically deficient in tryptophan has been shown to increase energy
expenditure and reduce food intake in mice over 7 days, and this was associated with an
increase in plasma norepinephrine levels (Xiao, Du et al. 2016). Interestingly, in this
study, tryptophan deficiency was the only EAA associated with a significant increase in

physical activity.

More recently, it has been shown that tryptophan restriction can recreate the EE effects
of alow EAA diet and this is also appears to be mediated by a hepatic FGF21 mechanism
(Yap, Rusu et al. 2020).

1.19 Aims of thesis - overview

The initial aim of this thesis is to use a long-acting glucagon agonist to determine whether
chronic GCGR agonism as a strategy for obesity and metabolic disease results in
hypoaminoacidemia in a pre-clinical model. The project will then determine, in a pre-

clinical model of obesity, whether glucagon-stimulated hypoaminoacidemia contributes
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to lean mass loss through reduced plasma amino acid availability, over and above any
effect of reduced calorie intake itself. This is particularly pertinent to the use of glucagon
in anti-obesity drug strategies, as glucagon is known to enhance hepatic amino acid

catabolism at both physiological and pathological levels (See section 1.9.2 and 1.9.3).

The project will then seek to determine whether ‘rescue’ of glucagon-stimulated
hypoaminoacidemia will mitigate lean mass loss in a pre-clinical model of obesity, whilst
preserving metabolic benefits of glucagon treatment, for example hepatic lipid
metabolism and EE. Despite its progression in clinical trials (See section 1.6), our
understanding of the impact of a pharmacotherapeutic targeting the GCGR on lean mass
in a chronic setting, is unknown. To demonstrate translational relevance, a human study
will be carried out to determine whether glucagon-stimulated hypoaminoacidemia is
also observed in a Phase 1 trial of a GLP-1R/GCGR co-agonist in adults with overweight

or obesity.

Finally, this thesis will also explore the wider whole-body physiological consequences of
glucagon-stimulated hypoaminoacidemia, for example on energy balance. This is
relevant as observations from models of dietary protein or amino acid restriction have
consistently demonstrated enhanced energy expenditure in mouse models (See section
1.9.6). This therefore raises the prospect that hypoaminoacidemia is responsible at least
in part, for enhanced EE associated with glucagon treatment. The translational relevance
of these hypotheses remains high, as recent human studies have reported
hypoaminoacidemia associated with pharmacotherapeutics targeting the GCGR

(Bossart, Wagner et al. 2021, Martin Friedrichsen 2022).
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2 Chapter 2- A long-acting glucagon analogue, G108, stimulates canonical
glucagon signalling pathways causing chronic hypoaminoacidemia and lean mass

loss.

2.1 Introduction

2.1.1 Early evidence that native glucagon enhances hepatic amino acid

catabolism leading to reduced plasma amino acids

The effect of GCGR activation on hepatic signalling pathways of carbohydrate and protein
metabolism is well established. Early studies demonstrated that native glucagon
administration in rodents led to increased activity of the key enzymes of the urea cycle
(McLean and Novello 1965, Snodgrass, Lin et al. 1978). Further work established that
induction of the urea cycle is coordinated through various molecular mechanisms
including transcriptional, post transcriptional and mRNA stabilisation (Ulbright and
Snodgrass 1993) (See also section 1.7.3 and Section 1.9). These studies were informed by
previous investigations aiming to characterise the whole-body metabolic effects of
glucagon administration; In these, a consistent finding was of increased urinary nitrogen
excretion in rodents and humans with exogenous native glucagon administration (Salter,
Davidson et al. 1957, Salter, Ezrin et al. 1960). Confirming these findings, a longer-acting
preparation of zinc-glucagon was shown to reduce individual amino acids following a
single dose in rabbit (Bromer and Chance 1969). Concurrent to exogenous glucagon
treatment paradigms in the 1960’s and 1970’s, glucagon-stimulated hepatic amino acid
catabolism and the effect on plasma amino acids were highlighted in conditions of
glucagon excess or depletion. For example, the effect of excess or depleted glucagon on
plasma amino acids is evident from reports of hypoaminoacidemia in the glucagonoma
syndrome (Mallinson, Bloom et al. 1974, Almdal, Heindorff et al. 1990, Barazzoni, Zanetti
et al. 1999) and hyperaminoacidemia following total pancreatectomy (Boden, Master et
al. 1980). Subsequent infusion studies in humans demonstrated the amino acid
catabolism and lowered plasma amino acids with physiological infusions of glucagon
(Boden, Tappy et al. 1990, Charlton, Adey et al. 1996). Collectively, these findings

confirmed hepatic amino acid catabolism as a primary role of glucagon, which in various
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settings may lead to enhanced hepatic amino acid catabolism and reduced plasma amino

acids.

2.1.2 Mechanisms of hepatic GCGR-stimulated ureagenesis and

hypoaminoacidemia

As the amino acid catabolic properties of glucagon have emerged as one of its primary
biological activities, explanations for its physiological role have been suggested. As
protein meals are a stimulus for not only insulin but also glucagon (Ang, Bruce et al.
2019), it is thought that the combined response of these ‘counter-regulatory’ hormones
may be to serve as an optimum strategy for disposal of dietary protein and amino acids
(Janah, Kjeldsen et al. 2019). In the post-prandial state following protein intake, insulin
allows for peripheral uptake of glucose and amino acids, while glucagon enhances hepatic
protein turnover and hepatic glucose output, therefore mitigating against the risk of
insulin-induced hypoglycaemia in the setting of reduced carbohydrate availability (Ang,
Bruce et al. 2019).

The mechanism of glucagon-stimulated hepatic amino acid catabolism appears to be
primarily two-fold, with enhanced amino acid uptake in addition to catabolic processes
(Janah, Kjeldsen et al. 2019). Although the urea cycle is substrate dependent,
transcriptional induction by glucagon increases the activity of five key enzymes of the
urea cycle is through a cAMP/PKA/CREB pathway (Snodgrass, Lin et al. 1978, Singer
2003). However, ureagenesis occurs within minutes of a glucagon infusion (Wolfe,
Culebras et al. 1979) pointing towards mechanisms which regulate a swift increase in
ureagenic activity when required. Of these, allosteric modifications of the urea cycle
machinery through, for example, phosphorylation and acetylation have been suggested
(Janah, Kjeldsen et al. 2019). Furthermore, the allosteric activator of Cabamoyl phosphate
synthetase 1 (CPS1), N-acetyl glutamate (NAG) may serve as an important component for
acute regulation of ureagenesis. As CPS1 mediates the initial step of the urea cycle
condensing carbamoyl phosphate with ornithine, the increased transcription of N-acetyl
glutamate synthetase (NAGS) by glucagon may potentiate these initial steps allowing for

a quick increment in ureagenic activity (Heibel, Lopez et al. 2012).
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As the urea cycle is substrate-dependent, a strategy to swiftly increase its activity is also
through enhanced supply of the amino acid substrate. Although glucagon is known to
regulate amino acid transporters in rodent hepatocytes (Kilberg, Barber et al. 1985),
more recently several amino acid transporters targeted by glucagon have emerged. For
example, in a study investigating amino acids as a biomarker for the GCGR activity of GLP-
1R/GCGR co-agonists, GCGR activity and plasma amino acids correlate well with
expression levels of several amino acid transporters in the liver (Li, Kirchner et al. 2020).
These include the neutral and basic amino acid transporter (Slc3a1), high affinity cationic
amino acid transporter 1 (Slc7a1), sodium coupled neutral amino acid transporters 2 and
3 (SIc38a2 and Sic38a3, respectively). These findings are consistent with pre-clinical
models of glucagon resistance induced by fatty liver in addition to hepatic specific Gegr
knockout mice, whereby several hepatic amino acid transporters are down-regulated
(Winther-Sorensen, Galsgaard et al. 2020). In addition to the above, a mechanism by
which amino acid transport is acutely enhanced has been suggested through glucagon-
stimulated hyperpolarisation of the hepatocyte (Edmondson and Lumeng 1980).
Together these findings suggest that glucagon orchestrates a multi-faceted response to
enhance ureagenesis through both increasing amino acid uptake (substrate supply) and

amino acid catabolic processes.

2.1.3 Evidence that native glucagon increases lean mass loss and potential

mechanisms involved

Given that glucagon enhances hepatic amino acid catabolism and lowers plasma amino
acids, it is reasonable to hypothesise an effect on lean mass. One of the earliest studies to
document the interaction between glucagon and lean mass demonstrated that nitrogen
is released from skeletal muscle ex vivo in glucagon treated rats (Peterson, Beatty et al.
1963). Later on, isotopic infusion studies with native glucagon in humans allowed
determination of the acute and sub-acute effects of physiological doses of glucagon on
whole body protein balance. These studies gave important indications of the effect of
glucagon on lean mass, for example skeletal muscle. Studies of acute physiological
increases in glucagon (525 pg/kg/min achieving glucagon concentrations of 349 pmol/I)
or even sustained increases over 5 days (1 mg/day infusions) in humans demonstrated

no change in markers of muscle proteolysis (Pozefsky, Tancredi et al. 1976, Wolfe,

59



Culebras et al. 1979). In contrast, other studies in humans also using physiological doses
of glucagon, show increased markers of muscle proteolysis and reduced markers of
protein synthesis with short term glucagon infusions studies (Nair, Halliday et al. 1987,
Charlton, Adey et al. 1996); In these studies, circulating levels of glucagon achieved were
approximately 100 - 200 pmol/l. The inconsistent effect on muscle in these studies may
be due to the dose-ranges used as all achieved high-physiological levels of circulating
glucagon, where higher doses or longer-term exposure may be required. Indeed, in
humans, the physiological range of circulating glucagon varies in the basal and fasted
setting from below 20 pmol/l up to 3-4 times higher during hypoglycaemia (Knop,
Vilsboll et al. 2007).

In excess however, the effect of chronic glucagon exposure on lean mass loss have been
clearly observed in two main situations, firstly observations of the glucagonoma
syndrome and secondly observations of critical illness. The glucagonoma syndrome is
associated with marked reduction in plasma amino acid levels, lean mass loss and
functional decline (Stevens, Flanagan et al. 1984, Almdal, Heindorff et al. 1990).
Furthermore, the circulating levels of glucagon may reach approximately 1500 pmol/l
(Almdal, Heindorff et al. 1990). In mouse models of critical illness, increased plasma
glucagon is associated with increased hepatic amino acid catabolism, reduction in plasma
amino acid levels and increased markers of muscle proteolysis, however other catabolic

hormones likely play a contributing role (Thiessen, Derde et al. 2017).

Theoretically, glucagon-induced lean mass loss at high physiological or pathological
circulating levels of glucagon may be due to direct sensing of low plasma amino acid
availability (see Chapter 1). The amino acid substrates may also provide an energy source
for glucagon-mediated EE (Schematic 1). To maintain energy balance, the liberation of
energy substrates from loss of lean mass would be expected to be utilised by an energy
consuming process. Therefore, it is possible that glucagon-stimulated
hypoaminoacidemia facilitates amino acid supply from lean mass to fuel processes of

glucagon-mediated energy expenditure.
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Schematic 1: Potential mechanisms of glucagon-mediated lean mass loss. Created using Biorender.
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Although amino acid availability may directly affect various steps in protein pathways in
muscle (Chapter 1, Section 1.10), with regards to glucagon administration much focus has
been given to leucine, an important positive regulator mTORC1 and protein synthesis
(Adeva-Andany, Fernandez-Fernandez et al. 2021). Furthermore, using stable isotopes of
leucine, the rate of muscle proteolysis (leucine flux) and synthesis (non-oxidative leucine
flux) can be estimated. This is because leucine is an essential BCAA which may be oxidised
in muscle tissue to liberate energy and amino groups for amino acid release into the
circulation. Glucagon infusions to achieve physiological circulating levels have been
shown to enhance leucine oxidation and leucine flux (marker of proteolysis) in skeletal
muscle (Nair, Halliday et al. 1987, Nair, Woolf et al. 1987, Hartl, Miyoshi et al. 1990, Pacy,
Cheng et al. 1990, Charlton, Adey et al. 1996). Leucine oxidation is also increased during
fasting in humans (Fryburg, Barrett et al. 1990), suggesting that low amino acid
availability enhances leucine oxidation in muscle. As leucine is a positive regulator of
mTOR, these findings suggests that glucagon action, through stimulating
hypoaminoacidemia and leucine oxidation may result in the suppression of protein
synthesis. Indeed, infusions of glucagon in humans reduce markers of protein synthesis
(Pacy, Chengetal. 1990). Furthermore, in a human study, an infusion of glucagon lowered
plasma amino acids and attenuated skeletal muscle protein synthesis in response to an
amino acid mixture (Charlton, Adey et al. 1996). In addition to the amino group released
from muscle leucine oxidation, it has been suggested that the suppression of muscle
protein synthesis in response to glucagon allows valuable amino acids to be re-directed
to the liver for glucose production (Adeva-Andany, Fernandez-Fernandez et al. 2021).

Therefore, through studying the interaction between glucagon and leucine, a plausible
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mechanisms of lean mass loss is through the combined effect of enhanced proteolysis and

reduced protein synthesis.

Interestingly, following an early study in Rabbit where muscle blood amino acids were
measured, it was first suggested that glucagon-stimulated reduction in amino acids may
be the stimulus to release of amino acids from skeletal muscle, sustaining
gluconeogenesis (Daniel, Pratt et al. 1977). Although leucine metabolism has been
discussed, the mechanism by which glucagon may reduce lean/muscle mass is likely
complex and may involve multiple individual amino acid sensing (Moro, Ebert et al.

2016). These aspects of glucagon-mediated lean mass loss remain unexplored.

2.1.4 Implications of using a long-acting GCGR agonist for metabolic disease, on

plasma amino acids and lean mass

Glucagon action has emerged more recently as a potentially useful component in long-
acting unimolecular multi-agonists, as a treatment for obesity and metabolic disease
(Hope, Vincent et al. 2021). The benefits conferred by targeting the GCGR in pre-clinical
models include increased energy expenditure, improved hepatic lipid catabolism, and
reduced food intake (Al-Massadi, Ferno et al. 2019). Indeed, original seminal and recent
reports of unimolecular multi-agonists highlight some of these metabolic benefits
attributed to GCGR-signalling in rodents (Day, Ottaway et al. 2009, Knerr, Mowery et al.
2022). However, as glucagon promotes hepatic catabolism of amino acids, the chronic
effect of glucagon on plasma amino acid availability and therefore lean mass becomes
important, particularly in the context of the use of long-acting GCGR-targeted multi-
agonists in a therapeutic setting. If these long-acting multi-agonists lead to reduced
plasma amino acid availability through sustained GCGR activation, it is possible that lean
mass may ensue through sensing pathways in lean tissue, for example skeletal muscle. As
such, it may be possible to rescue a reduction in plasma amino acids to mitigate any effect
on lean mass, whilst preserving metabolic benefits of GCGR agonism, for example energy
expenditure and hepatic lipid metabolism. Answering the initial question of whether a
long-acting glucagon analogue leads to hypoaminoacidemia is topical and important

given the drive to develop GCGR-targeted multi-agonists, which leverage the thermogenic
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and lipid catabolic properties of glucagon for the treatment of obesity and metabolic

disease.

More recently, the first evidence emerged that GCGR-targeted multi-agonists lead to a
reduction in plasma amino acids. In these pre-clinical studies, plasma amino acids have
been shown to be a specific biomarker of GCGR activity when assessing the receptor
balance in GLP-1R/GCGR co-agonists (Li, Kirchner et al. 2020). This therefore provides
an in vivo ‘read-out’ or confirmation of GCGR activity during pre-clinical drug
development. As a result, a handful of early clinical trials have now also reported
hypoaminoacidemia associated with novel GCGR-targeted multi-agonists, primarily as a
marker and confirmation of GCGR activity (Parker, Robertson et al. 2020, Bossart,
Wagner et al. 2021). Interestingly, for these agonists, human GCGR receptor potencies
vary from 2- to 10-fold less compared to native glucagon, highlighting wider drug

characteristics on GCGR activity in these clinical studies.

Evidence for lean mass loss with glucagon analogues is scarce and comes from pre-
clinical models. A previous study using a long-acting glucagon analogue, 1UB288,
demonstrated a reduction in lean mass and lack of fat mass gain in lean mice fed a high
fat diet (Habegger, Stemmer et al. 2013). Using the same peptide, another group
demonstrated that a three-week treatment with the long-acting glucagon analogue led to
preferential loss of lean mass with no effect on fat mass (Okun, Rusu et al. 2021). In the
latter study, using co-culture experiments with liver and muscle tissue ex vivo, enhanced
hepatic alanine catabolism in a model of obesity/T2D leads to reduced muscle protein
synthesis, suggested through reduction in the mTORC1 pathway. It is important to note
that the long-acting glucagon analogue, [UB288 has a sizeably increased activity at the
GCGR relative to native glucagon, and peak circulating levels achieved after a single dose

reach approximately 5000 pmol/l.

2.1.5 Implications of the pharmacodynamic and pharmacokinetic properties of

GCGR-targeted agonists on hepatic amino acid catabolism and plasma amino acids

To investigate a metabolic outcome following native hormone or analogue

administration, an understanding of the pharmacodynamic (PD) and pharmacokinetic
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(PK) properties are required. Whilst the PD properties of a substance pertain to the
peptide-receptor interaction, the PK properties range from absorption, distribution,
metabolism, and excretion. In Section 2.1.1, it was highlighted that native glucagon
enhances amino acid uptake and catabolism. High doses of native glucagon were required
due to its short half-life and clearance within minutes (Pontiroli, Calderara et al. 1993);
in one study this is equivalent to approximately 300 nmol/kg in rodents (McLean and
Novello 1965). To circumvent this issue, human studies used continuous intravenous
glucagon infusions to investigate the glucagon-protein interaction and reach high
physiological circulating levels (Section 2.1.2) (Wolfe, Culebras et al. 1979, Charlton, Adey
et al. 1996). In other pre-clinical models, zinc-glucagon was administered to rabbits
following single-dose administration demonstrating a prolonged effect on blood amino
acids for up to 12 hours (Bromer and Chance 1969). The combination of zinc and
glucagon was found to enhance the pharmacokinetics of glucagon by delaying absorption
through depot formation. Since then, several strategies have been employed to increase
the circulating half-life of glucagon and also receptor potency by modifying the primary
sequence and peptide tail; These have allowed further characterisation of glucagon
biology in vivo (Habegger, Stemmer et al. 2013). Due to the sequence similarity between
glucagon, GLP-1, and oxyntomodulin, similar modifications have been made to either the
GLP-1 or oxyntomodulin sequences to enhance GLP1R/GCGR receptor co-agonism with
favourable PK profiles in a unimolecular agonist (Hope, Vincent etal. 2021). It is therefore
not surprising that reports have emerged of hypoaminoaciemia associated with the use
of long-acting GCGR targeted multi-agonists in rodents and humans (Li, Kirchner et al.
2020, Parker, Robertson et al. 2020, Bossart, Wagner et al. 2021). Indeed, the effect of
long-acting glucagon agonists on plasma amino acids has been leveraged to provide a
sensitive biomarker for GCGR activity (Li, Kirchner et al. 2020). The extent
hypoaminoacidemia in the context of longer-acting GCGR-targeted multi-agonists will

therefore depend on both variations in PD and PK properties.

2.1.6 G108 as aresearch tool to explore the effects of sustained GCGR agonism on

hepatic amino acid catabolism, plasma amino acids and lean mass

To initially explore the chronic effects of a long-acting GCG analogue on hepatic amino

acid catabolism, plasma amino acid levels and lean mass, peptide G108 was selected as a
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research tool for these pre-clinical studies. In this Chapter, the effect of G108 on the
murine GCGR and GLP-1R will first be determined. Single dose-administration studies in
mice will also be carried out to confirm the effect on molecular markers of hepatic amino
acid and carbohydrate metabolism, in addition to plasma amino acids. The dependency
of the hepatic GCGR will be determined for the effects of G108 on hepatic amino acid

metabolism and plasma amino acids.

Whether chronic treatment with a glucagon receptor agonist leads to
hypoaminoacidemia associated with lean mass loss is unknown. In this Chapter, to
further determine whether a GCGR agonism chronically leads to hepatic amino acid
catabolism, hypoaminoacidemia and lean mass loss, the effects of chronic G108
administration were explored. To better understand the effect primarily on lean mass, a
lean mouse model is used. To determine the food-intake independent effects of potential
appetite suppressive peptides, a pair-fed paradigm can be used. However, due to the
limitations associated with the practicality of pair feeding studies, a ‘sub-anorectic’ dose
of G108 was first identified and then used to explore the specific effects of altered plasma
amino acid levels on lean mass. This work will confirm whether G108 is an appropriate
long-acting GCGR agonist to explore the chronic effect on plasma amino acid availability

and lean mass in a pre-clinical model.
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2.2  Chapter summary and aims

e Determine the murine GLP-1R and GCGR receptor potency of peptide G108.

e Determine the pharmacokinetic profile in plasma of G108 following single dose
administration.

e Determine the acute in vivo effects of G108 on plasma amino acids.

e Determine the acute in vivo effects of G108 on hepatic amino acid metabolism.

e Determine the acute in vivo effects of G108 on glycaemia.

e Explore the effect of G108 on hepatic amino acid catabolism and plasma amino

acids in mice lacking the hepatic glucagon receptor.

2.3 Methods

2.3.1 Peptide G108

Peptide G108 was synthetised using solid-phase synthesis, is based on the amino acid
sequence of oxyntomodulin (OXM) and purchased from WuXi AppTec, China. 19 amino
acid modifications were made, conferring a predicted increased potency at the GCGR
whilst reducing GLP-1R potency. The pharmacokinetic profile was enhanced by the
addition of a proline-linked N-terminal octadecanoic fatty acid tail. Following synthesis,
the peptide was purified with reverse phase high performance liquid chromatography

(HPLC). Prior to administration, the peptide was diluted in HPLC grade water.

2.3.2 Animal husbandry

All studies were carried out in accordance with the Animals (Scientific Procedures) Act
1986 Amendment Regulations 2012. 8-14-week-old lean male C57BL/6] mice and 8 week
old male Wistar rats were purchased from Charles River, Margate, UK. Hepatic specific
glucagon knockout mice were purchased from Jackson laboratories. To generate Gcgrliver
mice, Gegrox/flox mice were crossed with hemizygous Albumin-Cre mice. This generated
Gegrflox/flox:Alb-Cre+ (Gegr®iver) mice and Gegrfox/flox:Alb-Cre- (control) mice. The Cre-
recombinase status of all mice was confirmed with genotyping studies. Animals were
housed at 21°C under standard 12-hour light cycle. Food and water were provided ad

libitum.
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2.3.3 Diets

Three chronic in vivo studies were conducted. For the chronic dose finding study and the
chronic study in Gegr®liver mice, a standard RM1 diet was used (Special Diets Services).
For the chronic single dose study in C57BL/6] lean mice, a custom diet with a ‘standard’

kcal composition of protein was used (Research Diets, Table 2.1).

Diet Carbohydrate Fat (kcal%) Protein (kcal%)
(kcal%)
RM1 chow diet 65 20 15
D11112201 65 15 20

Table 2.1: Diet composition. Approximate values.

2.3.4 Murine receptor potency experiments

Murine glucagon receptor (mGCGR) or GLP-1 receptor (mGLP-1R) plasmids
(Sinobiological) were reconstituted in sterile-water at a concentration of 200 ng/ul.
Lipofectamine 2000 (Invitrogen) was then used to encapsulate plasmids and stably
transfect HEK293T cells. Cells were then incubated for 48 hours prior to cAMP
accumulation assays. 12.5 ul of ascending dilutions from a serial dilution of either G108
or the native ligands GLP-1 and glucagon, were added to 12.5 ul of plasmid-transfected
cells in a 96-well plate. The transfected cells were then stimulated for measurement of
cAMP accumulation for 30 mins at 37°C, using the cAMP-GS dynamic assay kit (Cisbio).

The plate was then read using a SpectraMax i3x reader.

2.3.5 Pharmakokinetic profile study

The pharmacokinetic study was carried out in 10-week-old male Wistar rats (N=4). Each
animal was administered subcutaneously with 0.5 mg of G108. Blood samples were
obtained via tail venesection at baseline immediately prior to injection and at 1.5, 3, 6-,
24-, 48- and 72-hours following injection. Blood samples were collected on ice prior to
centrifugation at 8000 g for 10 mins at 4°C. The resulting plasma supernatant was stored
at -80°C prior to further radioimmunoassay analysis. Specific antiserum was produced in

rabbits containing antibodies raised against the purified glucagon (1-16) fragment. This
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was specifically able to cross-react with the N-terminal glucagon-like sequence of G108.
Iodine-125 glucagon was used in the assay which was incubated for 3 nights at 4°C prior

to the separation phase (free vs antibody-bound label) with charcoal. A y-counter was
then used to quantify the ratio of free to bound label from the pellet and supernatant. The
plasma peptide concentration was calculated using two phase exponential decay and

comparing readings with the standard curve.

2.3.6 Invivo single dose administration studies

12-week-old lean C57BL/6] mice were administered with a single subcutaneous dose of
20 nmol/kg G108 (diluted in sterile HPLC water) or vehicle control (sterile HPLC water)
(N=5-8/group). Tail venesection was carried out immediately prior to injection at 9 am
and 2-hours after injection with 50 ul of blood collected on ice. On a separate occasion,
20 nmol/kg G108 was administered subcutaneously followed by collection of blood
samples at 2, 24 and 48 hours. Blood samples were centrifuged at 2800 g for 10 minutes
prior to storage of plasma at -80°C. Plasma was subsequently used for measurement of
total amino acids. For hepatic amino acid catabolism gene expression, a further cohort of
12-week-old lean C57Bl/6] mice (N=4/group) were administered with a single
subcutaneous dose of 20 nmol/kg G108 or vehicle control, prior to dissection of liver
tissue at 24 hours and storage at -80°C. For analysis of plasma markers of amino acid
catabolism in obese mice, 12-week-old lean C57BL/6] were provided ab libitum with a
60 kcal% high fat diet for 8-10 weeks, prior to single dose administration of 20 nmol/kg
G108 or vehicle control (N=5-7/group). Blood was collected by tail vein venesection as
described above with the addition of a 24-hour time point. Plasma samples were
subsequently used to measure plasma total amino acids, alanine and urea. For studies in
transgenic mice, a cohort of wild-type and Gcgr®liver lean mice were used for hepatic gene
expression studies and plasma amino acid measurements. Hepatic gene expression
analysis and plasma amino acid measurement was carried out 24-hours following a single

dose of 20 nmol/kg G108.
For the glucose profile study following G108 administration, 12-week-old lean C57BL/6]

mice (N=6/group) were fasted for 2 hours prior to either an intraperitoneal injection of

10 nmol/kg G108 or vehicle control (N=6/group). A tail vein blood drop sample was
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collected immediately prior to treatment injection and blood glucose was measured with
a handheld GlucoRx meter. Subsequent tail vein blood samples were collected for glucose
levels at 15, 30, 60 and 120 minutes after treatment injection. A subsequent longer
glucose time-course study was carried out in 12-week-old lean C57BL/6] mice (N=8-10)

over 24 hours following a single subcutaneous dose of 20 nmol/kg G108.

2.3.7 Chronic dose finding study

Twenty-four 14-week-old C57BL/6] mice were split into four groups based on treatment
allocation: Vehicle control, 5 nmol/kg G108, 10 nmol/kg G108 and 20 nmol/kg G108. All
mice were individually housed prior to commencing treatment and had ad lib access to
RM1 diet and water. Daily subcutaneous administration of treatment at 9 am each day
was tracked with daily food intake and body weight measurements over 18 days. Body
composition measured by MRI was assessed at baseline prior to commencing treatment
and day 4, 7, 12, 14 and 18 (Section 2.3.10). Grip strength measurements were taken at
baseline and on days 7 and 18 (Section 2.3.12). A tail venesection was performed at
baseline and on day 7 prior to measurement of total plasma amino acid levels. An
intraperitoneal glucose tolerance test was also performed on day 14 of the study (Section

2.3.11).

2.3.8 Chronic 5 nmol/kg G108 administration in lean mice

Fourteen 14-week-old C57BL/6] mice were single housed and split into two groups based
on treatment allocation: Vehicle control (HPLC water) or 5 nmol/kg G108. Mice were
administered at 9 am with a daily subcutaneous dose of either Vehicle control or G108
for 21 days. Mice had ad libitum access to a standard diet consisting of 20 kcal% protein
(diet D11112201, Table 2.1). Food intake and body weight were measured daily. Body
composition measured by MRI was assessed at baseline prior to commencing treatment
and day 7, 14 and 21. Blood samples were collected on day 7 of the study, prior to- and 4-
hours following treatment administration. These were subsequently used to obtain
plasma for measurement of total amino acid levels. An intraperitoneal glucose tolerance
test was carried out on day 14 (Section 2.3.11). A forelimb grip strength test was carried

out at baseline, day 14 and 21 (Section 2.3.12). At the end of the study on day 21, five
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muscle groups were dissected and weighed: quadriceps, gastrocnemius, soleus, tibialis

anterior and extensor digitorum longus.

2.3.9 Chronic 5 nmol/kg G108 administration in hepatic specific glucagon

knockout mice (Gcgriiver)

Thirty two 12-week old hepatic Gcgr/- (Gegrflox/flox: Alb-Cre+) and control (Gcgr/lox/flox: Alb-
Cre-) mice received a daily subcutaneously dose of either 5 nmol/kg G108 or vehicle
control for 14 days. Body weight and food intake was measured every 48 hours. Body
composition measured by MRI was assessed at baseline prior to commencing treatment
and on day 14. Blood samples were also collected on day 14 of the study prior to

treatment administration.

2.3.10 Food intake, body weight and body composition (EchoMRI)

Food intake and body weight was measured at 9am daily, 24 to 48-hourly in all studies
using a calibrated weighing scale (Ohaus Traveller, Ohaus). Food was topped up as
required. An EchoMRI analyser was used to measure body composition at various
timepoints during the studies. Body composition was measured at the same time of day
on each occasion. To measure body composition, each animal was placed into a Perspex
cylinder which was then carefully inserted into the MRI analyser (EchoMRI - 100H).
Following each individual scan, the animal was placed back into its respective cage. Data

was obtained for both lean and fat mass.

2.3.11 Glucose tolerance tests

Intraperitoneal (IP) glucose tolerance tests were carried out following a 5 hour fast and
subcutaneous administration of either vehicle control or 5 nmol/kg G108. Each animal
was administered with IP glucose (2 g/kg body weight). A blood sample was collected
via tail venesection at baseline prior to treatment administration and at 20, 40, 60 and
90-minutes following treatment administration. A handheld glucose monitor (GlucoRx,

UK) was used to measure blood glucose at each time point.
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2.3.12 Forelimb grip strength

Forelimb grip strength was measured in mice using a dedicated grip strength meter
(Bioseb, France). Each animal was carefully lowered onto a grip strength bar and
allowed to grip. Gentle retraction of the tail allowed the grip to release at which point
the maximum grip force applied to the bar was measured and recorded (g). Three to
four measurements were made with an interval period of 1 minute. An average of

readings was then subsequently made.

2.3.13 Biochemical analysis of plasma

Total plasma amino acids were measured using commercially available fluorometric-
based ELISA assays as directed (MAK002, Sigma, Ab65347, Abcam). Plasma alanine and
urea levels were measured using an ELISA assay (MAK001, Sigma and MAKO006, Sigma).

2.3.14 Quantitative polymerase chain reaction (qPCR) analysis.

1ml of Trizol (Sigma) was added to each Eppendorf containing a frozen piece of liver
tissue. A small 5 mm steel bead was also added to each Eppendorf tube. All samples were
then homogenised with a mechanical homogeniser for 2-3 minutes. 200 pl of chloroform
was then added to each sample prior to further centrifugation at 12000 g for 15 minutes.
400 ul of supernatant was removed with a pipette into separately labelled Eppendorf
tubes. 70% isopropanolol (2-propanol) was then added to the samples at an equal
volume (400 pl). The mixture was gently mixed prior to centrifugation again at 16000 g
for 15 minutes. The resulting RNA pellet was washed three times using 70% ethanol.
After allowing the residual ethanol to precipitate, the RNA pellet was resuspended in 100-
150 pl of sterile RNAse-free water, and stored at -80°C. RNA was then quantified using a
NanoDrop spectrophotometer (NanoDrop™). 1 ug of RNA was used to synthesise cDNA
(iScript cDNA synthesis kit, Bio-Rad UK). qPCR analysis was carried out using the SYBR-
green method using the following primers: m_nags_1, m_cps1_1, m_ass1_1, m_asl_1.
m_arg_1, m_g6pc_1, m_pepck_1, m_pcg 1, m_sds_1, m_pygl_1, m_slc22a2_1, m_slc22a3_1,
m_ Slc22a22_1 (kickstart primers, Bio-Rad, UK).
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2.4 Results

Key results for Chapter 2

e Peptide G108 is a long-acting CGGR agonist.

¢ Single-dose administration of G108 in lean and obese mice increases gene
expression of hepatic amino acid catabolism and reduces plasma amino acids.

e Hepatic GCGR is required for the acute effect of G108 on hepatic amino acid
catabolism and plasma amino acids in lean mice.

¢ Following transient hyperglycaemia, a single dose of G108 leads to improved
blood glucose levels for up to 24 hours in lean mice.

e A ‘sub-anorecticc dose of G108 causes GCGR-dependent chronic

hypoaminoacidemia and lean mass loss in lean mice.

2.4.1 G108 is a selective GCGR agonist in vitro

Prior to in vivo testing, peptide G108 was designed and manufactured based on the
primary sequences of the endogenous GLP-1R/GCGR co-agonist, oxyntomodulin (OXM)
and glucagon. Several amino acid modifications were made with enhanced predicted
potency to the GCGR and reduced potency to the GLP-1R. Furthermore, an octadecandioic
fatty acid tail was also incorporated at the C-terminus, allowing reversible binding to
albumin. The sequence modifications compared to OXM and glucagon are shown in

Figure 2.4.1.

1 29 37
OXM HSQGTFTSDYSKYLDSRRAQDFVQWLMNTKRNRNNIA

Glucagopn HSQGTF TSDYSKYLDSRRAQDFVQWLMNT
G108 HBHGTFTSDYSRYLDAKRAQETF] EWLL QSHHQHHP SP P P ylysAsnyGluOctadecanedioic acid

Figure 2.1: Amino acid sequence of peptide G108 compared to native glucagon and native oxyntomodulin
(OXM). From Hope, Hinds et al. (In press). Underlined amino acids represent modifications made and red

amino acids were conserved. B=aminoisobutyric acid.
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Receptor potency studies measuring cyclic-AMP accumulation revealed four-fold

increased potency at the GCGR and 32-fold less potency at the GLP-1R (Figure 2.2, Table

1).
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Figure 2.2: Receptor potency of G108 at the murine GLP-1R and GCGR receptors in HEK293T cells. From

Hope, Hinds et al. (In press) n=4, data expressed as mean = SEM.

G108 GCG GLP-1
mGCGR 10.1+0.1 9.5+05 n.d.
mGLP-1R 82x03 n.d. 9.7+0.1

Table 2.1: Receptor potency as measured by cAMP accumulation for G108 at both the GLP-1R and CGGR.

From Hope, Hinds et al. (In press). Data expressed as log10-transformed pEC50 comparisons (M) for

G108 and endogenous ligands.

2.4.2 G108 has an extended pharmacokinetic profile in plasma

Following a single 0.5 mg intraperitoneal dose of G108 in male Wistar rats, the plasma

level of G108 increased rapidly to a peak mean of 12057 pmol/L (Figure 2.3). This

gradually fell over 48 hours (2038 pmol/L) and retuned to baseline by 72 hours (126.4

pmol/L).
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Figure 2.3: Pharmacokinetic profile of G108 in male Wistar rats. From Hope, Hinds et al. (In press). N=4,

data expressed as mean + SEM.

2.4.3 Single dose administration of G108 in lean and obese mice reduces total

plasma amino acids

Following a single dose of 20 nmol/kg G108, total plasma amino acids were reduced
significantly over 2 hours from baseline, compared to vehicle control (Figure 2.4A, mean
+ SEM, baseline level: Vehicle control; 2.83 * 0.24 nmol/ul, G108; 3.08 + 0.17 nmol/pl, 2-
hour level: Vehicle control; 2.96 + 0.12 nmol/ul, G108; 2.49 * 0.23 nmol/ul). To confirm
these findings and further determine the Ilongevity of G108-mediated
hypoaminoacidemia, a time course was carried out with plasma analysis for total amino
acids over 48 hours. This showed a significant reduction in total plasma amino acids over
24 hours which then returned to baseline at 48 hours (Figure 2.4B, mean + SEM, baseline
level; 2.97 + 0.08 nmol/pul, 2-hour level 2.56 + 0.21 nmol/ul, 24-hour level; 2.42 + 0.21
nmol/ul, 48-hour level; 3.18 £ 0.22 nmol/ul).
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Figure 2.4: (A) Total plasma amino acids at baseline and 2 hr following single-dose subcutaneous
administration of either 20 nmol/kg G108 or vehicle control. (B) Time-course profile of plasma amino acids
following single dose subcutaneous admiration of 20 nmol/kg G108. Data expressed as mean * SEM.

*p<0.05. Analysed with a combination of one- and two-way ANOVA with post hoc Sidak and Dunnett tests.

‘Glucagon resistance’ in obesity associated hepatic steatosis has been demonstrated to
affect hepatic amino acid catabolism in rodents and humans (Suppli, Bagger et al. 2020,
Winther-Sorensen, Galsgaard et al. 2020). Therefore, the potential for a long-acting
glucagon agonist, for example G108 to cause hypoaminoacidemia in an obese mouse
model was explored. 20 nmol/kg G108 or vehicle control was subcutaneously
administered to diet-induced-obese (DIO) mice. In addition to total plasma amino acid
levels, a major glucogenic amino acid and sensitive marker of glucagon action (Wewer
Albrechtsen, Faerch et al. 2018), alanine, was also measured. Plasma urea levels were also
measured. A single dose of G108 led to a significant reduction in total plasma amino acids
at 24 hours, with a trend towards a reduction in total plasma amino acids at 2 hours
(Figure 2.5A, mean * SEM, baseline total plasma amino acids: Vehicle; 6.19 + 0.40
nmol/ul, G108; 6.40 = 0.29 nmol/ul, 2-hour levels: Vehicle; 5.82 + 0.80 nmol/ul, G108;
6.08 + 0.22 nmol/ul, 24-hour levels: Vehicle 5.92 + 0.18 nmol/ul, G108; 4.85 + 0.30
nmol/ul). A significant reduction in plasma alanine was observed at both 2- and 24-hours
following G108 administration, with a significant reduction also found following vehicle
administration at 2 hours (Figure 2.5B, mean *_SEM, baseline plasma alanine: Vehicle;
8.89 + 0.30 nmol/ul, G108; 8.75 + 0.60 nmol/ul, 24-hour levels: Vehicle; 9.40 + 0.62
nmol/ul, G108; 4.54 + 0.22 nmol/pl). Reflecting reduced plasma amino acid availability
(substrate supply) at 24 hours (Figure 2.5A), plasma urea levels were also significantly

reduced at the 24-hour time point following G108 administration (Figure 2.5C, mean *
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SEM, baseline plasma urea: Vehicle; 3.31 *+ 0.16 ng/ul, G108; 3.25 * 0.35 ng/pl, 24-hour
levels: Vehicle 3.30 = 0.23 ng/ul, G108 2.15 *+ 0.16_ng/ul).
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Figure 2.5: Total plasma amino acid, alanine and urea levels in diet-induced obese (DIO) mice following
subcutaneous administration of either 20 nmol/kg G108 or vehicle control. Data expressed as mean + SEM.

*p<0.05, **p<0.01, ***p<0.001. Analysed using two-way ANOVA with post hoc Sidak’s test.

2.4.4 Single dose administration of G108 leads to upregulation of hepatic amino

acid catabolism and gluconeogenesis.

The maximum reduction in total plasma amino acid levels were observed at 24 hours in
lean (Figure 2.4B) and obese mice (Figure 2.5A) were consistent with the
pharmacokinetic profile of G108 (Figure 2.3). Therefore, gene expression analysis of key
hepatic gluconeogenic and urea cycle pathways were determined at 24 hours following a
single dose of G108 in lean mice. At 24 hours, compared to vehicle control, there was a

significant upregulation in the expression levels of multiple urea cycle enzymes (Figure

76



2.6A, Table 2.2). An increase in expression levels of the rate-limiting gluconeogenesis
enzymes glucose-6-phosphatase (G6p) and phosphoenol pyruvate carboxykinase (Pepck)
was observed in addition to glycogen phosphorylase (Pygl), serine dehydratase (Sds) and
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Ppargcla)
(Figure 2.6B, Table 2.2). Consistent with the actions of glucagon, these data demonstrate
the upregulation of hepatic protein catabolic and carbohydrate glucose mobilising

pathways in response to G108.
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Figure 2.6 - Gene expression data 24 hours following administration of 20 nmol/kg G108. From Hope,
Hinds et al. (In press). (A) Hepatic urea cycle enzymes. (B) Hepatic glucogenesis and carbohydrate
metabolism enzymes. N-acetylglutamate synthetase deficiency (Nags), Carbamoyl phosphate synthase 1
(Cps1), Arginosuccinate synthase 1 (Ass1), Arginosuccinate lyase (Asl), Arginase (Arg), Glucose 6-
phosphatase (G6pase), Phosphoenolpyruvate carboxykinase (Pepck), Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), Glycogen phosphorylase (Pygl), Serine dehydratase (Sds).
Data expressed as mean * SEM, significance indicates change compared to vehicle control. *p<0.05,

**p<0.01, analysed using unpaired t-test.
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Target gene Vehicle mean fold 20 nmol/kg G108 mean
change (mean * SEM) fold change (mean *
SEM)
N- acetylglutamate synthetase 1.31+0.44 2.63 £0.54
(Nags)

Carbamoyl phosphate synthase 1 1.72 + 1.05 10.34 +1.36
(Cps1) P<0.01

Arginosuccinate synthase 1 (Ass1) 1.65 £ 0.60 7.81+1.38
P<0.01

Arginosuccinate lyase (4s]) 1.05 £ 0.20 5.31+1.00
P<0.01

Arginase (4rg) 1.05+0.17 258 £0.36
P<0.01

Glucose 6-phosphatase (G6pase) 1.60 + 0.83 8.12+2.86

Phosphoenolpyruvate 1.86 £ 1.14 11.70 £ 3.06
carboxykinase (Pepck) P<0.05

Peroxisome proliferator-activated 1.23+£0.33 4.99 + 0.61
receptor gamma coactivator 1-alpha P<0.01

(Pgc1 alpha)

Glycogen phosphorylase (Pygl) 1.06 £ 0.19 3.46 +0.59
P<0.01

Serine dehydratase (Sds) 1.98 £+ 1.24 7.97 +2.89

Table 2.2: Tabulated gene expression data 24 hours following administration of 20 nmol/kg G108. From
Hope, Hinds et al. (In press). Data expressed as mean + SEM. *p<0.05, **p<0.01.

2.4.5 Single dose administration of G108 leads to acute dynamic changes in

blood glucose.

Based on the increased expression of glycogenolytic and gluconeogenic enzymes
following G108 dosing, to understand the acute drug effect on blood glucose, a glucose
profile was performed. This included multiple timepoints within the first 2 hours and
timepoints subsequently at 4- and 24-hours. A single 20 nmol/kg subcutaneous dose of
G108 led to a hyperglycaemic excursion at 15 minutes which retuned to levels seen in the
vehicle control group at 30 minutes (Figure 2.7A). The blood glucose levels then further
reduced at 60 minutes and 2 hours compared to the vehicle control group (Figure 2.7A).
A separate glucose profile for mice treated with G108 was consistent with this and
demonstrated a reduced glucose level compared to baseline at 4- and 24-hours (Figure

2.7B).
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Figure 2.7 (A) Blood glucose profile over 2 hours following a single 10 nmol/kg subcutaneous dose of G108
or vehicle control in lean C57BL/6] mice (n=6/group). From Hope, Hinds et al. (In press). (B) Blood glucose
profile over 24 hours following single 20 nmol/kg subcutaneous dose of G108 in lean C57BL/6] mice (n=8-
10/group). Data expressed as mean = SEM. Significance indicates change compared to vehicle control.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Analysed using a combination of one- and two-way ANOVA

with post hoc Sidak’s or Dunnett’s tests.

2.4.6 G108-mediated hepatic amino acid catabolism and hypoaminoacidemia is

dependent on the presence of the hepatic glucagon receptor.

The acute effect of G108 on hepatic urea cycle upregulation was next determined in mice
lacking the hepatic glucagon receptor. A single 20 nmol/kg dose of G108 or vehicle
control was administered to both WT and hepatic specific Gegrliver mice. After 4 hours,
the mouse dissected, and liver collected for PCR analysis. Compared to wild-type mice
receiving vehicle control, a significant increase in the expression of several genes central
to hepatic amino acid uptake and catabolism was observed in wild-type mice receiving a
single dose of G108 (Figure 2.8A, Table 2.3). A trend towards increased gene expression

was also observed in Gegriliver mice.
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Figure 2.8: (A) Hepatic urea cycle enzyme expression 24-hours post administration of 20 nmol/kg G018.
Solute Carrier Family 22 Member 2 (Slc22a2), Solute Carrier Family 22 Member 3 (Slc22a3), Solute Carrier
family 22 member 22 (Slc22a22), Glutamine synthetase (Glul), Glutamate dehydrogenase 1 (Glud1), N-
acetylglutamate synthetase (Glul), Glutamate dehydrogenase 1 (Glud 1), N-acetylglutamate suynthetase
(Nags), Carbamoyl phosphate synthase 1 (CpsI), Ornithine transcarbamylase (Otc), Arginosuccinate
Synthase 1 (Ass1), Arginosuccinate lyase (AsI), Arginase (Arg). (B) Plasma total amino acid levels 24-hours
following a single dose of 20 nmol/kg G108. Data expressed as mean + SEM, n=4/group. Significance
indicates change compared to vehicle control. *p<0.05, **p<0.01, ***p<0.001. Data analysed using one-way

ANOVA with post hoc Dunnett’s test.
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Target gene WT / Vehicle WT /20 hKO / hKO / 20
mean fold nmol/kg G108 | Vehicle nmol/kg
change (mean mean fold mean fold G108
+ SEM) change (mean change mean fold
+ SEM) (mean * change
SEM) (mean *
SEM)
Solute Carrier Family 22 0.71+0.11 7.80 £ 3.02 146 +0.34 | 4.62+1.51
Member 2 (SIc22aZ2) P<0.05
Solute Carrier Family 22 0.87 £ 0.23 2.01+0.61 0.95+0.28 | 2.24+1.12
Member 3 (Sic22a3)
Solute Carrier family 22 member 0.72+0.12 6.16 + 2.82 1.17+£0.31 | 3.76 £ 1.43
22 (SIc22a22) P<0.05
Glutamine synthetase (Glul) 0.73+£0.10 0.85+0.34 0.82+0.14 | 0.68+0.18
Glutamate dehydrogenase 1 0.80 +0.09 1.12+0.41 0.73+0.13 | 0.92+0.27
(Glud1)
N- acetylglutamate synthetase 0.95 £ 0.05 5.80 £ 1.29 1.07 +£0.11 | 3.54+0.97
(Nags) P<0.01
Carbamoyl phosphate synthase 1 1.60 + 0.29 8.29+2.21 1.58+0.57 | 4.23+1.37
(Cps1) P<0.05
Ornithine transcarbamylase 0.92 +0.06 0.39 £ 0.06 097 £0.15 | 0.44 £0.06
(Otc) P<0.01 P<0.01
Arginosuccinate synthase 1 1.55+0.38 13.43+5.71 1.31£047 | 4.70+1.43
(Ass1) P<0.05
Arginosuccinate lyase (A4s]) 1.63 £ 0.25 6.17 +1.10 1.38+0.90 | 2.81+0.55
P<0.01
Arginase (4rg) 1.16 £ 0.14 3.70 £0.97 1.35+0.23 | 3.09+0.75
P<0.05

Table 2.3. Tabulated gene expression data 24 hours following administration of 20 nmol/kg G108. Data

expressed as mean * SEM. *p<0.05, **p<0.01.

As the significant G108-mediated upregulation of hepatic amino acid catabolic pathways

was only observed in the presence of the hepatic GCGR, the effect on plasma amino acid

levels was also determined. A single dose of 20 nmol/kg G108 or vehicle control was

administered to lean WT and Gcgr?livermice. After 24 hours, total plasma amino acid levels

were measured (Figure 2.8B). Compared to the WT group administered with vehicle

control, a significant reduction in total plasma amino acid levels was observed in only the

WT mice administered with G108 (Figure 2.8B, mean + SEM, 24-hour cross sectional
result: WT / Vehicle; 5.89 + 0.51 nmol/ul, WT / G108; 3.60 + 0.37 nmol/ul, KO / Vehicle;
6.20 + 0.44 nmol/pl, KO / G108; 7.10 + 0.68 nmol/ul).
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2.4.7 Chronic dose finding with G108 reveals the sub-anorectic dose range

To determine the dose-dependent effects of peptide G108 on body weight and food intake
in a chronic setting, various doses of G108 were subcutaneously administered daily to
lean mice for 18 days. Three doses of G108 were chosen, 5 nmol/kg, 10 nmol/kg and 20
nmol/kg. Over 18 days the two higher peptide doses, 10 nmol/kg and 20 nmol/kg led to
a significant reduction in body weight to a maximum body weight loss of -8.53 + 0.39 g
and -15.93 * 3.54 g, respectively (Figure 2.9A and 2.9B). The two higher peptide doses
also led to a reduced total food intake over 18 days compared to vehicle control (Figure

2.9C and 2.9D).
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Figure 2.9: Body weight and food intake, n=6/group. (A) Daily body weight (g). (B) Total body weight loss
(g) at study day 18. (C) Cumulative food intake (g). From Hope, Hinds et al. (In press). (D) Total food intake
(g) at study day 18. Data expressed as mean * SEM. Significance indicates change compared to vehicle
control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data analysed using one-way ANOVA and post hoc

Dunnett’s test.
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2.4.8 Chronic dose finding with G108 reveals dose-dependent effects on plasma

amino acid levels, lean mass, and muscle strength

In addition to dose-dependent effects on food intake and body weight (Section 2.4.7),
dose-dependent effects were observed on body composition including both lean and fat
mass (Figure 2.10A and 2.10B change in lean mass from baseline to day 18: Control
(WFI); -1.71 + 0.30 g, 5 nmol/kg G108; -3.2 + 0.65 g, 10 nmol/kg G108; -7.12 + 0.21 g, 10
nmol/kg G108; -7.44 * 0.65 g, Figure 2.10C and 2.10D change in fat mass from baseline
to day 18: Control (WFI); 0.33 + 0.20 g, 5 nmol/kg G108; 0.29 + 0.46 g, 10 nmol/kg G108;
-2.31+0.37 g 20 nmol/kg G108; -2.71 + 0.31 g).

Consistent with the effects of G108 observed on lean mass, a dose-dependent effect of
G108 was also seen in muscle strength, as measured by fore-limb grip strength. The
highest peptide dose led to a significant reduction in fore-limb grip strength compared to
baseline (Figure 2.10E grip strength change from baseline to day 18: Control (WFI); 7.02
+12.19 g 5 nmol/kg G108; -28.22 + 25.27 g, 10 nmol/kg G108; -41.29 + 22.15 g, 20
nmol/kg G108; -91.96 + 29.80 g).

To explore whether plasma total amino acid levels are associated with lean mass loss and
functional muscle loss, plasma levels were measured after 7 days of daily treatment. A
significant reduction from baseline in total plasma amino acids was observed in the two
higher peptide dose groups, 10 nmol/kg and 20 nmol/kg G108 (Figure 3.2G). After 7 days,
a trend toward reduced total plasma amino acids was observed at the lowest 5 nmol/kg

dose of G108 (Figure 2.10G).
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Figure 2.10: Body composition, forelimb grip strength and plasma amino acids, n=6/group. (A) Change in

lean mass (g) at days 4, 7, 12, 14 and 18, compared to baseline. (B) Change in lean mass from baseline at
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day 18 (g). (C) Change in fat mass (g) at days 4, 7, 12, 14 and 18, compared to baseline. (D) Change in fat
mass from baseline at day 18 (g). (E) Change in grip strength (g) from baseline on day 7 and day 18 of study,
significance indicates change from baseline. (F) Change in forelimb grip strength (g) from baseline at day
18, significance indicates change compared to vehicle control. (G) Change in total plasma amino acid levels
from baseline after 7 days of treatment. Data expressed as mean + SEM. *p<0.05, **p<0.01, ***p<0.001,

**#%p<0.0001. Data analysed using one-way or two-way ANOVA and post hoc Dunnett or Sidak test’s.

2.4.9 Chronic dose finding with G108 reveals bidirectional changes in glucose

tolerance.

To explore the effect of chronic glucagon agonist treatment on glycaemia, an
intraperitoneal glucose tolerance test was performed on study day 14. Compared to
vehicle control, a significant improvement in glucose tolerance was observed in the
lowest 5 nmol/kg G108 dose after 30 minutes of a 2 g/kg glucose bolus (Figure 2.11A).
No significant difference was observed in the higher dose peptide groups following the
same glucose bolus and the highest 20 nmol/kg G108 dose led to a worsening of glucose
tolerance. The change in glycaemia was also observed from incremental area under the

curve (AUC) analysis of the intraperitoneal glucose tolerance test (Figure 2.11B).
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Figure 2.11: Glucose tolerance and AUC glucose, n=6/group. (A) Intraperitoneal glucose tolerance test
(IPGTT), 2 g/kg. (B) Incremental area under the curve (AUC) glucose. Data expressed as mean * SEM.
Significance indicates change compared to vehicle control. *p<0.05, **p<0.01, Data analysed using one and

two-way ANOVA and post hoc Dunnett’s test.
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2.4.10 Chronic sub-anorectic administration of G108 leads to

hypoaminoacidemia and lean mass loss

To confirm and further explore the effect of chronically administered G108 on plasma
amino acid levels and lean mass, a further chronic dosing study was carried out. In this
study, two groups of lean mice were administered daily with either vehicle control or 5
nmol/kg G108, for 21 days (Figure 2.12). Primary outcomes for the study included
plasma total amino acid levels, body composition, muscle function as measured by grip

strength, and glucose tolerance.
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Figure 2.12: Schematic of 5 nmol/kg G108 chronic study plan.
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Over 21 days there was no difference observed in the food intake consumed between the
two groups (Figure 2.13A, total food consumed: Vehicle; 62.76 +.2.33 g, 5 nmol/kg G108;
63.49 + 1.34 g). A suppression of total body weight gain from baseline was observed in
the 5 nmol/kg G108 group compared to vehicle control, which reached statistical
significance from study day 8 (Figure 2.13B). Body composition analysis, as measured by
MRI, demonstrated a significant reduction in lean mass from baseline in the G108 group,
an effect not observed in the vehicle control group (Figure 2.13C and 2.13D, percentage
lean mass loss from baseline in vehicle group: Day 7; 0.48 + 0.95 %, Day 14; 0.53 + 0.89
%, Day 20; -0.05 = 0.87 %, percentage lean mass loss from baseline in 5 nmol/kg G108
group: Day 7; -4.33 £ 0.80 %, Day 14: -6.13 + 0.89%, Day 20: -8.10 + 1.51%). In contrast
to these findings, fat mass increased throughout the study in both groups (Figure 2.13E
and 2.13F, percentage fat mass loss from baseline in vehicle group: Day 7; 15.04 + 2.74
%, Day 14; 26.12 + 4.34 %, Day 20; 35.76 + 7.38 %, percentage fat mass loss from baseline
in 5 nmol/kg G108 group: Day 7; 26.82 + 5.84 %, Day 14; 39.67 * 6.65 %, Day 20; 47.21
* 8.40 %). Consistent with the change in lean mass, a significant reduction in plasma total
amino acid levels were observed in only the 5 nmol/kg G108 group on study day 7, 4
hours following treatment administration (Figure 2.13G, plasma total amino acid levels
in 5 nmol/kg G108 group: baseline; 3.14 * 0.22 nmol/ul, 4-hour post dose: 2.16 + 0.15
nmol/ul).
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Figure 2.13: Food intake, body weight, body composition and total plasma amino acid levels in chronic 21-
day study with administration of either vehicle control or 5 nmol/kg G108, n=7/group. From Hope, Hinds
etal. (In Press). (A) Total food intake over 21 days. (B) Body weight over 21 days. (C) Change in lean mass
from baseline (%) on day 7, 14 and 20. (D) Change in lean mass from baseline (g) on day 7, 14 and 20. (E)
Change in fat mass from baseline (%) on day 7, 14 and 20. (F) Change in fat mass from baseline (g) on day
7, 14 and 20. (G) Plasma total amino acid levels at baseline and 4-hours post treatment on day 7 of study.
Data expressed as mean * SEM. *p<0.05, **p<0.01, ***p<0.001. Significance indicates change compared to

vehicle control. Data analysed using one and two-way ANOVA and post hoc Dunnett’s or Sidak’s tests.

2.4.11 Chronic sub-anorectic administration of G108 leads to reduced muscle

weight and function

To determine the effect of G108-mediated lean mass loss on skeletal muscle, muscle
function and weight were assessed. Forelimb grip strength tests revealed a significant
reduction in grip strength in the 5 nmol/kg G108 group on day 15 and 21 compared to
baseline (Figure 2.14A, forelimb grip strength (g) in 5 nmol/kg G108 group: Baseline grip
strength; 145.71 + 6.63 g, Day 15 grip strength; 115.90 + 6.76 g, Day 21 grip strength;
87.60 = 5.21 g). On study completion, muscle weights in the 5 nmol/kg G108 group were
significantly lower in the largest hindlimb muscle groups including the quadriceps and
gastrocnemius (Figure 2.14B, quadriceps muscle weight (g): vehicle; 0.22 + 0.01 g, 5
nmol/kg G108; 0.18 * 0.01 g, gastrocnemius muscle weight (g): vehicle; 0.22 + 0.01 g,
0.17 +0.01 g)
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Figure 2.14: Forelimb grip strength and terminal muscle weights from 21-day daily treatment with either
vehicle control or 5 nmol/kg G108, n=7/group. From Hope, Hinds et al. (In Press). (A) Forelimb grip
strength (g) at baseline, day 14 and 21. (B) Muscle weights (g) from quadriceps (Quad), gastrocnemius
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(Gastro), soleus, tibialis anterior (tibialis) and extensor digitorum longus (EDL). Data expressed as mean *
SEM. *p<0.05, **p<0.01, ***p<0.001. Data analysed using a combination of unpaired t-tests and two-way
ANOVA with post hoc Sidak’s test.

2.4.12 Chronic sub-anorectic administration of G108 leads to improved glucose

tolerance.

To determine whether daily treatment with 5 nmol/kg G108 leads to a chronic
improvement in glycaemia, a glucose tolerance test was performed on day 14 of the 21-
day study. G108 led to a significant reduction in blood glucose compared to vehicle
control, 40 minutes following a glucose bolus (Figure 2.15A). Furthermore, the area

under the curve for the glucose tolerance test revealed a significant reduction in AUC

Figure 2.15B).
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Figure 2.15: Intraperitoneal glucose tolerance test (iPGTT) on day 14 of 21-day daily treatment study with
vehicle control or 5 nmol/kg G108, n=6-7/group. (A) iPGTT profile. (B) Incremental area under the curve
(AUC) of iPGTT as in Figure 3.7A. Data expressed as mean + SEM. Significance indicates change compared
to vehicle control. *p<0.05, ***p<0.001. Glucose profile analysed using two-way ANOVA with post hoc
Dunnett’s test. AUC data analysed with paired t-test.
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2.4.13 Loss of lean mass with chronic sub-anorectic administration of G108 is

dependent on the presence of the hepatic glucagon receptor.

In section 2.4.10 and 2.4.11, the effect of G108 on lean mass and skeletal muscle was
demonstrated. The effect of G108 on total plasma amino acid levels raise the possibility
that G108-stimulated hepatic amino acid catabolism leads to indirect lean mass and
muscle loss. To demonstrate the link between G108-stimulated hepatic amino acid
catabolism, plasma hypoaminoacidemia and lean mass loss, the chronic effect of G108 in

mice lacking the hepatic glucagon receptor was determined.

Daily administration of 5 nmol/kg G108 over 14 days to lean wild-type (WT) mice led to
a significant reduction in total body weight compared to vehicle control, despite no
change in total food intake (Figure 2.16A and 2.16B, total body weight loss at 14 days:
vehicle / WT; 1.21 + 0.14 g, 5 nmol/kg G108 / WT; -2.93 + 1.00 g). In contrast, G108 had
no effect on body weight loss in mice lacking the hepatic glucagon receptor (Figure 2.16B,

total body weight loss at 14 days: 5 nmol/kg G108 / hepatic Gcgr KO; 1.59 £ 0.23 g).

Body composition analysis on day 14 revealed a significant loss of lean mass in WT mice
treated with G108, not observed in either vehicle or Gegr KO mice (Figure 2.16C, total loss
of lean mass: 5 nmol/kg G108 / WT; -4.01 £ 0.61 g, 5 nmol/kg G108 / KO; 0.36 + 0.35 g,
vehicle / WT; -0.25 # 0.16 g, vehicle / KO; 0.71 + 0.20 g). Furthermore, the pattern of
change in lean mass across treatment groups was associated with a similar pattern of
change in plasma levels of total amino acids on study day 14 (Figure 2.16D, total plasma
amino acid levels: 5 nmol/kg G108 / WT; 1.17 + 0.14 nmol/pl, 5 nmol/kg G108 / KO; 2.82
* 0.19 nmol/pl, vehicle / WT; 2.30 + 0.25 nmol/pl, vehicle / KO; 3.14 + 0.31 nmol/pl).
The total plasma amino acid levels observed trended higher in the Gcgr KO mice than WT

mice treated with vehicle control (Figure 2.16D).
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Figure 2.16: Food intake, body weight, body composition and total plasma amino acid levels in WT and
hepatic specific Gegr KO mice, treated once daily with either vehicle control or 5 nmol/kg G108 over 14
days, n=7-8/group. From Hope, Hinds et al. (In Press). (A) Total food intake (g) on day 14 of study. (B)
Change in body weight from baseline (g). (C) Change in body composition (lean and fat mass) over 14 days
from baseline (g). (D) Total plasma amino acid levels on day 14 of study. Data expressed as mean + SEM.
*p<0.05, **p<0.01 ***p<0.001, ****p<0.0001. Analysed using a combination of one- and two-way ANOVA

with post hoc Dunnett’s and Sidak’s test.
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2.5 Discussion

2.5.1 G108 is a long-acting glucagon analogue which acutely enhances hepatic AA

catabolism and reduces plasma amino acids

The aims of this Chapter are to determine whether a candidate peptide ‘G108’ is a suitable
research tool to explore the effects of a long-acting GCGR agonist on plasma amino acids

and lean mass in a pre-clinical model.

Since its discovery, studying the biological effects of glucagon with exogenous
administration has been challenging due to its low aqueous solubility and formation of
amyloid-like fibrils (Beaven, Gratzer et al. 1969). However, modifications to the primary
sequence of native glucagon have emerged as a successful approach to generate long-
acting GCGR agonists and mitigate these issues (Habegger, Stemmer et al. 2013).
Furthermore, due to the primary sequence similarity between GLP1 and glucagon,
unimolecular co-agonists with activity at both these receptors have been developed using
the same strategy by modifying the primary sequence of GLP-1 (Day, Ottaway et al. 2009).
G108 has also been modified from the primary sequence of glucagon (Figure 2.1), to
confer similar potency at the GCGR to native glucagon and minimise GLP-1R activity
(Figure 2.2, Table 2.1), whilst increasing its pharmacokinetic profile (Figure 2.3). The
experiments in this Chapter demonstrate that peptide G108 is a long-acting GCGR agonist
which, after single-dose administration, can cause a sustained upregulation of hepatic

amino acid catabolism pathways leading to reduced plasma total amino acids.

The receptor potency studies of G108 in murine cell lines demonstrate that G108 is
approximately 4 times more potent at the mGCGR than native glucagon itself, with
respect to cycliccAMP (cAMP) accumulation (Table 2.1). They also confirm that G108 is
approximately 30 times less potent at the mGLP1-R than native GLP1 itself (Table 2.1).
This results in a selectivity factor towards the mGCGR of approximately 120, comparable
to native glucagon (Svendsen, Larsen et al. 2018). Following single-dose administration,
G108 was found to be long-acting with a peak plasma concentration at 24 hours, which
was cleared by 72 hours (Figure 2.3). G108 achieved the same approximate Tmax
concentration of a similar long-acting glucagon agonist previously described (Habegger,

Stemmer et al. 2013).
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A single dose of G108 led to a reduction in plasma total amino acids in both lean (Figure
2.4) and obese (Figure 2.5) mice. This is consistent with the actions of GCGR activation in
the setting of physiological infusions of glucagon (Wolfe, Culebras et al. 1979, Boden,
Tappy et al. 1990, Charlton, Adey et al. 1996) and pathological levels in humans
(Mallinson, Bloom et al. 1974, Almdal, Heindorff et al. 1990). Recent reports have also
emerged demonstrating that GCGR-targeted multi-agonists may result in
hypoaminoacidemia in both rodents and humans. For example, studies exploring plasma
amino acids as biomarkers for GCGR activity have demonstrated that a long-acting
GLP1R/GCGR co-agonist, ‘compound 2’, reduces plasma total amino acids following a
single dose in mice (Li, Kirchner et al. 2020). In contrast to G108, ‘compound 2’ is
reported to have an approximately two-fold decreased GCGR potency compared to native
glucagon. Evidence that the acute effect of GCGR activity on plasma amino acids translates
to humans has recently emerged in human studies. For example, compound SAR441255,
a lipidated long-acting triple agonist with a two-fold increased receptor potency at the
GCGR compared to native glucagon, reported a broad reduction in amino acids for up to
12 hours following a single-dose in humans (Bossart, Wagner et al. 2021). As the receptor
potency to the GCGR remains high in current multi-agonists being developed, these
results suggest that chronic hypoaminoacidemia may be a common finding in a chronic
setting. They also suggest that G108 is a valid research tool to explore the chronic effects

of hypoaminoacidemia on lean mass.

2.5.2 G108 causes a chronic reduction in plasma amino acids and lean mass

G108 demonstrated a dose-dependent effect on lean mass (Figure 2.10A and B). At the
lowest dose (5 nmol/kg) where food intake was not affected, G108 led to a modest
reduction in lean mass which became significant between day 7 and day 18 of study
(Figure 2.10A). This was associated with a reduction in amino acids compared to vehicle
(Figure 2.10G). These findings demonstrate that in a chronic setting, G108 leads to lean
mass loss and hypoaminoacidemia independent to a reduction in food intake, and
therefore is a peripheral effect of the peptide. To confirm these findings, a further chronic
study was carried out using only 5 nmol/kg G108 and demonstrated a significant
reduction in plasma total amino acids associated with a reduction in lean mass at day 7,

14 and 21 (Figure 2.13C); At day 21 lean mass loss approached 2 g. The reduction in lean
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mass in this study was also associated with a reduction in muscle weight and function, as

measured by grip strength (Figure 2.14).

The first long-acting agonists targeting the GCGR incorporated modifications of the GLP-
1, glucagon and oxyntomodulin peptide sequences to create GLP-1R/GCGR co-agonists.
One of first of these did not report lean mass and only fat mass with total body weight
loss in obese mice (Day, Ottaway et al. 2009). In a follow up study of various co-agonist
peptides, the same group showed a significant reduction in fat-free mass, independent to
food intake, was reported associated with one of the peptides used, ‘Peptide 5’ (Day,
Gelfanov et al. 2012). Over 13 days this amounted to approximately 3 g of lean mass loss.
Peptide 5 has enhanced selectivity to the GCGR, a five-fold-lower potency vs native
glucagon, and was dosed every 4 days at 19 nmol/kg. In another study, daily dosing with
a co-agonist ‘DualAG’ over 13 days in obese mice led to a reduction in lean mass of
approximately 3g, however a reduction in food intake was also observed (Pocai,
Carrington et al. 2009). The resulting lean mass loss in these studies is comparable to
that seen with daily G108 over 21 days (Figure 2.13C). The lean mass lost in response to
G108 is also similar to a study using a long-acting glucagon analogue ‘1UB288’, where a
three-week treatment with this peptide led to preferential loss of lean mass with no effect
on fat mass (Okun, Rusu et al. 2021). In this study, reduced muscle weights and grip
strength was also noted comparable to the reductions observed with G108. Despite these
findings in response to activating the GCGR, no data has been reported on plasma amino
acids in these studies. However, collectively the findings from chronic G108-
adminsitration and studies by others suggest that there is peripheral effect on lean mass

of GCGR-targeted agonists, as food intake was generally not affected.

Although plasma amino acids have not been reported in the in vivo chronic studies
described above, they are sensitive biomarkers for GCGR activity of GLP1R/GCGR co-
agonists in the acute setting (Li, Kirchner et al. 2020). Due to the acute change in amino
acids observed, understandably lean mass is not reported. In human pre-clinical studies,
hypoaminoacidemia has been reported in the acute and chronic setting however not
along-side data for lean mass, and the effect of food intake is not clear (Parker, Robertson
etal. 2020, Bossart, Wagner et al. 2021). Interestingly, the human GCGR receptor potency

for one of these (Cotadutide) is 10-fold less than native glucagon (Parker, Robertson et
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al. 2020). Therefore, the findings in this Chapter highlight for the first time the association
between chronic hypoaminoacidemia and lean mass loss in a pre-clinical model, in

response to the peripheral effects of the long-acting glucagon analogue, G108.

2.5.3 The hepatic GCGR is required for G108-stimulated hypoaminoacidemia and

lean mass loss

Studies have emerged suggesting that the hepatic GCGR action is required for the effect
of long-acting GCGR-targeted agonists on lean mass. For example, the long-acting
glucagon analogue, ‘1UB288’ enhances lean mass loss over 3 weeks in vivo and this effect
is abolished with silencing of liver aminotransferases (Okun, Rusu et al. 2021).
Furthermore, in this study using co-culture experiments with liver and muscle tissue ex
vivo, enhanced hepatic amino acid catabolism in a model of hyperglucagonemia leads to
reduced protein synthesis in muscle tissue (Okun, Rusu et al. 2021). This is suggestive of

the direct effects of reduced amino acid availability on lean mass.

Our group has recently demonstrated that the lean mass loss associated with chronic
administration of a long-acting glucagon analogue is dependent on the hepatic GCGR
(Hinds, Owen et al. 2021). However, in this study, plasma amino acids were not reported.
This Chapter extends these findings by demonstrating that both hypoaminoacidemia and
lean mass loss in response to a long-acting glucagon analogue, G108, are dependent on
the presence of the hepatic GCGR (Figure 2.16A-D). This points towards direct amino acid
sensing as a mechanism of lean mass loss and is in keeping with the suggestion that native
glucagon may exerts effects on muscle mass directly through plasma amino acid

availability (Adeva-Andany, Fernandez-Fernandez et al. 2021).

2.5.4 Evidence of metabolic benefits with chronic G108 administration

Interestingly, the lowest dose G108 (5 nmol/kg) in the dose-finding study led to an
improved glucose tolerance (Figure 2.11), and this was confirmed in a separate study
(Figure 2.15). At higher doses, exceeding 10 nmol/kg, chronic G108 administration led to
a deterioration in glucose tolerance (Figure 2.11). As glucagon mobilises glucose,
particularly from hepatic glycogen stores, the chronic effect of glucagon therapy on

glycaemia had been previously studied in vivo and clinical studies characterising the
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effects of GCGR agonism. In human glucagon and GLP-1 infusion studies, it has previously
been demonstrated that glucagon can acutely worsen glycaemia which is off-set by GLP-
1 (Tan, Field et al. 2013). A recent early phase clinical trial of the GLP1/GCGR co-agonist
‘NN1177 has highlighted the chronic effects of higher glucagon receptor preference and
reported several safety issues including impaired glucose tolerance (Martin Friedrichsen
2022). Due to the marked differences in pre-clinical models using the same drug, it has
been suggested that several factors lead to unpredictable effects when translating GCGR-
targeted agonists, including species differences, study length and drug exposure
(Simonsen, Lau et al. 2022). The findings from this Chapter demonstrate that G108 at
higher doses can also lead to a chronic deterioration in glucose tolerance, however at low
sub-anorectic doses, it leads to an improvement in glycaemia. Interestingly, it has
previously been demonstrated that in the acute setting, a long-acting glucagon analogue
‘1UB288’ which also does not lead to a reduction in food intake, leads to improved insulin
sensitivity and glycaemia for many hours following transient hyperglycaemia (Kim,
Holleman et al. 2018). However, in contrast to G108, when administered chronically,
[UB288 leads to worsened glycaemia (Habegger, Stemmer et al. 2013). This perhaps is
not unsurprising as this compound had a sizeably increased potency at the GCGR

compared to native glucagon (Habegger, Stemmer et al. 2013).

The effect of chronic GCGR activity on glycaemia is therefore complex, with several drug
and experimental model factors playing a role. It is likely that with higher GCGR activity
the detrimental effect on glucose needs to be offset with incretin (ie GLP-1 or GIP) action,
however the precise balance of receptor activity remains uncertain. Elucidating the
optimal characteristics for a GCGR-targeted agonist remains challenging as pre-clinical
findings based on in vivo PD and PK data does not necessarily translate to humans.
However, the effects of low-dose glucagon in a chronic setting remains unexplored and
the findings presented in this Chapter indicate the potential metabolic benefits of this
approach.

2.6 Conclusions

This Chapter presents findings from both acute and chronic studies with sub-anorectic
doses of G108. The experiments carried out confirm that G108 is a selective glucagon

agonist with comparable receptor profiles to GCGR-targeted agonists in development.
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Furthermore, the effects on hepatic amino acid catabolism, plasma amino acid availability
and lean mass are dependent on the presence of the hepatic GCGR. This work has
therefore confirmed that G108 is an appropriate long-acting GCGR agonist to further
explore the chronic effects of reduced plasma amino acid availability in a pre-clinical

model of obesity.
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3 Chapter 3 - A high protein diet protects lean mass in G108-treated obese
mice and reveals whole-body effects of amino acid availability on energy

expenditure and body weight loss.

3.1 Introduction

3.1.1 Hypoaminoacidemia and lean mass loss in response to a long-acting

glucagon analogue may occur in both lean and obese rodents

The findings from chapter 2 demonstrated that chronic G108 treatment at a dose of 5
nmol/kg once daily causes food-intake independent weight loss over 21 days in lean
mice. The weight loss observed was a result of selective lean mass loss and associated
with a significant reduction in plasma amino acid levels, suggesting that low plasma
amino acid availability stimulated by G108 may enhance lean mass loss. Whether
preferential loss of lean over fat mass occurs in obesity due to chronic GCG-stimulated
hypoaminoacidemia is unknown. Furthermore, whether dietary protein
supplementation is sufficient to overcome hypoaminoacidemia and therefore lean mass
loss in obesity, is also unknown; The effect of chronic glucagon treatment on body
composition in an obese model may indeed be different than in a lean one. For example,
recent reports of hepatic glucagon resistance have highlighted the reduced potential for
GCG-stimulated amino acid catabolism in fatty liver disease (Suppli, Bagger et al. 2020).
Therefore, it is possible that obesity-associated fatty liver disease may disturb GCG-
stimulated hepatic amino acid catabolism (Winther-Sorensen, Galsgaard et al. 2020), and
therefore the extent of lean mass loss. However, the chronic effect of long-acting glucagon
analogues on plasma amino acids and lean mass in obese models, in addition to potential
preventative strategies, remains an important question as multi-agonists with ‘high’
GCGR activity are currently being developed for the treatment of obesity and metabolic

disease (Hope, Vincent et al. 2021).

3.1.2 Previous evidence for lean mass loss in obese rodents in response to

glucagon receptor active analogues

Few studies have previously explored the effects of long-acting glucagon analogues on
lean mass in obese rodents. The lack of evidence is partly due to the difficulty in using

native glucagon as a research tool due to its very short half-life and low aqueous solubility
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(Chabenne, DiMarchi et al. 2010). In addition, there has been a general hesitance to use
glucagon analogues without the glucoregulatory counterbalance of GLP-1R activity, ie in
the GLP1R/GCGR co-agonist. However, to understand the physiological actions of
glucagon receptor signalling, select reports of long-acting glucagon analogues are
available. For example, it has been demonstrated that daily dosing of the glucagon
analogue, IUB288, over 16 days led to fat mass loss and reduced plasma cholesterol in
obese mice, despite no change in food intake (Habegger, Stemmer et al. 2013). The effect
of IUB288 on lean mass in obese mice were not reported however lean mass loss was
noted in lean mice that after 19 days of treatment with [UB288. In a further study by the
same team investigating the mechanisms of GCG-mediated EE, lean mass loss was
observed in DIO mice after 17 days of daily treatment with IUB288 (Kim, Nason et al.
2018). However, in this study a reduction of food intake was also observed, therefore the
contribution of any underlying GCG-stimulated hypoaminoacidemia to lean mass loss is
unclear. Therefore, it remains uncertain whether chronic administration of a long-acting
glucagon analogue can potentially cause hypoaminoacidemia and lean mass loss in an

obese model.

Using GLP-1R/GCGR co-agonists, studies in obese rodents have also implicated chronic
GCGR activation in lean mass loss. For example, in one study, several different GLP-
1R/GCGR co-agonists were investigated in obese mice (Day, Gelfanov et al. 2012). Over
13 days the most selective GCGR agonist (Peptide 5) did not result in a significant
reduction in food intake however did result in a significant reduction in fat and lean mass,
comparable to co-agonist peptides which caused a greater decrease in food intake
(Peptides 1, 2 and 3). Although plasma amino acids were not reported, these results point
towards fat and lean mass loss associated with glucagon-driven energy expenditure when
DIO mice were chronically administered with peptide 5. One of the first studies to
investigate a GLP-1R/GCGR co-agonist in obese mice used a long-acting form of
oxyntomodulin (OXM), the naturally occurring endogenous co-agonist to both GLP-1 and
GCGR receptors (Pocai, Carrington et al. 2009). By conjugating cholesterol to the c-
terminus of oxyntomodulin and incorporating an amino acid substitution at position two
(preventing DPP-4 mediated degradation), a more glucagon selective GLP-1R/GCGR
dual-agonist ‘DualAG’ was shown to enhance body weight loss by 10-12 g over 13 days,

with both fat and lean mass loss over and above that of a GLP-1R monoagonist which
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achieved weight loss of around 4-5 g. Food intake was significantly reduced in both
groups therefore the effect on lean and fat mass loss may be partly attributed to this and

partly attributed to enhanced energy expenditure.

3.1.3 Glucagon-stimulated hepatic amino acid catabolism resulting in

hypoaminoacidemia is predicted to enhance lean mass loss in obese rodents

Collectively, the studies described in the previous section suggest that chronic therapy
with long-acting GCGR-active analogues can have a catabolic effect on fat and lean mass
in obese rodents, however the concurrent effects on food intake and lack of plasma amino
acid data limit their interpretation on the role of GCGR-stimulated hypoaminoacidemia
driving lean mass loss. However, a recent study has shown that plasma amino acids are a
sensitive biomarker for GCGR activity for long-acting GLP1R/GCGR co-agonists in obese
rodents (Li, Kirchner et al. 2020). Therefore, these data justify further work to determine
whether GCG-stimulated hepatic amino acid catabolism, hypoaminoacidemia and lean
mass loss occurs in response to long-acting glucagon analogues or GCGR-targeted co-
agonists in obese rodents. Indeed, it is the triple combination of these findings which is
required to answer this important question, and some studies have added further insight.
For example, our group has previously demonstrated that a long-acting GLP-1R/GCGR
co-agonist administered daily to rats for 22 days increased hepatic urea cycle activity,
reduced plasma amino acids and increased molecular markers of muscle proteolysis
(Rebecca Scott 2019). More recently, treatment with a long-acting glucagon agonist for
three weeks in lean mice was shown to result in loss of lean mass with reduced muscle
weight; These effects were prevented with silencing of hepatic alanine aminotransferase,

implicating GCG-stimulated alanine catabolism in lean mass loss (Okun, Rusu et al. 2021).

3.1.4 Using G108 and a high protein diet intervention to explore effects on

glucagon-stimulated amino acid catabolism and lean mass loss

The work in this chapter primarily sets out to explore the effect of chronic GCGR agonism
on the triple combination of hepatic amino acid catabolism, plasma amino acids levels
and lean mass in an obese model. It also aims to determine whether a high protein diet
intervention can ‘rescue’ plasma amino acid levels and therefore lean mass. Secondary

outcomes include exploring the effects of chronic glucagon receptor agonism on changes

102



in fat mass, glucose tolerance and hepatic lipid metabolism. By using low sub-anorectic
doses of G108, the comparative effects on energy expenditure will also be assessed

between groups.

It is hypothesised that chronic G108 treatment leads to enhanced hepatic amino acid
catabolism resulting in a reduction in plasma amino acid availability and therefore lean
mass loss. The perturbation in this liver-muscle axis may be mitigated with a high protein
diet whilst maintaining the metabolic benefits of glucagon receptor agonism, for example
energy expenditure and hepatic fat clearance. This finding would be of translational
significance to individuals offered chronic glucagon therapy for obesity and metabolic

disease.

3.2  Chapter summary and aims

e Determine the effect of chronic sub-anorectic doses of G108 treatment on total
and individual plasma amino acid levels in obese mice.

e Determine the effect of chronic G108 treatment on lean mass in obese mice.

e Determine whether a high protein diet can rescue plasma amino acids and
mitigate any loss of lean mass observed.

e Determine the effect of G108 and a high protein diet on molecular markers of
hepatic amino acid catabolism, muscle protein synthesis and muscle proteolysis.

e Explore whether key beneficial effects of glucagon receptor agonism are
maintained in the context of protein supplementation, for example hepatic

steatosis, plasma lipids, glycaemia and energy expenditure.
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3.3 Methods

3.3.1 Invivo studies

The following in vivo study was carried out according to the Scientific Procedures Act

1986.

3.3.2 Animal husbandry

Adult male C57Bl/6] mice (Charles River UK) were individually housed in temperature-
controlled room (210C) with a 12-hour light/dark cycle and acclimatised prior to study
start. All mice had ad libitum access to chow diet and water until 2 weeks prior to study
commencement, where the diet was switched to a custom diet (Research diets) which

continued to be supplied ad libitum for the remainder of the study.

3.3.3 Diets

All diets were obtained from ResearchDiets.com, stored at 4°C and used within 6 months
of production. A standard DIO series diet (D12492) containing 60 kcal% fat was provided
to all mice for 10 weeks to induce obesity prior to switching to a custom diet.
Openstandard diet D18031206 was used as the ‘standard protein’ diet, consisting of 20
kcal% protein and 45 kcal% fat. Openstandard diet D08091801 was used as the ‘high
protein’ diet. Both diets contained a higher fat content (45 kcal%) to maintain diet

induced obesity.

Diet Carbohydrate Fat (kcal%) Protein (kcal%)
(kcal%)
D12492 20 60 20
D08091803 35 45 20
D08091801 15 45 40
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3.3.4 Chronic DIO study

Twenty-seven lean 10-week-old C57BL/6] mice were provided ad libitum a 60 kcal% fat
diet (diet D12492, supplementary table 1) for 12 weeks prior to the start of the study.
The cohort of mice were individually housed and divided into six treatment groups, based
on treatment and diet allocation; Vehicle / High fat, standard protein diet (N=9), 7.5
nmol/kg peptide G108 / High fat, standard protein diet (HFNP) (N=9) and 7.5 nmol/kg
peptide G108 / High fat, high protein diet (N=9). The high fat standard protein diet,
D08091803 and high fat high protein diet D08091801 are detailed in supplementary
table 1. All mice had ad libitum access to water and their allocated diets. Mice were
subcutaneously administered with their respective treatments at 9am each day for 27
days. Food intake, water intake and body weight were measured using the same weighing
scale each morning prior to vehicle or peptide G108 administration. EchoMRI was carried
out at baseline, day 14 and day 25. Tail venesection was carried out on day 13 of the study
immediately pre-treatment. 40-50 pul of blood was collected and immediately transferred
on ice, centrifuged at 5000 rpm for 10 minutes prior to analysis for total plasma amino
acid levels. A glucose tolerance test was carried out on day 15 of the study following a 5-
hour fast as described below. An insulin tolerance test was also carried out on day 18 of
the study following a 5 hour-fast as described below. Forelimb grip strength testing was
performed at baseline (day-3) and day 25 of the study. On day 22 of the study, all mice
were placed into metabolic cages, single housed for 72 hours, as described below. After
72 hours, all mice were removed from the metabolic cages and returned to their previous
cages. Following a 4-hour fast, on day 27 all mice were culled with the following tissues
dissected and snap frozen in liquid nitrogen prior to storage at -80°C; gastrocnemius,
quadriceps, s/c WAT, BAT and liver. Using a sensitive weighing scale, five muscle groups
(gastrocnemius, quadriceps, solues, tibialis anterior and extensor digitorum longus) were
weighed and recorded. Terminal plasma was also collected and transferred on ice

immediately for centrifugation as previous described and storage at -80°C.

3.3.5 Food intake, body weight and body composition (EchoMRI)

Food intake was measured daily using a dedicated weighing scale and topped up
accordingly. Body weight was recorded at 9 am daily using the same weighing scale. Body

composition was measured using an EchoMRI analyser at various timepoints during
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chronic studies. All body composition measurements were taken on the same time of day
to reduce intra-animal variability. Animals were placed in a transparent cylindrical
perspex tube and both ends secured with Perspex clips. The tubes containing the animal
was then carefully placed into the MRI analyser (EchoMRI-100H). Each scan lasted 90
seconds where lean mass and fat mass were recorded in grams. Following the scan, the

mice were removed from the Perspex tube and returned to their respective cages.

3.3.6 Glucose and insulin tolerance tests

For glucose tolerance tests, following a 5-hour fast and administration of peptide or
vehicle treatment, mice were administered with glucose by intraperitoneal injection at a
dose of 2 g/kg body weight. Tail vein blood samples were taken at baseline, 15, 20, 30,
40, 60, 90 and 120 minutes and glucose measured (mmol/1) using a handheld GlucoRx
monitor. For insulin tolerance tests, following a 5-hour fast, mice were administered with
actrapid insulin by intraperitoneal injection at a dose of 0.75 U/kg body weight. Tail vein
blood samples were taken at baseline, 15, 30, 45, 60 and 90 minutes and glucose

measured as described above.

3.3.7 Metabolic cages

For whole-body energy expenditure studies, The Comprehensive Lab Animal Monitoring
System (CLAMS) was used (Columbus Instruments, Columbus, Ohio). This allowed
simultaneous measurement of whole-body oxygen consumption (VO2), carbon dioxide
production (VCO2) and movement. Open circuit calorimetry allows assessment of VO2
and VCO2 for 1-minute at 20-minute intervals, whilst infrared light beams are used to
measure movement, locomotor (XTOT) and ambulatory (XAMB). The respiratory
exchange ratio (RER) is the ratio of VCO2 to VO2 and indicates the energy source during
aerobic respiration. Pure fat, protein or carbohydrate will result in an RER of 0.7, 0.8 or
1.0, respectively (Lusk 1924, Frayn 1983). Metabolic assessments were carried out over
72 hours. Following the assessment period, mice were placed back into their respective

home cages.
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3.3.8 Biochemical assessments

Total plasma amino acids were measured using a commercially available fluorometric-
based ELISA assay (MAKO002, Sigma, Ab65347, Abcam). Individual amino acids were
measured using a gas-chromatography-mass spectrometry platform (Measurements
carried out by Professor N Dalton and Dr C Turner at the WellChild Laboratory, Evelina
Children’s Hospital, London). Plasma FGF-21 (ab229382, Abcam), triglycerides
(ab65336, Abcam) cholesterol (ab65390, Abcam), leptin (ab199082, Abcam),
corticosterone (ab108821, Abcam), norepinephrine (ab287789, Abcam), free T4

(ab285258, Abcam) were measured using commercially available ELISA assay Kits.

3.3.9 Western blots

The gastrocnemius muscle was dissected and snap frozen in liquid nitrogen on collection,
prior to storage at -80°C. The frozen muscle was quickly thawed in ice cold buffer
containing 10 mM Tris-HCl, 150 mM NacCl, 0.5 % NP40, 10% Glycerol, 5 mM EDTA, 50 mM
Sodium fluoride, 10 mM beta-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 complete protease inhibitor cocktail tablet
(Roche). Samples were homogenised and denatured at 95°C, prior to determining protein
concentration using the Pierce BCA protein assay kit (ThermoFisher Scientific). 30 pg of
protein was loaded to individual wells and resolved by SDS-PAGE at 80 V for 30 min,
followed by 150 V for 60 min. Protein was then transferred to a 0.45 nm nitrocellulose
membrane for 1 hour at 200 mA, prior to blocking with 5% bovine serum albumin/TBST
for 1 hour at room temperature. Membranes were incubated with rabbit anti-mouse
polyclonal primary antibodies overnight at 4°C; 1:500 P-S6K (#9205), 1:1000 MAFbx (sc-
166806), 1:2500 GAPDH (#2118). Membranes were then washed with TBST for 15 min
prior to incubating with HRP-conjugated goat anti-rabbit secondary antibody (1:5000,
Cell Signalling Technology #7404). A final wash was performed 15 min prior to
incubating in horseradish peroxidase substrate. Membranes were then imaged using a
Odyssey CLx Imager (LI-COR). For protein quantification analysis, protein blots were

normalised using the loading control, GAPDH.
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3.3.10 Histology

Frozen samples of liver were mounted in a cryostat and frozen sections were cut at 12
microns thickness, prior to storage at -80°C. Prior to staining, sections were initially
thawed. Sections were subsequently stained with Oil Red O solution for 5 minutes prior
to a 30-minute wash in running tap water. They were then counter-stained with
haematoxylin prior to a further wash step. Sections were then mounted and imaged using

bright field light microscopy at a 10-20 x magnification.

3.3.11 Quantitative polymerase chain reaction (qPCR) analysis

gPCR analysis was carried out as described previously (Chapter 2, section 2.3.14).
Specific qPCR primers used include: m_nags_1, m_cps1_1, m_ass1_1, m_asl_1, m_slc25a22,
m_slc38a2, m_got_1, m_oat_1, m_g6p_1, m_pepck_1, m_pcg_1, m_fbxo32_1, m_maplc3b_1,
m_bnip3_1, m_glul_1, m_4ebpl_1, m_fgf21_1, m_adrb2_1, m_sercal_1l, m_ucp3_1,
m_ucpl_1, m_cidea_1, m_dio_1, m_adrb3_1 (Kickstart primers, Bio-Rad, UK).

3.3.12 Forelimb grip strength tests

Forelimb grip strength testing was carried out as described previously (Chapter 2, section

2.3.12).
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3.4 Results

Key results for Chapter 3

e Chronic daily G108 administration suppresses plasma amino acids and results
in lean mass loss in diet-induced obese (DIO) mice.

e G108-stimulated hypoaminoacidemia results from a broad reduction in
individual plasma amino acids in DIO mice.

¢ A high protein diet rescues chronic G108-stimulated hypoaminoacidemia and
mitigates against lean mass loss in DIO mice.

¢ A high protein diet prevents G108-mediated EE and total body weight loss in
DIO mice.

¢ Despite feeding with a high protein diet, key metabolic benefits of glucagon
signalling remain include improved plasma lipids, hepaticlipid metabolism and

glycaemia.
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3.4.1 Chronic daily G108 administration results in food-intake independent loss

of body weight in diet-induced-obese mice

To determine whether G108 results in chronic hypoaminoacidemia and loss of lean mass
in obesity, the effect of chronic peptide administration on food intake, body weight,
plasma amino acids and body composition in diet-induced obese (DIO) mice was
investigated. The effect of a high protein diet on these outcomes, in particular the ability
to ‘rescue’ plasma amino acids was also investigated in mice receiving G108. To avoid a
food intake-dependent effect on body weight and body composition, and to demonstrate
the peripheral actions of the glucagon analogue, sub-anorectic doses of G108 were used.
Due to recently described ‘glucagon resistance’ in states of fatty liver disease (Winther-
Sorensen, Galsgaard et al. 2020), a slightly higher dose of G108 (7.5 nmol/kg) was chosen
for the chronic studies in obese rodents. A 7.5 nmol/kg dose of G018 was administered
subcutaneously, daily for 27 days in DIO mice. A high fat diet was provided to all mice
with either standard protein (SP: 20 kcal%) or high protein (HP: 40 kcal%) content. Over
27 days, compared to the vehicle control group, mice in the 7.5 nmol/kg / SP diet group
experienced a significant reduction in body weight (Figure 3.1A, average weight loss +
SEM (g), Vehicle: -1.89 + 0.56 g, 7.5 nmol /kg G108 / SP: -7.73 £ 1.21 g, 7.5 nmol/kg G108
/HP:-2.42 +1.12 g). Areduction in food intake was not observed in any treatment group
compared to vehicle control (Figure 3.1B, average total food intake + SEM (g), Vehicle:
79.74 + 2.03 g, 7.5 nmol/kg G108 / SP: 80.69 + 2.74 g, 7.5 nmol/kg G108 / HP: 80.94 +
1.97 g). Mice fed a high protein diet consumed significantly more water throughout the
study than mice fed the standard protein diet (Figure 3D).
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Figure 3.1: Body weight, food and water intake over 27 days in diet-induced-obese (DI0) mice receiving
daily subcutaneous administration of either 7.5 nmol/kg G108 (red) on both a standard protein (SP) diet
(solid symbols) or a high protein (HP) diet (open symbols), N=8-9/group. From Hope, Hinds et al. (In
Press). (A) Body weight change (g). (B) Total food intake (g). (C) Cumulative food intake (g). (D)
Cumulative water intake (g), significance only indicated at last timepoint. Data expressed as mean * SEM,
significance indicates change compared to vehicle control. *p<0.05, **p<0.01, ***p<0.001, body weight and
cumulative intake data analysed with linear mixed effects model, total food intake data analysed using one-

way ANOVA with post hoc Dunnett’s test.

3.4.2 Chronic daily G108 administration results in lean and fat mass loss in

obese mice, prevented with a high protein diet

To determine whether G108 or the high protein diet intervention affected plasma amino
acid levels and lean mass, body composition was measured at baseline, day 14 and day
25 using MRI (EchoMRI). A significant reduction in lean mass from baseline was observed
in the G108-treated mice receiving a SP diet, compared to vehicle-treated mice after 14

days. However, a high protein diet mitigated lean mass loss after 14 days (Figure 3.24,
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average percentage change + SEM (%), Vehicle: -3.78 £+ 0.89 %, 7.5 nmol/kg G108 / SP: -
9.87 £ 0.99 %, 7.5 nmol/kg G108 / HP: -7.03 + 1.01 %). A further reduction in lean mass
in G108-treated mice receiving a SP diet was observed at 25 days compared to vehicle
treated mice. A high protein diet also mitigated lean mass loss after 25 days (Figure 3.24,
average percentage change + SEM (%), Vehicle: -5.79 + 1.02 %, 7.5 nmol/kg G108 / SP: -
13.78 + 0.80 %, 7.5 nmol/kg G108 / HP: -10.43 * 2.20 %). Percentage changes in lean
mass were reflected in absolute change (g), as indicated by change in lean mass (g)

(Figure 3.2B).

A significant reduction in fat mass was only observed in mice receiving 7.5 nmol /kg G108
fed the SP diet, which became progressively evident after 25 days (Figure 3.2C, average
percentage change + SEM (%) at day 14, Vehicle: 0.73 + 1.53 %, 7.5 nmol/kg G108 / SP: -
6.52 + 3.92 %, average percentage change + SEM (%) at day 25, Vehicle: -3.88 + 2.95 %,
7.5 nmol/kg G108 / SP: -19.79 + 5.68 %). Percentage changes in fat mass were reflected
in absolute change (g), as indicated by change in fat mass (g) (Figure 3.2D).
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Figure 3.2: Body composition data during 27-day DIO study. N=9/group. From Hope, Hinds et al. (In Press).
(A) Percentage change from baseline in lean mass at day 14 and day 25. (B) Absolute change (g) from
baseline in lean mass. (C) Percentage change from baseline in fat mass at day 14 and day 25. (D) Absolute
change (g) in fat mass. Data expressed as mean * SEM, *p<0.05, **p<0.01, ***p<0.001, Analysed using two-
way ANOVA with post hoc Tukey’s test,

3.4.3 Chronic daily G108 administration results in a decline in muscle weight

and function, mitigated with a high protein diet

Consistent with the body composition data in section 3.4.2, there was a reduction in
muscle weights in the larger hindlimb muscle groups in mice treated with G108 receiving
astandard protein diet (Figure 3.3A). A significant reduction in quadriceps muscle weight
was prevented with a high protein diet. To determine the effects of chronic G108 dosing

and the high protein diet intervention on muscle physical function, forelimb grip strength
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testing was performed. A small but significant reduction in grip strength in mice
administered with 7.5 nmol/kg G108 and a standard protein diet (116 gvs 131 g, P<0.05)
(Figure 3.3B); Similar to the trends observed with muscle weight, the reduction in grip
strength at the 7.5 nmol/kg G108 dose was also prevented in mice receiving a high

protein diet.
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Figure 3.3: Muscle weight and function data following chronic dosing with G108 in DIO mice. From
Hope, Hinds et al. (In Press). (A) Ex vivo muscle weighs after 27 days of daily subcutaneous administration
of G108 treatment or vehicle control, Quad = quadriceps, Soleus, Gastro = gastrocnemius, TA = tibialis
anterior, EDL = Extensor digitorum longus, N=9/group. (B) Forelimb grip strength test at baseline prior to
commencing treatments, compared to grip strength on day 25 of daily treatments. N=9/group. Data

expressed as mean + SEM *p<0.05. Two-way ANOVA with post hoc Sidak’s test.
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3.4.4 Chronic daily G108 administration in obese mice increases hepatic
catabolism of amino acids resulting in suppressed plasma amino acids, rescued

by a high protein diet

At the end of the study, analysis of hepatic gene expression revealed a significant increase
in the expression of key enzymes of the urea cycle and amino acid transporters including
N-acetyglutamate synthetase (Nags), carbamoyl phosphate synthase (Cps),
arginosuccinate synthase (Ass), arginosuccinate lyase (Asl), solute carrier family 25
member 22 (Slc25a22) and solute carrier family 38 member 2 (SIc38a2) (Figure 3.4A). In
addition to this, the expression of catabolic intermediates, glutamic-oxaloacetic
transaminase (Got) and ornithine aminotransferase (Oat) were also increased with G108
treatment. Changes in hepatic expression of catabolic enzymes and amino acid
transporters were independent to a high protein diet intervention (Figure 3.4A).
Following 13 days of daily dosing, total plasma amino acid levels were significantly lower
immediately pre-dose in all G108 treatment groups and this was completely prevented
in groups receiving a high protein diet intervention at the timepoint measured (Figure
3.4B). The hepatic expression of key rate-limiting gluconeogenic enzymes glucose-6-
phosphatase (G6p) and phosphoenolpyruvate carboxykinase (Pepck), were also
significantly increased with G108 treatment, independent to dietary protein enrichment
(Figure 3.4C-D). In contrast to the plasma total amino acid levels on day 13 (Figure 3.4B),
at the end of the study total plasma amino acids were noted to be significantly reduced in
G108-treated mice receiving either the SP or HP diets (Figure 3.4E). As corticosterone is
a known mediator of muscle proteolysis, terminal corticosterone plasma levels were

measured with no difference across treatment groups (Figure 3.4F).
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Figure 3.4: Hepatic gene expression of markers of protein catabolism and gluconeogenesis. From Hope,
Hinds et al. (In Press). (A) Hepatic expression of urea cycle enzymes, catabolic intermediates and amino
acid transporters, N-acetylglutamate synthetase deficiency (Nags), Carbamoyl phosphate synthase 1
(Cps1), Arginosuccinate synthase 1 (Ass1), Arginosuccinate lyase (A4sl), inner mitochondrial membrane
glutamate carrier Solute Carrier Family 25 Member 22 (Slc25a22), Solute Carrier Family 38 Member 2
(SIc38a2), Glutamic oxaloacetic transaminase 1 (Got1), Ornithine aminotransferase (Oat), N=6/group. (B)
Total plasma amino acids on day 13 of study, N=9/group. Hepatic gene expression of (C) glucose-6-
phosphatase (G6p) (D) Phosphoenolpyruvate carboxykinase (Pepck) and (E) Total plasma amino acids on
day 27 of study, N=8-9/group. (F) Plasma corticosterone on day 27 on study, N=8-9/group. Data expressed
as mean *= SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, data analysed using one-way ANOVA with

post hoc Dunnett’s test.
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3.4.5 Chronic daily G108 administration suppresses plasma individual amino

acids in obese mice which are rescued by a high protein diet

Mass spectrometry confirmed a broad reduction in both essential and non-essential
plasma amino acids associated with G108 treatment (Figure 3.5, Table 3.1). Of the nine
essential amino acids, a significant reduction was observed with threonine, methionine
and lysine, and to a lesser degree with histidine in G108-treated mice receiving a standard
protein diet. A trend to reduction seen with leucine, isoleucine, valine. No change was
observed in levels of other essential amino-acid, tryptophan or phenylalanine. Amino
acid levels for all essential amino acids were rescued with a high protein diet, although in
the case of lysine and threonine, the high protein diet only blunted the reduction in the
level of this amino acid in mice treated with G108. A high protein diet not only rescued
the branched chain amino acids, leucine, isoleucine and valine, but significantly increased

plasma levels (Figure 3.5, Table 3.1).

Of the 11 non-essential amino acids analysed, G108 led to a significant reduction in
plasma levels of serine, glutamine, glycine, alanine, citrulline, tyrosine and ornithine. A
numerical reduction in levels of other non-essential amino acids was seen with proline,
glutamate and arginine. No change was observed in levels of taurine. As with the essential
amino acids, G108-stimulated reductions in non-essential amino acids was rescued in

mice fed the high protein diet (Figure 3.5, Table 3.1).

Collectively, these results show the broad effect of G108 on individual plasma amino acids
with specific amino acids being more prone to being suppressed. However, the reductions
in amino acids were equally broadly rescued by increasing dietary protein content from

20 kcal% to 40 kcal%.
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Figure 3.5: Plasma levels of individual essential amino acids (EAA’s), as measured by gas-chromatography-
mass-spectrometry (GCMS), following 13 days of treatment with vehicle and 7.5 nmol/kg G108 with and
without a high protein diet intervention, N=6/group. From Hope, Hinds et al. (In Press). Data expressed as

mean = SEM *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, difference compared to vehicle control group.
Data analysed with one-way ANOVA with post hoc Dunnett’s test.
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Figure 3.6: Plasma levels of individual non-essential amino acids (NEAA’s), as measured by gas-

chromatography-mass-spectrometry (GCMS), following 13 days of treatment with vehicle and 7.5 nmol/kg

G108 with and without a high protein diet intervention, N=6/group. From Hope, Hinds et al. (In Press).

Data expressed as mean +

SEM *p<0.05, **p<0.01, **p<0.001, **p<0.0001, difference compared to

vehicle control group. Data analysed with one-way ANOVA with post hoc Dunnett’s test.

120



Amino Acid Vehicle/SP 7.5 nmol/kg G108/SP 7.5 nmol/kg
G108/HP
Histidine 101.3+4.8 73.6 £4.0 116.9 £ 10.2
P<0.05
Total 114.5+8.6 69.0 +8.3 193.2+32.1
Isoleucine P<0.05
Leucine 195.0£13.3 121.0+11.1 341.6 +48.8
P<0.01
Valine 283.6 +23.6 164.6 +£20.2 475.6 +83.9
P<0.05
Lysine 945.8 + 67.5 2451 +28.1 567.5+77.4
P<0.0001 P<0.01
Methionine 93.4+69 27.1+4.2 82.9+120
P<0.001
Phenylalanine 82.2+49 64.7 £ 4.1 110.0 £10.7
Threonine 270.0+17.9 70.12 +10.5 1789 +21.9
P<0.0001 P<0.01
Tryptophan 98.4 +6.1 748 + 6.1 85.0+6.9

Table 3.1: Plasma levels of individual essential amino acids, as measured by gas-chromatography-mass-

spectrometry (GCMS), following 13 days of treatment with vehicle and G108 with and without a high

protein diet intervention, N=6/group. Data expressed as mean * SEM *p<0.05, **p<0.01, ***p<0.001,

*H**kp<0.0001, difference compared to vehicle control group. Data analysed with one-way ANOVA with post

hoc Dunnett’s test.
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Amino Acid Vehicle/SP 7.5 nmol/kg G108/SP 7.5 nmol/kg
G108/HP
Alanine 603.1 £42.0 2409 £ 26.5 579.2 + 83.7
P<0.01
Arginine 37+£10.9 17.6+2.1 359+9.1
Aspartate 359+4.6 32.1+£53 43.3+8.2
Asparagine 78+9.8 22919 65.4£19.9
P<0.05
Glutamate 96.3+11.2 81.7+5.3 126.8 £ 16.7
Glutamine 678.5+32.8 364.9 +20.4 665.5+73.3
P<0.01
Glycine 282.3+18.1 130.0 £ 5.0 212.8+22.0
P<0.0001 P<0.05
Proline 197.1+22.8 91.2 +13.6 255.5+42.3
P<0.05
Serine 216.0+13.4 86.5+6.3 186.4 + 35.0
P<0.01
Tyrosine 121.1+£10.6 62.4+£9.0 1384 +17.1
P<0.05
Cysteine 0.9+0.2 09+0.1 1.2+£0.2

Table 3.2: Plasma levels of individual non-essential amino acids, as measured by gas-chromatography-
mass-spectrometry (GCMS), following 13 days of treatment with vehicle and G108 with and without a high
protein diet intervention, N=6/group. Data expressed as mean * SEM *p<0.05, **p<0.01, ***p<0.001,
*H**4p<0.0001, difference compared to vehicle control group. Data analysed with one-way ANOVA with post

hoc Dunnett’s test.
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3.4.6 G108-stimulated hypoaminoacidemia in obese mice is associated with

markers of proteolysis in skeletal muscle, mitigated with a high protein diet.

To explore whether increased hepatic catabolism of amino acids and subsequent
reduction in plasma amino acid availability affected cellular pathways of muscle protein
turnover, the expression of key regulators of muscle protein breakdown in skeletal
muscle (gastrocnemius) were determined after 27 days of daily peptide dosing. An
increase in the expression of the E3-ligase, Fbxo32 was observed in mice receiving 7.5
nmol/kg G108 and a standard protein diet (Figure 3.7A). Upregulation of Fbxo32
expression was not prevented in mice receiving 7.5 nmol/kg G108 and a high protein
diet. A similar pattern of expression was observed for markers of the autophagy-
lysosomal pathway, including the autophagy related genes (ATG) Maplc3b and Bnip3
(Figure 3.7B and C). Furthermore, a similar pattern of gene expression was observed for
glutamine synthetase (Glul), a key enzyme which transferring ammonia from the
breakdown of the branched chain amino acids to glutamine (Figure 3.7D). In mice
receiving 7.5 nmol/kg G108, a trend towards increased expression of the downstream
mTORc1 target, 4ebp1 (a repressor of protein translation) was observed (Figure 3.7E).
Upregulation of 4ebp1 was not observed in mice receiving G108 and a high protein diet
(Figure 3.7E). To further characterise changes in key skeletal muscle enzyme levels
involved in protein synthetic and proteolysis pathways, western blot analysis was carried
out. Ribosomal protein S6 kinase beta-1 (S6K) is an important marker of mammalian
target of rampamycin (mTORC1) activity, with mTORC1 established as a key amino acid
sensing complex regulating both muscle protein synthesis and proteolysis. Compared to
the vehicle control group, no significant change was identified in the phosphorylation
status of S6K1 in G108-treated mice, however a trend towards increased activity was
observed in mice receiving the high protein diet (Figure 3.8A). No change in total levels
of the E3 ligase Atrogin-1 were observed (Figure 3.8B). To determine whether there were
any detectable changes in markers of cellular energy status, the phosphorylation status
of AMPK was also measured. No significant difference in the T-172 phosphorylated
AMPK:Total AMPK ratio was identified in the G108 group on either normal protein diet

or a high protein diet, compared to vehicle control (Figure 3.8C).
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Figure 3.7: Gene expression of key ubiquitin-proteosome and proteolysosome autophagy pathways in
skeletal muscle following 27 days of daily subcutaneous treatment with G108 peptide or vehicle control.
N=5-6/group. From Hope, Hinds et al. (In Press). (A) F-box only protein 32 (Fbxo32). (B) Microtubule
associated protein 1 light chain 3 beta (Map1Ic3b). (C) BCL2 interacting protein 3 (Bnip3). (D) Glutamine
synthetase (Glul). (E) Eukaryotic translation initiation factor 4E-binding protein 1 (4ebpl). Gene
expression data analysed by the 2-*ACT method, normalised to beta-actin endogenous control. Data

expressed as mean *- SEM. *p<0.05, ****p<0.0001, difference compared to vehicle control group.
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Figure 3.8: Protein quantification of key ubiquitin-proteosome and protein synthetic pathways in skeletal

muscle following 27 days of daily subcutaneous treatment with G108 peptide or vehicle control. N=5-

6/group. (A) Representative western blot image of p-S6k and total S6K comparing Vehicle / SP diet, 7.5
nmol/kg G108 / SP diet and 7.5 nmol/kg G108 / HP diet groups; Histogram of phosphorylated S6K:total
S6K ratio, P-389 S6K and Total S6K normalised to endogenous control (GAPDH). (B) Representative

multiplex western blot image of Atrogin-1 comparing Vehicle / SP diet, 7.5 nmol/kg G108 / SP diet and 7.5

nmol/kg G108 / HP diet groups; Histogram of Atrogin-1:GAPDH ratio normalised to endogenous control

(GAPDH). (C) Representative western blot image of p-AMPK and total AMPK comparing Vehicle / SP diet,
7.5 nmol/kg G108 / SP diet and 7.5 nmol/kg G108 / HP diet groups; Histogram of p-AMPK:total AMPK ratio

normalised to endogenous control (GAPOH). N=3-6/group. Western blot data analysed by one-way ANOVA.

Data expressed as mean + SEM. *p<0.05, ***p<0.0001.
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3.4.7 G108-stimulated hypoaminoacidemia is associated with increased hepatic

expression and circulating levels of fibroblast growth factor 21 (FGF21)

The hepatic expression of Fgf21 was significantly upregulated in mice receiving 7.5
nmol/kg G108 and a standard protein diet (Figure 3.9A). This response was not observed
in mice receiving the same dose level of G108 and a high protein diet (Figure 3.9A). The
circulating plasma levels of FGF21 mirrored the pattern of hepatic gene expression in
G108-treated mice receiving the standard protein diet and likewise a high protein diet

prevented an increase in circulating FGF21 in G108-treated mice (Figure 3.9B).
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Figure 3.9: Changes in hepatic expression and circulating levels of fibroblast growth factor 21 (FGF21).
From Hope, Hinds et al. (In Press). (A) Fold change in expression of hepatic Fgf21, n=6/group. (B)
Circulating plasma levels of FGF21, n=9/group. Data expressed as mean * SEM, *p<0.05, analysed using

one-way ANOVA with post hoc Dunnett’s test.

3.4.8 The effect of 7.5 nmol/kg G108 and a high protein diet on whole-body

energy expenditure

Daily dosing of 7.5 nmol/kg G108 led to a sustained increase in average oxygen
consumption (VO2) compared to mice receiving vehicle control (Figure 3.10A and B). The
increase in oxygen consumption was also similar across time phases (Table 3.3, average
oxygen consumption (ml/hr) in the light phase; Vehicle / SP : 118.32 + 3.03 ml/hr, 7.5
nmol/kg / SP: 132.85 = 3.02 ml/hr, average oxygen consumption in the dark phase
Vehicle / SP: 134.39 + 3.34 ml/hr, 7.5 nmol/kg / SP: 149.09 * 3.33 ml/hr). Consistent
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with the change in oxygen consumption, the average energy expenditure as measured by
kcal expended per hour was also increased in mice receiving G108 (Figure 3.10C, Table
3.4), average energy expenditure (kcal/hr) in the light phase; Vehicle / SP : 0.57 + 0.01
kcal/hr, 7.5 nmol/kg / SP: 0.64 + 0.01 kcal/hr, average energy expenditure in the dark
phase; Vehicle / SP : 0.63 = 0.02 kcal/hr, 7.5 nmol/kg / SP: 0.69 * 0.02 kcal/hr). A high
protein diet prevented the increase in whole-body oxygen consumption and energy
expenditure (kcal/hr) in both light and dark phases in mice treated with G108 (Figure
3.10B and C, Table 3.3 and 3.4).

G108 treatment led to an increase in carbon dioxide production (VCO2) however this did
not reach statistical significance (Figure 3.10D, Table 3.5). A lower VCO2 to VO2 ratio
were reflected in the lower respiratory exchange ratio (RER) between Vehicle / SP and
7.5 nmol/kg G108 / SP groups during the dark and full day time phases (Figure 3.10E). A
significant reduction in RER was noted between Vehicle / SP and 7.5 nmol/kg HP groups,
particularly in the dark and full day phases (Figure 3.10E, Table 3.5), consistent with the

predicted increase in feeding of a high protein diet during the dark period.
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Figure 3.10: Whole-body oxygen consumption and carbon dioxide production in 7.5 nmol/kg G108-
treated DIO mice. From Hope, Hinds et al. (In Press). (A) Oxygen consumption (ml/hr). (B) Average
oxygen consumption (ml/hr) over the full day, dark or light phase. (C) Average energy expenditure
(kcal/hr) over the full day, dark or light phase. (D) Average carbon dioxide production (ml/hr) over the full
day, dark or light phase. (E) Respiratory exchange ratio (RER) over the full day, dark or light phase. Data
expressed as mean * SEM, *p<0.05. VO2, VCO2 and EE data analysed using regression-based ANOVA. RER
data analysed with one-way ANOVA with post hoc Dunnett’s test.
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Average 02 Light Dark Full day
consumption
(ml/hr)
Vehicle / SP 118.32 +3.03 134.39 +3.34 126.36 +3.13
7.5 nmol/kg / SP 132.85 £ 3.02 149.09 = 3.30 140.97 £ 3.31
P<0.05 P<0.05 P<0.05
7.5 nmol/kg / HP 125.26 £ 2.99 139.27 £ 3.29 132.27 £3.08

Table 3.3: Average oxygen consumption (VO2) during metabolic cage study day 22-25. N=7-8/group.

Significance indicates difference between treatment group and vehicle / SP group. Analysed by regression

based ANCOVA with lean mass as co-variate.

Average kcal/hr Light Dark Full day
Vehicle / SP 0.57 +0.01 0.63+0.02 0.60 +0.01
7.5 nmol/kg / SP 0.64 +0.01 0.69 +0.02 0.67 +0.02
P<0.05 P<0.05 P<0.05
7.5 nmol/kg / HP 0.60 +0.02 0.64 +0.02 0.62 +0.02

Table 3.4: Average energy expenditure (kcal/hr) during metabolic cage study day 22-25. N=7-8/group.

Significance indicates difference between treatment group and vehicle / SP group. Analysed by regression

based ANCOVA with lean mass as co-variate.
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Average CO2 Light Dark Full day
production (ml/hr)

Vehicle / SP 95.60 + 3.02 114.70 £ 3.61 105.20 + 3.24

7.5 nmol/kg / SP 106.40 + 3.01 124.57 + 3.59 115.48 + 3.22
P<0.05

7.5 nmol/kg / HP 98.16 + 2.98 110.76 £3.55 104.47 + 3.19

Table 3.5: Average carbon dioxide production (VCO2) during metabolic cage study day 22-25. N=7-
8/group. Significance indicates difference between 7.5 nmol/kg / SP group and 7.5 nmol/kg / HP group.

Analysed by regression-based ANCOVA with lean mass as co-variate.

Respiratory Light Dark Full day

exchange ratio

Vehicle / SP 0.82£0.01 0.86 £ 0.01 0.84 £ 0.01

7.5 nmol/kg / SP 0.79 £ 0.01 0.83 £0.01 0.81+0.01

7.5 nmol/kg / HP 0.78 £ 0.01 0.80 £ 0.01 0.79 £ 0.01
P<0.01 P <0.05

Table 3.6: Average respiratory exchange ratio (RER) during metabolic cage study day 22-25. N=7-8/group.
Significance indicates difference between treatment group and vehicle / SP group. Analysed using two-way

ANOVA with post hoc Dunnett’s test.
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3.4.9 Chronic G108 administration leads to improved glucose tolerance

independent to dietary protein content

To determine whether a chronic beneficial effect on glycaemia could be observed in obese
mice using the sub-anorectic dose of a glucagon agonist (7.5 nmol/kg G108), the effects
on fasting glucose and glucose tolerance were determined. A glucose tolerance test on
day 15 revealed improvements in fasting glucose and glucose tolerance across all
treatment groups compared to vehicle control (Figure 3.11A and B, Table 3.7). This was
not associated with a difference in 20-minute glucose stimulated plasma insulin levels
(Figure 3.11C). No differences were observed in insulin tolerance in any treatment group

compared to vehicle control (Figure 3.11D, E and F).
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Figure 3.11: Glycaemic data. (A) 2 g/kg intraperitoneal glucose tolerance test on day 15 of study
n=9/group. From Hope, Hinds et al. (In Press). (B) Incremental area under the curve (AUC) for glucose
tolerance test (baseline to 20 min) (C) 20 minute-stimulated plasma insulin levels during ipGTT. (D) 0.75
U/kg intraperitoneal insulin tolerance test (IpGTT), n=6/group. (E) IpGTT results as in (D) corrected for
baseline glucose (F) Incremental area under the curve (AUC) for glucose tolerance test. *p<0.05, **p<0.01,
**%*p<0.001, ***p<0.0001. Data expressed as mean *- SEM. One- and two-way ANOVA with post hoc

Dunnett’s test.
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Glucose (mmol/1) Vehicle control 7.5 nmol/kg G108 / | 7.5 nmol/kg G108 /
SP HP
Baseline (0 mins) 7.38 £ 0.49 5.76 £ 0.38 496 +0.37
P<0.05 P<0.01
20 min 16.69 + 1.28 11.87 + 1.05 10.21 + 1.44
P<0.05 P<0.05
40 min 12.84 +1.13 9.36 + 0.81 7.44 £ 0.51
P<0.05 P<0.01
60 min 11.07 + 1.03 7.84 +0.56 7.50 £ 0.56
P<0.05 P<0.05
90 min 9.20 £ 0.59 7.19 £ 0.41 6.76 + 0.47
P<0.05 P<0.05

Table 3.7: Intraperitoneal glucose tolerance test (2g/kg) on day 15 of study, Vehicle control / SP diet,
7.5nmol/kg G108 / SP diet. 7.5 nmol/kg G108 / HP diet. Data represented as mean * SEM, significance
indicates difference between vehicle control group and treatment group, *p<0.05, **p<0.01. Analysed using

two-way ANOVA with post hoc Dunnett’s test.

3.4.10 Chronic G108 administration leads to a reduction in hepatic lipid

accumulation independent to dietary protein content

To determine the effect of chronic G108 treatment on other key metabolic benefits
attributed to GCGR signalling, plasma lipids and hepatic lipid metabolism were further
explored. Although no change was observed in plasma total triglycerides across the
groups (Figure 3.12A), a significant reduction in plasma total cholesterol was detected in
mice administered with G108 and fed either the SP or HP diet (Figure 3.12B). Gene
expression analysis revealed a reduction in the hepatic expression of Fasn, a key lipogenic
marker and this reduction was also observed in mice fed a HP diet (3.12C). The
expression of Cptla, a marker of fatty acid catabolism was increased only in G108-treated
mice fed a SP diet. Consistent with the gene expression data, histological examination of
hepatic slices revealed a marked reduction in hepatic lipid accumulation in G108-treated

mice, irrespective of dietary protein content (Figure 3.12D).
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Figure 3.12: Lipid metabolism parameters from chronic 7.5 nmol/kg G108 daily dosing study in DIO mice.
From Hope, Hinds et al. (In Press). (A) Plasma total triglyceride on day 14 of study, n=9/group. (B) Plasma
total cholesterol on day 14 of study, n=9/group. (C) Expression of markers of hepatic lipid metabolism,
n=8-9/group (D) Representative micrographs of terminal hepatic lipid content as indicated by Oil Red O
staining. (F). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, indicates comparison between treatment and
vehicle control group. Data plotted as mean * SEM, analysed using one- and two-way ANOVA. Gene

expression data analysed by the 2-DDCT method, normalised to cyclophilin endogenous control.

3.4.11 Chronic G108 administration activates a multi-organ energy consuming

response associated with hypoaminoacidemia

Given that G108-stimulated energy expenditure and fat mass loss were prevented when
feeding with a high protein diet, hypoaminoacidemia-mediated EE becomes a compelling
mechanism explaining glucagon-mediated EE. Several early studies demonstrated the
effect of dietary protein restriction on enhancing EE in rodents and humans (Miller and
Payne 1962, Miller 1967, Stirling and stock 1968, McCraken 1976, Tulp 1979, Rothwell
1979, Rothwell and Stock 1982, Rothwell et al 1983). More recent research in rodents
has demonstrated the divergent effects of dietary protein restriction on the EE
mechanisms, including sympathetic activation, BAT and muscle thermogenesis and

FGF21 action (Pezeshki, Zapata et al. 2016). Therefore, markers of energy expenditure
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were measured in various tissues in the obese G108-treated mice receiving either the SP

or HP diet.

During the assessment period in metabolic cages, a general trend towards increased
locomotor activity across the light and dark phases was observed in G108-treated obese
mice fed a standard protein diet (Figure 3.13A-C, Table 3.8). A significant increase in
locomotor activity (XTOT) was observed in the G108 / SP group compared to vehicle
control in the first dark phase (D1) of the assessment period (Figure 3.13C). G108-treated
mice fed the high protein diet did not exhibit the same increase in activity throughout the

light or dark phases with numerical reductions observed (Figure 3.13A-C, Table 3.8).
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Figure 3.13: Activity levels in G108-treated obese mice. From Hope, Hinds et al. (In Press). (A) Ambulatory
activity (XAMB) over a 60-hour period in 7.5 nmol/kg G108-treated mice. (B) Locomotor activity (XTOT)
in 7.5 nmol/kg G108 treated mice. (C) Locomotor activity over individual dark and light periods in 7.5
nmol/kg G108-treated mice, n=7-8/group. *p<0.05, **p<0.01. Data expressed as mean * SEM analysed

using one- way ANOVA with post hoc Sidak’s test, difference between treatment and vehicle group.

XTOT (Beam D1 D2 D3 L2 L3
breaks in x-
axis)
Vehicle / SP 250.7+76.11 | 265.2+90.54 | 242.2 + 68.46 163.7 + 253.2
64.63 79.37

7.5 nmol/kg / 545.1+113.0 | 337.1+68.23 | 234.1 +68.68 2498 187.6 =
Sp P<0.05 62.65 53.36

7.5 nmol/kg / 335.7+95.54 | 168.3+2692 | 1729 +75.13 1344 1449 *
HP 47.35 71.07

Table 3.8: Activity levels in G108-treated obese mice across individual dark and light periods. As
represented in Figure 3.12. *p<0.05, Data expressed as mean + SEM analysed using one- way ANOVA with

post hoc Sidak’s test, difference between treatment and vehicle group.

135



The measurement of a selection of thermogenic markers in skeletal muscle
(gastrocnemius) was made at the end of the 27-day daily dosing study in DIO mice.
Increased  expression of the beta 2 adrenergic receptor (Adrb2),
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (Sercal) and uncoupling protein
3 (Ucp3) was found in G108-treated mice receiving a standard protein diet (Figure 3.14A-
C, Table 3.9). This increase was not observed in mice receiving the high protein diet
(Figure 3.14A-C). No significant change was observed in the skeletal muscle gene
expression of either fibroblast growth factor-21 (Fgf21) or Peroxisome proliferator-

activated receptor-gamma coactivator 1-alpha (Pgc1-alpha) (Figure 3.14A-C, Table 3.9).
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Figure 3.14: Markers of skeletal muscle EE from 27-day daily dosing study with G108 in diet induced obese
(DIO) mice. From Hope, Hinds et al. (In Press). (A) Expression of skeletal muscle beta 2 adrenergic receptor
(Adrb2) (B) sarcoplasmic/endoplasmic reticulum calcium ATPase 1 (Sercal) and (C) uncoupling protein 3
(Ucp3) (D) Fibroblast growth factor 21 (Fgf21). (E) Peroxisome proliferator-activated receptor-gamma
coactivator 1-alpha (Pgcl-alpha). *p<0.05, **p<0.01. Data expressed as mean + SEM analysed using one-
way ANOVA with post hoc Sidak’s test, difference between treatment and vehicle group. Gene expression

data analysed by the 2-DDCT method, normalised to beta-actin endogenous control.
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Gene Vehicle / SP 7.5 nmol/kg G108 / SP | 7.5 nmol/kg G108 / HP
Adrb2 1.88+0.21
0.83+£0.11 P<0.01 1.57 £ 0.26
Sercal 2.27 £0.44
0.93 +0.27 P<0.05 1.38+0.47
Ucp3 3.35+£0.77
1.05 +0.36 P<0.05 1.27 £ 0.33
Fgf21
1.30+0.12 2.09 £ 0.29 1.91+0.38
Pgc1-alpha
2.58+1.21 1.46 +0.32 3.89 £1.60

Table 3.9: Markers of skeletal muscle EE from 27-day daily dosing study with G108 in diet induced obese

(DIO) mice. As represented in Figure 3.12.

In brown adipose tissue (BAT), chronic G108 administration did not result in a significant

change in the expression of the key thermogenic uncoupling protein 1 (Ucp1) (Figure

3.15A, Table 3.10). No changes were observed in other regulators of Ucpl or BAT

thermogenesis including cell death-inducing DNA fragmentation factor alpha-like

effector A (Cidea), lodothyronine deiodinase 2 (Dio2Z) or peroxisome proliferator-

activated receptor-gamma coactivator (Pcgl-alpha). A significant increase in fibroblast

21 (Fgf21) expression was observed in G108-treated mice fed the SP diet, and this was

not observed in mice fed the HP diet.
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Figure 3.15: Markers of brown adipose tissue (BAT) markers of EE from 27-day daily dosing study with
G108 in diet induced obese (DIO) mice. Adapted from Hope et al., 2022. (A) Uncoupling protein 1 (Ucp1)
(B) Cell Death Inducing DFFA Like Effector A (Cidea). (C) lodothyronine diodinase (Dio) (D) Fibroblast
growth factor 21 (Fgf21). (E) Peroxisome proliferator-activated receptor-gamma coactivator 1-alpha
(Pgc1-alpha). *p<0.05, **p<0.01. Data expressed as mean + SEM analysed using one- way ANOVA with post
hoc Sidak’s test, difference between treatment and vehicle group. Gene expression data analysed by the 2-

DDCT method, normalised to beta-actin endogenous control.

7.5 nmol/kg G108 / 7.5 nmol/kg G108 /

Gene Vehicle / SP SP HP

1.07 £ 0.15 1.10 £ 0.24 1.80 +0.14
Ucp1

1.18 +0.47 146 +0.21 1.12+0.48
Cidea

1.06 +0.18 0.723£0.13 1.95+0.28

Dio

1.21+4.19 5.16 + 0.47 1.78 +4.19

Fgf21 P<0.05
1.089 +0.1758 1.20+0.15 0.91 £ 0.07
Pgc1-alpha

Table 3.10: Markers of brown adipose tissue (BAT) markers of EE from 27-day daily dosing study with
G108 in diet induced obese (DIO) mice. As represented in Figure 3.14.

Although a trend towards increased expression of Ucp1 was observed in white adipose

tissue (WAT) of G108-treated mice fed the SP diet, this did not reach statistical

significance (Figure 3.16).
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Figure 3.16: Gene expression of white adipose tissue (WAT) uncoupling protein 1 (Ucp1) from 27-day daily
dosing study with G108 in diet induced obese (DIO) mice.

To determine whether any circulating markers of increased EE were detectable, both
plasma norepinephrine and thyroxine were measured. G108-treated mice fed with either
the SP or HP diet exhibited significantly higher circulating levels of norepipnephrine
compared to vehicle control (Figure 3.17A, Table 3.11). No change was detected in
circulating thyroxine (Figure 3.17B, Table 3.11).
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Figure 3.17: Terminal plasma norepinephrine and free thyroxine (T4) from 27-day daily dosing study with
G108 in diet induced obese (DIO mice). ***p<0.001, ***p<0.0001. Data expressed as mean + SEM analysed
using one- way ANOVA with post hoc Dunnett’s test, significance indicates difference between treatment

and vehicle group.

7.5 nmol/kg G108 / | 7.5 nmol/kg G108 /
Gene Veh / SP SP HP
Plasma 5.33+0.28 4.73 £0.27
norepinephrine 3.06£0.22 P<0.0001 P<0.001

(pg/ml)

Plasma
thyroxine 13.03 +1.47 12.70 £ 0.94 13.27 + 1.67
(pmol/1)

Table 3.11: Plasma norepinephrine and thyroxine levels from 27-day daily dosing study with G108 in diet

induced obese mice.
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3.5 Discussion

This Chapter investigated the chronic effect of G108, a long-acting glucagon analogue, on
hepatic amino acid catabolism, plasma amino acids and lean mass in an obese model. The
effects of G108 and a high protein diet on plasma amino acid levels and lean mass in obese
mice were initially determined followed by a broader assessment of the metabolic
benefits conferred by G108 on either the SP or HP diet. These will be discussed in more

detail in the following sections.

3.5.1 G108 stimulates chronic hepatic amino acid catabolism leading to low

plasma amino acids and lean mass loss in DIO mice

A chronic daily dosing study of G108 in DIO mice over 27 days was carried out using a
sub-anorectic dose of G108 in mice receiving either a standard or high protein diet (SP
and HP, respectively). G108 administration led to a striking reduction in lean mass
compared to vehicle control as early as 14 days of treatment, which was further evident
at day 25 (Figure 3.2). This was associated with a significant reduction in several
individual essential- and non-essential amino acids (Figures 3.5 and 3.6). This is in
keeping with the broad catabolic action of glucagon on amino acids in the clinical case of
glucagon excess, for example the glucagonoma syndrome (Mallinson, Bloom et al. 1974,
Almdal, Heindorff et al. 1990). A particular lowering in specific essential amino acids was
observed, for example lysine, methionine, and threonine (Figure 3.5) the latter two also
profoundly reduced in the glucagonoma syndrome (Almdal, Heindorff et al. 1990). The
findings here are also consistent with previous glucagon infusion studies in man, in which
a broad reduction in amino acids was observed over short term infusions of glucagon
dose of 6 ng/kg/min (Boden, Rezvani et al. 1984, Charlton, Adey et al. 1996). Our group
has previously demonstrated that a GLP-1R/GCGR co-agonist results in reduction in
plasma total amino acids in rats over 22 days (Rebecca Scott 2019). The findings in this
chapter extend these findings by demonstrating that a long-acting glucagon analogue
results in a broad reduction in individual amino acids together with lean mass loss in an

obese mouse model.
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Consistent with G108-stimulated hypoaminoacidemia and the known actions of
glucagon, an increase in key markers of hepatic amino acid catabolism were observed;
G108 led to increased expression of urea cycle enzymes and amino acid transporters
(Figure 3.4A). Glucagon induction of urea cycle enzyme activity is well established; In a
3-day study in rats, a particular increase in the activity of CPS, ASS and ASL was observed
(McLean and Novello 1965). Another study demonstrated the increase the activity of all
the urea cycle enzymes up to 7 days in rats with a continuous glucagon infusion
(Snodgrass, Lin et al. 1978). Further studies in cultured rodent hepatocytes also support
a general increase in mRNA expression of the urea cycle enzymes (Bobe, Velez et al. 2009)
(Ulbright and Snodgrass 1993). Also consistent with the present findings of G108 in obese
rodents, our group has previously demonstrated that a GLP-1R/GCGR co-agonist results
in the increased expression of hepatic arginosuccinate synthetase (Ass) and carbamoyl
phosphate Synthetase (Cps) after 22 days of daily injection in rats (Rebecca Scott 2019).
The change in expression of hepatic amino acid transporters has also been demonstrated
in a model of glucagon resistance, using hepatic-specific Gcgr/- mice, which in addition to
the urea cycle enzymes exhibit a marked reduction in the expression of amino acid
transporters (Winther-Sorensen, Galsgaard et al. 2020). More recently, it has been shown
that chronic administration of a long-acting GCG analogue in mice only increased the
hepatic expression of Ass with no change in the expression of Arg, Asl, Cps or Nags (Emilie
Elmelund 2022). Furthermore, interestingly the same study showed a specific increase in
the enzyme activity of CPS1. This is consistent with previous studies demonstrating the
post-transcriptional regulation of CPS1 by glucagon via Sirtuin proteins (Li, Zhang et al.
2016). Therefore, enhanced hepatic GCGR activity appears to have multiple paths to
increase amino acid catabolism, and these may be context dependent for example on the
dose, timing, and species. The findings in this chapter therefore are consistent with
previous studies of native glucagon and demonstrate chronic upregulation of hepatic
amino acid catabolism, including urea cycle and amino acid transporters in obese mice,

in response to a long-acting glucagon analogue.

In keeping with observation from the glucagonoma syndrome (Stevens, Flanagan et al.
1984), chronic G108 exposure in the current DIO study led to a reduction in lean mass
and decline in muscle function, in particular forelimb grip strength (Figure 3.3). A

previous study exploring the effects of the glucagon agonist, [UB288, showed lean mass
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loss in lean mice although plasma amino acid levels, skeletal muscle mass or function was
not reported (Habegger, Stemmer et al. 2013). Another study using several custom GLP-
1R/GCGR co-agonists has also demonstrated that a GCGR selective co-agonist, ‘Peptide 5’,
may result in significant lean mass loss in obese mice (Day, Gelfanov et al. 2012); Again
in this study, plasma amino acids, muscle weight or function were not reported.
Interestingly, a recent study has demonstrated that hyperglucagonemia associated with
type 2 diabetes leads to enhanced hepatic alanine catabolism (Okun, Rusu et al. 2021). In
this study, a supporting experiment demonstrated that chronic glucagon analogue
(IUB288) therapy over 3 weeks resulted in loss of lean mass and reduced grip strength
in lean mice, restored with hepatic alanine aminotransferase silencing; Although plasma
amino acids are not reported, this suggests that the loss of lean mass may be directly due
to GCG-stimulated hepatic amino acid catabolism and a perturbation of this liver-muscle
axis. Collectively, these previous studies are consistent with the findings presented in this
Chapter where it has been demonstrated that in an obese mouse model, a long-acting
glucagon analogue stimulates chronic hypoaminoacidemia which is associated with a
reduction of lean mass and muscle function. These findings may have implications for the
use of glucagon agonists as anti-obesity drugs, in particular as many drugs in

development are multi-agonists and may target the GCGR (Hope, Vincent et al. 2021).

The findings presented in this chapter show that G108-stimulated hypoaminoacidemia is
associated with lean mass loss however the precise mechanism leading to lean mass loss
has not been established. A likely pathway to lean mass loss is direct amino acid sensing
in lean mass. Local amino acid sensing in lean mass is a major regulator of mTOR and
therefore this may be a prominent mechanism of lean mass loss (Kamei, Hatazawa et al.
2020). As glucagon enhances energy expenditure, a chronic net release of amino acids
may contribute to energy requirements through provision of gluconeogenic substrates
(Schematic 3.1). Supporting this, although the precise mechanism of lean mass loss in the
glucagonoma syndrome remains unclear it is thought to be due to chronic

hypoaminoacidemia (Almdal, Heindorff et al. 1990).
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Schematic 3.1: Potential interaction between G108-stimulated hypoaminoacidemia, lean mass loss and EE

3.5.2 A high protein diet rescues G108-stimulated hypoaminoacidemia and

limits lean mass loss

A high protein diet rescued pre-dose total plasma amino acid levels, as measured on day
13 of the study (Figure 3.4B) in G108-treated mice, and this was associated with blunting
of lean mass loss by day 14 and day 25 (Figure 3.2). A high protein diet intervention has
not been reported in models of exogenous native or glucagon analogue administration,
however evidence for the effect of repleting amino acids in the context of
hyperglucagonemia can be found in other situations. For example, previous studies have
demonstrated the effects of excess glucagon and amino acid replacement on hepatic
amino acid catabolism and muscle loss in models of critical illness (Thiessen, Derde et al.
2017). A key concern in critical illness has been sustained glucagon-driven hepatic
nitrogen clearance despite amino acid replacement. Indeed, muscle loss is seen early on
in critical illness and attempts to counteract the reduction in plasma amino acid
availability with parenteral amino acid administration is limited by further stimulation
of glucagon secretion and subsequent hepatic amino acid catabolism (Thiessen, Derde et
al. 2017). Confounding the interpretation from this extreme clinical condition, in critical
illness, other catabolic hormones also play a role in muscle proteolysis which are known
to act together to enhance proteolysis (Gore, Jahoor et al. 1993). Given the role of other
catabolic hormones in muscle proteolysis, plasma corticosterone was measured however
no differences were observed between treatment groups (Figure 3.4F). In contrast to
these models of critical illness, G108-driven hypoaminoacidemia in obese mice is rescued
by dietary protein supplementation and this is associated with a mitigation of lean mass

loss (Figure 3.2). Further studies would be required to determine whether a high protein
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diet intervention can also overcome G108-stimulated hypoaminoacidemia when higher
anorectic doses of peptide are used. At the sub-anorectic dose used of G108, although a
40 kcal% (high protein) diet broadly rescued plasma amino acids, specific amino acids
were still reduced for example lysine, glycine and threonine. (Figure 3.5 and 3.6).
Furthermore, at the end of the study, plasma total amino acids were also found to be
reduced in G108-treated mice fed a HP diet (Figure 3.4E). Consistent with these findings,
lean mass loss was not fully prevented in mice receiving the high protein diet (Figure 3.2).
It is possible that the plasma amino acid measurements did not reflect any ‘hidden’
reductions in levels throughout the light/fasting period where the protective effect of the
high protein diet on plasma amino acids and lean mass in G108-treated mice may have

been attenuated.

The mechanism of a high protein diet protecting against lean mass through rescue of
plasma amino acids from sub-normal to normal levels may be multi-faceted. However,
based on established amino acid sensing pathways in lean tissue (Chapter 1, section
1.17), it is likely that direct amino acid sensing in lean mass is conferring the protective
effects observed. From the body weight and food intake data (Figure 3.1), G108 enhances
EE in obese mice receiving the SP diet. Therefore, it is possible that direct sensing of low
amino acid availability in lean mass, acts as a mechanism to liberate glucogenic energy
substrates fuelling energy consuming processes. However, as G108-mediated EE is not
observed in obese mice fed a HP diet, G108-stimulated hypoaminoacidemia is itself
implicated in the EE response. Therefore, by rescuing plasma amino acids, the high
protein diet may act to prevent both the EE response and protect whole body protein
stores (Schematic 3.2). It may also be possible that the protein catabolism/turnover in
lean tissue may be source of the energy consuming response to G108-stimulated
hypoaminoacidemia. Further mechanistic studies using amino acid diets are explored in

Chapter 4.
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Schematic 3.2: Potential interaction between G108-stimulated hypoaminoacidemia, lean mass loss and EE

in the context of a high protein diet.

3.5.3 The effect of a high protein diet on molecular markers of muscle protein

synthesis and proteolysis.

Amino acid availability to skeletal muscle directs the balance of major signalling
pathways regulating muscle proteolysis and synthesis (Kamei, Hatazawa et al. 2020). Of
these, the ubiquitin proteasome pathway and autophagy-lysosome pathways coordinate
muscle proteolysis. In keeping with the loss of lean mass in the chronic DIO study, we
observed changes in both pathways. Upregulation in expression of the E3-ligase, Fbx032
and other autophagy related genes including Bnip3 and Maplc3b was evident in G108-
treated obese mice receiving a standard protein diet (Figure 3.7). Unexpectedly, despite
mitigation of lean mass loss in mice fed a high protein diet, autophagy markers were also
upregulated (Figure 3.7). The same pattern of expression was observed for glutamine
synthetase (Glul) (Figure 3.7). Glutamine synthetase plays an important role in
transferring ammonia from the breakdown products of branched chain amino acids in
skeletal muscle (Holecek 2018). There are several explanations for the discrepancy
between lean mass loss and skeletal muscle autophagy markers in G108-treated mice
receiving a high protein diet. For example, it is possible that the high protein diet
intervention was able to prevent upregulation of UPP and autophagy related genes and
associated lean mass loss up to a certain time point in the DIO study. Following this, G108-
stimulated hepatic amino acid catabolism may have overcome the effect of a high protein
diet to maintain plasma amino acid availability therefore leading to upregulation of the

muscle proteolytic markers. It is also possible that a high protein diet establishes a profile
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of individual amino acids which confers a differential effect on proteolytic and synthetic
pathways in skeletal muscle in this study. In addition, a terminal fast may have precluded
the protective effect of the high protein diet on these markers of muscle proteolysis in
peptide-treated mice, due to sustained action of glucagon on hepatic amino acid
catabolism without dietary protein availability. As the UPP and autophagy pathways in
muscle are regulated by amino acid availability, the changes in molecular markers of
these key muscle pathways are supported by the observation of depleted terminal plasma
amino acid levels across in both G108 groups irrespective of diet (Figure 3.4). Together,
these findings may support a cautious use of long-acting glucagon containing multi-
agonists during the fasting phase where a high protein diet intervention is not practical

or sustainable to maintain plasma amino acid levels.

Despite a significant change in expression of autophagy genes, western blot analysis did
not show a significant difference in the total levels of Atrogin-1 in gastrocnemius muscle
with G108 treatment (Figure 3.8B). Furthermore, the phosphorylation status of
Ribosomal protein S6 kinase beta-1 (S6K1) was unchanged a downstream effector of the
amino acid sensor Mammalian target of rapamycin (mTORC1), regulating protein
synthesis (Figure 3.8A). The absence of any measurable change in total protein levels and
phosphorylation status of these enzymes may be due to the subtle chronic changes in lean
mass in our model. In contrast to other models of lean mass loss e.g. cancer cachexia or
starvation where higher degrees of muscle loss are observed, using a sub-anorectic dose
of a glucagon agonist has revealed small but significant lean mass loss. Although the
‘amino acid sensor’ conferring plasma amino acid availability to lean mass in skeletal
muscle has not been identified in the G108-DIO mouse model, possible candidates include
MTORC1/S6K, AKT and AMPK (Bond 2016, Moro, Ebert et al. 2016, Kjobsted, Hingst et
al. 2018). The absence of change in S6K1 suggests mTOR may not be the amino acid
sensor here (Figure 3.8A). Furthermore, no change in AMPK status was observed in
G108-treated mice (Figure 3.8C). To further identify changes in the amino acid sensing
pathway at the level of protein activity in skeletal muscle, an experimental model with a
higher extent of glucagon induced lean mass loss may be required; In this study, protein

quantification may not be sensitive enough to detect this.
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3.5.4 G108 leads to hepatic FGF21 induction and fat mass loss

Increased circulating plasma FGF21 is associated with enhanced white adipose tissue
lipolysis in rodents (Hotta, Nakamura et al. 2009) and both transgenic and knockout
FGF21 mice demonstrate the role of FGF21 in enhancing expression or protein levels of
WAT lipases (Inagaki, Dutchak et al. 2007, Badman, Koester et al. 2009). Both direct and
indirect mechanisms have been implicated. Indeed, evidence for the direct effect of FGF21
on WAT lipolysis has been demonstrated in vivo (Adams, Yang et al. 2012). However, the
role for CNS signalling on the metabolic response to FGF21 (including adipose tissue
lipolysis through sympathetic signalling) has also been demonstrated with central FGF21
administration (Owen, Ding et al. 2014).

Consistent with the role of FGF21 in WAT lipolysis, significant fat mass loss was observed
in GO18-treated mice and was associated with elevated plasma FGF21 (Figure 3.9). The
ability of a glucagon analogue to enhance fat mass loss associated with FGF21 action has
been shown previously with the acylated glucagon analogue, 1UB288 (Habegger,
Stemmer et al. 2013). In the study using IUB288, a 10 nmol/kg daily dose over 16 days
resulted in approximately 10 g of fat mass loss independent to food intake in diet-induced
obese mice, and this was associated with a significant increase in hepatic expression and
circulating levels of FGF21. Furthermore, FGF21 KO mice were resistant to fat mass gain

when provided with a high fat diet.

Could altered levels of total or individual amino acids play a role in hepatic FGF21
induction and the associated fat mass loss observed in the G108 DIO study? This is
strongly suggested by the lack of FGF21 and fat mass loss with plasma amino acid rescue
despite treatment with G108. Although glucagon has been shown to increase circulating
FGF21 in vivo (Arafat, Kaczmarek et al. 2013, Habegger, Stemmer et al. 2013), the exact
mechanism is uncertain and thought to be via both transcriptional and post translational
mechanisms downstream to the GCGR/cAMP signalling pathway (Habegger, Stemmer et
al. 2013, Cyphert, Alonge et al. 2014). Around the same time that the effect of glucagon
on FGF21 was established, it also emerged that a low protein diet is a potent stimulator
of hepatic Fgf21 expression and circulating FGF21, associated with fat mass loss (Laeger,

Henagan et al. 2014, Yap, Rusu et al. 2020). More recently, it has been shown the dietary
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restriction of specific essential amino acids can recapitulate this effect (Yap, Rusu et al.
2020). In particular, dietary restriction of threonine or tryptophan have been implicated
in a robust hepatic FGF21 response (Yap, Rusu et al. 2020), threonine also being
dramatically reduced at the higher G108 peptide dose. The mechanism implicated in
hepatic FGF21 induction to amino acid restriction is now established as the endoplasmic
reticulum (ER) stress response, involving the eukaryotic translation initiation factor
(elF)2a-activating transcription factor (ATF4)-CHOP pathway (De Sousa-Coelho,
Marrero et al. 2012). Therefore, the supressing effect of G108 on plasma amino acids
could explain the effects on fat mass loss through hepatic induction of FGF21. Indeed,
more recently, it has been shown that a low protein diet signals through central FGF21

signalling to enhance fat mass loss (Hill, Laeger et al. 2019).

It could be suggested that G108 directly leads to increased hepatic Fgf21 expression and
a HP diet ‘switches’ it off through an independent mechanism; Both amino acid
availability and glucagon are known to be able to activate induce hepatic FGF21 through
independent cascade signalling pathways. However, as a high protein diet is not resulting
in above baseline plasma amino acid levels, excess plasma amino acid levels are not
observed, therefore it is unlikely that a ‘normal’ plasma level of amino acids would
provide a negative/brake signal on the increased hepatic expression of Fgf21, if mediated

directly by glucagon signalling.

As a sub-anorectic dose of G108 was used, any dose-dependent effects on food intake
could not be assessed. Low protein diets have been demonstrated to increase food intake
(Laeger, Henagan et al. 2014, Maida, Zota et al. 2016). However, a previous study has
demonstrated the divergent effects of low and very low protein diets on food intake with
mild-moderately restricted diets increases intake, whereas severe restriction reduces
intake (Pezeshki, Zapata et al. 2016). At the dose of G108 given (7.5 nmol/kg), as expected

there was no effect on food intake (Figure 3.1B).

The findings from this Chapter therefore provide compelling evidence that plasma amino
acid levels are the common denominator to the phenotypic effects of low protein diets
and chronic glucagon agonist therapy in vivo. This data and that of others suggest that

G108-stimulated hyopoaminoacidemia could be driving lipolysis and fat mass loss
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through the action of FGF21. However, as discussed below, the findings in this chapter
suggest that plasma amino acid levels are not only coordinating energy substrate supply
(through lipolysis and proteolysis) but may also enhancing the unknown mechanism(s)
of glucagon-mediated EE, due to the reversal of G108-mediated EE (Figure 3.10) with a
HP diet-rescue of plasma amino acid levels. Therefore, suppression of plasma amino acids
by G108 may mediate the weight loss and EE effects observed in our DIO study, both

driving the ‘fuel’ and the ‘fire’ of glucagon-driven EE.

3.5.5 Plasma amino acid availability; Implications for understanding glucagon-

stimulated EE

The mechanism by which glucagon increases energy expenditure is likely complex, multi-
faceted with species-dependent variation (Kleinert, Sachs et al. 2019). Early studies
demonstrated the ability of exogenous glucagon to enhance EE (Davidson, Salter et al.
1957, Davidson 1960). More recent studies have demonstrated the energy expenditure
effect of a long-acting glucagon agonist, [UB288 in mice (Habegger, Stemmer et al. 2013)
and that the EE effect of the GLP-1/glucagon co-agonist in rats is mediated through
glucagon receptor signalling (Scott, Minnion et al. 2018).

In this chapter, the effect of the long-acting glucagon analogue G108 on energy
expenditure was assessed directly in dedicated metabolic cages. The initial aim was to
determine whether G108-mediated EE could be sustained whilst providing a high protein
diet and mitigating lean mass loss. The effects of G108 on whole-body EE however
became apparent before the mice were placed into metabolic cages, evidenced by food
intake-independent fat mass loss in peptide treated mice (Figure 3.2). Indeed, a
significant increase in oxygen consumption and energy expenditure was observed during
both the light and dark phase in DIO mice receiving daily doses of G108 and a standard
protein diet (Figure 3.10). The increased oxygen consumption observed in the metabolic
cages are consistent with previous findings using a long-acting glucagon agonist in vivo

(Habegger, Stemmer et al. 2013).

The effects of a high protein diet on whole body energy expenditure also became

apparent before the mice were placed into metabolic cages, with a complete prevention
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of food intake-independent fat mass loss in G108-treated mice (Figure 3.2). As discussed
in section 3.5.4, fat mass loss may be associated with hepatic sensing of
hypoaminoacidemia and subsequent FGF21 secretion, a known driver of white adipose
tissue lipolysis (directly or indirectly). Therefore, restoring plasma amino acid levels may
provide the ‘brake’ on fat mass loss in G108-treated mice. To support this, a recent study
has demonstrated an indirect effect of FGF21 on WAT tissue through CNS FGF21
signalling, in response to dietary protein restriction (Hill, Laeger et al. 2019). Despite the
clear link between FGF21 and WAT lipolysis, there is evidence that hepatic FGF21 also
enhances EE. For example, FGF21 not only stimulates lipolysis, but activates
thermogenesis in adipose tissue in response to low protein diets (Laeger, Henagan et al.
2014, Hill, Laeger et al. 2019). WAT thermogenesis is also observed with central
administration of FGF21 (Owen, Ding et al. 2014). The long-acting glucagon analogue,
[UB288, also enhances EE through the action of FGF21 (Habegger, Stemmer et al. 2013).
Therefore, it is possible that G108-stimulated hypoaminoacidemia may enhance hepatic
FGF21 induction leading to increased adipose tissue thermogenesis and WAT lipolysis

(Schematic 3.3).

HPD HPD ?EE
l Muscle AA sensing
Hepatic FGF21 ; with reduced
leading to WAT — G1 Oi-stg%:\lated e protein synthesis
lipolysis (?CNS) yp and/or increased
proteolysis
Q FGF21?
T CNS?
Energy Energy
substrates substrates

Adipose tissue
thermogenesis

Schematic 3.3: Potential interactions between G108-stimulated hypoaminoacidemia, FGF21, lean mass

loss and EE in the context of a high protein diet.

As energy supply and consumption (EE) are intrinsically linked, the ability of a high
protein diet to ‘switch off’ G108-mediated fat mass loss and EE, suggest that plasma
amino acid availability is responsible for both the ‘fuel’ and the ‘fire’ of the enhanced EE

response observed. This hypothesis will be directly tested in Chapter 4 using amino acid-
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based diets. The possible mechanisms of EE in response to G108-stimulated

hypoaminoacidemia in obese mice are explored below.

3.5.6 Mechanisms of EE in response to G108-stimulated hypoaminoacidemia

Given that G108-mediated EE was prevented with a high protein diet, mechanisms of EE
driven by hypoaminoacidemia are a compelling explanation for the energy consumption
observed. Evidence for this comes from models of dietary protein or amino acid
restriction dating back to the 1960’s. Several early studies demonstrated the effect of
dietary protein restriction on enhancing EE in rodents and humans (Miller and Payne
1962, Miller 1967, Stirling and stock 1968, McCraken 1976, Tulp 1979, Rothwell 1979,
Rothwell and Stock 1982, Rothwell et al 1983). More recent research in rodents has
demonstrated the divergent effects of dietary protein restriction on the EE mechanisms,
including sympathetic and serotonergic activation, BAT and muscle thermogenesis and
FGF21 action (Pezeshki, Zapata et al. 2016). Therefore, models of dietary protein or
amino acid restriction can be used as a reference for exploring the potential mechanisms

of G108-mediated EE.

3.5.7 G108 increases protein turnover

Based on the known physiology of glucagon, several potential energy expensive pathways
are implicated following chronic G108 treatment. Although the gluconeogenesis and urea
cycle pathways are both energy-dependent (Veldhorst, Westerterp-Plantenga et al.
2009), G108-treated mice did not exhibit increased EE when supplemented with a high
protein diet, despite increased G108-mediated expression of these catabolic pathways
and increased exogenous substrate (high protein diet) supply (Figure 3.4A). This
suggests that G108-stimulated hepatic catabolism is not contributing to the EE effects
observed. Another potential source of energy demand in G108-treated mice is muscle
proteolysis which relies on ATP-dependent autophagy and the ubiquitin-proteolysis
system. Indeed the reliance on a supply of ATP has been demonstrated for the individual
pathways of autophagy including macroautophagy (Schellens, Vreeling-Sindelarova et al.
1988), microautophagy (Sahu, Kaushik et al. 2011) and maintenance of lysosomal pH
(Van Dyke 1988). Furthermore, the ubiquitin-proteosome pathway is also ATP-
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dependent at several steps (Peth, Uchiki et al. 2010). Mitigation of lean mass loss was
observed in G108-treated mice receiving a high protein diet and therefore it is possible
that sustained proteolysis in mice receiving a standard diet may contribute to energy
consumption and therefore EE effects observed. Early reports of glucagon-infusions in
humans were driven by the association of hyperglucagonemia, EE and protein catabolism
in type 1 diabetes (Nair, Halliday et al. 1984). Indeed, glucagon-infusion in humans was
later found to enhance resting metabolic rate and leucine-oxidation, a marker of whole-
body proteolysis, during insulin deficiency (Charlton and Nair 1998). It has been
suggested that protein catabolism plays an important role in the energy consumption

observed in type 1 diabetes (Hebert and Nair 2010).

Other mechanisms of hypoaminoacidemia-mediated EE (besides proteolysis) are also
possible. Recent research in rodents has also demonstrated the divergent effects of
dietary protein restriction on EE mechanisms, including sympathetic activation, BAT and
muscle thermogenesis and FGF21 action (Pezeshki, Zapata et al. 2016). Therefore, some

of these potential mechanisms are explored below.

3.5.8 G108 increases markers of physical activity

Physical activity is an important contributor to total daily energy expenditure. In mice,
up to 26% of total daily EE can be attributed to activity under thermoneutral conditions
(Virtue, Even et al. 2012). However, in most laboratory studies, which are conducted
below thermoneutral conditions, the contribution of activity to this total daily EE may be
masked by other thermogenic processes (Virtue, Even et al. 2012). Indeed, a previous
study demonstrated that at 24°C, 20°C or 5°C, increases in physical activity in mice did
not lead to an independent effect on total daily energy expenditure (Virtue, Even et al.
2012). Therefore, any changes in physical activity associated with EE between study
groups in the DIO study presented in this chapter may need to be interpreted with caution

when inferring a causal link.
The results in this chapter demonstrate that G108 can increase physical activity as

measured by x-axis beam breaks (XTOT). This increased physical activity was observed

throughout the metabolic cage assessment however only reached statistical significance
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in specificlight and dark phases. Although there are known limitations of physical activity
assessment in metabolic cages (Speakman 2013), the appropriate control groups help to

determine any given effect of the treatment.

Few reports have demonstrated a link between exogenous glucagon or glucagon-
receptor activation and physical activity. In exploring the metabolic effects of glucagon-
mediated FGF21 secretion in mice, Habagger et al demonstrated that daily treatment with
their long-acting glucagon analogue (IUB288) over 72 hours in lean mice caused an
increase in EE associated with increased beam breaks (Habegger, Stemmer et al. 2013).
The increased activity was not observed in whole body FGF21 KO mice, suggesting a role
for this hormone. A link between glucagon-receptor activation and physical activity has
also been made in studies investigating other multi-agonists targeting the glucagon
receptor. For example, twice daily treatment with a modified glucagon analogue in high
fat fed mice resulted in increased EE which was associated with increased beam breaks
in the x- and z-axis only during the dark phase (Lynch, Pathak et al. 2014). Increased
activity has also been observed with twice daily administration of a triple-agonist in high
fat fed mice, targeting GCGR, GLP-1 and GIP receptors (Gault, Bhat et al. 2013). However,
in this study the triple agonist only increased z-axis activity in the light and dark phase
and exenatide also resulted in increased z-axis activity in the light phase. Studies with the
endogenous GLP-1R/GCGR co-agonist, oxyntomodulin have also revealed changes in
physical activity in humans; One of the first studies of oxyntomodulin administration in
humans demonstrated an increase in activity related energy expenditure by 26.2% (143
kcal/day) over 4 days, as measured by a movement sensor (Wynne, Park et al. 2006).
Together, these results suggest that glucagon receptor activation may be implicated in
the increased physical activity observed, however, to date no glucagon receptor knockout

studies have been carried out to confirm a causal link.

The prevention of increased physical activity with a high protein diet and associated
amino acid rescue in G108-treated mice, suggests a direct role for plasma amino acids.
Previous studies have implicated individual amino acid restriction on physical activity in
rodents, for example methionine (Lees, Krol et al. 2014). In a study investigating the
effects of complete deprivation of individual essential amino acids, Xiao et al

demonstrated that deprivation of tryptophan increased locomotion in mice (Xiao, Du et
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al. 2016). These studies demonstrate the divergent effects of individual amino acids and
degrees of alteration, whether this is by dietary protein restriction or depletion. However,
other studies using total protein restriction, for example 5-6% casein restriction have
shown inconsistent changes in physical activity (Laeger, Henagan et al. 2014, Blais,
Chaumontet et al. 2018). Furthermore, in a more recent study, a similar 5% total protein
dietary restriction did not lead to an increase in physical activity in mice (Yap, Rusu et al.
2020). The differences in study designs, total vs individual amino acid restriction and the

degree of restriction may all play a role in the effect on physical activity.

3.5.9 G108 increases circulating FGF21 and thermogenic markers

Due to the similarity between the metabolic benefits conferred by a low protein diet, and
the action of exogenous fibroblast growth factor 21 (FGF21) (Xu, Lloyd et al. 2009, Zhang,
Xie et al. 2012), this led to Laeger and colleagues demonstrating in a seminal study that
hepatic FGF21 is an endocrine signal of protein restriction mediating effects on whole
body energy balance. (Laeger, Henagan et al. 2014). In this study, it was demonstrated
that hepatic FGF21 is a signal of protein restriction in mice, through activation of the
GCN/EIF2alpha pathway. They further showed that the observed increase in hepatic and
circulating FGF21 levels in response to starvation or a ketogenic diet is due to protein
restriction. Importantly, the low protein diet increased EE and this was prevented in
global FGF21 KO mice suggesting an obligatory role for FGF21. A more recent study has
demonstrated that central signalling of hepatic FGF21 is required for the metabolic
adaptations, including EE and fat mass loss, in response to a 5% casein dietary protein

restriction (Hill, Laeger et al. 2019).

The observation that hepatic FGF21 is expressed in response to a low protein diet is
consistent with an earlier study which showed that AA restriction leads to hepatic FGF21
induction through the GCN/ATF4 mechanism in cell and tissue experiments (De Sousa-
Coelho, Marrero et al. 2012). Justifying this investigation, De Souza and colleagues had
linked observations of low amino acid availability and the GCN/ATF4 pathway and FGF21
upregulation with lipolysis, which helped them show that low amino acid availability

upregulates FGF21 through GCN/ATF4.
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Central FGF21 signalling is required for the metabolic adaptations to a low protein diet
(Hill, Laeger et al. 2019); A low protein diet enhances EE and fat mass loss in mice with
upregulation of thermogenic markers such as Ucp1 in WAT. These effects are prevented
in mice lacking the central FGF21 receptor. This supports previous reports of exogenous
FGF21 administration, showing that FGF21 acts via central signalling to increase
sympathetic outflow to adipose tissue enhancing lipolysis and adipose tissue
thermogenesis in both BAT and WAT (Owen, Ding et al. 2014). Circulating FGF21 was
increased in G108-treated mice and prevented in those fed a high protein diet (Figure
3.9). In addition, an increase in the expression of Ucpl was observed in WAT tissue,
however this did not reach statistical significance (Figure 3.16). Although G108 did not
affect the main BAT thermogenic markers, a significant increase in Fgf21 expression was
observed (Figure 3.15). This is noteworthy as it has been demonstrated previously that
dietary protein restriction may enhance the expression of FGF21 in extra-hepatic tissues,
for example skeletal muscle, small intestine and BAT (Pezeshki, Zapata et al. 2016,
Chaumontet, Azzout-Marniche et al. 2019, Zapata, Singh et al. 2019, Dommerholt,
Blankestijn et al. 2021). Indeed, a trend towards increased Fgf21 expression as observed
in muscle from G108-treated mice, in addition to a significant increase in other
thermogenic markers (Figure 3.14). Consistent with these findings, it has been suggested
that in response to dietary protein restriction, FGF21 secretion from multiple
thermogenic tissue may be involved in a feed-forward mechanism with the sympathetic

nervous system to enhance energy expenditure (Pezeshki, Zapata et al. 2016).

Although G108-stimulated hypoaminoacidemia appears to induce hepatic and circulating
FGF21, its contribution to the EE effects observed in this model remain unclear. In
previous studies of low protein diet interventions, plasma levels of FGF21 appear to be
much higher (Hill, Laeger et al. 2019). It s likely that it is one contributing component of
many. For example, the EE and weight loss effect of a low protein diet is only partially
blunted in liver-specific FGF21 knockout transgenic mice (Perez-Marti, Garcia-Guasch et
al. 2017). Furthermore, the glucagon analogue, IUB288, enhances EE in mice partially
through FGF21 (Kim, Nason et al. 2018). Together this data suggests that G108-
stimulated hypoaminocidemia enhances EE and the hepatic expression of FGF21, which

is possible mediator of adipose tissue lipolysis and energy expenditure.
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3.5.10 Other possible amino acid centric mechanisms of G108-mediated EE

Serotonergic signalling has also been implicated in the EE response to low-protein diets
as administration of ondansetron to rodents reduces EE in rodents fed a 10 kcal% protein
restricted diet (Pezeshki, Zapata et al. 2016). Furthermore, it has been shown that
serotonergic signalling is important for thermogenesis in BAT and WAT tissue (Rothwell
and Stock 1987, McGlashon, Gorecki et al. 2015). Several of these mechanisms have been
recently reviewed (Pezeshki and Chelikani 2021).

3.5.11 Effects on glucose tolerance and hepatic fat

A significant improvement in in glucose tolerance on day 15 was observed in G108-
treated mice (Figure 3.11A and B). Importantly, these effects were maintained when
providing a high protein diet intervention. In obese mice, no change in glucose stimulated
insulin levels were observed and no change in measured insulin sensitivity (Figure 3.11C-
F). A previous study investigating the effects of the long-acting glucagon analogue,
[UB288, showed improvements in glucose tolerance (Kim, Holleman et al. 2018). Using a
euglycaemic clamp model [UB288 acutely enhances both glucose stimulated insulin
secretion and insulin sensitivity; This was shown to be mediated augmentation of the
insulin signalling pathway, in particular hepatic AKT phosphorylation, however the
observed enhanced uptake of 14C-labelled glucose into several skeletal muscle groups
remains unexplained (Kim, Holleman et al. 2018). Further investigation is therefore
required to understand the mechanisms of improved glucose tolerance secondary to
chronic sub-anorectic dosing with G108 and whether this is mediated by insulin or
insulin-independent glucose uptake pathways. It is becoming more evident that glucagon
coordinated receptor activity at the hepatic GCGR and beta cell GCGR, particularly during
the post-prandial phase may confer improved nutrient metabolism and not a

hyperglycaemic response (Capozzi, D'Alessio et al. 2022).

A significant improvement in plasma cholesterol and hepatic lipid accumulation was also
observed in G108-treated mice irrespective of dietary protein content (Figure 3.12). This
was associated with a significant reduction in Fasn a key regulator of de novo lipogenesis.

These findings are in keeping with the potent action of glucagon on circulating and
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hepatic lipid metabolism (Galsgaard, Pedersen et al. 2019, Janah, Kjeldsen et al. 2019).
Together, these findings suggest that G108 confers metabolic benefits in the chronic
setting in obesity, independent to increasing dietary protein content which helps to

mitigate lean mass loss.

3.6 Conclusions

A key aim of Chapter 3 was to determine whether chronic sub-anorectic dosing of a long-
acting glucagon analogue in an obese model could suppress individual plasma amino acid
levels and result in lean mass loss. This findings from this Chapter demonstrate that
chronic dosing of G108 in diet-induced obese mice results in the increased hepatic
catabolism of a broad range of individual amino acids resulting in total- and individual-
hypoaminoacidemia. This is associated with a significant loss of lean mass. Supporting
the reduction in lean mass, increased markers of skeletal muscle proteolysis were

observed.

Importantly, a high protein diet was able to rescue plasma amino acid levels and reduce
lean mass loss. A high protein diet was also able to rescue muscle weight and function.
Interestingly, at the dose of G108 used, a high protein diet appeared to have a weakened
effect on mitigating lean mass loss over time, and this was also reflected in the change in
molecular markers of skeletal muscle proteolysis. This may be a result of the opposing
effects on lean mass of high protein diet intake and G108-stimulated hypoaminoacidemia
over time and/or being lost during 24-hour feed/fasting phases. Therefore, protein
intake may become insufficient to overcome G108-stimulated hepatic amino acid
catabolism and hypoaminoacidemia. This is also supported by the terminal plasma amino
acid levels which show a broad reduction despite a high protein diet intervention.
Although this hypothesis requires further investigation, if true this may have important
implications for the use of long-acting glucagon agonists in humans, where prolonged
fasting periods during sleep may increase susceptibility to lowered plasma amino acid
availability and lean mass loss. The preservation of lean mass in individuals with obesity
and type 2 diabetes is becoming more prominent. A recent study has demonstrated that
hyperglucagonemia associated with these conditions contributes to lean mass loss

through enhanced hepatic amino acid catabolism (Okun, Rusu et al. 2021).
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The in vivo model described in this chapter highlights that the chronic G108-mediated fat
mass loss and EE benefits are lost with repleting plasma total amino acids. The amino-
acid centric responses observed in this chapter focused on whole-body energy
expenditure, hepatic FGF21 and fat mass loss. These individual responses have been
previously associated with paradigms of protein or amino acid restriction. Thus, the
results in this chapter suggest that the mechanism of chronic glucagon-mediated EE in
rodents may be due to chronic glucagon-stimulated hypoaminoacidemia. These findings
may also provide a contributing mechanism by which glucagon confers significant weight
loss effects in previously described GCGR-targeted multi-agonists in vivo (Pocai,
Carrington et al. 2009, Day, Gelfanov et al. 2012). The observations in this Chapter will be

further explored using amino acid-based diets in Chapter 4.

In contrast to the effects on fat mass and EE, other metabolic benefits of chronic G108
treatment including improved glucose tolerance and hepatic fat catabolism were
maintained independent to a high protein diet intervention. This suggests the in vivo
model presented in this chapter exhibits amino-acid centric effects of glucagon signalling
in addition to effects of direct glucagon signalling per se (glycaemia and hepatic fat
catabolism). Although the effects of chronic glucagon signalling on hepatic fat catabolism
are well known, the effects on glycaemia are less defined and require further
investigation. Emerging evidence suggests a glucose-regulatory benefit of hepatic GCGR-
agonism (Kim, Holleman et al. 2018, Kim, Nason et al. 2022). It will therefore be
important to determine whether these effects translate to humans. In the first instance it
will be important to determine whether a broad reduction in individual plasma amino
acids occurs in humans in response to chronic glucagon therapy (See Chapter 5). This will
need to be investigated as part of a multi-agonist strategy, ie in combination with GLP-1,
as many GCGR/GLP-1 co-agonists are currently in clinical development (Hope, Vincent et

al. 2021).

In the next chapter the specific underpinning of EE and body weight loss by G108-

stimulated hypoaminoacidemia is further explored.
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4 Chapter 4 - Hypoaminoacidemia underpins chronic G108-mediated energy

expenditure and body weight loss

4.1 Introduction

4.1.1 Dietary protein supplementation prevents G108-mediated EE and total
body weight loss; Similarities to dietary protein or amino acid restriction

paradigms

Chapter 3 described the effect of chronic G108 administration on EE and total body
weight loss in DIO mice. In particular, the EE response observed in G108-treated mice
was associated with hypoaminoacidemia, which would support historic and recent
findings by others of EE in response to dietary protein or amino acid restriction
(Rothwell, Stock et al. 1982, Maida, Zota et al. 2016, Pezeshki, Zapata et al. 2016, Zapata,
Singh etal. 2019, Yap, Rusu et al. 2020). Indeed, a high protein diet rescued plasma amino
acids, prevented EE and total body weight loss in G108-treated obese mice (Chapter 3,
Sections 3.4.1, 3.4.5 and 3.4.8). Furthermore, similar changes in the hepatic amino acid
response pathway (AAR) resulting in hepatic FGF21 induction, and components of EE are
observed between these dietary restriction paradigms and in G108-treated mice fed a
standard protein diet (Chapter 3, Sections 3.4.7 and 3.4.11). Although the plasma amino
acid and EE findings in Chapter 3 are associative, the rescue of amino acids with dietary
protein supplementation suggests that G108-stimulated hypoaminoacidemia may

underpin the EE and body weight loss observed.

4.1.2 Hepatic amino acid sensing and FGF21 induction in response to dietary

protein or amino acid restriction

A key amino acid sensing tissue is the liver, and this has been proposed to coordinate the
systemic response to dietary protein or amino acid restriction to restore protein balance
(Pezeshki and Chelikani 2021). A key pathway in which this occurs is through activation
of the GCN2 (general control non-derepressible) pathway. In this pathway, low amino
acid availability in vitro leads to accumulation of cytoplasmic tRNA molecules, activating
GCN2Z leading to an activation cascade involving elF2alpha (eukaryotic translation

initiation factor alpha), activating transcription factor 4 (ATF4) and CCAAT/Enhancer-

159



binding protein homologous protein (CHOP). This pathway ultimately results in the
transcription and secretion of hepatic FGF21 and a reduction in hepatocyte protein
synthesis (De Sousa-Coelho, Relat et al. 2013, Wan, Lu et al. 2014). By reducing protein
synthesis through the activation of elF2alpha, the local demand for amino acids is
subsequently reduced. Hepatic FGF21 was identified as an end-transcriptional product of
amino acid restriction in vitro after similar favourable metabolic outcomes, in particular
hepatic fat oxidation, were made between protein restriction and starvation-induced
FGF21 (Reitman 2007, De Sousa-Coelho, Relat et al. 2013). A seminal in vivo study later
demonstrated that FGF21 is an endocrine signal of dietary protein restriction, and that
low dietary protein-induced FGF21 was ameliorated in GCN2 knockout mice (Laeger,
Henagan et al. 2014). In this study it was also demonstrated that the FGF21 deficient
animals did not exhibit hyperphagia, EE or body weight loss when fed a low protein diet,
suggesting the importance of FGF21 in this response (Laeger, Henagan et al. 2014).
Indeed, in addition to the inhibition of hepatic protein synthesis described above, hepatic
FGF21 has been implicated in the hyperphagic response to restore protein balance when
fed a low protein diet (Hill, Laeger et al. 2019). Interestingly, another study confirmed
the role of hepatic FGF21, however also found that in GCN2 knockout mice, plasma FGF21,
hyperphagia, EE and body weight loss appeared after 14 days of a low protein diet,
suggesting an GCN2-indpeendent route to hepatic FGF21 induction in response to chronic

amino acid restriction (Laeger, Albarado et al. 2016).

4.1.3 Mechanisms of EE in response to dietary protein or amino acid restriction

When considering the EE response to low protein diets in rodents, because of diet-
induced thermogenesis, it is important to distinguish the directionality of EE and food
intake. It is also important to determine the effect on other dietary macronutrients when
lowering protein content. As EE is a compensatory response to hyperphagia (Danforth
1981), the EE response to a dietary protein restriction may be secondary to increased
food intake. However, dietary protein restriction in rodents can lead to EE without a
hyperphagic response which suggests the EE response to low protein is independent to
energy intake (Zapata, Singh et al. 2019). To determine the primary role of protein
restriction rather than increased dietary carbohydrate content on EE, a study in rodents

was carried out using fixed carbohydrate low protein diets. In this study, it was
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demonstrated that despite fixed carbohydrate content, protein restriction still elicits an
increased EE response (Zapata, Singh et al. 2019). Collectively, these studies
demonstrated that the EE response observed in these studies is specifically due to protein

restriction rather than increased carbohydrate content or energy intake.

Several mechanisms have been implicated in the EE response to low protein diets. Brown
adipose tissue (BAT) received much early interest and was shown to play a role in low
protein diet-induced thermogenesis (Rothwell and Stock 1979). More recently, it has
been shown that transcripts of thermogenic markers, such as UCP1 are increased in BAT
tissue when fed a low protein-diet (Pezeshki, Zapata et al. 2016). This is associated with
increased expression of BAT adrenergic signalling markers, consistent with the role for
sympathetic nervous system in BAT thermogenesis (Rothwell, Stock et al. 1983). As
discussed in the previous section, FGF21 has been shown to be required for the EE
response to low protein diets (Laeger, Albarado et al. 2016) and itself is implicated in
adipose tissue thermogenesis through both central-sympathetic and endocrine
mechanisms (Fisher, Kleiner et al. 2012, Hill, Laeger et al. 2019). Interestingly, in the
latter study, using brain FGF21 co-receptor knockouts, WAT thermogenesis in response
to a low-protein diet appears to occur exclusively through FGF21 signalling in the brain
to increase sympathetic outflow (Hill, Laeger et al. 2019), in keeping with previous
studies of exogenous FGF21 therapy (Owen, Ding et al. 2014). Adding complexity to this
understanding, sympathetic stimulation of BAT increases BAT FGF21 transcription
(Chartoumpekis, Habeos et al. 2011) and FGF21 transcription is increased in other
thermogenic tissue for example skeletal muscle in response to a low protein diet
(Pezeshki, Zapata et al. 2016). Therefore, it has been suggested that in response to dietary
protein restriction, FGF21 secretion from thermogenic tissue may be involved in a feed-
forward mechanism with the sympathetic nervous system to enhance energy
expenditure (Pezeshki, Zapata et al. 2016). Interestingly, a low protein diet increases
circulating FGF21 in humans which correlates with body weight loss (Vinales, Begaye et

al. 2019).
Serotonergic signalling has also been implicated in the EE response to low-protein diets

as administration of ondansetron to rodents reduces EE in rodents fed a 10 kcal% protein

restricted diet (Pezeshki, Zapata et al. 2016). Furthermore, it has been shown that
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serotonergic signalling is important for thermogenesis in BAT and WAT tissue (Rothwell
and Stock 1987, McGlashon, Gorecki et al. 2015). To add to the multi-faceted EE response
to dietary protein restriction, one study has also reported activity related EE accounting

for the EE response in mice (Blais, Chaumontet et al. 2018).

In addition to balanced restriction/dilution of dietary protein, studies have also shown
that reductions in individual dietary amino acids may recapitulate the EE response to
dietary total protein. Methionine restriction is the most extensively studied model of
individual amino acid restriction, and its EE effects have also been shown to be due to
sympathetic signalling (Plaisance, Henagan et al. 2010, Spring, Singh et al. 2019) which
appears to be dependent on hepatic FGF21 induction (Wanders, Forney et al. 2017).
Other studies have demonstrated that dietary tryptophan restriction leads to
sympathetic mediated EE response (Zapata, Singh et al. 2018). Using a systematic
approach of exploring the effects of individual essential amino acid restriction, a recent
study demonstrated that dietary restriction of threonine or lysine may increase EE, and
this is dependent on hepatic FGF21 induction (Yap, Rusu et al. 2020). Also, lysine
deprivation has been shown to increase serotonergic singling and energy expenditure
(Smriga, Kameishi et al. 2002). Recently, dietary restriction of histidine in mice has been
reported to increase energy expenditure independent to FGF21 (Victoria Flores 2022).
Therefore, in addition to the role of hepatic FGF21, individual amino restriction may
regulate distinct and divergent pathways of EE, further adding complexity to the

mechanisms involved (Xiao and Guo 2021).

The mechanisms of dietary protein or amino acid restriction leading to EE and body
weight loss are likely complex due to the divergent pathways involved and the distinct
pathways activated by individually lowered amino acids (Xiao and Guo 2021). Therefore,
it has been suggested that thermogenesis in response to dietary protein restriction may
be mediated by parallel or interdependent pathways involving sympathetic, serotonergic

and FGF21 signalling pathways (Pezeshki, Zapata et al. 2016).
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4.1.4 Using custom amino acid-based diets to determine whether G108-
stimulated hypoaminoacidemia underpins glucagon-mediated EE and body

weight loss

This Chapter therefore sets out to determine whether G108-stimulated
hypoaminoacidemia underpins chronic G108-mediated EE and body weight loss. Initially,
single-dose administration studies of G108 will be carried out to determine whether
plasma amino acid levels are implicated in the acute EE response to G108. In this acute
study, a casein-based standard protein and high protein diet will be used. For the
subsequent chronic studies, custom synthetic amino acid diets will be used whereby the
additional casein component comprising the high protein diet, will be replaced by total
individual amino acids. This diet therefore comprises of the standard protein (SP) diet
supplemented with total individual amino acids (TAA), to match the protein content of
the high protein (HP) diet. The standard diet supplemented with total amino acids
(SP+TAA diet) can also be modified further to examine the contributions of specific amino
acids. The SP+TAA diet specifically allows determination of whether dietary ‘add-back’ of
total individual amino acids can rescue G108-stimulated hypoaminoacidemia, preventing
EE and total body weight loss. In addition to dietary amino acid ‘add back’ studies, a
custom low amino acid (LAA) diet will be made, where the reduction in individual amino
acid constituents is matched to the reduction in plasma amino acids from obese mice
chronically treated with G108 (Chapter 3, Section 3.4.5). The LAA diet will be provided
ad libitum to obese mice to determine whether this will reproduce the EE and body
weight loss effects mediated by chronic G108 administration. Collectively, these studies
aim to provide a mechanistic explanation for G108-mediated EE and body weight loss,

specifically through the action of G108-stimulated hypoaminoacidemia.
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4.2  Chapter summary and aims

e Explore whether hypoaminoacidemia and EE occur in response to acute
administration of G108, and whether this is prevented by feeding with a high
protein diet.

e Determine whether supplementation of a standard protein diet with total
individual amino acids rescues chronic G108-stimulated hypoaminoacidemia, in
addition to preventing EE and total body weight loss.

e Determine whether supplementation of a standard protein diet with either
essential or non-essential amino acids rescues chronic G108-stimulated
hypoaminoacidemia, in addition to preventing EE and total body weight loss.

e Determine whether a custom low amino acid diet, matched to reductions in
plasma amino acid levels from G108-treated mice, reproduces chronic G108-

mediated EE and total body weight loss.

4.3 Methods

4.3.1 Animal husbandry

All studies were carried out in accordance with the Animals (Scientific Procedures) Act
1986 Amendment Regulations 2012. 8-14-week-old lean male C57BL/6] were purchased
from Charles River, Margate, UK. Fgf21%liver mice were obtained from Jackson
laboratories. Fgf21/lox/flox mice were crossed with hemizygous Albumin-Cre mice to
generate Fgf21flox/flox:Alb-Cre+ (Fgf211ver) and Fgf21fox/flox:Alb-Cre- (control mice) as
previous discussed Animals were housed at 21°C under standard 12-hour light cycle.
Food and water were provided ad libitum and all mice were provided with a 60 kcal%

high fat diet on arrival to the animal unit.

4.3.2 Diets

All diets were obtained from ResearchDiets.com, (Table 4.1 and 4.2) stored at 4°C. A
standard DIO series diet (D12492) containing 60 kcal% fat was provided to all mice for
8-10 weeks to induce obesity prior to switching to a custom diet. Custom diets
D08091803 and D08091801 were used as a standard protein high fat diet (SP diet) and
high protein high fat diet (HP diet) similarly to that used in the previous chronic DIO study
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(Chapter 3). Five new custom diets were obtained (Table 4.1 and 4.2). The first is
D22011202 (SP+TAA diet, Formula 1), containing 20 kcal% casein (200 g) with the
addition of total individual amino acids from a further 200g of casein; The SP+TAA diet
contains 37 kcal% protein due to casein not being 100% amino acid based. The second
new diet is D22011203 (SP+EAA diet, Formula 2), which contains 20 kcal% casein (200
g) with the addition of additional individual essential amino acids (EAA) only from 200 g
of casein; The total protein content of Formula 2 is 27 kcal% protein. The third new diet
is D22011204 (SP+NEAA diet, Formula 3) which contains additional synthetic non-
essential amino acids (NEAA) only; The total protein content of this diet is 30 kcal%

protein.

All new diets contain 45 kcal% fat content and to allow for different protein contents has
varying degrees of carbohydrate content, based on the amount of corn starch added. The
fourth new diet is A22012001 (SPAA diet, Formula 4), a completely amino acid-based
version of the standard protein (SP) diet, D08091803. The SPAA diet contains 17 kcal%
protein. The last new dietis A2212002 (LAA, Formula 5), which also contained individual
amino acids however the amino acid content was reduced to match reductions in plasma
amino acid levels in G108-treated DIO mice, based on mass spectrometry quantification

of individual plasma amino acid levels (Chapter 3, Section 3.4.5).

Diet Carbohydrate Fat (kcal%) Protein (kcal%)
(kcal%)

D12492 20 60 20
D08091803 35 45 20
D08091801 15 45 40
D22011202 18 45 37
(Formula 1)

D22011203 28 45 27
(Formula 2)
D22011204 25 45 30
(Formula 3)
A22012001 38 45 17
(Formula 4)
A22012002 45 45 10
(Formula 5)

Table 4.1: Macronutrient composition of diets.
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Constituent Formula 1 Formula 2 Formula 3 Formula 4 Formula 5
200 g casein | 200 g casein * 200 g casein+ | Amino acid 'GCMS
+ total amino | EAA from 200 g | NEAA from 200 | version of matched'
acids from | casein (SP+EAA g casein D08091803 | low amino
200 g casein diet) (SP+NEAA diet) acid diet
(SP+TAA
diet)
g% | kcal g% kcal% g% kcal% | g% | kcal | g% | kcal
% % %
Protein 44 37 32 27 35 30 20 17 11 10
Carbohydrate | 21 18 33 28 29 25 44 38 53 45
Fat 23 45 23 45 23 45 23 45 23 45
Kcal/g 4.69 4.69 4.69 4.69 4.69
Casein 200 | 800 200 800 200 800 0 0 0 0
L-Histidine 4.5 18 4.5 18 0 0 4.5 18 3.27 | 13
L-Isoleucine 7.5 30 7.5 30 0 0 7.5 30 4.52 18
L-Leucine 15.7 63 15.7 63 0 0 15.7 | 63 9.74 | 39
L-Lysine 13 52 13 52 0 0 13 52 337 | 13
L-Methionine 5 20 5 20 0 0 5 20 1.45 6
L- 8.3 33 8.3 33 0 0 8.3 33 6.53 | 26
Phenylalanine
L-Threonine 7.1 28 7.1 28 0 0 7.1 28 1.84 7
L-Tryptophan | 3.2 8 2.1 8 0 0 2.1 8 1.60 6
L-Valine 9.2 37 9.2 37 0 0 9.2 37 534 | 21
L-Alanine 5 20 0 0 5 20 5 20 2.00 8
L-Arginine 5.9 24 0 0 5.9 24 5.9 24 | 280 | 11
L-Asparagine 7 28 0 0 7 28 7 28 2.06 8
L-Aspartic 5 20 0 0 5 30 5 20 4.47 18
acid
L-Cystine 4.2 17 3 12 4.2 17 4.2 17 | 420 | 17
L-Glutamine 17 68 0 0 17 68 17 68 | 9.14 | 37
L-Glutamic 20.7 83 0 0 20.7 83 20.7 | 83 17.6 | 70
acid 1
Glycine 3 12 0 0 3 12 3 12 1.38 6
L-Proline 17.6 70 0 0 17.6 70 27.6 70 | 814 | 33
L-Serine 9.9 40 0 0 9.9 40 9.9 40 396 | 16
L-Tyrosine 9 36 0 0 9 36 9 36 4.64 19
Corn Starch 3.1 12 104.4 418 75.5 302 | 201. | 805 | 279. | 1120
3 94
Maltodextrin | 100 | 400 100 400 100 400 100 | 400 | 100 | 400
10
Sucrose 68.8 | 275 68.8 275 68.8 275 | 688 | 275 | 68.8 | 275
Cellulose 50 0 50 0 50 0 50 0 50 0
Soybean 0il 25 225 25 225 25 225 25 225 25 225
Lard 177. | 1598 | 177.5 | 2598 | 177.5 | 1598 | 177. | 1598 | 177. | 1598
5 5 5
Mineral Mix 10 0 10 0 10 0 10 0 10 0
Dicalcium 13 0 13 0 13 0 13 0 13 0
Phosphate
Calcium 5.5 0 5.5 0 5.5 0 5.5 0 5.5 0
Carbonate
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Potassium 16.5 0 16.5 0 16.5 0 16.5 0 16.5 0
Citrate, 1 H20
Sodium 7.5 0 7.5 0 7.5 0 7.5 0 7.5 0
Bicarbonate
Vitamin Mix 10 40 10 40 10 40 10 40 10 40
Choline 2 0 2 0 2 0 2 0 2 0
Bitrartrate
Yellow dye 0 0 0.05 0 0 0 0.02 0 0 0
5
Red dye 0.02 0 0 0 0.05 0 0 0 0 0
5
Blue dye 0.02 0 0 0 0 0 0.02 0 0.05 0
5 5
Total 865. | 4057 | 865.6 | 4057 865.6 | 4057 | 863. | 4050 | 863. | 4050
65 5 5 85 85

Table 4.2: Macronutrient composition of diets Formula 1-5.

4.3.3 Acute metabolic cage study

For the acute metabolic cage study (Figure 4.1), two groups (N=10/group) of lean male
C57BL/6] mice were provided with a high fat diet for 10 days, prior to switching to either
a standard protein (SP) diet or a high protein (HP) diet for 1 week (D08091803,
D08091801, Table 4.1). All mice were individually housed in metabolic cages and
acclimatised for 24 hours. On day 2, baseline readings were obtained for oxygen
consumption and carbon dioxide production. On day 3, all mice were administered
subcutaneously with G108 (7.5 nmol/kg) at 8 am in the morning. Subsequent metabolic
readings were taken for 48 hours following peptide administration to the morning of day
5. 0n the morning of day 5, all mice were further administered with a higher dose of G108
(20 nmol/kg), with readings up to 72 hours later up until the morning of day 8. On the
morning of day 8, all animals were returned to their home cages. A subsequent parallel
study was conducted out of the metabolic cages after a wash-out period week where tail
venesection and blood collection were taken at 9am prior to a single dose of G108 (7.5
nmol/kg). A repeat tail vein venesection and blood collection were carried out daily each
morning for up to 48 hours. As in the metabolic cage study, a higher dose of G108 (20
nmol/kg) was then administered on day 5 with tail vein venesection daily each morning
for up to 72 hours. After collection, the blood was stored on ice and immediately
transferred for storage at -80°C. These samples were subsequently used for plasma total

amino acid analysis.

167



g Aeq jo Bujuiow
Buisnoy pJepueis ojul yoeg

Apmis |9)|eied

A

| zt/othea | | £Aeg | 9heq | cAeq | pAeg | gheq | zAeg | TAeg
]
]

. zr/otAeq | | £Aeq | 9heqg | sheqg | #Aeq | g€Aeq | zAeg | TAeg

4 “ . )\ . J L Y ]
ejep aded JawW I sSuipeay — sBuipeay ﬁ. sSuipesy

uo Juapuadap=] ! :

1 aulaseq
VvV BWse|d ! 80TO Sy/jowu 0z 80T B/jowu §'L

ZT AeQ uo 80TO
3/lowu oz ‘0T Aeq
uo goT9 My/jowu 5,
VYV ewse|d auljaseg

191p 18} Y3iH/ui@10.4d y3iy

191p 1e} y3iH/uia104d piepuels

adH

Joam T

Figure 4.1. Schematic of acute metabolic cage study protocol.
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4.3.4 Chronic G108 administration in DIO mice with total individual amino acid

dietary ‘add-back’

For the total individual amino acid dietary ‘add-back’ study, 32 diet-induced obese (DIO)
male C57BL/6] mice were switched to custom diets for two weeks; Half of the cohort
(N=16) were provided with a standard protein diet (D08091803, Table 4.1), and the
other half (N=16) provided with standard protein diet supplemented with additional
total individual amino acids (Formula 1, D22011202, Table 4.1 and 4.2). Food intake and
body weight was recorded daily and mice from each diet group received daily
subcutaneous administration of 7.5 nmol/kg G108 (N=8) or vehicle control (N=8).
Therefore, the four treatment groups were as follows: Vehicle / SP diet, G108 / SP diet,
Vehicle / SP + total AA diet, G108 / SP + total AA diet.

Prior to switching onto these custom diets on day 0, a baseline MRI analysis was carried
out to measure body composition. A glucose multiple time course profile was taken prior
to first treatment injection on day 0 and at 15, 30, 60 mins, 2, and 4 hours following this
first injection. A glucose time course profile was also carried out on day 19. Body
composition analysis was also carried out on day 18. Tail venesection was carried out on
day 16 for plasma total amino acids and FGF21 quantification. All mice were placed into
metabolic cages from day 20 of the study for analysis of metabolic variables and energy

expenditure.
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Figure 4.2. Schematic of total amino acid dietary ‘add back’ study protocol.
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4.3.5 Chronic G108 administration in DIO mice with either EAA or NEAA ‘add-
back’

For the essential amino acid (EAA) and non-essential amino acid (NEAA) individual
amino acid dietary ‘add-back’ study (Figure 4.3), 48 diet-induced obese male C57BL/6]
mice were switched to custom diets for two weeks. A third of the cohort (N=16) were
provided with a standard protein (SP) diet (D08091803, Table 4.1), Another third of the
cohort (N=16), were provided with either provided with a standard protein diet
supplemented with EAA’s (Formula 2, D22011203, Table 4.1 and 4.2). Another third of
the cohort were provided with a standard protein diet supplemented with NEAA’s
(Formula 3, D22011204, Table 4.1 and 4.2). Mice from each diet group received daily
subcutaneous administration of 7.5 nmol/kg G108 (N=8) or vehicle control (N=8). The
six treatment groups were as follows: Vehicle / SP diet, 7.5 nmol/kg G108 / SP diet,
Vehicle / SP + EAA diet, 7.5 nmol/kg G108 / SP + EAA diet, Vehicle / SP + NEAA diet, 7.5
nmol/kg G108 / SP + NEAA diet.

Prior to switching onto these custom diets on day 0, a baseline MRI analysis was carried

out to measure body composition. Body composition analysis was also carried out on day

14 in all groups. Tail venesection was carried out on day 13 for plasma FGF21 levels.
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Figure 4.3. Schematic of EAA or NEAA dietary ‘add back’ study protocol.
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4.3.6 Custom low amino acid profile diet study in obese mice

For the custom low amino acid profile diet study (Figure 4.4), two groups (N=7-8/group)
of diet-induced-obese (DIO) male C57BL/6] mice were provided with either an amino
acid-based standard protein (SP) diet (SPAA diet: A22012001, Table 4.1 and 4.2),
containing 17 kcal% protein or a custom low amino acid profile diet, (LAA diet, Formula
5, A22012002, Table 4.1 and 4.2), consisting of 10 kcal% protein. Both diets were
matched for fat content with variation in carbohydrate content to allow changes in
protein content. The reduction in amino acid composition of the LAA diet relative to the
SPAA diet was matched to reduction in plasma amino acid levels in 7.5 nmol/kg G108-

treated obese mice, relative to vehicle-treated obese mice (Chapter 3, Section 3.4.5).

Prior to switching onto these custom diets on day 0, a baseline MRI analysis was carried
out to measure body composition. Food intake and body weight was measured daily at 9
am in the morning and subsequent body composition analysis was carried out again on
day 14. On day 26 of the study, all mice were placed into metabolic cages to measure
energy expenditure. At the end of the study on day 34, plasma was collected and analysed
for FGF21 and individual amino acid levels using gas-chromatography/mass-

spectrometry (GC/MS).
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Figure 4.4. Schematic of dietary low amino acid study protocol.



4.3.7 Dietary restriction of amino acids in hepatic specific Fgf21 (Fgf21*iver)

knockout mice

Lean 10-week-old WT and Fgf21%liver mice were provided with the low amino acid diet for
two weeks, N=7-8/group (LAA diet, described in section 4.3.6 above). After two-weeks of
ad libitum feeding with the LAA diet, a tail venesection was carried out for subsequent
analysis of plasma FGF21. All mice were then placed into metabolic cages for assessment

of EE over a 48-hour period.

4.3.8 Food intake, body weight and body composition (EchoMRI)

Food intake and body weight were measured at 9 am daily, 24- to 48-hourly in all studies
using a calibrated weighing scale (Ohaus Traveller, Ohaus). Food was topped up as
required. An EchoMRI analyser was used to measure body composition at various
timepoints during the studies (technique described in Chapter 2, section 2.3.10). Body
composition was measured at the same time of day on each occasion. Following each
individual scan, the animal was placed back into its respective cage. Data was obtained

for both lean and fat mass.

4.3.9 Metabolic cages

As described in Chapter 3, Section 3.3.7, whole-body energy expenditure studies were
carried out using the Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus
Instruments, Columbus, Ohio). Data was analysed using regression based-ANCOVA

analysis in CalRapp and SPSS, using lean or total mass as a covariate.

4.3.10 Glucose time-course profile

For the glucose profile study as part of the total amino acid dietary ‘add-back’ study, mice
were administered with 7.5 nmol/kg G108 or vehicle control on day 0 and day 19. A tail
vein blood drop sample was collected immediately prior to treatment injection and blood
glucose was measured with a handheld GlucoRx meter. Blood glucose was subsequently

measured at 15, 30, 60, 120 and 240 minutes.
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4.3.11 Biochemical analysis of plasma

Total plasma amino acids were measured using commercially available fluorometric-
based ELISA assays as directed (MAK002, Sigma, Ab65347, Abcam). Plasma FGF21 was
measured also used an ELISA based assay (ab229382, Abcam).
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4.4 Results

Key results for Chapter 4

e A high protein diet prevents acute hypoaminoacidemia and EE in response to a
single high dose (20 nmol/kg) of G108 in obese mice.

e Dietary total amino acid supplementation prevents G108-stimulated
hypoaminoacidemia, enhanced EE and body weight loss in obese mice.

e Dietary replacement with either EAA or NEAA components is not sufficient to
prevent G108-stimulated EE and body weight loss in obese mice.

e Arationally-designed low amino acid diet mimics the chronic effect of G108 on
EE and body weight loss in obese mice.

¢ Induction of hepatic FGF-21 does not appear to be required for the EE response

to a low amino acid diet in obese mice.

4.4.1 Acute metabolic cage study

To determine the acute effect of G108 on plasma amino acids and EE, single dose
administration studies were carried out in mice receiving either a standard protein (SP)
or high protein (HP diet). As in the chronic study described in Chapter 3, a sub-anorectic
dose of G108 (7.5 nmol/kg) was used. To determine whether a dose-dependent effect
could be observed, a higher dose of 20 nmol/kg was also used. These doses were chosen
based on the potential outcome that the lower dose may not acutely result in either

hypoaminoacidemia or EE.

Following a single dose of 7.5 nmol/kg G108, there was a reduction in plasma total amino
acids in both the HP and SP groups after 24 hours (Figure 4.5A). This was associated with
a trend to increased average energy expenditure (kcal/hr) in G108-treated mice fed the
SP diet in the light phase between 24 and 36 hours (Figure 4.5B, Table 4.3). A trend

towards increased energy expenditure was also observed in G108-treated mice fed the
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SP diet, between 36 and 48 hours of the dark phase (Figure 4.5B, Table 4.3). No change

in average energy expenditure was observed in the HP group (Figure 4.5B, Table 4.4).

Following a single dose of 20 nmol/kg G108, there was a significant and sustained
reduction in plasma total amino acids for up to 48 hours in mice fed the SP diet (Figure
4.5C). This was associated with a significant increase in the average energy expenditure
in G108-treated mice fed the SP diet between 0 and 12 hours of the light phase, 36 and
48 hours of the dark phase and 60 to 72 hours of the dark phase (Figure 4.5D, Table 4.5).
Despite a reduction in total plasma amino acids in mice fed the HP diet following 20
nmol/kg G108 administration, the lowest level of plasma amino acids at 24 hours was
comparable to the baseline level of plasma amino acids in the SP group (Figure 4.5C). In
keeping with this, there was no detectable change in average energy expenditure in the

HP group following administration of the higher dose of G108 (Figure 4.5D, Table 4.6).

Consistent with the changes in energy expenditure, the average oxygen consumption also
increased in the same photoperiods (Tables 4.3-4.6). The respiratory exchange ratio
(RER) as expected was lower in mice fed a high protein diet however a change in RER
from the baseline photoperiod did not appear to associate consistently with the changes

in EE or oxygen consumption (Tables 4.3-4.6).

178



A 7.5 nmollkg G108 B Bl SPdiet B HP diet
4 B SsP 0.65-
he)
S = HP 0.60-
= 3 =0.065
% =31 . 055
[e] — = -
© < _ p=0.087
o E 9 3 0.50 '+—
5% < 0.45-
23 4 0.40-
5
e 0.35
0- 0.30-

o & (/] S D& & $ & TGRS $ &
St St T ORISR NOM DI
NP R N NP (2 (GNP b 3

& @ e VXK@ @ Q¥ @Vl
N © NS N NS
FIRS S 0SSP
F VIRF PP o7 VIF P
C D
20 nmol/kg G108 Bl SP diet E3 HP diet
4- SP .
pe) = 0.65 —
3 e =
= 0.60-
2= 39 — o
E® e _ 0.55-
e E < A
g< 24 7 0501
23 < 0.45-
53
32 11 0.40-
kel 0.35-
0- T- 1T T 1 0.30-
. $ ¢ @S¢ NS A5t Sttt
POSACOUREE SISO SEVP SRR IRV SOV SR P AV
& & O TP LRV XTI @AV
d N I N g A NS S

Figure 4.5: Plasma total amino acids and average energy expenditure (kcal/hr) in mice administered with
a single dose of G108. SP - Standard protein diet, HP - High protein diet, n=10/group. From Hope, Hinds et
al. (In Press). (A) Plasma total amino acids in mice administered with a single 7.5 nmol/kg dose of G108.
(B) Average energy expenditure (kcal/hr) over 48 hours in mice administered with a single 7.5 nmol/kg
dose of G108. (C) Plasma total amino acids in mice administered with a single 20 nmol/kg dose of G108.
(D) Average energy expenditure (kcal/hr) over 72 hours in mice administered with a single 20 nmol/kg
dose of G108. *p<0.05, **p<0.01, data plotted as mean * SEM. Energy expenditure data analysed using
regression based ANCOVA comparing baseline to subsequent photoperiods and using lean mass as a

covariate. Total amino acid data analysed using two-way ANOVA with post hoc Sidak’s test.
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Time period Vo2 (ml/hr) Co2 (ml/hr) RER Kcal/hr
Baseline Light 89.18 + 1.85 72.073 = 0.81£0.005 | 0.427 £ 0.008
1.313
Light 0-12 hr 92.62 +1.63 7551+ 1.31 0.81+0.004 | 0.448 +0.008
Light 24-36 hr 95.59 +1.85 73.59 + 1.80 0.77 £0.008 | 0.455+0.010
P<0.05 P<0.01 P=0.065
Baseline Dark 106.83 + 2.44 90.63 +2.35 0.85+0.005 | 0.520+0.012
Dark 12-24 hr 108.12 + 2.44 88.98 + 2.35 0.82+0.007 | 0.521+0.012
P<0.05
Dark 36-48 hr 111.49 £ 2.13 92.34 +2.20 0.83+0.004 | 0.538+0.011

Table 4.3: Metabolic variables from the 7.5 nmol/kg G108 acute metabolic cage study in mice receiving a
standard protein diet. Data expressed as mean * SEM. Analysed using regression based ANCOVA
comparing baseline to subsequent photoperiods and using lean mass as a covariate. Significance denotes

change from light or dark photoperiod baseline.

Time period Vo2 (ml/hr) Co2 (ml/hr) RER Kcal/hr
Baseline Light 91.31+2.68 72.86 +£2.27 0.79 £0.004 | 0.444 +£0.012
Light 0-12 hr 92.74 + 2.68 73.65+2.27 0.79 £0.003 | 0.449 +0.012
Light 24-36 hr 92.11+281 69.74 + 2.46 0.75+0.007 | 0.438+0.013
P<0.0001
Baseline Dark 108.83 £ 2.82 87.57 +2.72 0.80+0.006 | 0.524 +0.014
Dark 12-24 hr 108.79 £ 2.82 85.58 +2.73 0.78 £0.007 | 0.520 £ 0.014
Dark 36-48 hr 108.92 + 2.84 86.26 + 2.75 0.79 £0.007 | 0.519+0.017

Table 4.4: Metabolic variables from the 7.5nmol/kg G108 acute metabolic cage study in mice receiving a
high protein diet. Data expressed as mean * SEM. Analysed using regression based ANCOVA comparing
baseline to subsequent photoperiods and using lean mass as a covariate. Significance denotes change from

light or dark photoperiod baseline.
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Time period Vo2 (ml/hr) Co2 (ml/hr) RER Kcal/hr
Baseline Light 89.18 + 1.61 72.073+1.49 | 0.81+0.005 | 0.427 +0.009
Light 0-12 hr 95.60 £ 1.61 75.88 + 1.49 0.79 £ 0.007 | 0.460 * 0.009
P<0.05 P<0.05 P<0.05
Light 24-36 hr 95.88 + 2.45 71.47 £ 2.16 0.74 £0.006 | 0.452+0.012
P<0.0001
Light 48-60hr 96.29 * 2.44 75.82 +2.40 0.78 £0.009 | 0.461 +0.012
Baseline Dark 106.83 + 2.95 90.63 £ 3.10 0.85+0.005 | 0.520+0.015
Dark 12-24 hr 109.74 £ 2.95 88.25 + 3.08 0.80 £0.009 | 0.526 £0.016
P<0.0001
Dark 36-48 hr 119.74 £ 3.10 100.10 = 0.83£0.004 | 0.578+0.015
P<0.05 2.820 P<0.05
P<0.05
Dark 60-72 hr 115.33 £2.40 97.87+2.24 | 0.85+0.008 | 0.560*0.012
P<0.05 P<0.05 P<0.05

Table 4.5: Metabolic variables from the 20nmol/kg G108 acute metabolic cage study in mice receiving a
standard protein diet. Data expressed as mean * SEM. Analysed using regression based ANCOVA
comparing baseline to subsequent photoperiods and using lean mass as a covariate. Significance denotes

change from light or dark photoperiod baseline.
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Time period Vo2 (ml/hr) Co2 (ml/hr) RER Kcal/period
Baseline Light 91.31+3.26 72.86 £ 2.86 0.79£0.004 | 0.444 +£0.016
Light 0-12 hr 91.59 + 3.26 72.08 +£2.86 0.78 £0.006 | 0.437 £0.016
Light 24-36 hr 88.48 +3.17 66.74 + 2.58 0.75+0.005 | 0.420+0.016
P<0.0001

Light 48-60hr 88.74 + 3.08 69.74 + 2.59 0.78 £0.005 | 0.426 £ 0.015
Baseline Dark 108.83 = 3.60 87.58 £ 3.10 0.80 £0.006 | 0.524 +0.018
Dark 12-24 hr 106.93 £ 3.60 85.66 + 3.10 0.80 £0.003 | 0.513+0.018
Dark 36-48 hr 110.43 £ 3.28 89.41+2.81 0.81£0.003 | 0.527 £0.017
Dark 60-72 hr 113.77 £ 3.13 88.67 + 3.82 0.79 £0.005 | 0.546 £ 0.015

Table 4.6: Metabolic variables from the 20nmol/kg G108 acute metabolic cage study in mice receiving a
high protein diet. Data expressed as mean * SEM. Analysed using regression based ANCOVA comparing
baseline to subsequent photoperiods and using lean mass as a covariate. Significance denotes change from

light or dark photoperiod baseline.

4.4.2 Chronic G108 administration in DIO mice with dietary total amino acid

‘add-back’

To demonstrate that chronic G108-stimulated hypoaminoacidemia increases energy
expenditure and total body weight loss, a study was carried out using the sub-anorectic
dose of G108 (7.5 nmol/kg), where total individual amino acids were supplemented in
the diet. G108 was administered to mice receiving either a casein-based standard protein
diet (SP) or the SP diet supplemented with individual total amino acids (SP +TAA diet,
Table 4.1 and Table 4.2). The total protein content of the SP+TAA diet was matched to
that of the casein-based high protein diet used in Chapter 3. Therefore, this study aims to
provide a mechanistic explanation for the findings in Chapter 3 and determine whether
rescue of chronic G108-stimulated hypoaminoacidemia prevents EE and body weight

loss.
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As seen previously in Chapter 3, daily administration of 7.5 nmol/kg G108 in obese mice
did not result in a chronic reduction in food intake (Figure 4.6A, Table 4.7). Despite this,
G108-treated animals fed the SP diet lost a significant amount of total body weight
compared to baseline (Figure 4.6B, Table 4.7). The loss of body weight reflected a
reduction in both lean and fat mass (Figure 4.6C, Table 4.8). When individual total amino
acids were supplemented in the diet, loss of total body weight in G108-treated mice was
prevented (Figure 4.6B, Table 4.7) and this was also associated with preserved lean and
fat mass in this group (Figure 4.6C, Table 4.8). Compared to mice receiving the SP diet, no
independent effect of the dietary intervention on body weight or composition was
observed in vehicle treated mice (Figure 4.6B and 4.6C, table 4.7 and 4.8). In keeping with
the body weight loss independent to food intake, the average energy expenditure in the
G108-treated mice fed the SP diet was increased (Figure 4.6D, Table 4.9). The increase in
energy expenditure was blunted in mice receiving the SP*TAA diet (Figure 4.6D, Table
4.9).
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Figure 4.6: Effect of dietary total amino acid replacement in G108-treated DIO C57BL/6] mice, n=8/group.
SP - standard protein diet, SP*TAA - SP diet with additional total amino acids. From Hope, Hinds et al. (In
Press). (A) Total food weight consumed (g) in 7.5 nmol/kg G108-treated C57BL/6] DIO mice receiving
dietary intervention. (B) Body weight change (g) from baseline over 20 days of daily administration of
G108. (C) Change in body composition after 18 days of daily administration of G108 in mice receiving
dietary intervention. (D) Average energy expenditure (kcal/hr) after 20 days of daily administration of
G108 in mice receiving dietary intervention, n=6-8/group. *p<0.05, **p<0.01, ***p<0.001, data plotted as
mean + SEM. EE data analysed using regression based ANCOVA using lean mass as a covariate. All other

data analysed using a combination of one- and two-way ANOVA with post hoc Sidak or Dunnett tests.
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Veh / SP Veh / SP +TAA 7.5 nmol/kg 7.5 nmol/kg
G108 /SP G108 /SP
+TAA
Total food intake | 58.66 + 1.27 53.26 +1.89 56.18 +2.72 56.25+1.90
(8
Change in total 1.05+0.48 -0.10 £ 0.70 -5.70 + 1.54 -0.63 + 0.94
body weight P<0.001

from baseline (g)

Table 4.7: Total food intake and change in body weight over 20 days. Data expressed as mean + SEM.

***p<0.001, analysed with one-way ANOVA with post hoc Dunnett test.

Veh / SP Veh / SP +TAA 7.5 nmol/kg 7.5 nmol/kg
G108 /SP G108 /SP
+TAA
Change in fat 1.24 £ 0.14 0.49 +0.58 -3.2+0.91 -0.01 + 0.65
mass from P<0.0001
baseline (g)
Change in lean -0.36 £ 0.14 -0.89 +0.39 -2.56 £ 0.60 -1.10 £ 0.33
mass from
baseline (g)

Table 4.8: Change in body composition from baseline over 18 days. Data expressed as mean * SEM.
*H*kp<0.0001, significance denotes difference between treatment group and Veh / SP group. Analysed with
two-way ANOVA with post hoc Dunnett’s test.

Veh / SP 7.5 nmol/kg G108 / 7.5 nmol/kg G108 /
SP SP +TAA
Vo2 (ml/hr) 113.14 £ 3.13 124.27 £3.92. 119.59 + 3.39
P=0.054
RER 0.79 £ 0.008 0.82 +0.02 0.76 £ 0.004
Kcal (kcal/hr) 0.531+0.016 0.587 £ 0.019 0.558 £ 0.017
P<0.05

Table 4.9: Averaged metabolic variables for full-day photoperiod. Data expressed as mean * SEM.
*H*kp<0.0001, significance denotes difference between treatment group and Veh / SP group. Vo2 and kcal

data analysed using ANCOVA with lean mass as a covariate. RER data analysed using one-way ANOVA.

The changes in body weight and EE observed with dietary ‘add-back’ of total individual
(Figure 4.6) were associated with a rescue of plasma total amino acids (Figure 4.7A),

confirming that G108-stimulated hypoaminoacidemia increases EE and body weight loss.
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Plasma FGF21 was also increased in G108-treated mice fed a SP diet, a response which

was prevented by dietary total amino acid supplementation (Figure 4.7B).
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Figure 4.7: Effect of dietary total amino acid replacement on plasma total amino acids and FGF21, in G108-
treated obese mice, n=8/group. From Hope, Hinds et al. (In Press). Plasma total amino acids (A) and plasma
FGF21 (B) after 16 days of daily administration of G108. *p<0.05, **p<0.01, data plotted as mean + SEM.
Analysed using one-way ANOVA with post hoc Dunnett’s test.

4.4.3 Chronic G108 administration in DIO mice with dietary ‘add-back’ of either
EAA or NEAA

To determine whether G108-stimulated reduction in specific amino acid components of
the SP+TAA diet could enhance EE and body weight loss, the SP+TAA diet was further
modified. The broadest and most well-known classification of amino acids is into
essential and non-essential amino acids (EAA and NEAA respectively). A further chronic
daily dosing study was carried out with 7.5 nmol/kg G108, feeding with either SP,
SP+EAA or SP+NEAA diets (diet compositions detailed in Tables 4.1 and 4.2). This study
was designed based on the hypothesis that if a reduction in EAA mediates the EE response
to G108, then this effect should be prevented when feeding with the SP+EAA diet.
Conversely, if the NEAA’s mediate the EE response to G108, then this effect should be
prevented when feeding with the SP£NEAA diet. If lowering of either EAA’s or NEAA’s, in
response to G108, is required for the EE effects observed, then G108-stimulated body

weight loss and EE should be observed irrespective of the diet intervention.

Over 14 days of daily treatment, total food intake remained similar across all treatment

groups except G108-treated mice fed with the SPNEAA diet (Figure 4.8A, Table 4.10).
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Despite no broad change in total food intake, all G108-treated mice lost total body weight
to a similar degree (Figure 4.8B). The reduction in total body weight in all peptide groups
reached approximately 8 grams over the 14-day study period (Table 4.10).
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Figure 4.8: Effect of EAA or NEAA dietary ‘add-back’ in G108-treated obese male C57BL/6] mice,
n=8/group. From Hope, Hinds et al. (In Press). (A) Total food weight consumed over 14 days. (B) Change
in body weight from baseline over 14 days. Data plotted as mean * SEM, *p<0.05, **p<0.01, ***p<0.001.
Data analysed with one- and two-way ANOVA with post hoc Sidak or Dunnett’s tests.

Veh /SP | G108 /SP Veh /SP+* | G108 /SP+ | Veh/ G108/
EAA EAA SP SP
+NEAA | +NEAA
Total food 3530 34.65 + 3585+192 | 34.26+1.44 | 3820 | 30.63
intake (g) 0.95 2.34 1.58 1.44
P<0.05
Change in -3.34 + -8.28 + -3.2+0.68 -8.33+1.07 | -1.38+ | -843+
total body 0.46 1.73 P<0.05 0.60 1.43
weight P<0.05 P<0.05
from
baseline (g)

Table 4.10: Total food intake and change in body weight over 14 days. Data expressed as mean + SEM.
*p<0.05, analysed with one-way ANOVA with post hoc Tukeys test.

The total body weight loss constituted a loss of both fat and lean mass, which was again
similar across all G108-treatment groups (Figure 4.9A, Table 4.11). In keeping with food
intake-independent body weight loss, the feed efficiency was reduced to a similar extent

in all G108-treated mice (Figure 4.9B).
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Figure 4.9: Effect of EAA or NEAA dietary ‘add-back’ in G108-treated obese male C57BL/6] mice,
n=8/group. From Hope, Hinds et al. (In Press). (A) Change in body composition from baseline over 11 days.
(B) Feed efficiency over 14 days. Data plotted as mean * SEM, significance denotes change compared to
vehicle control groups on the same dietary intervention, *p<0.05, **p<0.01, ***p<0.001. Data analysed with

one- and two-way ANOVA with post hoc Sidak or Dunnett’s tests.

Veh /SP | G108 /SP Veh /SP + G108 / SP Veh/ | G108 /SP
EAA + EAA SP +NEAA
+NEAA
Change in -1.85 + -4.75 + -2.21+0.56 | -4.54+0.65 | -0.76 + -4.73 +
fat mass 0.43 0.95 P<0.05 0.57 0.76
from P<0.01 P<0.01
baseline
(8)
Change in -0.16 + -2.37 -0.32+0.24 | -1.97+0.33 | -0.60 + -2.52 %
lean mass 0.12 0.41 P<0.05 0.18 0.30
from P<0.01 P<0.01
baseline
(8)

Table 4.11: Change in body composition from baseline over 14 days. Data expressed as mean + SEM.
*p<0.05, **p<0.01, significance denotes change compared to vehicle control groups on the same dietary

intervention. Analysed with two-way ANOVA with post hoc Dunnett’s test.

An increase in plasma FGF21 levels were associated with the increased body weight loss
and feed efficiency in all G108-treated mice, irrespective of dietary intervention (Figure
4.10). The increase in plasma FGF21 in the EAA and NEAA add back groups was non-
significantly lower to that observed in the G108-treated mice receiving the SP (Figure

4.10).
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Figure 4.10: Plasma FGF21 on day 13 of study. From Hope, Hinds et al. (In Press). Data expressed as mean
+ SEM. *p<0.05, analysed with one-way ANOVA with post hoc Tukey’s test.

4.4.4 Custom low amino acid profile diet study in obese mice

To further support the finding that G108-stimulated hypoaminoacidemia increases EE,
DIO mice were fed a custom low amino acid diet (LAA diet, Table 4.1 and Table 4.2). The
individual amino acid concentrations in the LAA diet were reduced relative to the SP diet,
matched to the degree of reduction of individual plasma amino acids in DIO mice
chronically treated with 7.5 nmol/kg G108 (Chapter 3, Section 3.4.5). As a comparator,
DIO mice were also fed with a standard protein amino acid diet (SPAA diet, Table 4.1 and
Table 4.2), equivalent to the protein content of the previously used standard protein (SP)
diet. Therefore, any chronic effect on EE observed in mice receiving the LAA diet was
independent to G108 treatment per se. Increased EE, as measured by metabolic cages,
was hypothesised to occur in mice fed with the LAA diet, relative to mice fed with the

SPAA diet.

Mice were fed with the LAA or SPAA diet for 34 days, at which point terminal plasma
samples were collected to confirm a reduction in individual plasma amino acid levels. As
expected, mice fed with the LAA diet exhibited a broad reduction in plasma AA’s (Figure
4.11), similar to that seen in G108-treated mice (Chapter 3, Section 3.4.5).
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Figure 4.11: Individual plasma amino acid levels in DIO mice after 34 days of receiving either a low amino
acid (LAA) diet or a standard protein amino acid (SPAA) diet, n=7-8/group. From Hope, Hinds et al. (In
Press). Reduction in LAA diet AA concentrations matched to the reduction in plasma AA’s in G108-trearted
mice (Chapter 3, Section 3.4.5). Data plotted as mean * SEM, *p<0.05, # p<0.01, + p<0.001, analysed

using unpaired t-tests.
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Amino Acid Vehicle/SP 7.5 nmol/kg G108/SP | Percentage change
(7.5 nmol/kg
G108/ SP vs
Vehicle / SP)
Histidine 979 £ 6.7 84.5+129 -13.7
Total Isoleucine 88.4 +8.7 48.5 + 2.5 -45.1
P<0.001
Leucine 242.0£36.4 121.71+8.5 -49.7
P<0.01
Valine 227.8+21.7 128.7 +11.5 -56.3
P<0.01
Lysine 591.2 +119.5 245.1 + 34.0 -58.4
P<0.05
Methionine 1129+ 143 579 +4.1 -48.7
P<0.01
Phenylalanine 98.4 +10.7 73.3+21.6 -25.5
Threonine 316.2 +46.1 113.1+5.4 -64.2
P<0.001
Tryptophan 129.2+13.1 1099 +22.1 -14.9

Table 4.12: Individual essential plasma amino acid levels after 34 days of receiving either alow amino acid

(LAA) diet or a standard protein amino acid (SPAA) diet, n=7-8/group. Measured using gas

chromatography/mass spectrometry.
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Amino Acid Vehicle/SP 7.5 nmol/kg G108/SP | Percentage change
(7.5 nmol/kg
G108/ SP vs
Vehicle / SP)
Alanine 728.4 + 85.8 506.3 +83.1 -30.4
Arginine 316.2+101.9 126.4 +32.1 -60.0
Aspartate 59.6 + 12.7 349+ 25 -41.4
Asparagine 911127 344 %25 -62.2
P<0.05
Glutamate 75.1+9.1 60.9 +4.7 -18.9
Glutamine 923.4+62.4 890.5 + 55.7 -3.6
Glycine 3425+ 16.4 349.5+219 +2.0
Proline 242.3+£35.2 116.7 +23.9 -51.8
P<0.01
Serine 246.0 £ 22.6 173.5+11.9 -29.5
P<0.05
Tyrosine 160.9 + 20.4 115.2+30.9 -28.4
Cysteine 85+1.4 89+2.2 4.7

Table 4.13: Individual non-essential plasma amino acid levels after 34 days of receiving either alow amino
acid (LAA) diet or a standard protein amino acid (SPAA) diet, n=7-8/group. Measured using gas

chromatography/mass spectrometry.

The LAA diet did not affect food intake (Figure 4.12A), however led to a reduction in both

fat and lean mass (Figure 4.12B).
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Figure 4.12: Total food intake and body composition in DIO mice fed a LAA or SPAA diet. From Hope, Hinds
et al. (In Press). (A) Total food intake over 7 days (B) Change in body composition from baseline over 14
days. n=7-8/group. Data plotted as mean * SEM, ***p<0.001. Analysed using a combination of unpaired t-

test and two-way ANOVA with post hoc Sidak’s test.

In keeping with the food intake-independent effects of the LAA diet on body composition,
both feed efficiency and EE were increased in mice fed the custom diet (Figure 4.13A and

B).
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Figure 4.13: Feed efficiency and EE in DIO mice fed a LAA or SPAA diet. From Hope, Hinds et al. (In Press).
(A) Feed efficiency over 10 days. (B) Average oxygen consumption over a 24-hour period. n=7-8/group.
Data plotted as mean * SEM, *p<0.05, **p<0.01. Feed efficiency data analysed using unpaired t-test. Oxygen

consumption data analysed using ANCOVA using lean mass as a covariate.

Finally, to determine whether FGF21 induction is associated with reduced feed efficiency
and enhanced EE, plasma FGF21 was measured. A significant increase in plasma FGF21

was detected in mice fed the LAA diet compared to those fed the SPAA diet (Figure 4.14)
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Figure 4.14: Terminal plasma FGF21 levels on day 34 of study. n=7-8/group. From Hope, Hinds et al. (In
Press). Data plotted as mean + SEM, *p<0.05. Analysed using unpaired test.

4.4.5 Increased circulating FGF21 is not required to enhance EE in response to a

custom low amino acid diet

As hepatic FGF21 is activated in response to amino acid deprivation, the effect of G108-
stimulated hypoaminoacidemia on EE was explored indirectly in mice lacking hepatic
FGF21. For this study, the custom low amino acid diet (LAA diet, Table 4.1 and 4.2) was
fed to both WT and Fgf21%liver mice for two weeks prior to assessing plasma FGF21 and
EE.

After two weeks of feeding with the LAA diet, plasma FGF21 levels were significantly
elevated in the WT mice compared to the Fgf21%liver (Figure 4.15A). Furthermore, plasma
FGF21 was increased in the WT mice to a similar level as observed in previous chronic
studies where either G108 was administered (Figure 4.7B, Figure 4.10) or the LAA diet
was used (Figure 4.14). Following measurement of plasma FGF21, EE analysis was
carried out. However, despite a difference in plasma FGF21 between the two groups, a

difference in EE was not observed over a 48-hour period (Figure 4.15B).
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Figure 4.15: Plasma FGF21 and EE in WT and hepatic-specific Fgf21 knockout mice fed a LAA diet, n=7-
8/group. From Hope, Hinds et al. (In Press). (A) Plasma FGF21 on day 14. (B) Average energy expenditure
(kcal/hr) over 48 hours after 14 days of a LAA diet. Data plotted as mean + SEM, *p<0.05. Analysed using

unpaired test. EE data analysed with ANCOVA using lean mass as a covariate.
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4.5 Discussion

4.5.1 G108 enhances EE acutely and is prevented by a high protein diet

The results from Chapter 3, in the context of previously described models of dietary
protein restriction (Pezeshki and Chelikani 2021), suggest that G108-stimulated
hypoaminoacidemia may explain the body weight loss and EE responses observed. To
validate this finding, further studies were carried out to determine whether single-dose
administration of G108, also leads to acute hypoaminoacidemia and whether this is
associated with enhanced EE, recapitulating the chronic effects previously observed in
Chapter 3. Although a single 7.5 nmol/kg dose of G108 led to a reduction in plasma total
amino acids at 24 hours (Figure 4.5A), this was only associated with a trend towards
increased EE for up to 48 hours (Figure 4.5B). In mice fed a high protein diet who also
received a single 7.5 nmol/kg dose of G108, plasma amino acids were not significantly
reduced at 24 hours and the EE response was flat over the subsequent 48 hours (Figure
4.5B). These findings at the lower 7.5 nmol/kg dose of G108 suggests that a high protein
diet may be preventing an EE response. As expected, following administration of the
higher G108 dose (20 nmol/kg) there was a prolonged and significant reduction in
plasma total amino acids (Figure 4.5C). This was associated with a significant increase in
EE for up to 72 hours in mice fed the SP diet and was not observed in mice fed a HP diet
(Figure 4.5D). Although a reduction in plasma total amino acids was observed at 24 hours
in mice fed the HP diet and administered with 20 nmol/kg G108, this level did not fall
significantly below that of the baseline plasma amino acid level in the SP fed mice (Figure
4.5C). Together these results confirm that the acute reduction in plasma total amino acid
availability is associated with the acute EE response in G108-treated mice. This is
consistent with the findings from Chapter 3, where a chronic reduction in total plasma
amino acid availability is also associated with increased total body weight loss and EE

(Chapter 3, section 3.4.1 and 3.4.8).

As previous studies have described an increased EE response to dietary protein or amino
acid restriction (Rothwell, Stock et al. 1982, Maida, Zota et al. 2016, Pezeshki, Zapata et
al. 2016, Zapata, Singh et al. 2019, Yap, Rusu et al. 2020), the initial findings from this
Chapter and that of Chapter 3 suggest that G108-stimulated hypoaminoacidemia may

mediate the EE and body weight loss observed. Previous paradigms of dietary protein
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restriction in rodents have understandably measured EE in a chronic setting. The acute
effect of a low protein diet has been investigated using over-feeding studies (Dulloo and
Jacquet 1999). Interestingly, overfeeding with a low-protein (3 kcal%) diet over 24 hours
results in increased energy expenditure measured in humans using whole-room
metabolic chambers (Vinales, Begaye et al. 2019). Therefore, the findings from the acute
studies carried out in this Chapter lay the foundation for further mechanistic studies to
determine whether G108-stimulated hypoaminoacidemia underpins the EE and body

weight responses observed.

4.5.2 Hypoaminoacidemia underpins chronic G108-mediated EE and total body

weight loss

Further chronic studies were carried out to provide a mechanistic explanation for the EE
and body weight loss effects observed in response to G108, specifically that these effects
are mediated by G108-stimulated hypoaminoacidemia. Supplementing a ‘standard
protein’ casein-based diet with total individual amino acids rescued hypoaminoacidemia
and prevented the increase in EE and body weight loss in chronic G108-treated obese
mice (Figure 4.6). As the individual amino acid supplementation per se did not alter body
weight or food intake (Figure 4.6A and B), this suggests that the prevention of total body
weight loss and EE in G108-treated mice is due to the rescue of hypoaminoacidemia. The
effect of G108 treatment on chronic lean and fat mass is comparable to those previously
observed in obese mice (Chapter 3, Section 3.4.2). Interestingly, a trend towards
reduction in lean mass was observed in G108-treated mice receiving the amino acid
supplementation (SP+TAA group) (Figure 4.6C). It is likely that plasma amino acid
availability and therefore lean mass, is not protected throughout the 24-hour day/night
clock cycle due to the long-acting nature of G108 which likely overcomes the effect of a
dietary intervention during the fasting period. The loss of lean mass of lean mass in this
group (SP *TAA) despite no change in food intake, is also reflected in the trend to
increases EE in all photoperiods (Figure 4.64A, C and D). Furthermore, the plasma amino
acids were measured from blood samples collected early in the morning in the post-
prandial period, so therefore any ‘escape’ from the amino acid supplementation resulting
in mild hypoaminoacidemia during the fasting period may not have been captured

(Figure 4.7A).
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The effect chronic glucagon-stimulated hypoaminoacidemia on energy balance has not
previously been reported. However, due to the parallels between the findings presented
here and models of dietary protein restriction (leading to low plasma amino acid
availability), these two treatment paradigms can be compared. Observations of the EE
enhancing effects of low protein diets were noted in the 1960’s (Miller 1962, Miller and
Mumford 1967, Stirling and Stock 1968). Since then, several studies have reported that
balanced dilution of dietary protein content in rodents enhances EE and body weight loss
(Maida, Zota et al. 2016, Pezeshki, Zapata et al. 2016, Zapata, Singh et al. 2019). A
consistent finding is that a low/moderate (5 kcal%) dietary protein restriction is
required to enhance EE (Pezeshki, Zapata et al. 2016). Due to similarities in the EE and
body weight responses, it is interesting to note that individual reduction in amino acids
is largely similar in rodents fed a 5 kcal% protein diet (Maida, Zota et al. 2016) to that
observed with chronic G108 administration (Chapter 3, Section 3.4.5).

The physiological response to dietary protein restriction is altered food intake. It has
previously been found that dietary protein restriction in rodents leads to a ‘divergent’
response in energy balance. For example, a ‘mild’ (10 kcal%) reduction in total dietary
protein content leads to increased food intake with no effect on EE, a low/’'moderate’ (5
kcal%) reduction leads to an increase in both food intake and EE, whereas a diet totally
deficient in protein increases EE whilst severely reducing food intake (Pezeshki, Zapata
etal. 2016). Therefore, studies in rodents using a diet with 5 kcal% protein and increased
fat content have shown a variable response to obesity resistance due to concomitant
hyperphagia (Maida, Zota et al. 2016, Hill, Laeger et al. 2019, Zapata, Singh et al. 2019).
Despite this, however, reduced feed efficiency is a consistent finding demonstrating the
increased energy expenditure effect of low protein diets on body weight. It is known that
animals and humans change dietary behaviours to increase food intake (“protein
leverage”) in response to reduced dietary protein and this may lead to weight gain
(Simpson and Raubenheimer 2005). In the total ‘add-back’ study described in this
Chapter, 7.5 nmol/kg G108 did not lead a change in food intake (Figure 4.6A), however
this dose was specifically chosen within the sub-anorectic range. Therefore, it is expected
that an established sub-anorectic dose of G108 may lead to hypoaminoacidemia and

enhanced EE without an effect on energy intake. Consistent with this, the absence of
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increased food intake despite increased EE in G108-treated mice fed a SP diet translated

to total body weight loss in this groups during the study (Figure 4.6B and C).

Chronic G108-stimulated hypoaminoacidemia was associated with an increase in plasma
FGF21 and this response was prevented with the total amino acid dietary supplement
(Figure 4.7B). Hepatic FGF21 is secreted in response to low plasma amino acid
availability and is required for the EE effects observed (Laeger, Henagan et al. 2014).
Many studies have subsequently demonstrated that the EE response to moderate (5
kcal%) low protein diets is dependent on hepatic FGF21 (Laeger, Albarado et al. 2016,
Maida, Zota et al. 2016, Hill, Laeger et al. 2017, Hill, Laeger et al. 2019). Interestingly, the
hyperphagic response to low protein diets has also been found to be FGF21-dependent
(Laeger, Albarado et al. 2016, Maida, Zota et al. 2016, Hill, Laeger et al. 2019). Therefore,
the role of hepatic FGF21 induction in G108-treated mice is further explored in Section

4.5.4.

The findings from the total amino acid dietary ‘add-back’ study demonstrate that G108-
stimulated hypoaminoacidemia drive the increase in EE observed, resulting in total body

weight loss in this diet-induced obesity mouse model.

4.5.3 Replacing EAA or NEAA separately does not prevent EE effect

Since the discovery that low protein diets increase EE (Miller 1962, Miller and Mumford
1967, Stirling and Stock 1968), the research field has subsequently investigated the
effects of dietary individual amino acid restriction. For example, restriction or depletion
of individual essential amino acids (EAA’s) has been shown to enhance EE in pre-clinical
models (Xiao and Guo 2022). Recently, it has been demonstrated that a specific dietary
restriction of either threonine or tryptophan is sufficient to recapitulate the full EE
response to a 5 kcal% protein diet in mice (Yap, Rusu et al. 2020). In this study, silencing
hepatic FGF-21 prevented the EE response to a low threonine diet. These findings
demonstrate that restriction of individual amino acids in the diet can alter energy balance
comparable to that of total protein diluted diets and that the mechanism by which it does
so may also be through the induction of hepatic FGF21.

199



To determine whether G108-stimulated reductions in individual amino acid components
mediate the EE and body weight loss response, custom amino-acid based diets were
further modified and used in a follow up chronic study. G108-treated mice (7.5 nmol/kg)
fed a diet supplemented with either EAA’s or NEAA’s were not resistant to body weight
loss over two weeks (Figure 4.8B, 4.9A). Furthermore, G108-treated mice fed with either
supplemented diet had an increased plasma FGF21 level after 2 weeks of study (Figure
4.10). Although individual amino acid data is not available to confirm the specific rescue
of either component of the total amino acid profile, these findings suggest that G108-
stimulated reduction in either EAA or NEAA may increase EE and body weight loss.
Therefore, consistent with the total amino acid ‘add-back’ study (Section 4.4.2), the
repletion of total amino acids is necessary to prevent G108-mediated EE and body weight
loss. These findings contrast with a recent study where only dietary EAA restriction was
found to enhance EE in rodents (Yap, Rusu et al. 2020). However, it is important to note
that in other studies, a reduction in NEAA has also been shown to enhance EE and the
hepatic FGF21 secretion in primary hepatocytes and in vivo (Shimizu, Maruyama et al.

2015, Wilson, Lennox et al. 2015, Maida, Zota et al. 2016).

Together, these findings suggest that rescue of total amino acids is required to prevent
G108-mediated EE and body weight loss and therefore reduction of individual amino

acids from both EAA and NEAA components are implicated in the effects observed.

4.5.4 The EE response to a rationally designed low amino acid diet suggests an

FGF-21-independent effect.

Soon after it was recognised as a downstream target of the hepatic amino acid stress
response pathway (De Sousa-Coelho, Relat et al. 2013), FGF21 was demonstrated to be a
key ‘endocrine signal’ of dietary protein restriction (Laeger, Henagan et al. 2014). FGF21
leads to enhanced EE in response to a 5% casein diet, a response which is lost in Fgf21-
knockout mice (Laeger, Henagan et al. 2014). Several studies have subsequently
demonstrated that EE and body weight loss is dependent on hepatic FGF21 (Maida, Zota
et al. 2016, Hill, Laeger et al. 2019). Furthermore, it has been shown that the metabolic
programming of a low protein diet through hepatic FGF21 is mediated by a CNS
sympathetic-WAT thermogenic pathway (Hill, Laeger et al. 2019). Interestingly, it has
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recently been shown that dietary restriction of specific amino acids such as threonine or
tryptophan increases hepatic FGF21 and EE, and in the case of threonine restriction these
effects are prevented when hepatic FGF21 is silenced (Yap, Rusu et al. 2020). Dietary
methionine restriction also leads to enhanced EE and induction of hepatic FGF21 (Lees,
Krol et al. 2014) and the hepatic FGF21 is required for the thermogenic effects of

restricting this amino acid (Wanders, Forney et al. 2017).

To explore whether G108-mediated EE and body weight loss in mice may be dependent
on hepatic FGF21, the low amino acid diet (LAA diet) was fed to wild-type and hepatic-
specific Fgf21 knockout mice (Fgf21%iver), After two weeks of feeding with the LAA diet
there was no difference in EE between genotypes (Figure 4.15B). Despite this, an increase
in circulating FGF21 was detected (Figure 4.15A) which was comparable to the induction
of FGF21 by G108 or the LAA diet in previous studies (Figures 4.7B, Figure 4.10 and
Figure 4.14). Although the EE response to G108 does not appear to be FGF21-dependent
based on these results, there are several lines of evidence which may support these
findings. The maximum plasma FGF21 levels reached in response to either G108
administration or the rationally designed LAA diet, were in the range of approx. 1000
pg/ml (Figures 4.7B, Figure 4.10 and Figure 4.14). Studies by others which demonstrate
FGF-21 dependent effects of dietary protein restriction (5 kcal% casein diet) have
demonstrated levels of circulating FGF21 up to approximately 4000 pg/ml after 4 days
(Laeger, Henagan et al. 2014), approaching approximately 8000 pg/ml after 27 weeks of
alow protein diet (Laeger, Albarado et al. 2016). It is possible that the subtle induction of
hepatic FGF21 by G108 or the custom LAA diet is a marker of the reduced amino acid
availability however this is not sufficient to induce the thermogenic effects observed. In
keeping with this, the proposed mechanisms of EE in response to a low protein diet are
multi-faceted and may also involve FGF-21 independent pathways (Pezeshki and
Chelikani 2021). Furthermore, due to the divergent effects on EE of individually
restricting amino acids (Xiao and Guo 2022), the individual amino acid profile of G108-
stimulated hypoaminoacidemia may result in the activation of different EE mechanisms
than those observed with a balanced reduction in dietary protein (ie 5 kcal% protein
diets). To support the distinct effects of restricting individual amino acids, dietary lysine

restriction alone may result in increased serotonergic signalling and EE (Smriga and Torii
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2003) and more recently, dietary histidine restriction was noted to increase EE in an

FGF21-independent manner (Victoria Flores 2022).

A source of energy consumption from lean tissue protein turnover has also not been
excluded. It is interesting that the lean mass loss appears to mirror the pattern of energy
expenditure from the dietary total amino acid add back study (Figure 4.6). This was also
observed with a high protein diet replacement (Chapter 3). However, there is evidence
that dietary restriction of a single EAA, ie threonine may recapitulate the full EE effect of
a low amino acid diet, without any effect on lean mass (Yap, Rusu et al. 2020). It may be
that the EE response to G108-stimulated hypoaminoacidemia in obese mice is multi-
faceted including direct effects of lowering individual amino acids, in addition to a whole-

body increase in lean tissue protein turnover.

The findings from the Fgf21/- study supports the fact that G108-stimulated
hyopoaminoacidemia resulted in a subtle induction of hepatic FGF21 and therefore a
subtle increase in circulating levels of the hormone. However, a limitation of this study
was the short-duration of low amino acid diet feeding prior to metabolic assessments.
Furthermore, in this study lean mice were used and not obese mice. It has previously been
shown that the effects of FGF21 on EE are dependent on dietary fat content suggesting
obesity status (Owen, Ding et al. 2014). Therefore, it would be appropriate to further
investigate whether the custom low amino acid diet used in this Chapter confers the same
EE effect in DIO WT and Fgf21-/- mice in addition to the EE response to a standard amino
acid diet.

Together, these discussions may explain how G108-stimulated hypoaminoacidemia may
mediate different mechanisms of EE than those seen in low protein diet paradigms and

explanations for why the findings here may differ.

4.6 Conclusions

The results from this Chapter confirm that chronic G108-stimulated hypoaminoacidemia
leads to increased energy expenditure and total body weight loss in obese mice.
Therefore, these findings suggest that chronic hypoaminoacidemia underpins glucagon-

mediated EE and body weight loss in this pre-clinical model. This effect does not appear
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to be dependent on the induction of hepatic FGF21, as observed in other models of dietary
protein restriction and energy expenditure, however key differences are highlighted
between dietary protein restriction and G108 administration (Section 4.5.4).
Interestingly, the acute EE response to G108 is associated with hypoaminoacidemia in
mice fed with a standard protein diet, and this is abolished in mice fed with a high protein
diet. This also strongly supports the notion that G108-stimulated hypoaminoacidemia
underpins the EE responses observed. The mechanisms of EE activated by G108-
stimulated hypoaminoacidemia remain uncertain. Experiments from Chapter 3 suggest
that several EE components may be involved including muscle thermogenesis and
locomotion (Chapter 3, Section 3.4.11). Using a more potent glucagon-analogue at a
higher dose, it has previously been demonstrated that the EE response may be partially
due to hepatic FGF21 and FXR signalling pathways (Kim, Nason et al. 2018). Therefore, it
will be important to further explore the potential mechanisms of EE in response to
glucagon-stimulated hypoaminoacidemia in addition to the extent to which it contributes

to the overall EE effects observed, particularly in higher dose ranges.
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5 Chapter 5- A novel long-acting GLP-1/glucagon co-agonist (G3215) results

in markers of increased protein turnover in humans in a Phase 1 trial

5.1 Introduction

5.1.1 GCGR-targeted multi-agonists as a treatment for obesity and metabolic

disease in humans

The metabolic benefits of exogenous glucagon administration on lipid metabolism and
energy expenditure, were described early on in pre-clinical studies with native glucagon
or zinc-glucagon (Davidson, Salter et al. 1957, Caren and Corbo 1960, Davidson 1960,
Salter 1960, Eaton 1973). Since then, several studies in rodents have confirmed
glucagon’s effects on lipid metabolism for example by reducing hepatic lipid production
(Guettet, Mathe et al. 1989), stimulating hepatic lipid oxidation (Lv, Qiu et al. 2017) and
reducing plasma cholesterol (Guettet, Mathe et al. 1988). Human studies with short-term
native glucagon infusions have also confirmed its role in stimulating energy expenditure

(Nair 1987, Tan, Field et al. 2013, Salem, Izzi-Engbeaya et al. 2016).

Due to the hyperglycaemic nature of glucagon (Exton 1987), and in the context of the
rising obesity levels over the last four decades, efforts have been made to develop a
‘druggable’ glucagon analogue with sustained metabolic benefits without deleterious side
effects on glycaemia. As a proof-of-principle and based on earlier successful studies of the
endogenous GLP1/GCGR co-agonist oxyntomodulin (Wynne, Park et al. 2006), co-
infusion studies of GLP-1 and GCG demonstrated the benefits of this combination therapy
in humans; In particular, co-infusion of these hormones led to enhanced EE whilst
ameliorating glucagon-stimulated hyperglycaemia (Tan, Field et al. 2013). Long-acting
analogues of glucagon have also been developed with the novel strategy of modification
of ‘sequence-similar’ preproglucagon peptides, for example glucagon, GLP-1 or
oxyntomodulin (Day, Ottaway et al. 2009, Pocai, Carrington et al. 2009, Day, Gelfanov et
al. 2012). Using this strategy, long-acting glucagon or GCGR-targeted unimolecular multi-
agonists have been developed which have had marked success in pre-clinical obesity
models. (Hope, Vincent et al. 2021). For example, the first unimolecular GLP1/GCG co-
agonists were shown to enhance EE and total body weight loss in DIO mice, in addition to

improving whole body lipid profile and glucose tolerance (Day, Ottaway et al. 2009, Pocai,
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Carrington et al. 2009). Since then, several successful pre-clinical reports have emerged
of unimolecular GLP-1/GCG co-agonists which lead to weight loss in obese rodents
(Henderson, Konkar et al. 2016, Evers, Haack et al. 2017). Through the addition of GIP
activity, a GCGR-targeted triple agonist (SAR441255) has recently reported significant
weightloss in obese mice of up to 60 percent (Bossart, Wagner etal. 2021, Knerr, Mowery
et al. 2022). A key advantage of the addition of insulinotropic GIP has been to allow
increases GCGR potency whilst avoiding hyperglycaemia, therefore maximising the
energy expenditure and body weight loss response; This is exemplified with the balanced

triple agonist ‘Peptide 16’ (Knerr, Mowery et al. 2022).

Following the initial stream of pre-clinical reports, some of the subsequent early phase
clinical trials of GLP-1R/GCGR co-agonists have been underwhelming in terms of safety
and efficacy (Hope, Vincent et al. 2021). For example, the forerunner Cotadutide
(formerly MEDI0832), by Medimmune, is administered once daily and achieved a modest
~5% weight loss over 54 weeks, although striking beneficial effects were observed on
plasma lipids and hepatic parameters of non-alcoholic hepatic steatosis and therefore
this is being developed for the treatment of fatty liver disease (Nahra, Wang et al. 2021).
Other co-agonist candidates for example NN1177 (Novo Nordisk) are associated with
significant gastrointestinal adverse events and cardiovascular safety concerns (Martin
Friedrichsen 2022). However, recently a phase 1 report of the once-weekly co-agonist
IBI362 shows a body weight loss of up to 6.4 % over 12 weeks with a favourable safety
profile (Ji, Gao et al. 2022). Furthermore, a recent report of the once weekly GLP-
1R/GCGR/GIP triple agonist, LY3439743 (Lilly) has also shown a favourable safety
profile in addition to weight loss of up to 8.96 kg over 12 weeks (Urva 2022). GCGR-

targeted multi-agonists in development are summarised in Table 5.1.

The inconsistent results when translating to humans may be based on the various factors
which may affect the behaviour of unimolecular multi-agonists, for example species and
drug exposure differences; This has been highlighted in a pre-clinical report investigating
these effects of NN1177 at a given GLP-1 to glucagon ratio, showing unexpected
physiological differences between species and when compound exposure changes
(Simonsen, Lau et al. 2022). This may explain why certain successful animal reports of

drug candidates have not translated to similar success in humans (Tillner, Posch et al.
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2019, Martin Friedrichsen 2022). Furthermore, Cotatutide may have benefited from not

succumbing to similar safety concerns due to its notably weaker receptor potency to the

GCGR, at 5-10-fold less than glucagon itself (Henderson, Konkar et al. 2016).

GCGR-targeted multi-agonists in development

Class Develope Receptor Status Reference
r balance
GLP-
1R/GCGR/G
IPR
Cotadutide GLP1R/GCGR | AstraZene 5:1 Phase 2B | (Nahra, Wang
Co-agonist ca Fatty liver etal. 2021)
disease
ALT- GLP1R/GCGR | Altimmun 1:1 Phase 2 NCT0529587
801/Pemvidu Co-agonist e Obesity 5
tide
BI456906 GLP1R/GCGR | Boehringe ? Phase 2 NCT0466737
Co-agonist r Obesity 7
Ingelheim
Efinopegutide | GLP1R/GCGR Marck 1:1 Phase 2 NCT0494499
Co-agonist Fatty liver 2
disease
IBI362 GLP1R/GCGR Eli Lilly 1:1.6 Phase 2 NCT0490491
(LY3305677) Co-agonist Obesity 3(Ji, Gao etal.
2022)
SAR441255 | GLP1R/GIPR/G Sanofi 2:2:1 Phase 1 (Bossart,
CGR Triple Obesity/T2 | Wagner et al.
agonist DM 2021)
LY3437943 | GLP1R/GIPR/G | EliLilly 1:10:1 Phase 1 | (Coskun, Urva
CGR Triple Obesity/T2 etal. 2022)
agonist DM
NN1177 GLP1R/GCGR Novo 3:1 Discontinue (Martin
Co-agonist Nordisk d Friedrichsen
2022)
SAR425899 GLP1R/GCGR Sanofi 5:1 Discontinue (Tillner,
Co-agonist d Posch et al.
2019)
MOD-6031 GLP1R/GCGR OPKO ? Discontinue | NCT0269278
Co-agonist d 1
MK-8521 GLP1R/GCGR Merck ? Discontinue | NCT0249276
Co-agonist d 3
TT401 GLP1R/GCGR | Transition ? Discontinue | NCT0340637
Co-agonist Therapeut d 7
ics
NN9204-1706 | GLP1R/GIPR/G Novo ? Discontinue | NCT0366187
CGR Triple Nordisk d 9
agonist

Table 5.1: GCGR-targeted multi-agonists in development. Individual references provided.
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5.1.2 Emerging pre-clinical evidence for amino acid catabolism and lean mass

loss in GCGR-targeted multi-agonists

In the pre-clinical reports of the first unimolecular GLP1-R/GCGR co-agonists, circulating
plasma amino acids were not reported (Day, Ottaway et al. 2009, Pocai, Carrington et al.
2009, Day, Gelfanov et al. 2012, Henderson, Konkar et al. 2016). Evidence does exist
however which may indicate lean mass loss through GCG-stimulated hypoaminoacidemia
for previously reported GLP-1/GCG co-agonists and glucagon analogues. For example, in
one study, a long-acting co-agonist ‘Peptide 5’ was administered over 13 days and led to
approximately 3 g of lean mass loss, independent to food intake (Day, Gelfanov et al.
2012). In other studies, using a long-acting glucagon analogue, IUB288, a similar loss of
lean mass was observed over 3 weeks (Habegger, Stemmer et al. 2013, Okun, Rusu et al.

2021).

Over the last 5 years, the role of glucagon in amino acid catabolism has become
increasingly reported for at least two reasons. Firstly, an important physiological liver-
alpha axis has been described whereby glucagon and amino acids regulate a feedback
cycle in which the extent of GCGR signalling determines circulating amino acids as
messengers to alpha cell glucagon secretion (Holst, Wewer Albrechtsen et al. 2017).
Secondly, circulating amino acids have been shown to be a sensitive biomarker of GCGR
activity when using GCGR-targeted agonists in pre-clinical models (Li, Kirchner et al.
2020). Indeed, in humans, individual plasma amino acids have been reported with the
use of a GCGR-targeted triple agonist (GLP-1R/GCGR/GIP) (SAR441255) as a ‘biomarker’
of GCGR activity (Bossart, Wagner et al. 2021). Recently, a GLP1R/GCGR/GIP triple
agonist (Peptide 16) has been reported to cause a significant loss of lean mass in obese
rodents and this was not consistent with a reduction in energy intake, but associated with
a higher GCGR receptor activity (Knerr, Mowery et al. 2022); Although plasma amino
acids were not reported in this study, it was noted that this indicated a potential for the

triple-agonist to cause amino acid catabolism and muscle wasting.

Together these studies have highlighted the increasing interest in reporting plasma

amino acids when using GCGR-targeted multi-agonists in pre-clinical models.
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Furthermore, they also highlight the important link between GCGR-stimulated

hypoaminoacidemia and lean mass loss, investigated in Chapters 2 and 3 of this thesis.

5.1.3 Evidence for hypoaminoacidemia in humans treated with GCGR-targeted

agonists

Increased circulating glucagon at higher physiological and pathological circulating levels
results in increased hepatic amino acid catabolism and hypoaminoacidemia. This has
been shown with exogenous glucagon infusion studies in humans (Wolfe, Culebras et al.
1979, Nair, Halliday et al. 1987, Boden, Tappy et al. 1990) or with excess endogenous
glucagon production in the glucagonoma syndrome (Mallinson, Bloom et al. 1974,
Almdal, Heindorff et al. 1990). Despite these findings, the effect of GCGR-targeted multi-
agonists on circulating amino acids in humans has only recently been reported. This is
due to the relatively recent advancement of these agonists into clinical phase testing
(Hope, Vincent et al. 2021) in addition to the recent validation of plasma amino acids as
a sensitive biomarker for GCGR activity when using these agonists (Li, Kirchner et al.

2020).

A phase 2a study of Cotadutide was the first to report changes in circulating amino acids
with chronic treatment of the GLP-1R/GCGR co-agonist (Parker, Robertson et al. 2020).
Over 43 days of daily dosing with Cotadutide, there was a significant reduction in plasma
alanine, in addition to numerical reductions in cysteine, tyrosine, isoleucine, tryptophan,
and glutamate. More recently, in a phase 1 trial, the chronic effect of a GLP-1R/GCGR co-
agonist on circulating amino acids has been demonstrated. In this study, in addition to
cardiovascular safety concerns being raised, weekly treatment with NN1177 (Novo
Nordisk) led to a broad reduction in individual amino acids after 12 weeks (Martin
Friedrichsen 2022). GCGR-stimulated hypoaminoacidemia has also been observed in
higher combination multi-agonists. For example, in a single-ascending dose study in
humans, a GLP-1R/GCGR/GIPR triple-agonist (SAR441255) led to a broad reduction in
individual amino acids at least up to 12 hours following a single-dose (Bossart, Wagner
et al. 2021). Although lean mass was not measured due to the single-dose study design, it
was also noted that the chronic implications of reduced amino acids require investigation

(Bossart, Wagner et al. 2021). More recently, in a single ascending first-in-human trial,
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another GLP1R/GCGR/GIPR triple agonist (LY3437943) reported a chronic reduction in
selected glucogenic amino acids, including alanine, serine and asparagine (Coskun, Urva
etal. 2022); However a complete amino acid profile has not been reported. In a follow up
phase 1b study, plasma amino acids are not reported (Urva 2022). Interestingly, the
length of duration and receptor potency varies between drug candidates, and this may
have implications for the effect on circulating amino acids. For example, Cotadutide
necessitates once daily treatment and has weaker GCGR potency relative to native
glucagon, whereas SAR441255, LY3437943 and NN1177 have enhanced GCGR receptor
potency and/or greater half-life; This may explain why Cotadutide has a modest effect on
individual plasma amino acids in which the most affected amino acid is alanine, a major
glucogenic substrate (Parker, Robertson et al. 2020, Bossart, Wagner et al. 2021, Martin
Friedrichsen 2022).

5.1.4 Infusion of a novel GLP1/GCGR co-agonist, G3215, in humans to determine

the effect on plasma amino acids and lean mass

G3215 is a novel GLP-1R/GCGR co-agonist developed at Imperial College London, based
on the endogenous co-agonist, oxyntomodulin. Through several modifications, receptor
potency to both cognate receptors relative to native ligands, GLP-1 and GCG are
enhanced. In a Phase 1 double-blind randomised control trial, the safety, tolerability,
pharmacokinetics and pharmacodynamics was assessed in overweight or obese adults.
Using an infusion strategy, these outcomes were assessed over 14 days of a continuous
subcutaneous infusion using an mini-pump, worn by the participant. As an exploratory
outcome, individual plasma amino acids were measured at multiple time points during
the infusion period. To determine any effect on lean mass, body composition and
functional strength were also measured. In this Chapter, the trial methods are detailed
fully with results of exploratory outcomes highlighted pertinent to the primary focus of
this thesis, including the effects of G3215 on plasma amino acid metabolism, body

composition and grip strength.
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5.2  Chapter summary and aims

e Determine whether a rationally designed GLP1/GCGR co-agonist, G3215 results in
reduced plasma alanine in a Phase 1 clinical trial.

e Determine whether administration of G3215 results in reduction of individual
plasma amino acids.

e Determine whether administration of G3215 in the short term leads to increased

lean mass loss.

5.3 Methods

5.3.1 Study design and participants

This study was carried out at the NIHR Wellcome Trust Clinical Research Facility at
Hammersmith Hospital, London, from October 2021 to August 2022. It was a double-
blind, randomised-control trial and compared the effect of a 14-day continuous
subcutaneous infusion of a novel GLP1R/GCGR co-agonist, ‘G3215’ versus placebo, on the
primary outcomes of safety, tolerability, pharmacokinetics and pharmacodynamics in

overweight or obese adults.

23 subjects were recruited to three cohorts (8 subjects per cohort for cohort 1 and cohort
2, 7 subjects in cohort 3), in which 6 subjects in each cohort received G3215 infusion and
the remaining receiving placebo infusion. Cohort 1 included those with normoglycaemia
and later cohorts also included those with prediabetes or type 2 diabetes (as per WHO
2006 and 2011 diagnostic criteria).

The starting dose for Cohort 1 was 0.6 mg/24 hours and the dose G3215 was titrated up
through multiple-stepwise increments to 2.4 mg/24 hours over 14 days by increasing the
infusion rate. The dose increments were applied to all participants within the cohort.
Therefore, the placebo infusion rate was also increased in line with subjects receiving
G3215. The final dose achieved in cohort 2 and 3 will be increased and this will depend
on the safety and tolerability assessed in cohort 1. Between cohorts, a safety monitoring

committee will determine whether G3215 is safe to proceed with in further cohorts.

210



Primary outcomes included safety and tolerability assessments through recording of
adverse events (AE’s), clinical examination, ECG monitoring, vital signs, and organ-
specific safety blood tests. Secondary outcomes included pharmacokinetic assessments.
Exploratory outcomes included food intake, change in body weight, muscle strength,

body composition, markers of nitrogen balance, and glucose tolerance.

Sentinel dosing was carried out in each cohort with randomisation to ensure that 1 was

received G3215 and 1 received placebo.

The study was carried out according to the guidance set by the International Conference
on Harmonisation (ICH) and Good Clinical Practice (GCP). The Investigational medicinal
product (IMP) (G3215), was developed and administered according to the requirements
set by the European Union (EU) Good Manufacturing practice (GMP).

5.3.2 Peptide G2315

Peptide G3215 is an analogue based on the primary peptide sequence of the endogenous
GLP1R/GCGR co-agonist, oxyntomodulin (OXM). Modifications were made based on the
primary peptide sequence of OXM including the deletion of 2-residues and substitution
of 14 residues. Through assessment of cAMP activity in human cell lines, G3215 has
previously been demonstrated to have superior receptor activity at both the GLP1R and
GCGR, compared to native OXM (data not shown). Receptor binding studies have
demonstrated that G3215 binds with high affinity (within 3-fold of native ligands) to both
GLP-1R and GCGR (data not shown). G3215 is therefore predicted to combine the GLP-1
effect on appetite suppression and glucose-stimulated insulin release, with glucagon’s

effect on energy expenditure and lipid metabolism.

Following pre-clinical toxicology studies, first in human clinical trial (FITH) were carried
out between January 2015 and February 2019. This comprised of a single-ascending dose
study (Part A), a multiple ascending dose study (Part B) and a subcutaneous infusion
study (Part C). Parts A and B were carried out using G3215 reconstituted in a zinc
formulation to prolong its duration after subcutaneous administration. In part A, the

maximum single-dose of G3215 administered was 48 mg. In part B, weekly doses of
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G3215 of up to 24 mg were administered subcutaneously for 5 weeks, with the maximum
cumulative dose of 108 mg over the 5-week period. In part C, the highest dose
administered through subcutaneous infusion was 2.2 mg/24 hours. Data for Part A-C not

shown.

The starting dose of G3215 in the planned 14-day subcutaneous infusion study was
therefore based on the doses administered and tolerability of the IMP in the FITH studies
described above. Therefore, in Cohort 1, G3215 was titrated up over 14 days to a
maximum dose of 2.4 mg/24 hours, with a potential maximum cumulative dose of 33.6
mg. In subsequent cohorts, this dose will be increased however not exceed the maximum

cumulative doses in Part A of the FITH (48 mg) or Part B of the FITH (108 mg).

5.3.3 Inclusion and exclusion criteria

Inclusion criteria were adult males aged 18-65 years old, a BMI between 25 and 45 kg/m?,
normal glucose tolerance, impaired glucose tolerance (IGT), impaired fasting glucose
(IFG), type 2 diabetes (according to WHO 2006 and 2011 diagnostic criteria). Participants
with Type 2 diabetes, IFG or IGT were controlled with diet/lifestyle, monotherapy
(sulphonylurea, metformin or an SGLT2i) or dual-therapy (sulphonylurea/metformin, or
sulphonylurea/SGLT2i). A HbA1lc of between 6.0-8.5%. Other criteria include a negative
screen for hepatitis B surface antigen, hepatitis C antibody and human immunodeficiency
virus 1 and 2 antibody. A negative screen was also required for drugs of abuse and
nicotine. Other key exclusion criteria included, a history of atopy, drug hypersensitivity,
a history of alcohol abuse, substance dependence, a history of clinically significant
migraines, pancreatitis or pancreatic cancer, infections, known inflammatory conditions,
a history of gastrointestinal symptoms, recent donation of blood products, previous use
of an IMP within 3 months or engaged in extended follow up of another IMP, or previously

received G3215.

5.3.4 Intervention

Participants were admitted to the Clinical Research Facility on Day -1, prior to the day of
infusion commencing. In the morning, they underwent baseline safety blood tests and a

baseline oral glucose tolerance test. This was followed by an ad libitum food intake study

212



and further acclimatisation to the facility throughout the day. A grip strength assessment
was also carried out in the afternoon. On day 1, following baseline blood tests, a
subcutaneous infusion pump was connected to the lower abdominal area and was
subsequently changed every 24-48 hours throughout the 14-day infusion period. During
days 1-4, all participants remained in the Clinical Research Facility where the infusion
rate of the pump (and therefore dose of G3215) was titrated up until day 3 and multiple
blood sample for PK analysis were taken throughout the day. During this time, safety
assessments were made with blood tests, clinical examination, ECG analysis and vital sign
recordings. On day 4, participants were discharged from the facility and returned for an
outpatient visit on day 7 for PK and safety blood tests, ECG analysis, vital signs and clinical
examination. Participants also returned on day 9 and 11 for clinical examination and vital
signs. At each outpatient visit (Day 7, 9 and 11) to the facility, the infusion set, and syringe
were changed. On day 14, all participants attended the facility and stayed for 2 days
(study day 14 and day 15). Following vital signs, PK and safety blood tests on day 14, the
infusion set and syringe were changed and then the participants underwent an oral
glucose tolerance test. A food intake study was then carried out for lunch and dinner
meals. A grip strength assessment was also carried out in the afternoon on Day 14. On
day 15, vital signs, PK and safety blood tests were collected in the morning. All
participants then underwent a food intake study for breakfast followed by permanent
removal of the subcutaneous infusion pump. All participants returned for a final visit on
Day 17 and Day 21 for safety assessments and PK analysis. During the two inpatient
periods (day -1-4 and day 14-15), visual analogue scales were provided to participants
pre- and post-meals and served to indicate the effect of the respective treatments on
subjective levels of appetite. Local (infusion site) tolerability assessments were made as
part of the clinical examination. Body weight was measured at each visit and body
composition measured using bioimpedance was measured on days -1, 7, 11, 14 and day

21.
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Summary of visits: Source (Informed Consent Form, G3215 study)

Pre-screening Visit (if required)
Within 10 weeks prior to Day 1

Screening Visit (wit|hin 28 days of Day 1)
Inpatient Stay 1
Day -1 Admission and acclimatisation
Attach continuous glucose monitor
Oral glucose (sugar) test
Food intake study

Day 1 Start G3215/placebo infusion

Day 2 Continue infusion pump

Day 3 Change infusion pump

Day 4 Change infusion pump
Discharge

Outpatient review 1
Day 7 Change infusion pump
Clinical review and discharge

Outpatient review 2
Day 9 Change infusion pump
Clinical review and discharge

Outpatient review 3
Day 11 Change infusion pump
Clinical review and discharge

Inpatient Stay 2
Day 14 Admission,
Change infusion pump,
Oral glucose (sugar) test,
Food intake study,
Day 15 Disconnect infusion pump and CGM
Discharge

Outpatient reviews
Day 17, Day 21 Clinical review
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5.3.5 Randomisation process and IMP preparation

Participants were randomised to their respective treatment of G3215 or placebo using
the Oracle Inform data capture system. The randomisation codes were provided to the
pharmacist and ‘code break’ enveloped were maintained in the clinical unit and by
designated individuals not working in the clinical team. The pharmacy within
Hammersmith Hospital used the randomisation codes to prepare the infusion pump
syringes throughout the study. The infusion pump syringes, blinded to treatment, were
collected by the clinical team on each day the infusion set, and syringe were changed. A

code-break protocol was in place if required.

5.3.6 Subcutaneous pump and dose-adjustments

A Dana Rs pump was used to administer G3215 or placebo continuously through the
subcutaneous route over the 14-day infusion period. The infusion rate of the Dana Rs
pump was changed to achieve a specific dose over 24 hours. This varied from 0.6 mg/day
to 3.4 mg/day according to the cohort and final dose achieved for each individual

participant.

5.3.7 Body weight and body composition

Body weight was recorded at the same time of day on each study day. Body composition
measurements were recorded on study days -1, 7, 11, 14 and day 21, using Tanita
bioelectrical impedance technology. Measurements for total body weight, fat and lean

mass is provided.

5.3.8 Grip strength test

A hand grip strength test was recorded on day -1 and day 14 of the study, using a digital
grip strength meter (Jamar® dynamometer, Patterson Medical). Participants held the
grip strength meter in their hand with the arm at a right angle, prior to squeezing the
device to maximum force over 5 seconds. Three recordings were taken from both the left

and right hands.
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5.3.9 Oral glucose tolerance test

An oral glucose tolerance test (75g glucose drink) was carried out during the two
inpatient visits, specifically on the morning of day -1 and on day 14. Samples for insulin
and glucose were collected at time points: 0, 15, 30, 60, 90, 120, 180 and 240 minutes

following the glucose drink.

5.3.10 Food intake studies

Food intake studies were carried out during the two inpatient visits. A standardised lunch
and dinner were provided on study day -1 and day 14, with a standardised breakfast
provided on study day 1 and day 15. Participants were provided in excess with each meal
and asked to eat these meals until they felt ‘comfortably full’ within a period of 20
minutes. The meal weight was recorded pre- and post- presentation to the participant
and based on the fixed kcal/g content of each meal this allowed the total energy value

consumed (kcal) to be calculated.

5.3.11 Safety blood tests, ECG, vital signs, and visual analogue scales

Safety blood tests and were collected on each inpatient study day and each study visit,
excluding outpatient visit 9 and outpatient visit 11. Blood samples were collected through

a peripherally sited cannula.

A 12-lead ECG was carried out twice daily during the inpatient study days (Day -1, 1, 2, 3,
4, 14, 15) and once during the outpatient visits (Day 7, 9, 11, 17, 21). After lying in the
supine position for at least 5 minutes, the ECG was performed. The heart rate PR interval,

QRS duration, QT and QTc values were recorded.

Blood pressure, pulse rate and temperature were recorded at multiple set time-points

during the inpatient days and once during each outpatient visit.

Visual analogue scales were provided to participants pre- and post- all meals including

the food intake studies. This comprised of a 100mm linear scale where the participant
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was asked to mark where they subjectively rated appetite related questions. The mark

along the 100mm scale was then recorded (ie 74mm = 74).

5.3.12 Physical examination

A physical examination was performed on each study day and included a comprehensive

assessment of all the major body systems.

5.3.13 PK and Biochemical analysis

Safety blood tests were analysed by the NHS Clinical Laboratory at Hammersmith
Hospital. PK samples were collected and transferred on wet ice to the research facility
laboratory, where they were centrifuged and aliquoted into dedicated PK tubes for
analysis. These were delivered to the Clinical Research Organisation, LCG for further
analysis. Blood samples for amino acid analysis were centrifuged at 4000 rpm for 10
minutes and plasma stored at -80°C prior to analysis. An alanine kit (MAK001, Sigma)
was used to analyse plasma alanine levels. 16 samples (10 G3215 infusion and 6 placebo)
were sent for individual plasma amino acid analysis using gas-chromatography-mass-

spectrometry (GCMS) at the WellChild Lab, St Thomas’ Hospital, London, UK.
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54 Results

Key results for Chapter 5

e Over 14-days, G3215 infusion causes a reduction in the glucogenic amino acid
alanine.

e Over 14-days G3215 infusion also causes a broad reduction in individual amino
acids

e A comparable reduction in lean and fat mass is observed over 14 days with

G3215 infusion.

5.4.1 G3215 infusion reduces plasma alanine over 14 days

23 participants completed the study and plasma samples from study days -1, 1, 7, 14 and
21 were used to measure amino acid levels. Alanine was initially measured using a
commercially available ELISA kit, to determine whether thorough individual amino acid
measurement was indicated. Plasma alanine levels in participants receiving placebo
remained stable for the duration of the infusion period (study day 1 to study day 14) and
during the follow up visit on study day 21 (Figure 5.1A). In contrast, plasma alanine was
significantly reduced during the infusion period in participants receiving G3215 infusion
(Figure 5.1B, mean * SEM, G3215 infusion baseline level on study day 1: 359.1 * 37.6
micromol/l, study day 7; 205.0 * 44.8 micromol/l, study day 14; 217.6 * 32.3
micromol/l). This then increased above baseline when measured during the follow up

visit on day 21 (Figure 5.1B, study day 21; 526.3 * 86.9 micromol/I).
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Figure 5.1: Plasma alanine levels over 21-day study period combined cohort 1-3. (A) Histogram and (B)
overall plot of plasma alanine levels over 21-day study period with day -1 to day 14 infusion period.

*p<0.05, **p<0.01, data plotted as mean + SEM. Data analysed using two-way ANOVA with post hoc Tukey’s
test.

5.4.2 G3215 infusion reduces individual plasma amino acids over 14 days

Due to the significant reduction in plasma alanine in response to G3215 infusion,
individual plasma amino acids were subsequently measured. For analysis, these were
split into essential (EAA’s, Figure 4.2, Table 5.2) and non-essential (NEAA'’s, Figure 5.3,
Table 5.3) amino acids. Of the EAA’s, compared to baseline (Day 1), there was a reduction
in plasma histidine, leucine, valine, lysine, mehionine and threonine, at both measured
timepoints during the G3215 infusion period (study day 7 and study day 14) (Figure 5.2,
Table 5.2). Compared to baseline, there was also a significant reduction in plasma
isoleucine at study day 14 and plasma tryptophan at study day 7, in participants receiving
G3215 infusion. There was no significant reduction, compared to baseline, in any of the
EAA’s in the placebo group (Figure 5.2, Table 5.2). Interestingly, there was a rebound
increase in plasma threonine at day 21, 7 days after the G3215 infusion was discontinued
(Figure 5.2, Table 5.2). In participants receiving G3215 infusion, the EAA’s with the most
pronounced reduction were threonine (Day 14: -43.9% compared to baseline Day 1) and

lysine (Day 14: -28.5% compared to baseline Day 1) (Table 5.2).
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Figure 5.2 Plasma individual essential amino acids. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, plotted

as mean * SEM, significance indicates change from baseline (Day 1).. Data analysed using two-way ANOVA

with post hoc Dunnett’s test.
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Figure 5.3 Plasma individual non-essential amino acids. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

plotted as mean * SEM, significance indicates change from baseline (Day 1).. Data analysed using two-way

ANOVA with post hoc Dunnett’s test.
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Plasma individual essential amino acid level
(micromol/1 + SEM)

Day-1 Day 1 Day 7 Day 14 Day 21 Change
from
baseline to
day 14 (%)
Histidine 60.18 £ 63.83 £ 66.17 * 64.67 £ 63.73 £ 7.46
Placebo 3.44 4.91 6.76 5.20 4.13
Histidine G3215 65.31 % 68.41 + 61.14 + 55.75 + 61.54 + -14.64
2.67 2.59 3.00 2.48 2.90
P<0.05 P<0.01
[soleucine 60.52 64.55 + 77.18 % 68.67 £ 63.08 £ 13.47
Placebo 4.43 4.60 17.24 8.89 6.71
Isoleucine 54.49 + 58.82 + 50.91 + 48.30 5712 + -11.36
G3215 4.21 6.05 5.17 5.67 6.11
P<0.05
Leucine Placebo | 116.08 = 132.88 = 144.03 124.62 * 117.02 7.36
9.99 11.65 29.17 12.67 7.95
Leucine G3215 107.43 + 124.33 100.09 100.13 106.54 -6.80
8.49 7.40 7.36 8.40 8.27
P<0.05 P<0.05
Valine Placebo 157.48 = 181.67 189.77 170.97 162.17 8.57
17.59 19.69 28.52 23.06 17.04
Valine G3215 157.14 + 182.83 130.92 136.37 + 155.87 -13.22
14.21 22.06 12.83 14.18 11.51
P<0.05 P<0.05
Lysine Placebo 188.70 22633 249.57 219.25 + 230.58 + 16.19
8.92 10.08 40.61 14.11 14.86
Lysine G3215 192.84 + 22118 + 139.82 + 137.83 227.78 + -28.53
12.04 10.66 11.41 9.07 16.41
P<0.01 P<0.001
Methionine 18.52 + 20.87 24.70 21.22 20.15 + 14.58
Placebo 1.60 1.86 5.27 2.23 2.38
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Methionine 18.16 + 20.23 14.31 + 13.88 + 20.29 -23.57
G3215 1.41 1.34 1.41 1.38 1.45
P<0.05 P<0.01
Phenylalanine 48.37 + 51.15 5243 + 54.58 + 50.35 £ 12.84
Placebo 1.90 2.33 4.35 4.00 2.62
Phenylalanine 48.29 = 51.01+ 47.45 * 47.50 46.59 -1.64
G3215 2.53 1.98 1.54 1.46 2.61
Threonine 114.43 = 130.33 = 135.50 = 115.07 = 114.75 0.56
Placebo 9.45 8.75 24.16 11.54 12.87
Threonine 103.08 123.29 + 52.74 + 57.79 + 182.48 + -43.94
G3215 8.95 8.23 3.42 6.98 17.43
P<0.001 | P<0.0001
Tryptophan 38.63 = 39.17 + 41.08 £ 38.07 = 37.25+ -1.45
Placebo 5.69 4.37 4.24 3.97 4.50
Tryptophan 40.44 4292 36.30 £ 36.73 £ 3911+ -9.17
G3215 4.04 3.74 2.52 3.24 2.85
P<0.05

Table 5.2: Individual plasma essential-amino acids (EAA’s). White fill represents G3215 infusion, blue fill

represents placebo infusion. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean * SEM, significance

indicates change from baseline (Day 1). Data analysed using two-way ANOVA with post hoc Dunnett’s test.
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Plasma individual non-essential amino acid level

(micromol/] + SEM)
Day-1 Day 1 Day 7 Day 14 Day 21 Change
from
baseline to
day 14 (%)
Alanine 313.30 = 323.47 330.78 = 294.67 + 330.27 = -5.95
Placebo 54.67 52.69 70.77 48.70 79.83
Alanine 27617 + 29145 + 165.90 * 150.10 397.38 = -45.65
G3215 32.68 26.10 28.28 9.34 56.14
P<0.01 P<0.01
Arginine 72.33 78.23 = 93.39 + 71.80 = 80.32 = -0.73
Placebo 8.61 9.95 11.83 6.82 6.14
Arginine 75.40 + 87.62 38.70 = 3493 99.12 £ -53.67
G3215 5.47 4.79 3.47 3.39 4.86
P<0.0001 | P<0.0001
Asparagine 32.10 £ 35.58 + 38.08 £ 34.38 + 37.33 7.10
Placebo 2.66 3.29 6.82 1.94 3.86
Asparagine 3493 36.01 = 24.80 = 23.18 = 40.37 = -33.64
G3215 1.90 1.43 1.67 2.18 3.02
P<0.001 P<0.001
Glutamate 49.72 46.52 5195+ 50.68 + 58.18 + 1.93
Placebo 4.87 7.52 10.11 8.14 7.41
Glutamate 47.30 50.19 + 2452 23.28 44.01 -50.78
G3215 5.46 5.73 4.45 4.08 4.46
P<0.01 P<0.05
Glutamine 369.75 390.95 = 388.47 = 381.17 = 379.95 3.08
Placebo 40.65 50.60 49.66 45.40 56.84
Glutamine 386.77 = 412.06 + 259.77 234.49 + 47445 + -39.37
G3215 24.10 28.80 30.49 26.98 35.70
P<0.0001 | P<0.0001 P<0.01
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Glycine 155.88 + 162.50 + 164.28 + 148.55 + 160.08 + -4.70
Placebo 16.34 20.13 27.66 19.06 22.12
Glycine 165.04 174.65 + 109.15 + 118.63 £ 236.42 + -28.12
G3215 11.60 11.06 10.07 12.23 18.52
P<0.01 P<0.05 P<0.001
Proline 173.43 £ 175.80 207.42 + 187.12 £ 173.48 £ 7.89
Placebo 28.73 34.29 51.30 39.31 32.79
Proline 179.12 £ 168.08 + 76.61 + 77.82 208.64 + -56.55
G3215 21.35 15.71 11.61 9.22 20.65
P<0.0001 | P<0.001 P<0.05
Serine 94.42 + 91.10 + 100.13 £ 96.78 + 96.73 + 2.50
Placebo 8.08 7.00 13.94 7.46 8.60
Serine G3215 | 103.08 + 123.29 + 52.74 + 57.70 £ 182.48 + -44.02
8.95 8.23 3.42 6.98 17.43
P<0.001 | P<0.0001 P<0.05
Tyrosine 50.03 £ 5293 + 61.37 £ 58.28 + 54.57 + 16.49
Placebo 5.12 6.21 7.86 6.62 7.00
Tyrosine 51.76 + 53.55+ 39.06 41.59 57.51+ -19.65
G3215 4.55 2.87 2.51 2.58 3.81
P<0.05 P<0.001
Cysteine 51.70 + 49.43 + 50.70 = 51.40 + 52.22 + -0.58
Placebo 2.69 2.25 3.64 3.48 2.86
Cysteine 47.89 + 50.21+ 29.69 + 28.01 51.78 + -41.51
G3215 2.32 2.71 1.80 2.51 2.56
P<0.0001 P<0.05

Table 5.3: Individual plasma non-essential-amino acids (NEAA’s). White fill represents G3215 infusion,

blue fill represents placebo infusion. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean *= SEM,

significance indicates change from baseline (Day 1). Data analysed using two-way ANOVA with post hoc

Dunnett’s test.
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Of the NEAA's, there was also a broad reduction in all individual amino acids in response
to infusion of G3215 at both day 7 and 14. (Figure 5.3, Table 5.3). The largest reductions
were seen for alanine, arginine, glutamate, proline, serine and cysteine; These were noted
to have reduced by 40-60 % compared to the day -1 baseline measurement (Table 5.3).
Similar to what was observed with the EAA’s, following discontinuation of the G3215
infusion there was a rebound increase in certain amino acids, for example glutamine,

glycine, proline and serine (Figure 5.3, Table 5.3).

5.4.3 Effects of G3215 infusion on body composition and functional strength

To determine the effect of G3215 infusion on body composition over the study period, an
electrical bioimpedance method was utilised. This has the advantage of being non-
invasive and quick to perform. The bioimpedance measurement was performed using a
Tanita (TANITA, EU) weighing scale within the Clinical Research Facility, with
measurements at study day -1 (study day prior to infusion commencement), day 11 and
day 14 (study day prior to infusion discontinuation). A small but significant reduction in
lean mass from baseline (-2.22 + 0.99 % or -1.54 + 0.69 kg) was observed in participants
receiving G3215 infusion at day 11 (Figure 5.4, Table 5.4). A similar reduction in fat mass
(-3.98 £ 1.82 % or -1.22 * 0.55 kg) from baseline was also seen in participants receiving
G3215 infusion at day 11. There were no significant changes from baseline in body
composition when measured at day 11 in participants receiving the placebo infusion
(Figure 5.4, Table 5.4). At day 14, the weight loss from lean mass in participants receiving
G3215 infusion was comparable to that of the placebo infusion and therefore did not
reach statistical significance; The lean mass loss from baseline at day 14 reached -1.08 *
0.63 kg versus -0.50 + 0.41 kg in those receiving placebo infusion (Figure 5.4, Table 5.4).
However, at day 14, the fat mass loss from baseline progressed in participants receiving
G3215 infusion (-6.56 £1.76 % or -1.86 * 0.58 kg), compared to participants receiving
placebo infusion (0.10 + 1.30 % or -0.08 + 0.30 kg) (Figure 5.4, Table 5.4).
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Figure 5.4: Body composition data, n=6 placebo group, n=17 G3215 group. (A) Body composition on day

11 percentage change from baseline (B) Body composition on day 11 absolute (g) change from baseline.

(C) Body composition on day 14 percentage change from baseline (D) Body composition on day 14 absolute
(g) change from baseline. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, data plotted as mean * SEM. Solid

bars = placebo infusion, Checked bars = G3215 infusion. Analysed from baseline using paired t-tests.
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Body composition | Day 11 Placebo Day 11 G3215 | Day 14 Placebo | Day 14 G3215
data, change from Mean = SEM Mean + SEM Mean * SEM Mean + SEM
baseline (day -1)
Lean mass (%) -0.54 + 0.84 -2.22+£0.99 -0.733 £ 0.66 -1.59 £ 0.90
P<0.05
Lean mass (g) -0.48 £ 0.47 -1.54 + 0.69 -0.50 £ 0.41 -1.08 £ 0.63
P<0.05
Fat mass (%) -0.74 + 1.85 -3.98 +1.82 0.10+1.30 -6.56 £ 1.76
P<0.05 P<0.01
Fat mass (g) -0.22 £ 0.51 -1.22 £ 0.55 -0.08 £ 0.30 -1.86 £ 0.58
P<0.05 P<0.01

Table 5.4: Body composition change from baseline (day -1). White fill represents G3215 infusion, blue fill
represents placebo infusion. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, mean + SEM. Data analysed from

baseline using paired t-tests.

To assess any observable effect of G3215 infusion on muscle strength, two functional
strength tests were carried out at baseline (Day -1) and on study day 14. These included
hand-grip-strength and the five time sit-to-stand test. There was a significant increase in
hand grip strength in the G3215 infusion group, as measured on day 14 as change from
baseline; This difference was not observed in participants receiving the placebo infusion
(Figure 5.5A, Table 5.5, change from baseline in grip strength, mean + SEM, placebo left
hand: -0.28 * 1.62 s, placebo right hand: -0.66 * 1.25 s, G3215 left hand: 4.40 + 1.19 s,
G3215 right hand: 3.02 £1.25 s). There was a greater reduction in the five time sit-to-
stand time from baseline in participants receiving placebo infusion than in participants
receiving G3215 infusion, however this reduction did not reach statistical significance
(Figure 5.4B, Table 5.5, change in time from baseline, mean * SEM, placebo infusion: -2.28

+ 1.30 s, G3215 infusion: -0.45 + 1.25 s).

228



Change in grip strength (kg)

Il Placebo [EE G3215 infusion

I I
Left hand Right hand

O
(0]
£
©
[
S
A
.“%
=
(0]
(@]
C
©
N
O

-5 1 1

) No

,000 o_)q/
™ ©

Figure 5.5: Functional assessments, n=6 placebo group, n=17 G3215 group. (A) Change in hand grip

strength (kg) from baseline measured on study day 14. (B) Change in five sit-to-stand time (s) from baseline

measured on study day 14. *p<0.05, **p<0.01, mean + SEM. Data analysed from baseline using paired t-

tests.

(s)

Functional assessments Day 14 Placebo Mean * Day 14 G3215 Mean * SEM
change from baseline (day - SEM
1)
Left hand grip strength (kg) -0.28 £ 1.62 440+1.19
P<0.01
Right hand grip strength -0.66 + 1.25 3.02+1.25
(kg) P<0.05
Change in sit-to-stand time -2.28+1.30 -0.45+0.24

Table 5.5: Functional assessments. n=6 placebo group, n=17 G3215 group. Change in hand grip strength

(kg) from baseline measured on study day 14. Change in five sit-to-stand time (s) from baseline measured

on study day 14. White fill represents G3215 infusion, blue fill represents placebo infusion. *p<0.05,

*#p<0.01, mean * SEM. Data analysed from baseline using paired t-tests.
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5.5 Discussion

5.5.1 Infusion of a novel GLP1/GCGR co-agonist, G3215, over 14-days in humans

causes a broad reduction in plasma amino acids

Plasma amino acids were measured at two time points during the 14-day infusion of
either placebo of G3215 (Day 7 and Day 14). Using a mass-spectrometry approach,
individual amino acids were measured and demonstrated a broad reduction in the
majority of these at both timepoints. Of the nine EAA’s and eleven NEAA’s measured, all
of these were supressed at day 7 and day 14 compared to baseline (Figure 5.2 and Figure
5.3). In contrast, there was no change in plasma amino acids across the EAA and NEAA
components, in the placebo infusion group. The reduction in individual plasma amino
acids in response to G3215 can be compared to reductions observed with other GCGR-
targeted analogues recently reported in humans (Table 5.6). For example, the once-daily
administered cotadutide also resulted in a broad reduction in amino acids over 49 days
(esc to 300 ug daily), however to a lesser extent (Table 5.6) (Parker, Robertson et al.
2020). Although plasma several amino acids were reduced from baseline, only alanine
reached statistical significance. In contrast, the once weekly NN1177, Novo Nordisk (esc
to 4,200 ng weekly) caused a more marked reduction in individual plasma amino acids
over 78 days, comparable to that seen in response to G3215 infusion (Table 5.6) (Martin
Friedrichsen 2022). Interestingly, certain individual amino acids appeared to be less
affected in response to either G3215 or NN1177 including phenylalanine, tryptophan,
leucine and isoleucine (Table 5.6). More recently in a Phase 1 single dose administration
study, the GLP-1R/GCGR/GIPR triple agonist, LY3437943 (Lilly) led to a reduction in
three measured glucogenic amino acids up to 8 days following drug administration
(Coskun, Urva et al. 2022) (Table 5.6). However, in a more recent report of a multiple-
ascending dose study of LY3437943, plasma amino acids are not reported (Urva 2022).
Another GLP-1R/GCGR/GIPR triple agonist (SAR441255, Sanofi) which has been tested
in a phase 1 trial led to a broad reduction in amino acids for up to 12 hours after a single

80 ug or 150 ug dose (Bossart, Wagner et al. 2021).

It is challenging to infer specific causal factors when directly comparing between amino
acid responses to different drug candidates. This is due to several differences between

these compounds including dose administered and pharmacodynamic/pharmacokinetic
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properties, which may have a divergent effect on hepatic GCGR activation underpinning
amino acid uptake and catabolism. The latter may include drug potency, efficacy,
circulating longevity therefore drug exposure, and any specific ligand-receptor
interactions which may affect downstream signalling activity and therefore extent of
amino acid uptake and catabolic activity. For example, cotadutide has a weak potency to
the hGCGR relative to native glucagon (5-10-fold weaker relative to native glucagon) and
is administered daily due to its shorter half-life (~9-12 hr) (Henderson, Konkar et al.
2016). In comparison, NN1177 has a high potency to the hGCGR (within 2-fold relative to
native glucagon) and an extended half-life (~77-103 hr)(Simonsen, Lau et al. 2022).
G3215 is administered continuously via a subcutaneous infusion and has a high potency

to the hGCGR (within 3-fold relative to native glucagon, see section 5.3.2).

Beyond direct GCGR-dependent effects on plasma amino acid availability, the effect of
insulin on peripheral amino acid uptake in response to varying GLP-1R activities of these
compounds may also need to be considered. Furthermore, the extent of satiety and
therefore caloric intake from protein sources may further affect the available circulating

essential amino acids.
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Plasma essential amino acids (EAA’s)
Percentage reduction from baseline (%)
G3215 (day 14) | Cotadutide (Day NN1177 (Day LY3437943
49) 78) (Day 8)
Histidine -14.64 % -9.99 % -32% -
P<0.01
Isoleucine -11.36 % -3.21% -21% -
Leucine -6.80 % 14.07 % -25% -
P<0.05
Valine -13.22 % -13.67 % -37 % -
P<0.05
Lysine -28.53 % -20.06 % -46 % -
P<0.001 P=0.084
Methionine -23.57 % -8.72 % -43 % -
P<0.01
Phenylalanine -1.64 % -6.48 % -8 % -
Threonine -43.94 % -10.74 % -61 % -
P<0.0001
Tryptophan -9.17 % -7.09 % -23 % -
Plasma non-essential amino acids (NEAA’s)
Percentage reduction from baseline (%)
G3215 (day 14) | Cotadutide (Day NN1177 (Day LY3437943
43) 78) (Day 8)
Alanine -45.65 % -13.81% -56 % -38.13 %
P<0.01 P<0.05
Arginine -53.67 % -5.40 % -68 % -
P<0.0001
Asparagine -33.64 % 1.89 % -57 % -11.05 %
P<0.001
Glutamate -50.78 % -5.74 % 2% -
P<0.01
Glutamine -39.37% 4.72 % -60 % -
P<0.0001
Glycine -28.12 % -7.49 % -33% -
P<0.01
Proline -56.55 % 345 % -66 % -
P<0.0001
Serine -44.02 % 11.45 % -35% 1.16 %
P<0.001
Tyrosine -19.65 % -14.43 % -39 % -
P<0.05 P=0.068
Cysteine -41.51 % -3.52% - -
P<0.0001 P=0.057
Aspartate - 16.93 % 24 % -

Table 5.6: Percentage reductions of individual amino acids across comparator GCGR-targeted multi-

agonists including G3215, Cotadutide, NN1177, and LY3437943 *p<0.05, **p<0.01, ***p<0.001,
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*H*%4p<0.0001, mean *+ SEM. Data from G3215 study analysed using two-way ANOVA with post hoc
Dunnett’s test. Data for Cotadutide, NN1177 and LY3437943 from respective clinical trial reports (Parker,
Robertson et al. 2020, Coskun, Urva et al. 2022, Martin Friedrichsen 2022). Data for NN1177 analysed from
ratio of geometric means. Data from SAR441255 not presented as represented in heat map (Bossart,

Wagner et al. 2021).

The trial of G3215 reports normalisation of individual amino acids 7 days after drug
discontinuation. This is important as it demonstrates that G3215-stimulated
hypoaminoacidemia is transient and recovers following discontinuation. Interestingly,
specific amino acids were noted to ‘rebound’ above baseline values, for example
threonine, glutamine, glycine and serine (Figure 5.2 and 5.3). It is also important to
determine whether a steady state of hypoaminoacidemia is achieved or whether a
continual depression of amino acids will occur with chronic treatment. Plasma amino
acids were measured at two timepoints during the infusion period and the results suggest
a steady state of hypoaminoacidemia is achieved, which normalises upon drug
discontinuation (Figure 5.3 and 5.3). Interestingly, of the three plasma amino acids
reported from the phase 1 trial of LY3437943, following an initial reduction over 8 days,
plasma amino acids recover by the end of the study (Day 43 of weekly dosing) (Coskun,
Urva et al. 2022). The follow up plasma amino acid levels were not reported for
Cotadutide or NN1177 (Parker, Robertson et al. 2020, Martin Friedrichsen 2022). It
therefore will be important to determine whether plasma amino acids remain suppressed

when G3215 is administered for longer-time periods.

The consequences of disturbed circulating amino acid availability is most recognised
from ‘Inborn errors of metabolism’ which is itself a defined field of medicine established
following the identification of the defect in tyrosine metabolism leading to Alkaptonuria
(Garrod 1996). The subsequent discovery of a number of amino acid disorders are
defined by excess of specific amino acids with distinct clinical characteristics (Aliu,
Kanungo et al. 2018). Whereas the inborn errors of metabolic follow a one-gene-one
enzyme defect pattern, the aetiology of protein deficiency is in the mainstay
environmental, through dietary deficiency. Indeed, dietary protein deficiency is observed
both in a severe form as kwashiorkor or marasmus, mainly in developing nations and less
severe forms in the elderly (Aliu, Kanungo et al. 2018). Dietary protein is important to

supply essential amino acids, which in turn are precursors for important components of
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normal physiology for example protein synthesis, enzymes, neurotransmitters,
nucleotides and other low weight substances (Wu 2016). Non-essential amino acids are
also required for normal physiological function, for example glutamine provides a
significant energy source to immune cells (Li, Yin et al. 2007). Due to the pleotropic
function of individual amino acids, it is not unsurprising that symptoms of protein

deficiency in humans are diverse and extensive (Table 5.7).

Consequences of protein deficiency in humans

Reduction in muscle protein synthesis and increased proteolysis

Skeletal muscle wasting, physical fatigue, impaired mobility

Impaired immune response

Reduction in hormones including insulin, growth hormone, IGF-1, thyroid hormones

Impaired growth and cognitive development

Impaired anti-oxidative reactions leading to increased oxidative stress and aging

Impaired absorption and transport of nutrients including vitamins, minerals, amino acids,
glucose and fatty acids

Anaemia, reduced transport of oxygen

Cardiac failure, hypertension

Tissue fluid retention

Impaired synthesis of neurotransmitters leading to anxiety and depression

Reduced fertility

Intrauterine growth restriction in maternal protein deficiency

Table 5.7: Consequences of protein deficiency in humans. Adapted from the review article entitled ‘dietary

protein intake and human health’ (Wu 2016)

Due to the diverse negative effects of protein deficiency on whole-body physiology, It
therefore remains to be established whether G3215 or similar GCGR-targeted multi-
agonists lead to a chronic suppression of plasma amino acids and if so, the implication

this may have on whole-body physiology, beyond that of lean mass and muscle function.
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This will further inform whether any degree of chronic GCGR-stimulated
hypoaminoacidemia is an acceptable risk and whether preventative strategies (discussed
in section 5.6) are required to mitigate this detrimental effect mediated by enhanced

hepatic catabolism of amino acids.

5.5.2 A 14-day infusion of G3215 is associated with changes in body composition

including lean mass loss

Increased loss of fat mass was observed in participants receiving G3215 over 14-days of
the infusion period. As G3215 was effective in enhancing satiety, a degree of fat mass loss
is expected however this was not extensive due to the short-term infusion. In comparison,
later phase clinical trials would be designed to power for efficacy outcomes such as body
weight loss and changes in body composition. Due to the potential effects of G3215 on
plasma amino acids (see section 5.5.1), body composition data also aimed to capture any
potential effects on lean mass during the infusion period. Interestingly, there was a small
but detectable reduction in lean mass from baseline following 11 days of infusion with
G3215, an effect not observed in participants receiving the placebo infusion (Figure 5.4,
Table 5.4). The reduction in lean mass in the G3215 group was also observed following

14 days of infusion, however at this time-point did not reach statistical significance.

The change in lean mass from baseline between day 11 and day 14 does not follow the
sustained reduction in individual plasma amino acids (Figure 5.2 and 5.3). Therefore, it
is possible that after initial lean mass loss, there is an element of compensation within
lean tissue over time to maintain lean mass in a low amino acid environment. It is also
possible that G3215-stimulated insulin action may mitigate any detrimental effect on lean
mass as insulin may enhance protein synthesis and/or reduce proteolysis (Everman,
Meyer et al. 2016). Alternatively, it is possible that non-significant difference in lean mass
between the two groups at day 14 are underpowered due to the short-term infusion
period and/or lack of placebo participants number, leading to high variation in the body
composition data. It is also possible that the detrimental effect on lean mass at day 11 in
the G3215 group is instead coupled to calorific intake and due to heightened effects of
satiety during the initial infusion period, which then subsides later during the infusion

period.
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It will therefore be important to power the outcome of body composition sufficiency in
later phase clinical trials of G3215. If a reduction in lean mass is identified as a concern in
future trials, then it will also be important to identify the likely contributing mechanisms
to this. For example, this thesis has demonstrated that glucagon analogue-stimulated
hypoaminoacidemia may contribute directly to enhanced lean mass loss (Chapter 2 and
3); This may be due to enhanced muscle proteolysis and/or reduced synthesis through
defined amino acid sensing pathways in muscle (highlighted in Chapter 1). Furthermore,
as G3215 increases satiety leading to reduced caloric intake, the effect of reduced dietary
protein intake may compound any detrimental effect of GCGR-stimulated
hypoaminoacidemia on lean mass. It is also possible that the insulinotropic action of GLP-
1 may prevent lean mass loss and so therefore GCGR/GLP1R co-agonism may inherently
offer this protective effect. Indeed, there is evidence that GLP-1’s has a positive effect on

skeletal muscle metabolism and perfusion (Abdulla, Phillips et al. 2022).

Recent reports of GCGR-targeted multi-agonists in early phase human trials have not
reported changes in body composition. Some of these however have administered their
candidate drugs in a chronic setting, for example in the case of cotadutide (Medimmune)
over 41 days (Ambery, Parker et al. 2018) or 54 weeks (Nahra, Wang et al. 2021),
NN1177 (Novo Nordisk) over 78 days (Martin Friedrichsen 2022) and LY3437943 (Eli
Lilly) over 43 days or 12 weeks (Coskun, Urva et al. 2022). The latter drug from Eli Lilly
has recently been tested in a multiple-ascending dose trial over 12 weeks, however
despite significant weight loss, body-composition is not reported (Urva 2022). The phase
1 trial of G3215 (ICL) in this Chapter reports for the first time the effect of a GCGR/GLP-
1R agonist on body composition together with the effects on individual plasma amino
acids. Given that the multi-agonists described above all have a suppressive effect on
plasma amino acids, it is likely that reporting of both these outcomes will be required in
further clinical trials of GCGR-targeted multi-agonists. This is further supported by the
work in Chapter 2 and 3 which demonstrate that hypoaminoacidemia stimulated by the

GCGR/GLP-1 co-agonist G108 causes lean mass loss in vivo (Chapters 2 and 3).
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5.5.3 A 14-day infusion of G3215 is associated with positive changes in

functional strength tests

Functional strength tests were also carried out as an exploratory outcome. Participants
inthe G3215 group exhibited an increased hand grip strength from baseline after 14 days
of infusion. This was associated with a sustained five-time-sit to stand time (Figure 5.5,
Table 5.5). In contrast, participants in the placebo group did not exhibit and increased
hand grip strength from baseline at day 14 and a reduction in the sit-to-stand time was
observed. It is possible that the functional strength tests were underpowered particularly
in the placebo group and so therefore this research question could not be answered.
However, as a significant increase in hand grip strength was observed in the G3215 group
(which contained a higher number of participants), this at least suggests that G3215 itself
does not lead to a decline in function as assessed by muscle strength. If G3215-stimulated
hypoaminoacidemia has a chronic effect on lean mass and muscle function, these results
are perhaps not unexpected due to the short-term infusion protocol. Indeed, to firmly
establish any effect on muscle function, longer-term studies with higher participant

numbers are likely required.

5.6 Conclusions

The results from this Chapter show that a 14-day subcutaneous infusion of the
GCGR/GLP1R agonist G3215, leads to a broad sustained suppression in plasma amino
acids. This is consistent with previous in vitro characterisation of G3215 demonstrating
its high receptor potency to the hGCGR relative to native glucagon. Furthermore, by
administering G3215 as a continuous infusion, the drug exposure is prolonged in a similar
way to a long-acting depot administration. Both these factors are likely to enhance the

effect of G3215 on hepatic amino acid catabolism and therefore plasma availability.

It will be important to determine the physiological effects of chronically supressed
plasma amino acids in response to GCGR-targeted multi-agonists such as G3215. These
physiological effects may be wider than just the effect on the lean mass compartment.
Furthermore, it will be important to understand the drug-characteristics, for example the
pharmacodynamic and pharmacokinetic properties modulating hepatic amino acid

catabolism (Section 5.5.1). If hypoaminoacidemia is identified as a concern in human
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trials of GCGR-targeted multi-agonists, it will be important to determine effective
preventative strategies. The results from this thesis demonstrate that dietary protein
supplementation may be a viable strategy (In vivo studies, Chapter 3) however
optimisation at the level of the drug/receptor interaction may also be required to
mitigate effects on GCGR-stimulated hepatic amino acid catabolism. For example, the
latter strategy may leverage engineered ‘biased’ unimolecular GCGR-targeted multi-
agonists or ‘decouple’ GCGR/GLP-1 co-agonists to deliver differentially timed co-agonism
throughout the 24-hour day/night cycle. A GCGR biased approach could be employed for
unimolecular GCGR-targeted multi-agonists to minimise hepatic amino acid catabolism
whilst maintaining other metabolic benefits of GCGR receptor signalling. Furthermore, by
administering glucagon and GLP-1 analogues as separate entities, it may be possible to
time glucagon analogue exposure to minimise excess hepatic amino acid catabolism, for

example in the fasting periods.

The importance of mitigating against GCGR-stimulated hypoaminoacidemia is currently
uncertain. The extreme ‘end of the scale’ of low plasma amino acid availability is
highlighted by the multiple detrimental effects of protein deficiency in humans (section
5.5.1). Therefore, any further programme of work in this area will contribute towards the
currently uncharacterised understanding of the implications of chronic
hypoaminoacidemia in humans treated with GCGR-targeted multi-agonists.
Furthermore, further research may offer potential translatable strategies to prevent this
effect in humans receiving these agonists for the treatment of obesity and metabolic

disease.
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6 Chapter 6- Future treatment strategies to mitigate against glucagon-

stimulated hypoaminoacidemia and lean mass loss

6.1 Introduction

6.1.1 A high protein diet prevents lean mass loss in vivo during chronic G108

administration

In Chapter 3, it was demonstrated that chronic G108-stimulated hypoaminoacidemia is
associated with a significant loss of lean mass in obese mice. A high protein diet
intervention was also found to rescue low plasma amino acids and in turn, lean mass loss
was mitigated. However, it was noted that that a high protein diet intervention did not
completely prevent lean mass loss over the course of a 27-day daily dosing study in obese
mice (Chapter 3, section 3.4.2). As alluded to, this may be due to incomplete rescue of
amino acids throughout the entire 24-hour time cycle, in particular during the
fasting/sleeping phase. The lack of complete protection on lean mass afforded by the high
protein diet may also be due to the balance of hepatic GCGR and dietary protein
availability. For example, 40 kcal% dietary protein content may not be sufficient to halt
lean mass loss in the presence of sustained hepatic GCGR activation by daily

administration of G108 at a dose of 7.5 nmol/kg.

Therefore, strategies to further mitigate or fully prevent lean mass loss in response to
chronic glucagon analogue therapy may be required. These include but may not limited
to; altering the exposure time to the analogue, utilising biased agonism at the GCGR to
supress amino acid catabolic pathways or increasing the dietary availability of protein.
Indeed, it is possible that a combination of strategies is required to optimise efficacy of
GCGR-targeted multi-agonists whilst minimising hypoaminoacidemia and lean mass loss.
In any strategy to avoid GCG-stimulated hypoaminoacidemia and lean mass loss, it will
be important to ensure that the key metabolic benefits of GCGR activation are maintained,

as otherwise the value of targeting the GCGR may be minimal.
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6.1.2 Alternative strategies to prevent lean mass loss during chronic glucagon

analogue administration - Timing of glucagon administration

A more obvious solution to mitigate lean mass loss in response to chronic glucagon
analogue therapy, is to limit the drug exposure time and therefore pharmacological
effects. If prolonged hepatic GCGR activation leads to a sustained suppression of plasma
amino acids, it is reasonable to assume that the extent of lean mass loss will be higher.
Indeed, in the case of the glucagonoma syndrome, chronic hyperglucagonemia is present
and associated with chronically suppressed plasma amino acids and severe muscle
wasting (Mallinson, Bloom et al. 1974, Almdal, Heindorff et al. 1990, Barazzoni, Zanetti et
al. 1999).

A key question which needs to be answered is whether shortening the drug exposure
time, i.e., by using a short acting glucagon analogue, would also reduce other metabolic
effects of glucagon, for example hepatic lipid and plasma profiles and glycaemia. From
the studies in Chapter 3 and 4, it is predicted that if shorter-acting analogues reduce
amino acid suppression, then the EE effects observed will also be attenuated or
prevented; This is based on the findings in Chapter 3 and 4 that G108-stimulated
hypoaminoacidemia explain the EE and body weight loss effects in obese mice. However,
as GCG-dependent effects on hepatic amino acid, lipid metabolism and glycaemia may
exhibit a divergent response to short-acting (SA) and long-acting (LA) GCG analogues, and
this could be based on the different regulation of these pathways (Albrechtsen 2021).
Therefore, an important question will be to determine whether SA GCG analogues can
provide any key benefits of GCG signalling whilst mitigating against hepatic amino acid

catabolism and lean mass loss.

6.1.3 Alternative strategies to prevent lean mass loss during chronic glucagon

analogue administration - Partial agonism of a GLP1R/GCGR co-agonist

Biased agonism is a promising pharmacological strategy whereby receptor ligands
differentially activate downstream signalling pathways to a single receptor. This has the
advantage of potentially enhancing the therapeutic window by enhancing beneficial
intracellular signalling pathways and reducing deleterious ones (Schmid, Kennedy et al.

2017). G-protein coupled receptors (GPCR’s) are linked to proximal signalling
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intermediates g-proteins or beta-arrestin, the latter regulating receptor endocytosis.
Therefore, biased agonism at GCPR’s may allow for a sustained signalling through g-
proteins, i.e., Gs. Indeed, it has been demonstrated that through the selective reduction in
beta-arrestin recruitment at the GLP-1R, biased GLP-1 analogues may enhance GLP-1
action leading to improved efficacy for glucose regulation (Jones, Buenaventura et al.
2018). G-proteins and beta-arrestins also regulate the intracellular pathways
downstream to the GCGR. Whether a biased strategy is possible at the GCGR to selectively
reduce intracellular signalling pathways regulating hepatic amino acid catabolism, is
unknown. A previous study has demonstrated that biased GCG analogues do not affect
hepatic glucose output in isolated hepatocytes (Jones, McGlone et al. 2021). Interestingly,
it has recently been shown that partial agonism to obtain bias at the GLP1R leads to
improved efficacy of a GLP1R/GCGR co-agonist (Pickford, Lucey et al. 2021); In this study,
partial agonism at the GLP1R for only beta-arrestin recruitment by the peptide ‘SRB103Q’
led to reduced GLP-1R recycling and sustained improvements in glucose tolerance
compared to a full GLP-1R agonist ‘SRB103H’. Interestingly, SRB103Q is also a partial
agonist at the GCGR for both Gs and beta-arrestin recruitment. Although plasma amino
acids were not reported, in a chronic study there was no chronic effect on lean mass
between SRB103Q and the full agonist, SRB103H. Therefore, it is possible that divergent
partial agonism of SRB103Q at the GLP1R and GCGR lead to sustained improvements in
glucose regulation without further increase in hepatic amino acid catabolism. Therefore,
biased-partial agonism in GLP1R/GCGR co-agonists may offer a promising strategy to
potentially selectively enhance GLP1R activity whilst maintaining GCGR activity.

6.1.4 Alternative strategies to prevent lean mass loss during chronic glucagon
analogue administration - Increasing dietary protein availability to prevent lean

mass loss during chronic glucagon analogue administration

In Chapter 3, increased dietary protein content to 40 kcal% rescued plasma amino acids
which was associated with attenuated lean mass loss in obese mice receiving G108 in a
chronic setting (Chapter 3, section 3.5.2). It is possible that plasma amino acids ‘escaped’
the protection of a high protein diet, during times of fasting or resting. In the case of mice,
most of the feeding occurs during the initial phases of the dark phase. Therefore, a long-

period of minimal food intake may result in an increased ratio of G108-GCGR activity:
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dietary protein supply. As the plasma amino acids were measured in the morning (post-
prandial phase), it is possible that there is a higher chance of amino acid repletion at this
time from the high protein diet. If this is true, then sustained intake of protein at this level
of dietary protein content (40 kcal%), i.e., little and often would be a possible strategy to
more effectively prevent lean mass loss. An alternative strategy is to increase the dietary
protein content further. In mice, this would represent an increase to 50 or 60 kcal%
dietary protein. However, there is also the risk of adverse effects directly from excess
dietary protein which include metabolic burden on the liver and kidneys, cancer and
cardiovascular risk (Delimaris 2013). Therefore, increasing dietary protein content to

extreme levels may not an appropriate strategy and is unlikely to be effective in isolation.

6.1.5 Investigating drug duration of GCG analogues and biased agonism in a

GLP1/GCGR co-agonist on plasma amino acids and metabolic outcomes

From the possible strategies described, in this Chapter, a SA GCG analogue (G395) will be
used to determine the effect on plasma amino acids in both the acute and chronic setting.
The chronic effect of G395 on lean mass and other metabolic benefits of GCGR signalling
will also be determined. The effects of G395 will also be compared to those of G108, the
long-acting GCG analogue used in previous chapters. Furthermore, a Zinc-G395
preparation (Zn-G395/Zn-SA) will also be used to provide information from an
intermediate acting analogue. Assuming no effect on food intake and maintained dietary
protein intake, it is hypothesised that the SA G395 will not result in a marked degree of
hypoaminoacidemia or lean mass loss, as observed with the LA G108. Furthermore, it is
hypothesised that in the chronic setting, cumulative metabolic benefits of GCGR
signalling, for example improved hepatic lipid metabolism may still be observed with
G395 administration. Therefore, the SA GCG analogue G395 may confer a net benefit over
the LA GCG analogue G108.

As biased signalling is a potential strategy to differentially activate downstream receptor
signals, the known partial agonist properties of the GLP1/GCGR co-agonist peptides
SRB103Q and SRB103H (Pickford, Lucey et al. 2021) will be used to explore the effects
on both blood glucose and plasma amino acids. It is hypothesised that with the selective

partial agonism at the GLP1R to reduce beta-arrestin recruitment, whilst remaining a
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balanced partial agonist at the GCGR for both beta-arrestin and Gs recruitment, that
SRB103Q may confer sustained improvements in blood glucose whilst not affecting

hepatic amino acid catabolism.

6.2  Chapter summary and aims

e Determine an appropriate dose of short-acting (SA) GCG analogue, G395, which
does not alter food intake.

e Determine whether the SA GCG analogue, G395, acutely reduces plasma amino
acids compared to the long-acting (LA) GCG G108.

e Inachronic study, compared to G108, determine whether daily administration of
G395 leads to a chronic suppression in amino acids and/or loss of lean mass.

e Inachronic study, compared to G108, determine whether daily administration of
G395 leads to metabolic benefits attributed to GCGR signalling.

e Determine whether partial agonism in a GLP1/GCGR co-agonist can optimise

metabolic benefits whilst not affecting hepatic amino acid catabolism.

6.3 Methods

6.3.1 Peptide selection

G395 was screened from a library of peptides with accompanying receptor potency data.
G395 demonstrated similar receptor potency to G108 in human hepatocyte cell lines and
therefore its GCGR selectivity was similar to native glucagon. G395 differed from G108
mainly by the lack of a long fatty acid tail at the c-terminal end. It therefore did not contain
any peptide sequence modifications which would be expected to enhance its half-life. 7.5
nmol/kg G108 was used as a head-to-head comparator in the following studies due to its
established effect on plasma amino acids and lean mass in obese mice (Chapter 3 and 4).
Furthermore, a Zinc preparation of G395 was made by reconstituting G395 in a 0.5 mM
ZnCl solution. This aimed to produce an intermediate acting preparation of the SA G395
analogue, and therefore provide further insight into the effect of drug exposure to the

outcomes measured.
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For the acute study investigating the effect of partial agonism, the peptides ‘SRB103Q’
and ‘SRB103H’ were used (Pickford, Lucey et al. 2021).

6.3.2 Acute dose finding study of SA GCG (G395) in DIO mice

Thirty-five 14-week-old lean male C57BL/6] mice were provided ad libitum with a 60
kcal% high fat diet and free access to water. 1 week prior to study commencement, all
mice were individually housed. Mice were equally split into five groups and received a
single subcutaneous dose of their respective treatment at 9 am: Vehicle control (N=6), 20
nmol/kg G395 (N=5), 50 nmol/kg G395 (N=6), 100 nmol/kg G395 (N=6), 7.5 nmol/kg
G108 (N=5). Food intake was recorded at baseline and 24 hours later. A glucose time
course profile was carried out including at baseline and following dose administration at
1, 2, 4 and 8 hours later. Blood glucose was measured using a handheld glucometer
(GlucoRx). A tail venesection was performed at 4 hours and 24 hours following dose
administration and plasma was analysed for total amino acids using a commercially

available kit (MAK002, Sigma).

6.3.3 Chronic daily dosing study of SA GCG (G395) vs LA GCG (G108) in DIO mice

Following a 7-day wash-out period, twenty-eight 14-week-old lean C57BL/6] mice used
in the dose finding study were then used in a chronic daily dosing study. In this study the
50 nmol/kg G395 dose was taken forward for a head-to-head comparison with 7.5
nmol/kg G108 with a vehicle control group. Furthermore, a Zinc-G395 preparation was
made where the G395 dose was equivalent to the non-zinc preparation at 50 nmol/kg.
Mice received a single subcutaneous dose of their respective treatment at 9am: Vehicle
control (N=7), 50 nmol/kg G395 (N=7), 50 nmol/kg Zn-G395 (N=7) and 7.5 nmol/kg
G108 (N=7). Food weight and body weight was measured daily, and all mice had ad
libitum access to a 60 kcal% high fat diet and water. Lean mass was measured at baseline
and on day 11 using MRI as previously described (Chapter 2, section 2.3.10). A tail
venesection was performed on day 7 of the study 4-hours post dose and plasma was
analysed for total amino acids as described in the previous section. An intraperitoneal
tolerance test (2 g/kg) was carried out on day 11 of the study and described previously
(Chapter 3, section 3.3.6). At the end of the study, liver was dissected and snap frozen in

liquid nitrogen before storage at -80°C. Frozen liver sections were then produced (as
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previously described in Chapter 3, section 3.3.10), prior to imaging under bright field

microscopy at x 10 magnification.

6.3.4 Biased-partial agonism by a GLP1/GCGR co-agonist at both the GLP1R and

GCGR to optimise metabolic benefits whilst minimising amino acid catabolism

Twenty-four 14-week-old C57BL/6] mice were group housed (N=5/cage). Three groups
were established: Vehicle control (N=8), 20 nmol/kg SRB103Q (N=8) and 20 nmol/kg
SRB103H (N=8). All animals underwent tail venesection to collect blood at baseline, and
2, 4 and 8 hours following a single dose of vehicle of 20 nmol/kg peptide. Blood glucose
was also measured at all time-points using a handheld glucometer (GlucoRx). The blood
samples collected were processed and plasma alanine levels measured using a

commercially available it (MAK0O1, Sigma).

6.4 Results

Key results for Chapter 6

¢ An acute dose-finding study of a short-acting glucagon analogue demonstrates
acute improvements in glycaemia with no effect on plasma total amino acids.

e Chronic administration of a short-acting glucagon analogue confers metabolic
benefits with no detectable effect on plasma total amino acids and lean mass.

e Partial agonism to produce bias at the GLP-1R within a GLP-1R/GCGR co-agonist

is a potential strategy to optimise receptor signalling.
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6.4.1 Acute dose-finding study of the SA GCG analogue G395

Following a single ascending dose of SA GCG (20-100 nmol/kg G395) or LA GCG (7.5
nmol/kg G108), there was no significant difference in food intake (Figure 6.1). A trend
towards increased food intake was observed in the 100 nmol/kg SA GCG dose group
(Figure 6.1A). A time course-profile following the single-dose administration revealed a
dose-dependent improvement in blood glucose levels at 2- and 4-hours following SA GCG
administration (Figure 6.1B and Table 6.1, 2-hour post dose glucose levels, mean + SEM
(mmol/1); Vehicle control: 9.85 + 0.65, 20 nmol/kg G395: 8.86 + 0.52, 50 nmol/kg G395:
7.55 £+ 0.42, 100 nmol/kg G395: 6.32 + 0.28, 4-hour post dose; Vehicle control: 8.88 +
0.24, 20 nmol/kg G395: 7.66 + 0.08, 50 nmol/kg G395: 7.28 + 0.61, 100 nmol/kg G395:
5.97 + 0.25. The LA GCG analogue G108 also improved blood glucose levels following a
single-dose however its maximum effect observed was at the 8-hour time point (6.38
0.47 mmol/1), by which time the glucose levels from all SA GCG doses had converged with
the average glucose level from the vehicle control group (Figure 6.1B, Table 6.1). In
keeping with these results an incremental area under the curve also demonstrated an

improvement in glycaemia following a single dose of either treatment dose (Figure 6.1C).

To determine whether total plasma amino acids are differentially affected by SA and LA
glucagon, these were also measured at both 4- and 24- hours following single-dose
administration of G395 or G108. No change was observed in total plasma amino acids at
either time point following either 20, 50 or 100 nmol/kg of G395 (Figure 6.1D, Table 6.2).
In contrast, compared to the vehicle control group, a reduction in total plasma amino
acids was observed following a single-dose of 7.5 nmol/kg G108 at the 4-hour time-point,
which reached statistical difference at 24-hours (Figure 6.1D and Table 6.2, 4-hour post
dose total plasma amino acids, mean * SEM, (nmol/pl); Vehicle control: 1.57 + 0.15, 7.5
nmol/kg G108: 1.12 £ 0.03, 24-hour post dose; Vehicle control: 1.81 + 0.33, 7.5 nmol/kg
G108:1.07 + 0.25.
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Figure 6.1: Differential effects of a single dose of a short-acting (SA) GCG analogue (G395) and the long-
acting (LA) GCG analogue (G108) in C57BL/6] DIO mice. N=5-6/group. (A) Food intake (g) over 24 hours.
(B) Glucose time-course profile over 8 hours. (C) Incremental area-under the curve (iAUC) for glucose time
course-profile as in B. (D) Plasma total amino acids at 4- and 24- hours following dose administration. Data
plotted as mean * SEM. *p<0.05, **p<0.01. Data analysed using one-way ANOVA with post hoc Dunnett’s
test. Glucose time course profile and plasma amino acids data analysed using two-way ANOVA with post

hoc Dunnett’s test.

247



Vehicle 20 nmol/kg 50 nmol/kg | 100 nmol/kg 7.5
control SA SA SA nmol/kg LA
Baseline 6.77 £ 0.16 7.10 £ 0.12 7.03 £0.36 6.20 £ 0.35 6.54 £ 0.43
1-hour 8.42 +0.33 8.48 £ 0.60 9.38+0.76 8.07 £ 0.46 9.73 £0.55
2-hour 9.85 £ 0.65 8.86 £ 0.52 7.55+0.42 6.32 £ 0.28. 8.38 £ 0.37
P<0.05 P<0.01
4-hour 8.88 £ 0.24 7.66 + 0.08 7.28+0.61 5.97 £0.25 7.00 £ 0.40
P<0.001 P<0.0001
8-hour 8.62 £ 0.42 7.90 £ 0.38 7.90 £ 0.25 7.52+0.32 6.38 £ 0.47
P<0.05

Table 6.1: Glucose time-course profile following single dose administration of vehicle control, 20 nmol/kg
G395, 50 nmol/kg G395, 100 nmol/kg G395 and 7.5 nmol/kg G108. Data represented as mean * SEM,

significance indicates difference between vehicle control group and treatment group, *p<0.05, **p<0.01,

*#+%p<0.0001. Analysed using two-way ANOVA with post hoc Dunnett’s test.

Vehicle 20 nmol/kg 50 nmol/kg | 100 nmol/kg 7.5
control SA SA SA nmol/kg LA
4-hour 1.57 £ 0.15 1.67 £0.11 1.93+0.21 1.81+0.14 1.12 +0.03
24-hour 1.81+0.33 1.68 + 0.09 1.99+0.13 2.15+£0.18 1.07 £0.25
*P<0.05

Table 6.2: Plasma total amino acids at 4- and 24-hour timepoints following single dose administration of
vehicle control, 20 nmol/kg G395, 50 nmol/kg G395, 100 nmol/kg G395 and 7.5 nmol/kg G108. Data
represented as mean * SEM, significance indicates difference between vehicle control group and treatment

roup, *p<0.05. Analysed using two-way ANOVA with post hoc Dunnett’s test.
g 8

6.4.2 Chronic daily dosing of the short acting glucagon analogue G395 does not

cause plasma amino acid suppression or lean mass loss

G395 and G108 were then used to determine whether chronic treatment with a SA GCG
analogue (G395) delivers a net pharmacological benefit over a LA GCG (G108) analogue,
by minimising hepatic amino acid catabolism and lean mass loss whilst sustaining other
metabolic benefits. The metabolic benefits measured in this daily dosing study included
glucose tolerance as measured by an intraperitoneal glucose tolerance test (ipGTT) on

day 11, plasma cholesterol on day 7 and hepatic lipid accumulation at the end of the study.
Over 11 days of daily dosing with G395, Zn-G395 or G108, there was no significant change

in food intake compared to vehicle control, confirming sub-anorectic doses used (Figure

6.2A). Over 11 days, mice in the G108 group lost a significant amount of body weight
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compared to vehicle control group (Figure 6.2, Table 6.3). Consistent with enhanced
energy expenditure (Chapters 3 and 4), the long-acting peptide (G108) led to a reduced
feed efficiency compared to vehicle control (Figure 6.2D, Table 6.3). In keeping with the
findings from Chapter 4, enhanced energy expenditure was associated with reduced total
plasma amino acids in mice receiving G108 (Figure 6.2E, Table 6.3). A trend towards
reduced total amino acids was observed in the Zn-G395 group (Figure 6.2E, Table 6.3)
and this was consistent with a similar pattern of lean mass loss over the course of the
study (Figure 6.2F, Table 6.3) and terminal weights of the quadriceps muscle (Figure
6.2G, Table 6.3). In keeping with findings from Chapter 4, the fat mass reduction in the
G108 group (Figure 6.2H, Table 6.3) was associated with hypoaminoacidemia (Figure
6.2E) and markers of enhanced energy expenditure (Figure 6.2D).
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Figure 6.2: Chronic daily dosing study of 50 nmol/kg G395 (short acting), 50 nmol/kg Zn-G395
(intermediate acting) and 7.5 nmol/kg G108 (long-acting) in C57BL/6] DIO mice, N=7/group. (A) Total
food weight (g) consumed over 11 days. (B) Daily change in body weight (g) over the study. (C) Total
change in lean mass from baseline (%). (D) Feed efficiency (mg/K]) (E) Plasma total amino acids on day 7
of study 4-hour post dose. (F) Change in lean mass (g) from baseline. (G) Quadriceps weight (g) at the end
of the study. (H) Change in fat mass (g) from baseline. Data plotted as mean * SEM, *p<0.05, ****p<0.0001.
Data analysed using one-way ANOVA with post hoc Dunnett’s test.
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Vehicle 50 nmol/kg 50 nmol/kg Zn- | 7.5 nmol/kg
control G395 G395 G108
Plasma total 2.32+£0.22 2.30+0.10 2.011+£0.13 1.67 £0.21
amino acids P<0.05
(nmol/pl)
Total body 0.71+0.48 -0.17 £ 0.32 0.21 £ 0.60 -4.51+1.04
weight loss from P<0.0001
baseline (g)
Feed efficiency 1.19+0.71 -0.04 £ 0.60 -0.08 +1.28 -5.84+1.71
(mg/K]) P<0.001
Change in fat 0.78 +0.33 0.38 +0.27 0.65 +0.49 -2.44 £ 0.74
mass from P<0.001
baseline (g)
Change in lean -0.06 +0.19 -0.22 £ 0.29 -0.53+0.12 -2.24+0.31
mass from P<0.0001
baseline (g)
Quadriceps 0.19+0.01 0.19 £ 0.02 0.16 £ 0.01 0.14 +0.01
weight (g) P<0.05

Table 6.3: Plasma total amino acids (nmol/pl), change in lean mass from baseline (%) and quadriceps
weight (g). Data plotted as mean * SEM, *p<0.05, ****p<0.0001. Data analysed using one-way ANOVA with

post hoc Dunnett’s test.

6.4.3 Chronic daily dosing of the short-acting glucagon analogue G395 confers

similar metabolic benefits to the long-acting glucagon analogue G108

After confirming that the short-acting GCG analogue G395 does not cause chronic
suppression of plasma amino acids and subsequent lean mass loss relative to the longer
acting G108, beneficial metabolic effects were further explored. These included an
intraperitoneal glucose tolerance test (ipGTT), plasma cholesterol and an assessment of

hepatic lipid accumulation.

An ipGTT on day 11 demonstrated a significant improvement in glucose tolerance across

all treatment groups (Figure 6.3A, 6.4.3B Table 6.4). The degree of improvement
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observed in blood glucose at both baseline (fasting glucose) and throughout the 2-hour
period was comparable for G395 and G108. After 7 days of daily dosing there was a
marked reduction in plasma total cholesterol in the group receiving G108 (Figure 6.4C,
Table 6.4). There was a trend towards reduction in total cholesterol in mice receiving
G395 and a significant reduction was observed in mice receiving Zn-G395 (Figure 6.4C,
Table 6.4). To assess the degree of hepatic lipid accumulation across treatment groups
directly, liver lobes were imaged and then collected to image frozen liver sections. At the
end of the study, there was macroscopic evidence of greater lipid accumulation in the
livers of mice receiving vehicle control (Figure 6.3D). In contrast, livers from mice
receiving either G395 or G108 appeared to have a reduction in lipid accumulation. This
was confirmed by imaging frozen liver sections under bright field microscopy,

demonstrating reduced lipid droplets in the G395 and G108 groups (Figure 6.3E)
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Figure 6.3: Effects of chronic administration of 50nmol/kg G395. 50 nmol/kg Zn-G395 and 7.5 nmol/kg

G108 on glucose tolerance, plasma cholesterol and hepatic lipid accumulation. (A) Day 11 intraperitoneal
glucose tolerance test (2g/kg), significance indicates glucose levels compared to vehicle control. (B) Area
under the curve (iAUC) for ipGTT in ‘A’. (C) Total plasma cholesterol levels 4-hours post dose on day 7 of
study. (D) Representative ex vivo images of liver lobes from each treatment group. (E) Representative

images of liver sections imaged under bright-field microscopy at x10 magnification, white hepatic lipid
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droplets indicate lipid accumulation. Data plotted as mean + SEM, *p<0.05, **p<0.01, ***p<0.001. Data

analysed with one- or two-way ANOVA with post hoc Dunnett’s tests.

Vehicle 50 nmol/kg 50 nmol/kg Zn- | 7.5 nmol/kg
control G395 G395 G108
Baseline (0 9.71 £ 0.45 6.92 £ 0.40 6.60 £ 0.31 7.41 +0.47
mins) P<0.01 P<0.001 P<0.01
15 min 2330+ 1.11 16.92 +2.10 18.01+1.42 19.64 + 1.44
P<0.05
30 min 24.69 £ 1.56 15.67 +1.70 16.70 + 1.84 16.39 + 1.69
P<0.01 P<0.05 P<0.01
60 min 19.27 +1.25 10.15+0.90 12.80 + 2.30 10.87 +1.83
P<0.001 P<0.01
90 min 18.09 + 1.25 9.73£0.77 10.86 + 1.38 10.73 +1.89
P<0.001 P<0.01 P<0.05
120 min 14.01 + 1.60 8.47 £ 0.47 9.63 +1.04 10.91 +£2.08
P<0.05

Table 6.4: Intraperitoneal glucose tolerance test (2g/kg) on day 11 of study, vehicle control, 50nmol/kg

G395. 50 nmol/kg Zn-G395 and 7.5 nmol/kg G108. Data represented as mean * SEM, significance indicates

difference between vehicle control group and treatment group, *p < 0.05, **p <0.01, ***p<0.001. ****p <

0.0001. Analysed using two-way ANOVA with post hoc Dunnett’s test.

Vehicle 50 nmol/kg 50 nmol/kg Zn- | 7.5 nmol/kg
control G395 G395 G108
Glucose iAUC 76.20 + 5.65 36.78 +5.63 50.51+12.31 42.73 £+11.13.
(mmol/Lhr) P<0.05 P<0.05
Total plasma 1.02 £ 0.09 0.93 £0.08 0.77 £ 0.04 0.56 + 0.04
cholesterol P<0.05 P<0.001
(ng/ul)

Table 6.5: Glucose iAUC from iPGTT on day 11 and total plasma cholesterol on day 7 of study, Vehicle
control. 50nmol/kg G395. 50 nmol/kg Zn-G395 and 7.5 nmol/kg G108. Data represented as mean * SEM,

significance indicates difference between vehicle control group and treatment group, *p<0.05, **p<0.01,

*#*p<0.001. ****p<0.0001. Analysed using two-way ANOVA with post hoc Dunnett’s test.
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6.4.4 Biased-partial agonism by a GLP1/GCGR co-agonist at both the GLP1R and

GCGR to optimise metabolic benefits whilst minimising amino acid catabolism

To determine whether it is possible for biased-partial agonism within a GLP1R/GCGR co-
agonist, to optimise metabolic effects, the peptides SRB103Q and SRB103H were used
(Pickford, Lucey et al. 2021). As discussed previously (section 6.1.3), SRB103H is a full
agonist at both the GLP1R and GCGR, whereas SRB103Q is a partial agonist at both
receptors, showing bias for reduced beta-arrestin recruitment specifically at the GLP1R.
Therefore, it is possible that SRB103Q may confer sustained efficacy on improved glucose

regulation, with no change in hepatic amino acid catabolism.

Following a single dose of either peptide, there was an acute reduction in glucose levels
at 2 hours, after which point, they diverged with SRB103Q showing a lower and more
sustained improvement in glucose levels compared to vehicle control (Figure 6.4A). At
the 8-hour timepoint after dose administration, only the SRB103Q group demonstrated
a significantly reduced blood glucose level. Plasma alanine also reduced acutely following
the single dose of either peptide (Figure 6.4B), however the effect size was less marked
as the effect on blood glucose. In contrast to the divergent effect of the peptides on blood
glucose levels, both SRB103Q and SRB103H led to a sustained moderate reduction in

plasma alanine levels compared to vehicle control (Figure 6.4B).
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Figure 6.4: (A) Glucose and (B) plasma alanine levels following a single dose of either vehicle control, 20
nmol/kg SRB103Q or 20 nmol/kg SRB103H, N=8/group. Measurements taken at baseline, 2, 4 and 8 hours
following dose administration. Data plotted as mean #* SEM, *p<0.05, ***p<0.001, ****p<0.0001,

significance indicates difference between treatment group compared to vehicle control. Analysed using

two-way ANOVA with post hoc Dunnett’s test.
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6.5 Discussion

6.5.1 The short-acting GCG analogue, G395, does not stimulate

hypoaminoacidemia or lean mass loss

The findings from Chapter 2 and 3 demonstrated that the long-acting GCG analogue,
G108, stimulated hepatic amino acid catabolism, hypoaminoacidemia and lean mass loss.
To establish whether this occurred with administration of a short-acting GCG analogue,
G395 was first administered in an acute dose-ranging study to determine effects on food
intake and plasma amino acids. As with the previously established sub-anorectic dose of
G108 (7.5nmol/kg), doses of G395 ranging from 20 nmol/kg to 100 nmol/kg did not have
a notable effect on food intake (Figure 6.1A). Furthermore, G395 did not affect plasma
amino acids at 4- or 24-hours following a single dose in contrast to G108 (Figure 6.1D).
As all doses of G395 led to improved blood glucose acutely (Figure 6.1B and C), this
provides a positive sign that G395 may offer a net metabolic benefit (ie glycaemic benefits

without lean mass loss) in the context of chronic daily dosing.

A dose of 50 nmol/kg G395 was tested head-to-head with 7.5 nmol/kg G108 in a chronic
daily dosing study in DIO mice. This confirmed a negligible effect of the SA GCG analogue
on supressing plasma amino acids and lean mass loss (6.2E, F and G). In contrast, and in
keeping with findings from Chapter 2 and 3, G108 led to a marked suppression in plasma
amino acids on day 7 and lean mass loss over the course of the study (Figure 6.2E and F).
The zinc preparation of G395 led to a trend in reduction in plasma amino acids on day 7
and this was also associated with a trend in lean mass loss over the course of the study
(Figure 6.2E and F). This is in keeping with the mode of action of zinc when combined
with glucagon, to enhance depot release from subcutaneous administration and lengthen
the drug release into the circulation (F.Trading 1969). Although no circulating peptide
concentrations are available, it is possible that compared to the non-zinc preparation, a
sustained release of the Zn-G395 preparation led to prolonged hepatic GCGR activity and
subsequent effects on amino acid catabolism. In keeping with this a similar pattern in
muscle weight was observed whereby the average quadriceps weight from the G108
group was significantly rescued compared to vehicle control (Figure 6.2G). A trend to
reduction in quadriceps weight was observed in the Zn-G395 group whereas no change

was observed in the G395 group.
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Only G108 led to both a chronic suppression in total amino acids and a reduction in fat
mass (Figure 6.2E and H). This is in keeping with the results from Chapter 4 which
demonstrate that hypoaminoacidemia underpins G108-stimulated energy expenditure
and body weight loss. As no reduction in total plasma amino acid levels were observed in
mice receiving the SA GCG preparations, energy expenditure was not expected to be

increased and therefore no accompanying fat mass loss.

6.5.2 The short-acting GCG analogue, G395, provides metabolic benefits also
attributed to the long-acting GCG analogue G108

It could be reasoned that the absence of effect on plasma amino acids or lean mass
observed with G395 is due to its potential short half-life and immediate clearance from
the body. To explore whether other metabolic effects of GCGR signalling were maintained,
glucose tolerance, plasma cholesterol and hepatic lipid accumulation were measured in
this daily dosing study. Interestingly, a significant improvement in glucose tolerance in
all treatment groups was observed on day 11 of the study (Figure 6.3A and B). Glucagon
is well known for its hyperglycaemic properties through enhanced gluconeogenesis and
glycogenolysis (Exton 1987). However, a re-emerging field exploring the glucocentric
side of glucagon physiology is realising the potential glucose-lowering properties of
glucagon. For example, following a single dose, the long-acting glucagon analogue [UB288
enhances hepatic insulin sensitivity through AKT phosphorylation as demonstrated with
hyperinsulinaemic euglycaemic clamps (Kim, Holleman et al. 2018). More recently, using
the same analogue, it has been shown that the acute GCGR enhancement of hepatic insulin
sensitivity through AKT is mediated by the upstream activation of mTORC2 (Kim, Nason
et al. 2022). As G395 improved glucose tolerance without any effect on energy
expenditure, this would be consistent with a mechanism such as improved hepatic insulin
sensitivity which may be mediating these effects, rather than a general increased demand

from a negative energy balance.

G108 led to a chronic reduction in plasma cholesterol (Figure 6.3C), in keeping with
findings from Chapter 3. Although this was not observed with G395, areduction in plasma
cholesterol was noted in mice treated with the zinc preparation of G395. As glucagon

increases hepatic fatty acid oxidation and suppresses de novo lipogenesis (Galsgaard,
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Pedersen et al. 2019), the results are in keeping with these actions. Imaging of liver
sections demonstrated that G395 reduced hepatic lipid accumulation to a similar degree
as seen in the liver of mice treated with G108, compared to the vehicle control group
(Figure 6.3D and E). Therefore, these findings suggest that daily administration of SA GCG
analogue G395 has an enhanced cumulative effect on chronic hepatic lipid metabolism

than on plasma total cholesterol.

How can the differential effects of SA vs LA GCG on lean mass, glucose tolerance and
hepatic lipid accumulation be explained? It is possible that G395 has divergent effects on
macronutrient metabolic pathways at a given dose. For example, at a given dose of G395,
there may be a more pronounced effect on glucose regulation and hepatic lipid
accumulation, compared to hepatic amino acid catabolism. For example, the dose-
response curve for the former outcomes may be ‘leftward shifted’. In contrast, sustained
GCGR activity may be required for hepatic amino acid catabolism to effect plasma levels
and so therefore may be precluded with a short acting analogue with a shorter plasma
half-life. This divergent activity of a fixed dose of G395 could also be explained by varying
duration of activation of signalling pathways downstream to the hepatic GCGR. This may
be explained by the fact that the metabolic pathways for protein, lipid and glucose
regulation in the liver are governed by divergent transcriptional and post-transcriptional
mechanisms (Albrechtsen 2021). Together, the findings from the chronic study in this
Chapter suggest that short-acting glucagon can be leveraged to provide metabolic
benefits whilst minimising side effects, in particular amino acid catabolism and lean mass
loss. Therefore, further work is required to fully characterise the changes in GCGR-
dependent signalling pathways which, when SA GCG is administered, confers a net

metabolic benefit and importantly mitigates against lean mass loss.

6.5.3 Biased-partial agonism by a GLP1/GCGR to optimise metabolic benefits

whilst minimising amino acid catabolism

Biased agonism at the GLP1 receptor has been shown as a strategy to improve efficacy of
GLP-1 analogues, in particular by enhancing their insulinotopic effects at the beta-cell
(Jones 2022). GLP1/GCGR co-agonists have been employed in various drug development

programmes for obesity and metabolic disease, to leverage multiple benefits of glucagon
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signalling (Hope, Vincent et al. 2021). Recently, it was demonstrated that the primary
peptide sequence of a co-agonist could be modified to confer bias through partial agonism
at the GLP1R (Pickford, Lucey et al. 2021); The peptide SRB103Q was demonstrated to
be biased at the GLP1R leading to reduced beta-arrestin recruitment through partial
agonism. As beta-arrestin recruitment is key for receptor endocytosis, the reduced
recruitment translated into sustained improvements in glucose tolerance in vivo
compared to the full GLP1 unbiased agonist, SRB103H (Figure 6.4A). Interestingly,
previous in vitro analysis demonstrated that SRB103Q was also a balanced partial agonist
at the GCGR for Gs and beta-arrestin, whereas SRB103H was again a full agonist at GCGR
(Pickford, Lucey et al. 2021). In keeping with this both peptides led to a sustained
moderate reduction in plasma alanine levels (Figure 6.4B) and this is consistent with a

similar degree of lean mass loss observed previously (Pickford, Lucey et al. 2021).

Based on the findings of the SA GCG analogue (G395), it is not expected that the short-
acting SRB compounds would lead to sustained amino acid catabolism, such as seen with
the LA GCG analogue, G108. Indeed, using the SRB compounds, plasma alanine was
measured, a more sensitive marker of glucagon-stimulated amino acid catabolism. The
findings from this chapter demonstrate that although the glucose lowering properties of
SRB103Q are prolonged after a single dose, there is no change in plasma alanine between
SRB103Q and the full agonist SRB103H. This suggests that the balanced partial agonism
for Gs and beta-arrestin recruitment at the GCGR by SRB103Q does not lead to sustained
or prolonged GCGR activation, compared to SRB103H. Whether this strategy would be
beneficial to optimise long-acting GLP-1R/GCGR co-agonists by minimising

hypoaminoacidemia requires further investigation.

6.6 Conclusions

The findings from this Chapter suggest that SA GCG therapy may be a promising approach
for the treatment of metabolic disease, and indeed may be required to circumvent excess
amino acid catabolism and lean mass loss. Currently, most GCGR-targeted multi-agonists
in development are long-acting preparations. However, a number of these have not
succeeded due to adverse events reported from early phase clinical trials (Hope, Vincent
et al. 2021). Indeed, recently, the long-acting GLP1R/GCGR co-agonist NN1177 was

shown to worsen glucose tolerance, lower plasma amino acids and present
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cardiovascular risk, highlighting the deleterious effects of sustained GCGR activity
(Martin Friedrichsen 2022). In contrast, the co-agonist which has progressed the furthest
through clinical trials is the short-acting, once daily Cotadutide with no cardiovascular
concerns and reduced effects on plasma amino acids (Parker, Robertson et al. 2020,
Nahra, Wang et al. 2021). Although the improved safety profile of Cotadutide may be
linked to its reduced receptor potency to both the GLP1R and GCGR, the short-acting
nature of the drug may also contribute to its success by reducing drug exposure time and

therefore the average time of GCGR activation.

From a drug development perspective, it may be possible to decouple GLP1 from
glucagon and obtain metabolic benefits from SA glucagon whilst still administering LA
GLP1. This approach would have the benefit of reducing plasma amino acid suppression
and lean mass loss, whilst still offering metabolic benefits of glucagon for example hepatic
lipid clearance and improved hepatic insulin sensitivity. However, the ideal ratio of GCGR
to GLP1 potency and doses administered will need to be established to optimise GLP-
1/GCGR co-agonism. Furthermore, through engineering bias agonism in a unimolecular
co-agonist, it may be possible to prolong the insulinotropic effects of GLP1R signalling,
whilst not prolonging GCGR activity and the subsequent excess amino acid catabolism.
Based on recent updates in understanding of glucagon biology detailing the dynamic and
adaptive roles of glucagon in physiology (Capozzi, D'Alessio et al. 2022), altering GCGR

activity as described within a multi-agonist strategy may be a promising approach.
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7 Chapter 7 - General discussions

7.1 100 years of glucagon research highlight the diverse actions of this
intriguing hormone

[t is 100 years since the discovery of glucagon (Kimball C 1923), and since then research
on this intriguing hormone has paved the way to a greater understanding of its diverse
physiological effects (Capozzi, D'Alessio et al. 2022). More recently (over the last two
decades), glucagon research has intensified due to characterisation of favourable
metabolic actions which may be targeted towards obesity and metabolic disease therapy.
Of these, the description of enhanced energy expenditure and hepatic lipid catabolism in
pre-clinical models testing GLP1R/GCGR co-agonists (Pocai, Carrington et al. 2009, Day,
Gelfanov et al. 2012) have led to the positioning of GCGR-targeted multi-agonists in many
drug development pipelines (Hope, Vincent et al. 2021).

Emerging evidence highlights a primary physiological action of glucagon is amino acid
metabolism, and is perhaps of equal importance to glucose regulation (Emilie Elmelund
2022). Indeed, the recent ‘Glucagon Meeting’ (Copenhagen, Danish Diabetes
Academy/Novo Nordisk Foundation) highlighted the amino-acid centric nature of
important aspects of glucagon signalling. This thesis focuses on glucagon-stimulated
amino acid metabolism, an underexplored area of chronic GCGR activity in a therapeutic
context. A long-acting GCG analogue was used as a research tool to explore the chronic
effects on hepatic amino acid catabolism and plasma amino acid availability which may
have wider physiological implications on lean mass, total body weight and energy
expenditure. This project therefore has relevance to the development of GCGR-targeted
multi-agonists, currently positioned in a variety of drug development programmes for
the treatment of obesity and metabolic disease. Indeed, part of this thesis also included a
phase 1 trial of a GLP-1R/GCGR co-agonist which explored the effect on amino acid
metabolism. The project therefore aimed to provide further understanding of the biology
of glucagon in the context of a chronic treatment setting, whilst also demonstrating

translational relevance.
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7.2  The actions of G108, a long-acting GCG analogue, are consistent with the
key amino acid catabolic action of glucagon

The activity of glucagon on whole-body nitrogen balance was noted early on with studies
in humans and animals noting enhanced urinary nitrogen excretion, suggesting a protein
catabolic action (Tyberghein 1953, Salter, Davidson et al. 1957, Ezrin, Salter et al. 1958,
Salter 1960, Salter, Ezrin et al. 1960). Subsequent biochemical and molecular
characterisation at the tissue level further confirmed increased activity and upregulation
of key enzymes of the urea/ornithine cycle (Snodgrass, Lin et al. 1978, Ulbright and
Snodgrass 1993). Altered amino acid catabolism due to glucagon receptor signalling is
also evidenced from different clinical conditions where there is excess or a lack of the
hormone. For example, in the case of the glucagonoma syndrome, a broad reduction in
plasma amino acids is observed (Mallinson, Bloom et al. 1974). In contrast, in patients
lacking pancreatic glucagon secretion, ie., pancreatectomised patients, display marked

increase in circulating plasma amino acids (hyperaminoacidemia).

As a rationally designed glucagon analogue, it is therefore perhaps not surprising that
G108 leads to an increased upregulation of key components of the urea cycle in both the
acute and chronic setting. Furthermore, G108 increased the upregulation of hepatic
amino acid transporters, also consistent with findings by others using either glucagon-
receptor knockout models or models of fatty liver disease (Winther-Sorensen, Galsgaard
et al. 2020, Emilie Elmelund 2022). The upregulation of amino acid catabolic pathways
was associated with a significant reduction in plasma total amino acids, and in the chronic
setting, a unique profile of hypoaminoacidemia was observed in diet-induced-obese
(DIO) mice (Chapter 3, Section 3.4.5). In particular, the largest reductions in plasma
essential amino acids were for lysine, methionine and threonine, whereas the largest
reductions in non-essential amino acids were for alanine, arginine, asparagine, glutamine,
glycine, proline, serine and tyrosine. A lesser effect, albeit still a reductive effect was
observed for the following plasma amino acids: histidine, valine, isoleucine, leucine,

phenylalanine, tryptophan, aspartate, glutamate and cysteine.
Evidence from multiple sources have previously provided insight into the specific

individual amino acids which may be suppressed the most in response to enhanced

hepatic GCGR activity. Early infusion studies of glucagon in humans have characterised
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the plasma changes in individual plasma amino acids, for example one where 60
ng/kg/hr glucagon infusion over 8 hours led to largest reductions in for example proline,
tyrosine, glycine, threonine, and alanine (Boden, Rezvani et al. 1984). In the case of
pathological excess, for example the glucagonoma syndrome, similarly the largest
reductions in plasma amino acid concentrations were in alanine, methionine, lysine and
cysteine, with least affected the aromatic amino acids phenylalanine and tyrosine
(Mallinson, Bloom et al. 1974). In the case of pancreatectomised patients, amino acids
increased the most are for example serine, alanine, arginine, glycine, threonine and
tyrosine (Boden, Master et al. 1980). These studies are from different clinical contexts
however describe a similar pattern of amino acid perturbation to G108-stimulated
hypoaminoacidemia. However, the effect of glucagon exposure time, circulating glucagon
levels and other factors such as dietary nutrition may also play a role in determining these

amino acid profiles.

More recent work has sought to also characterise the changes in individual amino acids
due to glucagon action in the context of the growing prevalence of metabolic disease
(Wewer Albrechtsen, Pedersen et al. 2019). In work which established the relationship
between hepatic amino acid catabolism and regulation of alpha-cell mass in Gcgr/- mice,
elevated circulating concentrations of methionine, threonine and asparagine were
observed with lesser effects on the branched chain amino acids and aromatic amino acids
(Solloway, Madjidi et al. 2015). This amino acid and hepatic-alpha cell relationship, the
liver-alpha axis has recently emerged as an important feedback system involving amino
acids and glucagon (Holst, Wewer Albrechtsen et al. 2017). Other work to characterise
the liver-alpha axis in rodents demonstrate a prominent role for alanine, arginine,
cysteine and proline (Galsgaard, Jepsen et al. 2020). This is consistent with the use of
glucagon receptor agonists and blocking antibodies in rodents (Emilie Elmelund 2022)
which highlight a prominent role for these amino acids in addition to asparagine,
threonine and methionine which may direct glucagon secretion from the alpha cell and
whose clearance is more sensitive to the action of glucagon itself. The amino acids
changed the least in the latter study were leucine, isoleucine, glutamate, tryptophan, and
phenylalanine (Emilie Elmelund 2022), consistent with the findings of previous work of
the liver-alpha relationship (Solloway, Madjidi et al. 2015). Furthermore, when this axis

is disrupted directly, for example in the setting of fatty liver disease, a similar
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perturbation in amino acids is observed (Wewer Albrechtsen, Junker et al. 2018).
Together, these findings are also broadly consistent with the individual amino acids
which change the most with chronic G108 administration in DIO mice, suggesting that
chronic glucagon analogue therapy suppresses highly glucogenic amino acids the most,
with branched chain and aromatic amino acids more resistant to this suppressive effect.
Interestingly, it has been suggested that specific amino acids play more important roles
in the liver-alpha axis, for example for glucagon secretion and alpha cell proliferation
(Emilie ElImelund 2022). If the liver-alpha axis plays a role in restoring homeostasis, then
it seems logical that in a physiological feedback loop, these amino acid candidates are
most affected by altered glucagon activity at the level of the hepatic glucagon receptor. It
will therefore be important to establish the effect of chronic glucagon-stimulated
hypoaminoacidemia on elements of this axis, for example on the alpha cell. Indeed, very
recent evidence has emerged demonstrating alpha-cell hypoplasia with chronic GCG

analogue therapy in mice (Emilie Elmelund 2022).

Acute and chronic administration of G108 in lean and obese mice, respectively, led to
upregulation of several enzymes of the urea cycle. In the acute setting, increases were
observed in Cps1, Ass1, Asl and Arg, however this was a relatively large dose (20 nmol/kg)
(Chapter 2, Section 2.4.4). An increase in these in response to the same single-high dose
of G108 was blunted in hepatic specific Gcgr/- mice (Chapter 2, Section 2.4.6). After 27
days of dosing with a lower, sub-anorectic dose (7.5 nmol/kg) of G018 in obese mice,
upregulation was observed for Nags, Cps1, Ass and Asl with Ass showing the highest
increase (Chapter 3, Section 3.4.4). Interestingly, recent evidence suggests a divergent
effect of altered hepatic GCGR activity on transcriptional and post-transcriptional
mechanisms of amino acid catabolic pathways. One of the first studies to investigate
glucagon regulation of the urea cycle showed an increased enzyme activity of all 5
enzymes (Snodgrass, Lin et al. 1978). Further studies have shown that GCGR activity may
regulate the gene expression of all the urea cycle enzymes (Solloway, Madjidi et al. 2015,
Kim, Okamoto et al. 2017, Winther-Sorensen, Galsgaard et al. 2020). In a recent study,
chronic therapy with a long-acting GCG analogue in mice leads to increased
transcriptional upregulation of AssI but not Arg, Asl or Otc (Emilie Elmelund 2022).
Furthermore, whilst the Cps1 was not upregulated, the enzymatic activity of CPS1 was

significantly increased. This is consistent with the ability of glucagon to enhance CPS1
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activity through deacetylation by Sirtuin proteins (Li, Zhang et al. 2016). Other
mechanisms of glucagon-mediated increase in urea cycle activity have been suggested
including increased glutaminase activity, which provides glutamate to NAGS to produce
the co-enzyme NAG to CPS1 (Emilie Elmelund 2022). Therefore, further work is required
to understand the variables which may affect this divergent response to hepatic GCGR

activation.

Further research is required to understand the physiological effects of glucagon-
stimulated suppression of individual amino acids in the context of chronic therapy with
CGGR-targeted multi-agonists. In contrast, it may also be important to understand the
effect of increases in individual amino acids in the case of hepatic glucagon resistance, ie
fatty liver disease. As amino acids have a diverse range of functions, many research
questions can be asked. For example, it will be interesting to investigate the physiological
effects in various amino-acid sensing tissues, regulated by changes in individual amino
acids in response to either chronic GCGR activation (hypoaminoacidemia in the context
of therapy) or glucagon resistance (hyperaminoacidemia in the context of metabolic
disease). It will also be important to explore the interplay between GCGR-agonist therapy

and the concept of glucagon resistance in fatty liver disease.

7.3 Implications of G108-stimulated chronic hypoaminoacidemia on lean mass
and a preventative strategy

The advances in peptide biochemistry combined with the inherent similarities between
the preproglucagon derived products, glucagon, GLP-1 and oxyntomodulin, paved the
way to the description of the first unimolecular co-agonists targeting both the GLP-1R
and GCGR (Day, Ottaway et al. 2009, Pocai, Carrington et al. 2009, Day, Gelfanov et al.
2012). These studies immediately highlighted the additional metabolic benefits
conferred by GCGR activity with improved lipid catabolism, enhanced energy
expenditure and body weight loss in vivo. Fat mass loss attributed to enhanced energy
expenditure and reduced food intake is clearly a beneficial synergistic action between
GLP-1R activity and GCGR activity. However, the consequence of amino acid catabolism
attributed to GCGR activity is that lean mass is at risk in a chronic setting and it is thought
that this is due to reduced circulating levels of amino acids (Mallinson, Bloom et al. 1974);

By extension therefore, an unforeseen consequence of chronic GCGR activation in a
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therapeutic setting may also be loss of lean mass. As reduced calorie intake will affect not
only fat mass, but also lean mass, it is challenging to identify whether lean mass loss
reported in early GLP-1R/GCGR co-agonist studies in rodents are due to GCGR-dependent
amino acid catabolism, or due to the GLP1 mediated suppressive effects on appetite.
These early studies indeed reported variable degrees of lean mass loss however did not
report plasma levels of amino acids and therefore interpretation of the cause of lean mass
loss is not possible (Pocai, Carrington et al. 2009, Day, Gelfanov et al. 2012). However, in
one study exploring the effects of various co-agonist peptides on body weight and body
composition, ‘peptide 5’ resulted in a greater reduction in lean mass relative to its effect
on food intake, suggesting a food-intake independent effect on lean mass (Day, Gelfanov
etal. 2012). However, multiple pre-clinical studies (Henderson, Konkar et al. 2016, Evers,
Haack et al. 2017, Elvert, Herling et al. 2018) which laid the foundation for progression
of candidate GCGR-targeted co-agonists have not reported plasma amino acids or lean
mass therefore and therefore may have (unintentionally) taken the focus away from this
potential problem. Furthermore, as many GCGR-targeted multi-agonists have only
reached early (Phase 1 or 2) trial testing, this further may explain why lean mass data is
not available. Therefore, it is still unclear whether GCGR-mediated lean mass loss occurs

in those treated with CGGR-targeted multi-agonists.

In this project, a sub-anorectic dosing strategy was used to explore the food-independent
effects of G108 on amino acid metabolism and lean mass. G108 led to a marked reduction
in lean mass in both lean and obese mice (Chapter 2, Section 2.4.10, Section 2.4.13,
Chapter 3, Section 3.4.2). This was independent to food intake, associated with
upregulation of the hepatic urea cycle and a broad suppression of plasma individual
amino acids (Chapter 3, Section 3.4.4). The most practical and translational approach to
try to prevent lean mass loss is through dietary supplementation, as amino acid
availability is a known regulator of lean mass (Kamei, Hatazawa et al. 2020). Doubling the
dietary protein content (to 40 kcal% protein), broadly rescued total plasma amino acids
levels and mitigated lean mass loss in G108-treated obese mice (Chapter 3, Section 3.4.2
and Section 3.4.4). Itis likely that a balance of dietary protein intake and G108-stimulated
amino acid catabolism ultimately sets the extent of hypoaminoacidemia and lean mass

loss; This is perhaps why lean mass loss occurred even in the high protein diet groups,
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due to variable protein intakes during the 24-hour time cycle, where G108 is expected to

have continued GCGR activity throughout.

Furthermore, the ability of a high protein diet to rescue plasma amino acids and lean mass
may be dependent on the dose of glucagon administered. It is notable that since the first
characterisation of the glucagonoma syndrome, (Mallinson, Bloom et al. 1974) in which
very high circulating levels of glucagon are detected, high protein diets were advised due
to the concern that the typical skin rash (necrolytic migratory erythema) is a result of
reduced amino acid availability to the dermis. In this project, low doses of G108 were
used and dietary protein supplementation was sufficient to broadly rescue G108-
stimulated hypoaminoacidemia however whether this is the case at higher doses of G108
is unclear. Furthermore, it will be important to determine which specific individual amino
acids regulate lean mass metabolism in the context of chronic GCGR activity and
hypoaminoacidemia. For example, recently a meta-analysis has shown that the branched
chain amino acids and tryptophan were significantly reduced in humans with sarcopenia
(Dai, Lin et al. 2021). Therefore, further understanding of the roles for individual amino
acids may allow for targeted amino acid supplementation to prevent lean mass loss in

those treated with CGGR-targeted multi-agonists.

If lean mass loss becomes evident in human studies of GCGR-targeted multi-agonists,
alternative strategies to prevent this may be required. For example, it will be important
to investigate the effect of another key muscle stimulant - exercise, in particular
mechanical stimulus through resistance training. Furthermore, the combination of
increased dietary protein intake and mechanical stimulus may provide a compelling

adjunct to the use of these multi-agonists as they are easily accessible and affordable.

Together the results of this work demonstrate that a long-acting CGG analogue, in the
chronic setting, leads to marked hypoaminoacidemia through increased hepatic amino
acid catabolism and this is associated with functional lean mass loss (Chapter 2, Section
2.4.10, Section 2.4.13, Chapter 3, Section 3.4.2, Section 3.4.4). However, a simple strategy
to rescue glucagon-stimulated hypoaminoacidemia, dietary protein supplementation, is
enough to broadly rescue plasma amino acids and mitigate lean mass loss (Chapter 3,

Section 3.4.2, Section 3.4.4.).
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7.4 Implications of G108-stimulated chronic hypoaminoacidemia on EE and
total body weight loss in a pre-clinical model of obesity

Following the initial reports of increased EE in response to glucagon in Rats (Davidson,
Salter et al. 1957, Salter, Davidson et al. 1957) the same group quickly confirmed these
findings in both rats and humans in further studies (Davidson 1960, Salter 1960, Salter,
Ezrin et al. 1960). A key clue to the EE effect of glucagon was in the initial discovery that
glucagon-treated Rats (300ug three times daily-high dose) lost more weight than pair-
fed controls (Salter, Davidson et al. 1957). Despite initial focus suggesting the role of
brown adipose tissue (BAT) in rodents (Joel 1966, Cockburn, Hull et al. 1967, Yahata,
Habara et al. 1983), further studies have provided conflicting results (Beaudry, Kaur et
al. 2019) and more recently suggest that glucagon-mediated EE in humans is independent
to BAT thermogenesis (Salem, Izzi-Engbeaya et al. 2016). However, despite an unclear
mechanism, unimolecular co-agonists of GLP-1R/GCGR have shown successful weight
loss in obese rodents through GCGR-dependent EE (Day, Ottaway et al. 2009, Pocai,
Carrington et al. 2009), and enhanced EE has been confirmed in human glucagon-infusion
studies with doses of glucagon of up to 50 ng/kg/min (Tan, Field et al. 2013, Salem, Izzi-
Engbeaya et al. 2016). In 2013, Habbager et al., reported that hepatic derived FGF21 is a
main regulator of glucagon-mediated EE in obese mice, using a long-acting acylated
glucagon IUB288 (Habegger, Stemmer et al. 2013). In keeping with these findings, other
had previously shown that FGF21 acts centrally to enhance sympathetic activity to
adipose tissue and thermogenic activity via UCP1 (Owen, Ding et al. 2014). Further
studies followed on from this work by demonstrating a partial FGF21 dependent effect
on EE in response to IUB288, which is also contributed to by the activation of hepatic
farsenoid X receptor (FXR) (Kim, Nason et al. 2018). Other hormones involved in
glucagon-mediated EE have been proposed, including secretion of thyroxine, cortisol and
nor-adrenaline, enhancing sympathetic nervous system activity (Lawrence 1967,
Waldhausl, Haydl et al. 1976, Kim, Nason et al. 2018). Furthermore, other mechanisms
including futile cycling and enhanced costs of hepatic metabolism have been suggested
(Kleinert, Sachs et al. 2019). Therefore, multiple potential mechanisms driving glucagon-

mediated EE appear to be possible.

Consistent with the known effects of glucagon, sub-anorectic doses of G108 in both lean

and obese mice resulted in loss of body weight and so therefore indicated enhanced EE
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(Chapter 2, Section 2.4.10, Chapter 3, Section 3.4.1). In obese mice, G108 led to a marked
reduction in both lean and fat mass (Chapter 3, Section 3.4.2) and enhanced EE was
confirmed using direct measurement of oxygen consumption in dedicated metabolic
cages (Chapter 3, Section 3.4.8). Interestingly, these effects were prevented with dietary
protein supplementation, an intervention aimed to rescue G108-stimulated
hypoaminoacidemia and lean mass loss (Chapter 3, Section 3.4.2, Section 3.4.8). These
findings suggest that reduced plasma amino acid availability in response to chronic G108
administration, is a key mediator of the EE responses observed. To rationalise these
findings, in this thesis parallels have been made between models of dietary protein
restriction, an intervention which also reduces plasma amino acid availability. Indeed,
consistent with the interaction between G108, EE and a high protein diet, studies dating
back to the 1960’s demonstrate that restricting dietary protein enhanced EE in rodents
(Miller 1962, Miller and Mumford 1967, Stirling and Stock 1968). In a striking similarity
in research progress since the 1960’s, as with glucagon, initial studies of low protein diet
induced EE focused on BAT tissue as a main regulator of EE (Rothwell and Stock 1979,
Rothwell, Stock et al. 1982, Rothwell, Stock et al. 1983) and then hepatic FGF21 (Laeger,
Henagan et al. 2014). Indeed, the seminal study by Laeger et al., confirmed that hepatic
FGF21 is an endocrine signal of dietary protein restriction in vivo, through an amino acid
stress response signalling pathway, previously characterised by others in isolated
hepatocytes or leucine deficient diets (De Sousa-Coelho, Marrero et al. 2012, De Sousa-
Coelho, Relat et al. 2013). The involvement of hepatic FGF21 induction in the EE response
to dietary protein restriction has been shown in subsequent studies (Maida, Zota et al.
2016, Yap, Rusu et al. 2020). The mechanism by which FGF21 enhances EE in response
to dietary protein restriction is thought to be due to central FGF21 signalling, enhancing

sympathetic activity and thermogenesis in adipose tissue (Hill, Laeger et al. 2019).

To further confirm whether G108-stimulated hypoaminoacidemia explains the EE and
body weight loss responses observed, several additional studies were carried out. Single-
dose administration studies with a higher (20 nmol/kg) dose of G108 led to marked and
prolonged suppression of total plasma amino acids and this was associated with
enhanced EE (Chapter 4, Section 4.4.1). A high protein diet not only rescued total plasma
amino acids but also the coincident rise in EE (Chapter 4, Section 4.4.1). To provide

mechanistic insight into the effects observed, supplementing the diet with individual
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amino acids (rather than a casein-based high protein diet) also rescued chronic G108-
stimulated hypoaminoacidemia and prevented EE and total body weight loss (Chapter 4,
Section 4.4.2). Furthermore, a rationally designed low amino acid diet with reductions in
amino acids matched to plasma reductions of G108-treated mice, resulted in enhanced
EE and body weight loss (Chapter 4, Section 4.4.4). Interestingly, despite plasma FGF-21
consistently being elevated in G108-treated mice, mice lacking hepatic Fgf21 appeared to
exhibit a similar EE response to the low amino acid diet as wild-type mice (Chapter 4,
Section 4.4.5). This indicates that hepatic FGF21 induction may not explain the EE in
response to G108-stimualted hypoaminoacidemia and further studies are warranted to
confirm this. Interestingly, studies of dietary protein restriction (typically using 5%
casein diets) have shown a far greater elevation in circulating FGF21 levels in rodents
(Maida, Zota et al. 2016, Hill, Laeger et al. 2019), therefore suggesting that hepatic
induction of FGF21 by G108 may be a marker of hypoaminoacidemia but not be directly
mediating the EE responses observed. In keeping with this hypothesis, reviews in the
field of dietary protein or amino acid restriction highlight multi-faceted mechanisms of
enhanced EE, including sympathetic and serotonergic signalling, in addition to induction
of hepatic FGF21 (Pezeshki and Chelikani 2021, Xiao and Guo 2022). Furthermore,
suppression of individual amino acids may elicit specific responses (Xiao and Guo 2022).
The precise mechanism(s) of EE activated by G108-stimualated hypoaminoacidemia
therefore warrant further investigation and may well reveal effects attributed to
suppression of individual amino acids. It will also be important to determine whether
general protein turnover in lean mass is also contributing to the EE responses observed,
as early glucagon infusion studies suggested the intrinsic link between
hyperglucagonemia, proteolysis and resting metabolic rate during insulin deficiency

(Nair, Halliday et al. 1984, Nair 1987, Charlton and Nair 1998).

Together, the EE findings from this project reveal a paradigm shift on the mechanism of
glucagon-mediated EE. Rather than a mediated by a cascade of endocrine signals
downstream to the hepatic GCGR, this work suggests that the EE response may also be
due to a whole-body response to reduced plasma amino acid availability, a consequence
of GCGR-dependent amino acid catabolism. It will be important to determine the extent
to which hypoaminoacidemia contributes to glucagon-mediated EE at higher doses of

GCGR-targeted multi-agonists, and whether this mechanism also translates to humans.
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7.5 Implications of G108-stimulated chronic hypoaminoacidemia for the use of
GCGR-targeted multi-agonists in humans?

To further understand glucagon biology in humans, several glucagon-infusion studies
were carried out in the 1980’s and 1990’s. With regards to protein metabolism, these
consistently noted marked nitrogen loss and suppressed plasma amino acids (Boden,
Rezvani et al. 1984, Nair, Halliday et al. 1987, Charlton, Adey et al. 1996). However, in the
last decade, glucagon therapy in humans has garnered much attention due to the
possibility of co-agonism with other anti-obesity agents, such as GLP-1, to offset
glucagon-stimulated hyperglycaemia (Tan, Field et al. 2013). Combined with the success
of the unimolecular GLP-1R/GCGR co-agonist in pre-clinical trials, this has led to a
number of GCGR-targeted multi-agonists progressing to early phase clinical trials within
the last 5 years (Hope, Vincent et al. 2021). More recently, the first GLP-1R/GCGR/GIPR
triple agonists have been tested in phase 1 single ascending dose trials (Bossart, Wagner
et al. 2021, Coskun, Urva et al. 2022). Interestingly, and perhaps not surprisingly, is that
suppressed plasma amino acids are a common feature to the long-acting GCGR-targeted
multi-agonists including both the co-agonists (GLP-1R/GCGR) and triple agonists (GLP-
1R/GCGR/GIPR). The once-weekly long-acting GLP-1R/GCGR co-agonist NN1177 (Novo
Nordisk) has been discontinued following a phase 1 multiple ascending dose (MAD) trial
due to cardiovascular and glycaemic safety concerns over the course of 12 weeks (Martin
Friedrichsen 2022). As part of the phase 1 trial, plasma amino acids were measured
during a drug-drug interaction study over 12 weeks noting a broad reduction in all
plasma amino acids at the last study visit. Of the GLP-1R/GCGR co-agonists which have
reported data on plasma amino acids, Cotadutide (Medimmune) has progressed well to
phase 2 trials with no safety concerns (Nahra, Wang et al. 2021). A recent Phase 2a study
providing mechanistic insights into the drug has reported reductions in several amino
acids after 49 days of daily dosing (esc to 300 ug/day) (Parker, Robertson et al. 2020);
However, only a significant reduction in alanine was observed with numerical reductions
for cysteine, glutamate, isoleucine, tryptophan and tyrosine. It is possible that due to the
relatively week activity at the GCGR (10-fold less than glucagon) combined with the
shorter half-life, that broad hypoaminoacidemia is not observed. In the last year, single-
ascending dose protocols in phase 1 studies have been reported for two GLP-
1R/GCGR/GIPR triple agonists, SAR441255 (Sanofi) and LY3437943 (Eli Lilly). After
single administration of the highest doses of SAR441255 (80 ug or 150 pg), there was a
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broad reduction in plasma amino acids which lasted up to the final measurement point of
12 hours post-dose (Bossart, Wagner et al. 2021). After a single dose of LY3437943, there
was a reduction in three of the measured plasma amino acids, alanine, asparagine and
serine, detected eight days post-dose administration (Coskun, Urva et al. 2022); However
plasma amino acids are not reported in a follow up Phase 1b study (Urva 2022). A
noticeable difference between the two unimolecular triple-agonists is that LY3437943
has an extended pharmacokinetic profile of LY3437943, with a half-life of six days,
whereas SAR441255 has a shorter half-life of approximately 5 hours. Therefore, it is
important to determine amino acid measurements in line with the length of peptide
bioactivity. Chapter 5 presents plasma amino acid data from a phase 1 trial of a GLP-
1R/GCGR co-agonist, G3215, being developed at Imperial College London. Uniquely,
G3215 is delivered through a continuous subcutaneous infusion allowing for easy dose-
titration and flexible dosing if required. Plasma amino acids were measured at various
timepoints over the 14-day infusion period, and consistent with findings described by
others above, also show a broad but stable suppression of amino acids which return to

baseline upon discontinuation (Chapter 5, Section 5.2).

Despite plasma amino acids being more frequently reported in early phase clinical trials
as a marker of GCGR activity, there are recent examples of this not being reported (Ji, Gao
et al. 2022, Jiang, Pang et al. 2022). Once, routinely reported, it will be important to
determine whether chronic suppression of plasma amino acids will be problematic or
not, and if so which amino-acid sensitive pathways/tissue could be affected. A main
reason that plasma amino acids are being reported in human trials to ‘test for GCGR target
engagement’ (Bossart, Wagner et al. 2021). The consequence of chronic
hypoaminoacidemia in response to a CGGR-targeted multi-agonist is currently unknown.
It is likely that any physiological effect depends on the extent of plasma amino acid
suppression by the agonist and this may be harmful or even beneficial. In this thesis, a
clear negative consequence on lean mass is evident from the pre-clinical studies of G108.
However, this was mitigated with a high protein diet suggesting its translational potential
as a treatment adjuvant (Chapter 3, Section 3.4.2, Section 3.4.4). To determine the extent
of amino acid suppression and, for example lean mass in humans, clinical trials will need
to routinely report data on individual plasma amino acids and body composition.

Furthermore, there may indeed be consequences of chronic hypoaminoacidemia in
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amino acid sensitive tissues independent to lean mass, for example alpha-cell hypoplasia
as recently noted in pre-clinical studies of a long-acting GCG analogue (Emilie Elmelund
2022). As amino acid-sensitive tissues are widespread, further investigation is warranted
to determine the whole-body effects of reduced amino acid availability in response to

GCGR-targeted multi-agonists.

Findings from this thesis demonstrate that G108-stimulated hypoaminoacidemia
enhances EE and total body weight loss in a mouse model of obesity. Whether this
phenomenon occurs in humans is uncertain however warrants further investigation. The
reported weight loss effects of GCGR-targeted multi-agonists is variable and comparisons
to the striking weight loss achieved by the latest GLP-1 mono-agonists is difficult due to
the different stage of development of this class of drug. Therefore, the extent of weight
loss which can be achieved with GCGR-targeted multi-agonists in a chronic setting is yet
to be confirmed. Cotadutide, weakly potent at the GCGR, results in modest weight
reduction over 54 weeks (Nahra, Wang et al. 2021), however recent Phase 1 reports of
[BI362 (Eli Lilly) and LY3437943 suggest that much higher degrees of weight loss may
occur when administered for longer time frames (Coskun, Urva et al. 2022, Ji, Gao et al.
2022, Urva 2022). The contribution of GCGR-mediated EE to the weight loss effects
observed in pre-clinical models of these agonists is reported using metabolic cages with
direct measurement of metabolic variables. However, in humans this is more difficult due
to practicalities of measuring energy expenditure (being in a closed room/system).
Therefore, it will be important to determine whether long-acting GCGR agonists achieve
measurable increases in EE and the mechanism in which this occurs. Recent mechanistic
clinical studies using native glucagon infusions in humans have shown conflicting
evidence of glucagon-stimulated EE and this may be due to the dose of glucagon infused
(Salem, Izzi-Engbeaya et al. 2016, Whytock, Carnero et al. 2021). Whether
hypoaminoacidemia is a mechanism of EE in response to GCGR-targeted multi-agonists
is uncertain. However, as hypoaminoacidemia is a common feature of long-acting
preparations of these agonists in early phase trials, this does warrant further
investigation. Interestingly, recently studies of low-protein overfeeding in humans have
demonstrated that FGF-21 mediates EE in response to low dietary protein (Vinales,
Begaye et al. 2019). Therefore, it may be possible that FGF21 mediates the EE response

to higher doses of glucagon in response to suppressed plasma amino acids. Interestingly,
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studies of native glucagon infusions have shown that the EE response depends on
whether participants were fasted or not (Kleinert, Sachs et al. 2019), which also suggests

that plasma amino acid availability could be mediating this effect.

Together these findings, along with those of others, suggest that hypoaminoacidemia is a
common of prolonged GCGR activity with unimolecular agonists in humans. The extent of
hypoaminoacidemia is likely largely dependent on drug factors and the long term-

consequences need to be established.

7.6  Future directions to harness the metabolic benefits of chronic glucagon
therapy whilst mitigating potential side effects of excess amino acid catabolism
Based on the discussions in the previous sections, if hypoaminoacidemia in humans
occurs in response to GCGR-targeted multi-agonists, this may not be a favourable
outcome in a chronic therapeutic setting. Therefore, options to rescue plasma amino
acids and mitigate, for example lean mass loss, may be required. One potential solution,
demonstrated in Chapter 3 is dietary protein supplementation, which rescued G108-
stimulated hypoaminoacidemia and prevented lean mass loss in obese mice (Chapter 3,
Section 3.4.2, Section 3.4.4). A balance of GCGR-dependent hepatic amino acid catabolism
and dietary protein intake was achieved, which resulted in a broad rescue of amino acids.
However, the requirement of protein intake is likely dependent on the extent of GCGR-
dependent hepatic amino acid catabolism, which itself will depend on several drug
factors such as receptor potency and drug exposure time. Therefore, the extent of dietary
protein supplementation required to offset GCGR-mediated suppression of plasma amino
acids remains to be answered. For example, what level of increased dietary protein intake
would be required to rescue G3215-stimulated hypoaminoaciemia during a 14-day
continuous infusion? As GCGR-targeted multi-agonists have unique pharmacodynamic
and pharmacokinetic profiles, it is likely that the need for dietary protein
supplementation will be equally as unique. This does however warrant further
investigation as it is still unclear whether chronic hypoaminoacidemia in response to
these agonists is harmful and whether replacement through dietary supplementation is

required.
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As hepatic glucagon signalling regulates a diverse set of metabolic pathways across all
three major nutrient groups, protein, carbohydrate and lipids, the mechanisms
controlling these at both the transcriptional and post-translational levels is complex
(Albrechtsen 2021). Emerging evidence suggests that long-acting preparations of GCGR-
targeted multi-agonists invariably leads to hypoaminoacidemia in both the acute and
chronic setting (see section 7.5). In Chapter 6, the effects of a short-acting GCG analogue
were compared with G108, a long-acting GCG analogue in a chronic daily dosing study in
obese mice. Intriguingly, despite the lack of effect on plasma amino acids, the findings
suggest that the short-acting GCG analogue, G395 was able to improve glucose tolerance
and hepatic lipid accumulation. Furthermore, these beneficial effects appeared to
comparable to those achieved by the long-acting analogue, G108 (Chapter 6, Section 6.4.2,
Section 6.4.3). It is possible that the short-acting analogue, G395, has divergent effects on
macronutrient metabolic pathways at a given dose. For example, sustained hepatic GCGR
activity may be required to suppress plasma amino acids whereas shorter duration of
GCGR activity may have a sizable impact on carbohydrate and lipid metabolic pathways.
Furthermore, the much higher dose of the short-acting glucagon analogue may have
resulted in biological activity across protein, carbohydrate, and lipid pathways, however
after the short-acting drug has lost biological activity, effects on hepatic amino acid
catabolism may have attenuated. The differences in the responses observed may be due
to the underlying differences in how lipid, carbohydrate and amino acids are regulated to
homeostasis. Together, the divergent effects of the short-acting GCG analogue on plasma
amino acids, glucose tolerance and hepatic lipids, suggest that temporal effects of
glucagon biology could be harnessed to optimise GCGR-targeted multi-agonist therapy.
By ‘uncoupling’ glucagon from GLP-1 in a unimolecular co-agonist, this will allow for
timed dosing of individual components. Therefore, these findings warrant further

investigation.

Another strategy which is gaining attention in multi-agonist research is the concept of
receptor bias. This is highlighted by the marked success of Tirzepetide in controlling
glycaemia, a GLP-1/GIP co-agonist which demonstrates bias at the beta cell GLP-1R
(Willard, Douros et al. 2020). In Chapter 6, the effect on plasma amino acids and
glycaemia of two GLP-1R/GCGR co-agonists, one which exhibits partial agonism for beta-

arrestin recruitment was explored. SRB103Q exhibits selective partial agonism for beta-
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arrestin recruitment at the GLP-1R whereas it exhibits partial agonism for both beta-
arrestin and Gs recruitment at the GCGR (Pickford, Lucey et al. 2021). In contrast,
SRB103H exhibits full agonism for beta-arrestin and Gs proteins at both receptors. As
expected, and consistent with previous findings (Pickford, Lucey et al. 2021), after a
single dose SRB103Q led to a sustained improvement in blood glucose over 8 hours,
superior to that of SRB103H. However, the reduction in plasma alanine at 8 hours was
comparable between both co-agonists. The latter finding may be due to the fact these are
short-acting analogues which have a greater effect on carbohydrate metabolic pathways
than amino acid catabolic pathways (See above sections on SA GCG vs LA GCGQG).
Alternatively, the equal partial agonism for beta-arrestin recrtuiment and Gs recrtuiment
to the GCGR may have translated to a comparable biological effect on amino acid catabolic
pathways as the full agonist (SRB103H). In this context, if partial agonism has resulted in
an outcome of enhancing glycaemia through GLP-1R activity without further
enhancement of hepatic amino acid catabolism via the GCGR, this strategy would also
uncouple GLP1-1R activity from GCGR activity within the unimolecular co-agonist. This
may provide a strategy to further optimise drug design by determining the extent by
which receptors are activated using unimolecular agonists targeting multiple receptors.
This may well be further complicated by differential sensitivity of various signalling
pathways downstream to a single receptor, for example the GCGR (Albrechtsen 2021).
Therefore, further work is warranted to further explore the potential effects of receptor

bias on the action of unimolecular GCGR multi-agonists.

276



7.7 Conclusions

In summary, this project set out to determine whether a long-acting GCG analogue, G108,
resulted in hepatic amino acid catabolism and the chronic suppression of plasma amino
acids (Figure 7.1). G108 was used as a research tool due to its similar activity at the GCGR
as multi-agonists in development targeting this receptor. Using a sub-anorectic dosing
strategy, G108 was found to enhance hepatic amino acid catabolism in a pre-clinical
model of obesity, leading to hypoaminoacidemia and lean mass loss in the chronic setting.
However, a dietary protein supplementation broadly rescued plasma amino acids and
mitigating lean mass loss. Furthermore, despite rescuing plasma amino acids and
mitigating lean mass loss, the high protein diet did not affect the ability of G108 to
improve glycaemia and hepatic lipid metabolism. Using the paradigm of dietary protein
restriction in rodents as a lead, the EE response to the long-acting GCGR agonist G108
was found to be due to reduced plasma amino acid availability in response to enhanced
hepatic amino acid catabolism in obese mice; This was subsequently confirmed in vivo
with further mechanistic studies. A phase 1 trial of a GLP-1R/GCGR demonstrated a broad
reduction in plasma amino acids, providing further opportunities to explore the longer-
term effects of these findings. Finally, and briefly, strategies to optimise glucagon therapy
were explored. The findings from this thesis lead to further intriguing questions, which if
answered, will contribute to our understanding of the fascinating world of glucagon

biology.
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Utility

Utility

Does chronic therapy with a LA
GCG analogue suppress plasma
AA's resulting in functional lean
mass loss in an obsese pre-
clincial model?
-YES

Other suspected effects
of GCG-stimualted
hypoaminoacidemia

Can loss of lean mass be
prevented by 'rescuing’ plasma
AA's?

-YES IT CAN BE MITIGATED

l

Therefore this represents a
good obese model of GCG
induced lean mass loss with
maintained metabolic benefits
of GCGR signalling

v

Key questions

EE and total body weight loss
caused by by G108-stimulated
hypoaminoacidemia - prevented
with AA 'rescue'.

Sustained metabolic benefits of
GCGR signalling (hepatic fat and
glycaemia) despite 'rescue' of
plasma AA's with a dietary
protein supplementation.

Can drug/GCG analogue exposure
time differentially effect hepatic amino
acid catabolic, lipid and glucose
metabolic pathways, allowing for drug
optimisation?

Can biased agonism at the GCGR
differentially affect the above
pathways allowing further drug
optimisation?

Can drug exposure or biased agonism
within GCGR-targeted mulit-agonists
be optimised to deliver optimal
metabolic effects across multiple
hormone receptors, ie GLP-1, GIP,
GCGR?

Figure 7.1: Schematic overview of project findings and future directions
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