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ABSTRACT

Obesity and diabetes mellitus are among the most widespread chronic conditions in modern
society. The growing prevalence of obesity has prompted the exploration of various therapeutic
interventions, including semaglutide, a glucagon-like peptide-1 receptor agonist (GLP-1RA).
GLP-1RAs have shown promise in weight management, but GLP-1 receptors have been found in
many tissues beyond the original therapeutic targets (pancreatic beta-/alpha- cells), including
skeletal and smooth muscle, heart, and brain. Therefore, it is critical to study the potential
effects of GLP-1 on these tissues, as potential off target effects (beneficial or detrimental) are
expected. Many aspects or side effects of the medication remain underexplored, including the
impact of semaglutide on skeletal muscle mass preservation during weight loss. This thesis
investigates the differential effects of semaglutide administration compared to traditional
caloric restriction on skeletal muscle mass, insulin signalling and markers of protein turnover in

a male rat model of type 2 diabetes (T2D).

il



Objective: This study aims to compare the effects of semaglutide vs. traditional caloric
restriction on skeletal muscle mass loss in rats with T2D, assessing whether pharmacological
weight loss leads to more muscle mass depletion (i.e., relative atrophy) than weight loss from
calorie restriction alone. By analyzing changes in histological markers of muscle, as well as
protein markers of muscle atrophy and hypertrophy, this study seeks to determine if
semaglutide accelerates muscle atrophy pathways independent of the drug’s effect on reduced
food intake. The study hopes to inform further research into confirming the effects of
semaglutide on differential skeletal muscle mass loss and protein turnover and aims to set the
stage for more detailed mechanistic studies that should help to better understand the possible
implications of incretin therapies with and without strategies to preserve skeletal muscle mass
and function while still promoting its vast and apparently global health effects.

Methods: Male Sprague Dawley rats (3 groups, n=10 per group) were placed on a high-fat diet
for 3 weeks and then injected with low-dose streptozotocin (35 mg/kg) to induce T2D,
characterized by mild hyperglycemia in the fed state (i.e., whole blood glucose >12 mmol/L) but
with some residual beta cell function to limit excessive weight loss and ketosis. After T2D
induction, rats were randomized to one of three treatment groups for a period of 3 weeks: 1)
controls (i.e., male rats with insulin-requiring T2D), receiving ad-libitum high-fat chow and daily
insulin by injection for glucose management; 2) bi-weekly treatment with semaglutide (here-on
referred to as Sema group) (dose escalation from 35 pg/kg body weight to 200 pg/kg body
weight); and 3) caloric restriction (abbreviated to CR group) matching the food intake to the
Sema group. All rats were administered daily insulin (glargine and regular insulins), as needed,

to maintain a mild T2D phenotype. Daily food consumption, body weight, blood glucose
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concentrations (fed) were monitored in all rats during the treatment period. A glucose
tolerance test, via oral gavage (OGTT; 2g dextrose/kg body mass) was performed during the
second week of treatment and an Insulin tolerance test (ITT, intraperitoneal injection of 8u of
rapid acting insulin) was performed in the final (third) week of treatment. After 3-wks, the
animals were killed via exsanguination under deep anaesthesia and select hindleg muscles were
evaluated for muscle weights, fiber cross sectional areas and markers of protein turnover.
Results: By design, food intake was identical between the Sema and caloric-restricted rats, with
both groups consuming ~20-30 percent less food daily, relative to controls. Through the
treatment phase, body mass levels were similar in the Sema and caloric-restricted groups
(p=0.31) but were about 13% lower than in the control group by the end of the 3 week
(p=0.0001). Rats in the Sema group and caloric restriction groups had reduced skeletal muscle
mass at 3 weeks (by about 20%) and reduced cross sectional area, relative to controls, and
there were only minor differences in mass and muscle fibre cross sectional areas between the
two treatment groups in some of the muscles examined. Muscle protein analyses of AKT and
RPS6 (ribosomal protein S6) activation in the tibialis anterior (TA) and gastrocnemius (GAS)
muscles showed no statistical difference in the activation of phosphoinositide 3-kinase (PI3K)
pathway between the groups, however, the Sema and CR groups tended to have lower
activation of these markers relative to controls (ANOVA P=0.14 and P=0.16 for Akt/protein
kinase B (AKT) and S6 kinase (S6) activation respectively). Finaly, fibre type distribution in the
GAS muscle was also similar among the three groups.

Conclusion: In conclusion, we observed that pharmacological weight loss with semaglutide in

rats with T2D resulted in around 10% relative skeletal muscle mass loss in some muscle groups

v



than what can be accounted for by caloric restriction alone. However, we also found no
significant difference between the Sema and the CR group in skeletal muscle fibre type
distribution status of key regulatory proteins for skeletal muscle protein synthesis such as AKT

and S6.
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1.0 INTRODUCTION

The incidence and prevalence of obesity and type 2 diabetes mellitus (T2D) have been
on a constant rise globally in the past decades and are projected to rise over the next several
decades!. Obesity and T2D are two main chronic non-communicable diseases that are
accompanied by psychological and social stigmata in the developed world, with intense focus
on trying to reduce the societal impact caused by these largely “lifestyle” conditions 2. While
weight-loss medication and various weight management strategies have been around for over a
century?, the rising prevalence of these genetic and “lifestyle-related” diseases have more
recently inspired pharmaceutical industries to develop novel and more effective weight loss
medications *. Several new pharmacological agents, either approved or under investigation for
obesity and/or diabetes management, are primarily aimed at weight loss via caloric restrictions
but they also improve glycemic control either directly or indirectly because of fat mass loss. The
latest leap in advancements is the discovery of the new class of drugs developed first in 1990s
by researchers in North America and Europe, the glucagon like peptide 1 receptor agonists
(GLP-1RA)°. With the advent of GLP-1 receptor agonists, weight loss achievable with
pharmacological treatment has become ever closer to the magnitude achievable with surgical
intervention®’, which is considerably more invasive. Inevitably, GLP-1 receptor agonists have
gained widespread attention due to their effectiveness in inducing clinically meaningful weight
loss (i.e., >10% body mass over weeks to months) 3, as well as ease of use (i.e., oral or only once

weekly subcutaneous injections, rather than daily injectables) compared to other previously



available weight loss medications®. The popularity of these drugs is represented and even
perhaps partly due to the mass public attention, advertisements and endorsements. In 2021,
seventy one percent of antidiabetic drug sales in Canada were for the new-generation drugs,
including GLP-1 agonists and Dipeptidyl Peptidase 4 Inhibitors (inhibitor of enzyme that breaks
down GLP-1), which have a similar effect compared to the agonists of GLP-1R but lower in
magnitude of both effects and side effects®. This represents a significant increase from 2010s,
where GLP-1 medication had little impact on the market, to the 2020s where they accounted
for 25% of all antidiabetic drug sales®. But while more accessibility and usage of a treatment has
been deemed a scientific advancement by most professional organizations such as the
American Diabetes Association?, it does raise concern about these drugs being so widespread
beyond their initial indications for glycemic control. This is because the global effects of these
agents have not yet been fully explored, and the side effects of sustained treatment, such as
risks for pancreatitis, bowel obstructions and risk of thyroid cancers are only now being
investigated using rodent models'''2 and from large clinical trials®3.

Weight loss interventions—particularly those involving medication or rapid weight loss
through severe caloric restriction—carry the risk of reducing not only fat mass, but also lean
body mass, including the loss of bone mass and skeletal muscle mass, thus impairing skeletal
muscle quantity, health, and function.'**> Lean body mass (i.e., the weight of everything in the
body except the fat) is the most widely used marker of muscle quantity in clinical trials of GLP-1
based therapies but has important drawbacks and limitations to its use, as it is only a surrogate
measure of muscle mass and this metric does not provide any information on the function or

health of the musculoskeletal system. GLP-1 receptor agonist-induced weight loss, like other



methods of weight loss where nutritional intake is reduced, has been associated with changes
in body composition'®’, While the primary goal of every weight loss intervention is to reduce
body fat mass without excessive lean mass loss, the desired results are not always achieved®®.
This has been a concern with GLP-1 usage since their introduction, a concern that doctors,
pharmacists and other health professionals share!®2°, As an additional worry, lean body mass in
general, but particularly skeletal muscle mass is profoundly important for a variety of reasons in
individuals with obesity and/or T2D?. Indeed, skeletal muscle is responsible for 80 to 90% of
insulin stimulated glucose uptake in the body??, and is highly metabolically active and
responsible for a large portion of the body’s calorie expenditures, even at rest?3. Muscle mass is
closely linked to metabolic health, insulin sensitivity, and physical function, especially in
individuals with obesity or T2D, where baseline muscle quality is often already compromised?*.
It is therefore extremely important to establish strategies to maintain muscle mass at a high as
possible level and minimize loss.

Despite concern that GLP-1 therapies might detrimentally affect skeletal muscle health
by reducing mass or function, the relationship between GLP-1 signaling and muscle adaptation
during therapy-induced weight loss remains poorly examined. In particular, as it related to this
thesis, there is ongoing debate on whether GLP-1 treatment causes muscle loss or lean mass
maintenance more than what would be expected from caloric restriction alone 2%%°, and even
debate on the functional relevance of GLP-1 receptors in muscle tissue in the first place?®.
Importantly, most clinical trials report weight loss and fat mass loss with GLP-1 therapies31327,
but qualitative and quantitative analyses of skeletal muscle is lacking®?’. Not only are the lean

body mass measures from these studies highly variable and inconsistent 2022830 put it is



doubtful that a simple measure of lean body can be used as surrogate of skeletal muscle mass
and quality after the initiation of GLP-1RA therapy use3!. While recent studies indicate that
weight loss achieved through GLP-1 therapy may lead to losses in muscle mass?%2°, the
magnitude of muscle loss reports suggesting that reductions can range significantly, highlighting
the variability in skeletal muscle effects among individuals and/or trial designs. If the loss in

lean mass is problematic from a metabolic or functional health perspective also remains
unclear.

The physiological mechanisms by which GLP-1 influences skeletal muscle function and
mass warrants continued investigation using animal models and carefully controlled and more
detailed human physiologic trials. For example, GLP-1 is known to enhance insulin secretion and
sensitivity, potentially facilitating improved glucose uptake in skeletal muscle cells632,
Additionally, the impact of GLP-1 on the vascularity of skeletal muscle is an increasingly
significant area of research 3334, particularly regarding metabolic health, muscle maintenance,
and glucose homeostasis. GLP-1 is known to enhance muscle microvascular recruitment,
leading to improved blood flow and nutrient delivery to skeletal muscle tissues3*. Studies
indicate that GLP-1 promotes vasodilation through its actions on the endothelial nitric oxide
synthesis pathway, facilitating an increase in nitric oxide (NO) production33. These factors are all
extremely important and multifaceted, with potential effects that might not be reflected in
simple lean body mass measures but reflected in muscular quality and capacity of subject to
perform actions.

The effect of GLP-1 treatment on mitochondrial function and oxidative metabolism

within skeletal muscle is also in its early stages. Emerging research indicates that GLP-1



receptor activation stimulates skeletal®and cardiac®® muscle mitochondrial biogenesis and
function, which could be beneficial in combating the adverse effects of weight loss on muscle
mass?®3>738 Improved mitochondrial function in skeletal muscle supports energy expenditure
and enhances overall metabolic health. Further investigating the effect and clinical significance
of reductions in lean mass, and especially skeletal muscle, with GLP-1 receptor agonist induced
weight-loss is important to understand both the quantity and the “quality” of the weight loss
achieved.

Another area of research that needs further exploration is the possibility that GLP-1 may
modulate skeletal muscle protein turnover in potentially adverse and/or advantageous ways.
One pathway of particular interest, due to its importance in skeletal muscle and responsiveness
to the insulin axis, is the muscle phosphoinositide 3-Kinase (PI3K)/protein kinase B (AKT)
signaling pathway. This pathway is a crucial signaling cascade that mediates various cellular
processes in muscle, including cell growth, metabolism, and differentiation. When stimulated
by insulin and other growth factors, PI3K activates and in turn activates AKT. AKT plays a vital
role in promoting muscle hypertrophy and inhibiting atrophy by phosphorylating several
downstream targets, including the mammalian target of rapamycin (mTOR)°. mTOR then
initiates protein synthesis by activation the ribosomal protein S6 (RPS6). AKT also inhibits the
activation of many factors associated with degradation of protein and muscle. Therefore, the
PI3K/AKT/mTOR pathway is crucial in regulating the balance between protein synthesis and
degradation, thus maintaining muscle mass under various physiological conditions*. This
signalling pathway is also responsible, at least in part, for muscular hypertrophy and protein

synthesis following exercise*®*!, Dysregulation of this pathway has been implicated in many



muscle atrophy and metabolic disorders, showcasing its importance in sustaining skeletal
muscle health and function*?43, GLP-1 has been linked to the PI3K pathway in many fields as
well, from altering cancer cell behaviour** to hepatic insulin sensitivity*®, this hormone seems
to interact with the PI3K pathway. Due to the established effect of GLP-1 and PI3K pathway on
topics such as neuronal repair®® and protection from oxidative stress induced apoptosis*’, as
well as its extensive influence in skeletal muscle production and degradation®?, this pathway is
one that we believe has value investigating.

Another open question about incretin therapy and skeletal muscle health is whether
GLP-1 treatment differentially affects skeletal muscle fibre types, and perhaps even cause a
change in fibre type ratios. This is a relevant topic, considering GLP-1’s role in glucose
metabolism, insulin sensitivity and recruitment of vasculature in muscle. Since different muscle
fibre types have different metabolic characteristics such as insulin sensitivity, adipose
deposition and nutrient utilization*®4°, potential differential effects of GLP-1 on different fibre
types are very plausible. A research study has shown that neonatal exposure to GLP-1, amongst
many other effects, can differentially affect composition of the muscle, with changes observed
in myosin heavy chain and GLUT-4 expression®. Moreover, the recruitment of microvasculature
and improved nitric oxide production3? observed with GLP-1 infusion suggests a mechanistic
pathway that could support a shift towards oxidative muscle fibers, possibly increasing the
capacity for endurance activities with prolonged therapy, as long as exercise training also
occurs. While the research in this topic is lacking as well, further research has the potential to

uncover many important aspects of GLP-1 that were previously unknown.



Considering the breadth of questions surrounding the GLP-1 hormone and considering
that there has never been a study directly comparing GLP-1 weight loss with CR weight loss, this
research hopes to provide a new angle of analysis on the effects of GLP-1 on skeletal muscle. In
this research we will be investigating the difference in skeletal muscle quantity between these
two conditions, and the potential differential protein expression and activation, to inquire into

possible cellular pathways that might be responsible for this change.



2. LITERATURE REVIEW

2.1.1: OBESITY

Obesity, largely recognized as a chronic disease, is an extremely complicated condition.
It has typically been defined by an excessively high body max index (>30), and/or excessive
accumulation of adipose tissue in the body, with adverse effects on the body’s homeostasis.
However, new expert “commission” criteria now define clinical obesity as a chronic disease
associated with ongoing signs or symptoms of reduced organ function, such as sleep apnea or
heart failure®l. In the expert’s own words, more than simply a metabolic condition, “obesity a
chronic, systemic illness characterized by alterations in the function of tissues, organs, the entire
individual, or a combination thereof, due to excess adiposity”>!. Clinical obesity can lead to
severe end-organ damage, causing life-altering and potentially life-threatening complications
including heart attack, stroke, and renal failure®2.

In addition to having detrimental impact on the heart, kidneys and other end-organs, as
described by the expert Commission paper>?!, obesity also has profound effects on skeletal
muscle structure and function, contributing to metabolic dysfunction and impaired physical
performance. Excess adiposity is associated with increased intramuscular lipid accumulation,
which can interfere with insulin signaling pathways, leading to insulin resistance®3. Additionally,
obesity promotes chronic low-grade inflammation, characterized by elevated cytokines such as
tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6), which contribute to muscle
catabolism and reduced protein synthesis®3>4. These changes result in decreased muscle quality

and strength, even in the presence of preserved muscle mass, a condition known as "sarcopenic



obesity">°. What incretin therapy might do to muscle health in an obese individual is somewhat

unclear (see section 2.4 below).

2.1.2: T2D

T2D is a chronic metabolic disorder characterized by hyperglycemia resulting from
insulin resistance and progressive pancreatic B-cell dysfunction®®. It is strongly associated with
obesity, physical inactivity, and genetic predisposition, and its global prevalence has risen
sharply in recent decades alongside obesity®’, This strong association between the two
condition means that T2D also shares many co-morbidities with obesity, leading to
microvascular (e.g., retinopathy, nephropathy) and macrovascular (e.g., atherosclerosis)
complications °°. In individuals with T2D, target tissues such as liver, adipose, and skeletal
muscle become resistant to insulin, leading to impaired glucose uptake and metabolism®2. Over
time, sustained hyperglycemia and lipotoxicity exacerbate B-cell failure, further impairing

insulin secretion and intensifying metabolic dysregulation>2.

Skeletal muscle, which accounts for approximately 80% of postprandial glucose disposal,
is profoundly affected by T2D>°. Insulin resistance in skeletal muscle reduces glucose uptake
and glycogen synthesis, primarily due to impaired insulin signaling pathways, including defects
in insulin receptor substrate (IRS) and phosphoinositide 3-kinase (PI3K) activity®®. Additionally,
mitochondrial dysfunction and increased lipid accumulation within myocytes contribute to
oxidative stress and inflammation, exacerbating insulin resistance®. These alterations not only
compromise metabolic health but also lead to reduced muscle quality and mass, increasing the

risk of sarcopenia and decreased physical function in individuals with T2D. What incretin



therapy might do to muscle health in an individual with T2D (obese or non-obese) is also

unclear (see section 2.4 below).

2.2.1: GLP-1

GLP-1 is an endogenous incretin hormone secreted predominantly by intestinal L-cells in
response to nutrient intake, particularly carbohydrates and fats®. It plays a central role in
metabolic regulation by enhancing glucose-stimulated insulin secretion, inhibiting glucagon
release, delaying gastric emptying, and promoting satiety®?. These effects help maintain
postprandial glucose homeostasis. GLP-1 exerts its functions via its cell surface receptor, a G
protein—coupled receptor expressed not only in pancreatic B-cells but also in extra pancreatic
tissues, including the brain, heart, and gastrointestinal tract®>3, Due to its rapid degradation by
the enzyme dipeptidyl peptidase-4 (DPP-4), GLP-1 has a short half-life (1-2 minutes), which led
to the development of GLP-1 receptor agonists as effective treatments for type 2 diabetes and
obesity®.

GLP-1 has many effects and target tissues, therefore its direct effects and pathways are
quite difficult to pinpoint down3+37:44-4663 The drug is now being explored for use in various
neurogenerative diseases, such as Alzheimer’s disease, where weight loss and lean mass loss
may be undesirable, or even problematic®. In line with these concerns, emerging evidence
indicates that GLP-1 also has direct and indirect effects on skeletal muscle metabolism, possibly
promoting a relative attrophy?>:3%:37,3850 While the concerns about muscle wasting are
addressed in depth in the following section, additional confirmed effects of GLP-1 include

improved muscle glucose uptake and insulin sensitivity through systemic mechanisms, including
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enhanced insulin secretion, improved microvascular perfusion and possibly increased whole
body insulin sensitivity from fat mass loss®®. Additionally, GLP-1RAs have been shown to reduce
inflammation and oxidative stress, and improve mitochondrial area, number and morphology?2.
While the exact molecular pathways remain unclear, the fact that GLP-1 therapy does affect

skeletal muscle is clear to see.

2.2.2: GLP-1 RECEPTOR EXPRESSION

The GLP-1 receptor is found on the surface of many cell types in the body. Due to the
popularity of GLP-1 medication, it is critical to investigate what tissues this molecule can exert a
direct effect on. GLP-1 receptor is expressed ubiquitously in human tissue, with high receptor
expression found in pancreatic islets (particularly in alpha and beta cells), the central nervous
system, gastrointestinal tract, heart?®, and glomerular and proximal tubular microvasculature in
kidneys®” . Immunohistochemical and mRNA studies confirm GLP-1 receptor presence in these
key metabolic and regulatory organs, aligning with its roles in glucose homeostasis, appetite
regulation, and cardiovascular function®. While many notable studies have focused on
expression of GLP-1 receptors on tissues such as the pancreas and the central nervous system,
comparatively not many have focused on its presence in skeletal muscle tissue. Nonetheless,
presence of GLP-1 receptors in skeletal muscle has been confirmed®®, and receptor knock-down
models tend to result in reduction or abolishment of the effects observed with GLP-1

treatment’®, as will be touched on in a later section.
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However, due to the extremely complicated and multifaceted nature of metabolic
diseases such as obesity and diabetes, and the many effects of the GLP-1 hormone, it is difficult
to pinpoint a direct or indirect effect of the incretin on skeletal muscle structure and function.
Likely a considerable amount of the effect that GLP-1 treatment has on skeletal muscle result
from indirect systemic effects (i.e., increases in insulin sensitivity from fat loss, changes in
circulating glucose concentrations, and reduced food intake due to reduced appetite), vs. direct

muscle effects from GLP-1 receptor activation.

2.3.1: TREATMENT OF OBESITY

The treatment of obesity, and consequently weight loss has historically been a lucrative
market, with many pharmaceutical and lifestyle intervention programs advertising their
promise of fat and weight loss. Obesity has also been recognized as a major pandemic of the
215 century’!. Despite all of this, many individuals do not continue long-term with their obesity
medication’2. This might be partially due to social stigma around the condition, and perhaps
partly due to the side effects traditionally observed with obesity medication. Current
pharmaceutical treatment strategies for obesity outside of GLP-1 agonists include medication
to reduce fat absorption from food, or medication to reduce appetite, which are often
combinations of two medications usually used for dependence and depression therapy”3.

Perhaps partly due to this, and because the weight loss effects on incretin therapy are
consistent and dramatic?’, GLP-1 receptor agonists as a new class of therapy for obesity and

T2D have gained immense popularity in this field’4,
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2.3.2: TREATMENT OF T2D

There are various treatments for T2D, depending on the stage of disease development
and the level of obesity, hyperglycemia and associated co-morbidities’. The current American
Diabetes Association (ADA) Standards of Care recommend GLP-1 after initiation of other
hypoglycemic agents (such as metformin) if glycemic control is suboptimal and if weight loss is a
goal’®. Incretin therapy is also now preferred over insulin therapy and also prescribed if
symptomatic heart failure with preserved ejection fraction exists (ADA standards of care’®77).
While earlier stages can be controlled with lifestyle interventions, such as weight loss with diet
and exercise, many patients fail to achieve clinical benchmarks with lifestyle therapy alone’®.
T2D medication generally aims to improve glycemic control of the body, through various
mechanisms. One class of medication is the sodium-glucose cotransporter-2 (SGLT2) inhibitors,
which inhibits sodium-glucose transporter 2 in the kidney to reduce reabsorption of glucose,
leading to excretion of excess glucose’®. Another class of medication, the sulfonylureas work by
increasing endogenous secretion of insulin in the body’>. Two classes of medication, namely
biguanides (metformin) and thiazolidinediones, are effective for increasing the sensitivity of the
body’s tissues to insulin ¢, but biguanides can result in adverse symptoms (gastrointestinal
symptoms) and thiazolidinediones can cause weight gain and have safety concerns
(cardiovascular toxicity, bone fractures and edemas’.

The GLP-1 class of medication were also originally designed for treatment of diabetes
since they slow gastric emptying, augment insulin secretion and lower glucagon release to
result in better glucose homeostasis at mealtime®. However, other beneficial effects were soon

discovered, such as satiety, weight loss and enhanced cardiovascular health?’. While concerns
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about possible side effects were initially raised, such as pancreatic and biliary tract disorders,
and the risk of thyroid and pancreatic cancer, evidence suggests that this class of drugs is
relative safe and highly effective for people with either obesity or T2D 81, However, many
aspects of these medications, particularly with regards to long term use and side effects are still

relatively underexplored.

2.4: GLP-1 AND SKELETAL MUSCLE: CONCERNS ABOUT MUSCLE

WASTING?

Loss of lean mass is common after weight loss, whether induced by medicines, caloric
restriction, or bariatric surgery®?. In clinical trials of GLP-1RAs, lean body mass has been used as
the marker for muscle quantity, and reductions in lean mass as a percentage of total weight lost
is typically observed in many clinical trials with obese and or T2D participants®!. This may be of
particular concern if obese individuals already have sarcopenia (termed clinically as sarcopenic
obesity). Body composition analyses in people with type 2 diabetes treated with GLP-1RAs have
not revealed consistent evidence for disproportionate loss of lean mass or impaired muscle
strength'62%83_ |n some randomized controlled studies and in other clinical observational
studies, greater reductions in lean body mass have been observed in GLP-1RA users as
compared to non-users?’. However, this would be expected as GLP-1RA users exhibit overall
more weight loss as well. In terms of reductions in lean mass as a percentage of weight lost, the
results vary greatly between trials, with percent lean mass reductions from as much as 40 to
60%, to as little as 15% 202>28-30_\ijth this range of results, and as research in human means a

lower degree of control over diet and exercise, and a multitude of factors introducing variability

14



into the results, these numbers are hard to interpret. It is important to note that lean body
mass includes skeletal and cardiac muscle, smooth muscle and vascular, bones, fluids and other
organs and tissues, so it is at best only an indirect measure of skeletal muscle mass and
health®*. More direct measures of skeletal muscle and bone mass are important in
understanding the impact of therapeutic treatment on the various components of lean mass,
alongside weight loss, as lean tissue has higher metabolic rate and therefore contributes to
preventing weight regain. But skeletal muscle itself is quite an important factor to consider in
those who are overweight, especially in those who have T2D because of its critical role in
glucose storage and utilization. Even more so for populations that are more vulnerable to losing
skeletal muscle mass and are at elevated risk of sarcopenia with ageing®°.

In summary, many of the studies published investigating GLP-1RAs do not examine the
mechanisms (and relevance) of muscle mass loss in pre-clinical models or in large-scale clinical
trials and mechanistic studies, if they are performed, often fail to account for the reduction in
nutrient intake on skeletal muscle mass and function when GLP-1Ras are introduced. Some
studies claim that GLP-1RAs can improves body composition, as the weight loss induced by the
drug comes more from fat tissue loss than lean mass loss’, or that the ratio of total fat mass
and total lean mass decreases with GLP-1 treatment 2°, but these state the fact that less than
50 percent of the weight lost by GLP-1 treatment is lean tissue, which is expected from any
treatment and does not help answer any of the concerns about excessive muscle wasting.
Other studies report as much as 0.6 kg loss of appendicular lean mass per 1.8kg of fat mass
reduction 8, or that a certain percentage of patients on these medications have an excess of 40

percent weight loss from lean mass alone, which can be considered unhealthy loss?’.
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2.5: GLP-1 AND SKELETAL MUSCLE: PROTECTIVE EFFECT

Contrary to concerns about muscle wasting, some research articles suggest that short-term
GLP-1RAs use might be beneficial for skeletal muscle health. Studies highlighted in the following
sections, performed largely on isolated muscle tissue and/or rodent models, have suggested
that the muscle mass loss is rather trivial and that the muscle might be more responsive to
adaptation after injury or damage. The experimental conditions used to test the theory that
muscle might be positively impacted by GLP-1RA range from lipid toxicity to freeze induced

injury and are highlighted below.

2.5.1: IN VITRO STUDIES

Studies investigating the effect of GLP-1RA on C2C12 myotubes found that alongside some
positive base effects, GLP-1 also exerts a protective effect on the myotubes under a number of
conditions such as when under exposure to chemical stressors’°.

Firstly, in normal growth conditions without any stressors added, Liraglutide (another GLP-1
agonist similar to semaglutide) was identified to be an inducer of C2C12 myoblast
differentiation 7°. It concentration-dependently increased myosin heavy chain Il expression, as
well as increased myotube area, length and minimum Feret’s diameter 7°. It also was shown to
increase MyoD and Myogenin expression, which are myogenic factors associated with muscle
building and growth 8. These results were prevented when GLP-1 receptor (GLPR) was knocked

down before treatment’®, providing further evidence of the positive effect of GLP-1 in myotube
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differentiation. Liraglutide also significantly increase ATP content, as well as S phase
progression and GO exit, but not as much as when cells were given fetal bovine serum instead
70.

Secondly, in atrophy inducing conditions, liraglutide was shown to help reduce muscle
wastage. Dexamethasone, nutrient-deficiency and Lipotoxic environments are all well-known
inducers of muscle atrophy®8. These conditions all caused atrophy of fibres with reduced fibre
cross section and diameter, as well as increasing the expression of atrogenes including atrogin-
1, MuRF1, cathepsin-L and myostatin. Liraglutide attenuated this increase’®, reducing the
aforementioned atrophy markers and increasing the muscle fibre area. Evaluation of signaling
pathways showed that Dex reduced phosphorylation of AKT and its downstream targets, and
Liraglutide co-treatment attenuated this effect.

Another GLP-1 agonist, extendin-4 (Ex-4), was shown to have beneficial effects in both in
vivo and in vitro &. It was shown to down regulate expression of atrophic factors in C2C12
myotubes, such as myostatin, MuRF-1 and atrogin-1 in a dose dependant manner. Ex-4 was also
effective at reducing increases observed in these atrophic factor when treated with
dexamethasone &, mirroring the previously mentioned results. Myogenic factors such as MyoD
and myogenin were also significantly reduced with dexamethasone treatment, but partially

recovered with Ex-42°.

2.5.2: IN VIVO STUDIES

Dexamethasone (a synthetic glucocorticoid known to result in muscle wasting) treatment in

8-week-old Sprague Dawley rats, examined over a period of ~8 weeks, resulted in reduced food
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intake and a decline in body weight. Dual treatment with liraglutide, although exhibiting higher
weight loss, resulted in significantly higher lean mass than the dexamethasone only group with
a lower fat mass 7989, Dexamethasone treatment was similarly shown to increase MuRF1 and
Atrogin-1 expression and reduced MyoD expression, which was partially ameliorated with
liraglutide co-treatment.

Liraglutide also had similar protective effects in muscle atrophy models of ovariectomy *°
(female sprague-dawley rats), and denervation °* (male sprague-dawley rats). To examine this,
researchers cut the sciatic nerve of 8-week-old Sprague-Dawley rats and treated them with
either liraglutide or vehicle. Ovariectomy and denervation are both models of muscular
atrophy, which is caused by deficiency of estrogen® and lack of stimulus respectively®?. A
drastic reduction in muscle mass, cross sectional area and Feret’s diameter (a measure of an
object's size along a specific direction) was exhibited in the denervated rats, with a significant
improvement in the denervated + liraglutide group. The denervated + liraglutide group also
showed improvements in myogenic and atrogene balance, with increased MyoD and Myogenin,
and decreased MuRF1 and Atrogin-1 7°. In the case of the ovariectomized (abbreviated as OVX)
rats, OVX muscles exhibited lower fiber cross section area (CSA) and Feret’s diameter, and the
fibres exhibited distortions in shape and size. These findings were attenuated in the group of
OVX rats that received liraglutide injections. Liraglutide also once again reversed the OVX-
mediated increase in atrogenes and decrease in MyoD and Myogenin expression.

These results were replicated in other research using different agonistic mechanisms of the
GLP-1 pathway. Rats receiving Ex-4 on top of dexamethasone treatment, exhibited significant

increases in lean muscle mass compared to rats only receiving dexamethasone treatment. The
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dexamethasone group showed reduced mass of the gastrocnemius, tibialis anterior,
guadriceps, and extensor digitorum longus muscles, which were recovered to the levels of a
control group in the when EX-4 was added®. The tibialis anterior muscle also showed as much
as a 40% reduction in its cross-sectional area in the dexamethasone group, which was
recovered with a co-treatment with EX-4. Once again, increases in atrogin-1, MuRF1, myostatin,
and blood urea nitrogen (BUN), which are all catabolic markers involved in muscle atrophy,
occurred with dexamethasone, but were offset with Ex-4 °2. EX-4 co-treatment also recovered
tropomyosin and myosin heavy chain protein expression®?, thereby suggesting that GLP-1 RA
can help reduce muscle protein loss in a high glucocorticoid environment.

Another condition in which skeletal muscle atrophy is usually observed is chronic kidney
disease (CKD)*® and kidneys have significant GLP-1 receptor expression®®. Researchers studied
the interaction of GLP-1 receptor agonist and CKD induced muscle loss on a mouse model of
CKD induced through partial kidney removal. Predictably, BUN and creatinine levels were
elevated in CKD mice, which are known indicators of poor kidney function®>. EX-4 treatment
reduced both BUN and creatinine levels in this murine model of kidney failure, indicating an
improvement in kidney function. Gross body weight and skeletal muscle mass were reduced in
CKD mice compared to sham operated mice, but these measures were largely recovered with
EX-4 treatment. The fiber cross sectional area (CSA) of the tibialis anterior was also markedly
reduced in CKD vehicle-treated mice but attenuated with EX-4 treatment®. These findings,
alongside the improved grip strength observed in the mice with GLP-1 treatment, suggests a

possible improvement in skeletal muscle function in this particular murine model of CKD.
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GLP-1RAs have also been examined in rodent models of Duchenne muscular dystrophy.
Dystrophin deficiency is a condition that causes irregularities with skeletal muscle and overall
loss of muscle mass®®. In humans, dystrophin deficiency can exhibit as mild symptoms or as very
severe cases such as in Duchene’s. Dystrophin deficiency causes issues with localization of
cellular components, lack of essential complexes that utilize dystrophin and irregularities with
satellite cells and replenishment of muscle cells®’. Researchers investigated the effects of
dulaglutide, a long acting GLP-1 agonist, on a dystrophin deficient mouse model. Dulaglutide
administration did not show any difference in body weight. However, it did significantly
increase the CSA of the tibialis anterior, alongside grip strength and hanging time®. This points
to the possibility of GLP-1 sparing muscle wasting that is characteristic of dystrophin deficiency,
although the mechanisms of this improvement are not clear.

Myocardial infarction has also been shown to reduce exercise capacity and muscle function
in patients®®. These abnormalities include factors such as reduced mitochondrial content and
irregular energy metabolism such as disturbances in oxidative phosphorylation 3¢, Since GLP-1
receptors are present on both skeletal and cardiac muscle®3, the effects of GLP-1 treatment on
the cardiovascular and skeletal muscle systems is an area of interest. Dipeptidyl peptidase-4 is
an enzyme that breaks down peptides and is the enzyme responsible for breaking down GLP-1
in the body, and DPP4 inhibitors are used to increase GLP-1 levels without use of direct
agonists. In rodents, no significant difference was observed in the muscle mass of mice
suffering from a myocardial infarction, treated with a dipeptidyl peptidase-4 inhibitor (MK-
0626) or saline control. What did improve however, was the work, run distance, and run time,

which were significantly recovered in MI + MK mice compared to Ml mice3®. This was
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accompanied by increases in proteins regulating mitochondrial biogenesis, expression of
mitochondrial complex subunits and oxidative phosphorylation capacity throughout the skeletal
muscle of the mice receiving the DPP-4 inhibitor3®, recovering from deficiencies associated with
MI mice receiving no DPP-4 inhibitor. The researchers believe that the positive effects of GLP-1
in the case of myocardial infarction, mostly stem from this pro-mitochondria signals leading to
higher mitochondrial content and capacity per mitochondria. A shift of fibre types from
glycolytic to oxidative fibre types was also observed in the mice, further strengthening this
theory3®.

Based on the protective and positive effects of GLP-1 antagonists on skeletal muscle, the
guestion of whether it can induce the regenerative drive in vivo is a possibility. In one
experiment with rats exposed to muscle injury with freeze probe injury on the tibialis anterior,
with sham operated uninjured rats serving as controls, the effects of liraglutide treatment post
injury were observed. Injured muscle showed dead zones with no viable cells and greatly
enhanced macrophage infiltration. Meanwhile injured muscle from rats treated with liraglutide
exhibited a markedly reduced number of dead zones and macrophage infiltration, with closer to
control morphology of the surviving cells. Cross section area and Feret’s diameter were also
significantly reduced in the injured group, and significantly recovered with liraglutide
treatment’®.

Considering all of the conditions under which GLP-1 receptor agonists appear to ameliorate
muscle wasting or possible assist with muscle recovery after injury, in the above animal studies,
from dexamethasone treatment to chronic kidney disease, it begs the question of how GLP-

1RAs might impact muscle health in settings of obesity or diabetes where muscle health can be
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suboptimal. While limited research has been conducted to date on possible effects and
mechanisms for alterations in muscle health, there exists some evidence that some of the
possible beneficial actions of GLP-1RAs in muscle could be related to alterations in various
energy utilization pathways in the myocyte, namely the AMP-activated protein kinase (AMPK)
pathway 38. Interestingly, AMPK knocked down cells seem to lose the beneficial effects of GLP-1
in terms of glucose uptake and oxidative phosphorelation3®. Additional pathways that seem to
be activated with GLP-1 receptor agonists are PI3K-AKT signaling pathways, phospholipase D
signaling pathways and TCA cycle and pyruvate metabolism32. The activation of these pathways
points to perhaps a metabolic advantage with GLP-1RA-treated cells, on top of the increases
observed in myogenic factors (MyoD, Myogenin) as well as decreases in atrogenes. But more

research is needed to draw more definitive conclusions.

2.6.1: PI3K PATHWAY: AKT, S6

The phosphoinositide 3-kinase (PI3K)/Akt signaling pathway plays a pivotal role in
regulating protein synthesis and muscle hypertrophy in skeletal muscle (visualized in figure A).
Upon activation by insulin or growth factors such as insulin-like growth factor 1 (IGF-1), PI3K
catalyzes the phosphorylation of phosphatidylinositol, leading to the generation of
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This process facilitates the recruitment and
activation of Akt, also known as protein kinase B. Once activated, Akt phosphorylates multiple
downstream targets that are critical for protein synthesis and muscle growth, including the
mammalian target of rapamycin (mTOR) pathway. mTOR acts as a central regulator in muscle

metabolism and an effector of Akt signaling. Its activation leads to the phosphorylation of
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ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1
(4EBP1), which are essential for promoting mRNA translation and thereby enhancing protein
synthesis.

Phosphorylated S6K1 stimulates the translation of mMRNAs required for building
contractile proteins within muscle fibers. Enhanced levels of phosphorylated ribosomal protein
S6, a direct substrate of S6K1, indicate increased translational capacity and muscle protein
synthesis. This pathway is further implicated in preventing muscle atrophy, as its
downregulation is often associated with conditions such as disuse or fasting®®. Moreover,
resistance exercise has been shown to activate the PI3K/Akt/mTOR pathway significantly,
underscoring its role in mediating the hypertrophic response to mechanical overload?®.
Additionally, activation of AKT inhibits the FOXO pathway, reducing the levels of downstream
proteins associated with protein degradation such as Atrogin and MuRF1, which have been
mentioned already.

How exactly GLP-1 and the PI3K pathway interact is not yet fully clear. Because of GLP-
1’s effect on insulin tolerance and secretion, it is difficult to distinguish between direct and
indirect effects it might have on the PI3K pathway. There has been evidence of GLP-1
upregulating key factors in the PI3K pathway such as the IRS-1%%%, as well as insulin receptor(IR)
and GLP-1 receptor cross talk!?? reducing IR triggered IRS-1 degradation. More direct activation
of the PI3K pathway is also suspected, as in previous research inhibiting nodes of the pathway
such as GLP-1 receptor inhibition, cAMP inhibition and PI3K inhibition abolished effects of GLP-

1 treatment193.
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FIGURE A: PI3K/ AKT/ S6 signaling pathway visualized. Insulin-like growth factor (IGF) activates
the Insulin receptor substrate (IRS) through the Insulin receptor (IR). IRS leads to the activation
of phosphoinositide 3-kianse (PI3K), which turn phosphoinositide 2-phosphate (PIP2) to PIP3, in
turn activating protein kinase B (AKT). AKT both activates the mammalian target of Rapamycin
(mTOR) complex, as well as inhibits the fork head box O (FoxO) family of transcription factors.
mTOR activation inhibits eukaryotic translation initiation factor 4E-binding protein (4EBP),
allowing translation initiation factors to function without inhibition. mTOR also activates S6
kinase (S6K), which in turn activates ribosomal protein S6 (RPS6), leading to protein synthesis.
On the other hand FoxO inhibition leads to further inhibition of downstream elements such as
Atrophy gene-1 (Atrogin) and Muscle RING finger protein-1 (MuRF-1), a ubiquitin ligase that

leads to protein degradation.
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3.0 RATIONALE

3.1. RATIONALE

Both nutrient deprivation (i.e., caloric restriction) and GLP-1RAs can cause reductions in
lean mass in persons with T2D. Since the later (GLP-1RA) also result in the former (reduced
caloric intake), it is unclear if the results observed in clinical trials of GLP-1RA on muscle mass
loss are direct or indirect and if changes to protein turnover differ between the two weight loss
strategies (i.e., diet alone vs. GLP-1RA with associated caloric deficient). This study aims to
address the lack of appropriate comparisons between GLP-1RA-induced weight loss and calorie
restriction induced weight-loss, by clearly and directly comparing what happens to rats with

established T2D in each of these conditions.

3.2. OBJECTIVES

The goal of this study is to directly compare the differences between semaglutide
treatment and traditional CR weight loss treatments, particularly pertaining to the effect of
weight loss on skeletal muscle mass. By analyzing changes in histological markers of muscle, as
well as anabolic and catabolic protein markers of the muscle, the study seeks to determine if
semaglutide accelerates muscle atrophy pathways independent of fat loss. As a secondary goal,
fibre type specific parameters are also analyzed to determine if there are fibre type specific

effects, or changes that affect mainly specific fibre types.

25



The study hopes to inform further research into confirming the effects of semaglutide
on skeletal muscle and exploring possible mechanisms of this effect, performed under different

conditions and with bigger sample sizes.

3.3.STUDY ENDPOINTS

The primary histological point of comparison in this study, is muscle weight and cross
section area (CSA). Fibre type specific CSA is also measured, and fibre size variability and

distribution are considered.

In addition to histological analysis, protein levels of key regulators of muscle atrophy
and anabolism, such as AKT and Ribosomal protein S6 are measured. Furthermore, protein

marker of muscular atrophy MuRF-1 is measured.
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4.0 MATERIALS, METHODS AND EXPERIMENTAL DESIGN

This study was carried out by the recommendation of the Canadian Council for Animal
Care guidelines and has been approved by the York University Animal Care Committee

(Protocol # 2024-7).

For this protocol, we used a total of 27 male Sprague-Dawley rats (1t supplier: Charles
River Laboratories, 2™ supplier: Envigo Research Models and Services, ~250-300 grams post-
weaned) aged 9-10 weeks old. Rats were housed in groups of 2-3, with a 12-hour light/dark
cycle. The rats were first fed on a high-fat feeding (HFF) diet for 3 weeks prior to T2D induction
(see section 4.1 below) study onset to help induce insulin resistance with ad libitum access to
water. Initially, rats were habituated to the vivarium for seven days before any animal handling.
One to two days after T2D diabetes induction, the formal experimental treatment period
started. For this, rats were allocated to one of three groups: A) a semaglutide weight loss group
(Referred to as Sema, n=9); B) a caloric restricted group (Abbreviated to CR, i.e., pair fed to the
Sema group; n=8). And C) A control group allowed to eat ad libitum (n=11). All three groups
receive daily blood glucose checks and insulin maintenance. Groups were run in batches for

practical reasons.

Note: An important issue to acknowledge here, is that due to a viral contamination of
our original supplier, we were forced to order a second batch of rats from a different supplier.
Although the same subspecies of rat, the differences observed in baseline weight and feeding
behaviours between the two batches of rats forced us to reallocate rats equally to the three

treatment groups to try and maintain as little systematic difference between the experimental
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groups. Not only this led to lower N than planned for each group, but some of the data derived
from the 1t batch, which consisted mostly of controls rats not given the GLP-1RA, was rendered
unusable because of baseline weight differences between the groups of rats from the two
suppliers to allow for direct comparison with the 2" batch. As such, the groups are not equally

match in numbers which may affect the representability of some of our study endpoints.

4.1. T2D INDUCTION

To induce overt insulin-requiring T2D, HFF rats were injected with a low-dose (35 mg/kg)
streptozotocin (STZ) via the intraperitoneal route, as previously described!%4. Before STZ
injection, the rats underwent an overnight fast and diabetes was confirmed the next day with a

blood glucose meter and tail nick sample, and animals were moved to individual cages.

4.2. TREATMENT AND INSULIN MAINTENANCE PERIOD

After induction of T2D, all animals were checked daily with blood glucose
measurements, and insulin was given as needed to maintain blood glucose in acceptable range
(<15 mmol/L). Long-acting insulin glargine (Lantus, Sanofi-Aventis, Bridgewater, New Jersey),
was used in the evening if necessary to achieve an expectable level of glycemia that is not
associated with excessive ketosis, with the amount ranging from 1-3 Units (U-100 glargine
insulin) based on the rats blood glucose reading at ~4PM (15-19.9 mmol/L: 1U; 20-24.9: 2U;
>25: 3U ). Blood ketone monitoring was done daily to assess insulin needs using a hand-held
ketone meter (Free style Optium Neo Blood), and in the case of a high ketone reading (>1.5

mmol/L B-hydroxybutyrate), an appropriate small dose of rapid-acting insulin (1-2U, Humalog
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insulin, Eli Lilly) was injected subcutaneously to reduce ketosis. To control possible
hypoglycemic episodes, this bolus dose was skipped on the day of the insulin tolerance test

(ITT) and the oral glucose tolerance test (OGTT) (described in more detail below).

Injections and diet matching started at day O of the protocol, 5 days after STZ injection
(see Supplementary Figure 1 for a schematic timeline). The GLP-1 receptor agonist-treated
group was injected with a subcutaneous dose escalation of semaglutide (Ozempic, Novo
Nordisk) once per ~3 days, with doses escalating from 35 pg/kg body weight to 200 pg/kg body
weight to limit potential gastrointestinal side effects, which is typically done in human clinical
trials and for patients starting on GLP-1RA therapy. To allow for caloric intake matching
between the two weight loss groups, daily food intake in the Sema group was first measured
daily and used to dictate the amount of food provided for the next 24 hours to the caloric
restricted (i.e., nutritional only) weight loss group. This was done to partition out (or control
for) the independent effects of semaglutide per se on body weight and skeletal muscle from the
known effects of the drug on caloric restriction. The control T2D rats received ad-libitum food
for the duration of the study, in order to serve as a comparison condition where no weight loss
occurs. For practical and cost reason, this study did not have non-diabetic controls with or

without GLP-1PA treatment
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4.3. ORAL GLUCOSE TOLERANCE TEST

An oral glucose tolerance test (OGTT) was performed in the second week of treatment
for further confirmation the severity of T2D in the control group and to compare glucose
responses to standardised glucose exposure in the two treatment groups. For this, rats were
partially fasted overnight receiving slightly less chow than they typically consume overnight (~6-
8 grams of chow when they normally consume ~10-15grams per night). Rats were given 2g/kg
D-glucose (90-100% solution in water) through oral gavage and were monitored for two hours
with regular blood sampling. Whole blood glucose concentrations were measured (in duplicate)
using a glucose meter (Ascentia Contour Next meter) from blood taken from saphenous vein

bleed at t=0-, 30-, 60-,90- and 120 minutes post gavage.

4.4. INSULIN TOLERANCE TEST (ITT)/HYPOGLYCEMIC CHALLENGE

An Insulin tolerance test (ITT) was performed on the third week of treatment to
compare possible differences in whole-body insulin sensitivity between groups. For this, rats
were partially fasted overnight using chow restriction (6-8 grams of chow were provided to
each rat when they normally consume ~10-15 grams per night). At ~11 AM the next day, rats
were injected subcutaneously with a bolus dose of a rapid-acting insulin analog (8U/kg;
NovoRapid, Novo Nordisk, Mississauga, Canada). Whole blood samples were taken from the
saphenous vein at t=0-, 30-, 60-,90- and 120 minutes post-insulin administration for subsequent
hormone analyses. The blood was centrifuged (10 minutes at 4 degrees Celsius and 13000 RPM)

for the isolation of plasma and samples were then placed on ice (see hormone analyses below).
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Whole blood glucose concentrations were also monitored from a tail nick or saphenous bleeds

every 15 minutes post insulin administration.

4.5. PLASMA AND TISSUE COLLECTION AND PROCESSING

As noted above, whole blood samples were collected during both the OGT test and ITT.
The tubes used for saphenous blood collections were coated with EDTA to prevent coagulation.
The whole blood was then centrifuged at 12,000 revolutions per minute (RPM) for ~5 minutes.

Samples were frozen for future analyses (data not provided in this thesis).

On the terminal experimental day, all rats received a puromycin injection (in saline
buffer) of 0.04 umol/g body weight ~30 minutes and a branched-chain amino acid (leucine,
isoleucine, valine, 2:1:1 ratio) mix gavage of 0.30 g/kg bodyweight ~15 minutes before being
killed via exsanguination under deep anesthesia with inhaled isoflurane. After exsanguination,
the heart, liver, pancreas, and skeletal muscles (both left and right legs: tibialis anterior, soleus,
extender digitorum longus and gastrocnemius, shortened to TA, SOL, EDL and GAS respectively)
were removed. The muscle tissue collected from one leg was flash-frozen in liquid nitrogen and
then transferred to -80°C for future use, while the tissue from the other leg was frozen with

liguid nitrogen in OCT-sucrose solution for histological analysis.

4.6. HISTOLOGICAL ANALYSES

Whole muscles frozen with liquid nitrogen in OCT-sucrose solution were sectioned using
a Thermo Fisher Microm HM525 NX cryostat at 20 um thickness to obtain cross sections of the

muscle and collected on positive charged microscope slides. The cross section was analyzed for
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cross section area, fibre type composition and specific fibre type areas. The slides were stained
for the three muscle types simultaneously by combining the stains into one cocktail solution
diluted in PBS. The following antibodies and concentrations were used. Primary antibody
targeting MHCI (BA-F8) at 1:100 dilution— Secondary antibody targeting 1gG2b (immunoglobin
G2b) at 1:500 dilution, MHClla (SC-71) at 1:600 dilution — IgG1 at 1:500 dilution, MHCIIb (BF-F3)
at 1:200 dilution — IgM at 1:500 dilution. Samples were washed in PBS solution, blocked for an
hour in goat serum (Thermofischer), and incubated in primary antibodies overnight following
another PBS wash. The following day slides were once again washed in PBS for 3x5 minutes
before being incubated in the secondary antibodies for an hour, after which they were covered

with anti-fade mounting media and imaged.

4.7. WESTERN BLOTS

Muscle samples (from GAS, TA, SOL, EDL) were homogenized in RIPA buffer,
supplemented just before use with 10uL/ mL of each of protease inhibitor (Sigma Aldrich,
#P8340) and phosphatase inhibitor cocktails (Sigma Aldrich, #P5726). Homogenates were then
centrifuged at 1000 g for 15min at 4°C. The resulting supernatant was removed. Protein
concentrations in the supernatant were determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific, #23225, Waltham, MA). Equal amounts of protein (~30ug) were separated
on 10% or 15% SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF)
membranes (0.2uM, BIORAD). Membranes were incubated in primary antibodies
(Supplementary Table S1) overnight and in secondary antibodies (HRP-conjugated anti-rabbit

(#7074) or anti-mouse (#7076), Cell Signaling Technology, Danvers, MA) for an hour before
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being imaged using a Biorad ChemiDoc MP imaging machine, and quantified on the Imagelab

application.

4.8. STATISTICAL ANALYSES

All values presented are presented as mean + standard deviation unless otherwise
specified. Statistical analysis and graphing of values was performed in GraphPad Prism (version
10, p<0.05 denoting statistical significance). For animal weights, food intake, muscle weights
and protein activation analyses, one-way ANOV A with a Tukey’s post hoc tests were performed.
Where applicable and appropriate (comparison between the two treatment groups) T-tests were

performed. For OGTT, ITT and daily blood sugar values two-way ANOV As were performed.
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5.0 RESULTS

5.1. CHARACTERISTICS OF THE RODENT MODEL

5.1.1 Glycemia, body weight and food intake

All rats were initially confirmed to have hyperglycemia (glucose ranging from 15-25
mmol/L) following STZ treatment, but then glucose levels differed over time with the onset of
Sema and CR treatment (Figure 1). In this model of STZ induced T2D, we observed a significant
drop in average daily blood glucose levels in both treatment groups (i.e. Sema and CR matched
controls) relative to non-pair fed T2D controls, as measured both in the morning and in the
evening (Figure 1, Table 1). Both treatment groups had similar levels of mild hyperglycemia (10-
12 mmol/L) by the end of treatment and required very little exogenous insulin dosing (or none)
to maintain glucose levels <15 mmol/L, as per protocol design (Figure 2). The non-pair fed
control rats had minor reductions in hyperglycemia severity in the days following the injection
of STZ and induction of T2D, but their glycemia stabilized at around 18 mmol/L by around 7
days into the protocol. This group required consistent exogenous insulin dosing to maintain

whole blood glucose levels below 15 mmol/L.

As expected, and throughout the protocol, the ad-libitum fed group consumed more
total grams of food over the 21-day period than both the Sema and CR groups (means 242413
g, 158+10 g, 157+5 g, respectively) (Figure 3, Table 1). Also as expected, rats in the control

group weighed more (ANOVA p<0.001), on average, than in the other two groups (392+ 22.5 g),
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while the mass of the other two groups were similar (337+ 8.7 g vs. 348+ 15.6 g in the Sema

and caloric restricted groups respectively; p=0.31 Tukey’s HST) (Figure 4).

As noted above, the OGTT was performed after a partial overnight fast during week 2 of
treatment. On average, the control group had a higher baseline blood glucose level compared
to the two other treatment groups, and glycemia was elevated more after gavage in controls
relative to the other two groups (Two-way ANOVA p=0.0367 main group effect) but not

different between the two treatment groups (Figure 5).

The insulin tolerance test was similarly performed after an overnight fast during week
three of treatment (Figure 6). The controls started at a higher blood glucose level (~¥15 mmol/L)
relative to the other groups (Two-way ANOVA p=0.014 main group effect), with the two
treatment groups at similar near euglycemic levels (¥6-9 mmol/L). Nonetheless, as time
progressed after the injection of the insulin bolus, all groups had a fall in glucose concentrations
and all reached a similar lowest point of ~3-4 mmol/L by 60 minutes. Of note, 60 minutes after
insulin administration and at the end of the ITT, all rats received a standardized dose of 1ml of

25% dextrose solution to recover them from hypoglycemia (see Supplementary Figure S2).
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5.2. POST TISSUE HARVEST ANALYSIS

5.2.1. IMPACT OF SEMAGLUTIDE VS CALORIC RESTRICTION INDUCED

WEIGHT LOSS ON SKELETAL MUSCLE MASS

As expected, all representative muscles of the control group individuals all weighed
significantly more than the same muscle in either the CR or Sema groups (Figure 7, Table 2).
There were also slight differences in some of the representative muscles between the two
treatment groups. For example, the Sema group showed overall slightly lower absolute muscle
weights compared to the CR group. Comparing the weight of the individual muscles between
the two groups, GAS was significantly smaller by about 8% in the Sema group (mean: 3539+242)
mg as compared to the CR group (mean: 39354266 p=0.0135). The SOL also weighed less (about
10%) in the Sema group (mean: 137+13 mg) than the CR weight-loss group (mean: 157+7 mg)
(T-test, p=0.009). However, the TA mass was not significantly different between groups,
however (T-test, p=0.78), but also was numerically less in the Sema group (mean: 713+29 mg)
than the CR group (mean:782+59 mg). The EDL also trended lower in the Sema group than in
the CR group but the difference was not significant with respective mean of 13248 and 145+15

for the Sema and CR group (T-test, p=0.29).

The differences in relative muscle masses (muscle mass divided by body weight) were
less notable (Figure 8, Table 3). Here, we saw no statistical differences between the CR weight-
loss group and the control group (p=0.49; 0.92; 0.99; 0.21, for GAS, TA, SOL and EDL

respectively). There were, however, small but statistical differences between the CR weight-loss
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group and the Sema group for the relative mass of the GAS (T-test, p=0.042) and SOL (T-test,
p=0.027), where the Sema rats appeared to have lost about 5-10% more relative muscle mass.
A similar but non-significant trend was noted for TA (T-test, p=0.445) but not for the EDL (T-

test, p=0.99).

5.2.2. IMPACT OF SEMAGLUTIDE VS CALORIE RESTRICTION INDUCED

WEIGHT LOSS ON SKELETAL MUSCLE CROSS SECTION AND FIBRE

TYPES

Average muscle fiber cross-sectional area (CSA) of the GAS is shown in Figure 9 and
Table 4. The fibers within the GAS of the control group tended to have larger CSA, by ~10%,
than both experiment groups, however these differences were not statistically significant
(ANOVA p=0.0743). Within the two treatment groups, there were very small apparent

differences (=3-4 percent) that also did not reach statistical significant (p=0.81 Tukey’s HST).

Fiber type distributions within the TA muscle are shown in Figure 10. Across all groups
(i.e., Controls, Sema and CR), type | fibers made up 17.4, 19.2 and 18 percent of the total cross
section area, while the type lla fibers made up 45.9, 42.6 and 45.3 percent of the total cross
section area and the type lIb fibers accounted for 36.6, 39.1 and 36.7 percent of the total cross-
sectional areas in the controls, SEMA and CR groups, respectably, and these ratios were not

significantly different among the groups for any of the three fiber types.
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5.2.3. IMPACT OF SEMAGLUTIDE VS CALORIE RESTRICTION INDUCED

WEIGHT LOSS ON SKELETAL MUSCLE PROTEIN EXPRESSION

Analysis of proteins expression through western blots revealed differential
phosphorylation in some key proteins of the PI3K pathway. Samples from the TA and GAS
muscle were used in the analysis. Slightly lower phosphorylation (activation) of AKT and

Ribosomal Protein S6 was observed in both of the treatment groups compared to the control,

but all but one did not reach statistical significance (Figures 11 and 12). No significant difference

was found between the two treatment groups.

Analysis of the degradation marker MuRF-1, revealed significant and noticeable
differences between the control group, and both the CR and the Sema groups (Figure 13).

However, there were no significant differences observed between the Sema and CR groups.
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5.3 TABLES

Conditions N | Average Blood Glucose Average Total Average Final Body
(mmol/L) Food Consumed Weight (Grams)
Day 21 (Final day) (Grams)

Control 11 19.6 241.9 392.0
+ * +

2.4 6.7 22.2

Sema 8 10.6 158.0 338.0
+ * *

2.1 4 8.27

Calorie 8 10.3 157.1 347.0
+ * +

restriction 2.7 y) 16.2

TABLE 1. SUMMARY OF METABOLIC STATISTICS OF THE THREE GROUPS. Values displayed as mean

SD.
Conditions Gastrocnemius Tibialis Soleus Extensor Digitorum

Anterior Longus
Control 4648 * 948 + 183 + 213 +

182 31 5.6 6.9
Sema 3539+ 713 137 + 133 +
242 31 6.6 11.7
Calorie 3935+ 782 + 157 + 141 +
266 59 7.2 11.6

restriction

Table 2: Summary of absolute muscle masses of the different muscle groups across the conditions.

Values reported in mg + standard deviation.
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Conditions Gastrocnemius/ Tibialis Soleus/ body Extensor Digitorum
body weight | Anterior/ body weight Longus/ body weight
weight

Control 11.3 + 211+ 0.46 0.47 £

1.06 34 0.046 0.1
Sema 10.3 194 + 041+ 0.42 +
1.68 0.07 0.03 0.047
Calorie 11.28 + 2.08 £ 0.46 041+
0.85 0.12 0.013 0.025

Restriction

Table 3: Summary of relative muscle masses of the different muscle groups divided by body weight

across the conditions. Values reported in mg/g * standard deviation.

Conditions Average CSA of GAS fibers
Control 429 £ 239
Sema 376 £ 456
Calorie Restriction 391 + 287

Table 4: Cross section area of the gastrocnemius muscle of the three groups. Values represented as

mean pum * standard deviation.
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6.0 DISCUSSION

6.1. PRINCIPLE FINDINGS

In this study, we have found some evidence of muscle mass loss with prolonged
semaglutide treatment over two-to-three weeks in T2D rats that is not fully explained by drug-
induced reductions in caloric intake. We also note that while CR appeared to be as effective as
Sema for weight loss, improved OGT and enhanced insulin sensitivity, CR tended to be less
detrimental for absolute muscle mass loss. While both our Sema treated and CR rats lost
muscle mass compared to the no weight-loss control, the Sema group had about 5% more
absolute and relative muscle mass loss in most of hind limb (i.e., weight baring) muscles than
the CR group. Nonetheless, this study did not observe any major differences in activation of the
skeletal muscle PI3K pathway between the two weight-loss groups, but did note noticeable
reductions in activation of this pathway compared the no-treatment control group. To
summarize, we discovered evidence of marginally increased muscle mass loss with semaglutide
treatment when compared to caloric restriction, but were unable to discover any significant
differences in protein synthesis pathways between the two conditions

Pharmacologically assisted weight loss with GLP-1RAs is approaching the ~20% desired
weight loss magnitude that is typically seen with bariatric surgery’. Thanks to this effectiveness,
as well as widespread advertisement and attention, GLP-1RAs have been extremely popular
and in demand even by those who have not been diagnosed with clinical obesity, or diabetes,
that is unresponsive to lifestyle intervention’4. While the efficacy of GLP-1RA is impressive?’,

the long-term efficacy and safety of drug use remains of some concern, particularly now that
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the drug is being tested in aging clinical populations who do not have obesity, such as age-
related cognitive decline, dementia and Alzheimer's disease'®®. One such aspect, is the
relatively underexplored effects of long-term GLP-1RA use on receptor agonists on the skeletal
muscle mass in clinical populations of overweight and obesity and T2D where the maintenance
of muscle mass and health is deemed important *°.

There is a complex relationship between excess body weight and muscle mass in
patients living with obesity or T2D. In fact, in some studies, those who weigh more than what
might be considered “healthy” from a BMI perspective can have more muscle mass than those
with normal weight®. Subsequently, loss of skeletal muscle is an inseparable part of weight
loss3%, and is a large contributor to reduced energy expenditure of the body, which leads to
most patients regaining most of the weight lost after 5 years3°. Skeletal muscle can be
described by both quantity (size and number of fibers) and quality (the composition of the
fibers, the ability of the muscle to generate force and or produce and/or consume ATP), which
is influenced by obesity and diabetes*”:>2. For example, individuals living with obesity have
higher muscle mass, but are also relatively weaker with reduced function and mobility (as
evidence by lower specific force and normalized power of the muscle fibers), which could partly
be explained by lower muscle quality®°. Skeletal muscle is also the main contributor to insulin-
stimulated disposal of glucose, and impaired glucose utilization is often seen in obesity and is
the main characteristic of diabetes. Furthermore, studies indicate that weight loss correlates
with increased insulin sensitivity'% despite the aforementioned loss of skeletal muscle. Insulin
is also an anabolic hormone, which contributes to reduced proteolysis and building more

muscle®3, but again, weight loss which correlates to increased insulin action causes muscle loss
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and not gain. That is all to say, the hormonal and metabolic pathways involved in diabetes,
obesity and the maintenance of skeletal muscle in general are extremely complex and
interconnected.

Due to this complexity, separating natural loss of muscle mass from excessive loss is
difficult. As the pharmacologic treatment with GLP-1RAs interact with many homeostatic
pathways in the body governing nutrition and weight, separating natural and excessive loss of
muscle from GLP-1 treatment also proves to be extremely complicated 23247072 Currently in
the literature, there does exists research investigating the body composition of various clinical
sub populations treated with GLP-1RAs 16228372 While this information is very valuable, these
studies do not include information on proportion of muscle mass loss out of total amount of
lean mass (which includes bones, organs, liquid, etc.). Because of the variability of lean mass
composition, interpreting how changes of lean mass correspond with changes in skeletal
muscle mass is very difficult during weight reduction®®. Gold-standard techniques for
assessment of muscle composition include MRI (magnetic resonance imaging) or CT (computed
tomography)!%’, but they are uncommon due to cost and availability. Therefore, these factors
have led to the absence of a clear standard in assessing changes in skeletal muscle and body
composition. Overall, there haven’t been sufficient studies directly measuring skeletal muscle
mass (or function), and there has not been much comparison between pharmacological GLP-1-
induced weight loss and traditional diet/ calorie restriction weight-loss. Therefore, in the
present study we aimed to directly compare skeletal muscle between diabetic rats losing

weight through CR vs. GLP-1RA, to get a better idea of the direct and indirect effects of GLP-1 in
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an attempt to discover some of the possible mechanisms and skeletal muscle off target effects
of this pharmacotherapy.

From the results obtained, we observed similar weight loss and subsequent glycemic
improvements between both Sema and CR groups when compared with the non-weight-loss
control group. This is consistent with previous literature, as both short term caloric
restriction'®® and GLP-1 treatment® are associated with reduced hyperglycemia in type 2
diabetes. Lower glucose levels could be expected in this rat model of insulin-requiring T2D at
baseline from the GLP-1 treated group due to the fact that GLP-1 induces insulin secretion®?,
but as both groups achieved close to healthy blood glucose levels this effect could have been
masked. Nevertheless, the animals undergoing CR alone or GLP-1RA-induced weight reduction
all improved their glycemic control throughout the protocol, and by the end of the treatment
period none of the rats in either treatment group required daily insulin dosing to maintain
glucose levels below 15 mmol/L. In fact, by week 3, the glycemia in both groups of rats had
largely normalized to what would no longer be considered as “diabetic”. This was not observed
in the control ad-libitum fed group, as they required continuous and close to daily insulin
injections to maintain a healthy blood sugar level and prevent ketosis. At the end of the
treatment period, the control animals also weighed significantly more than both weight-loss
groups. While the weight and glucose level differences were expected, it not only speaks to the
efficacy of semaglutide in improving glycemic control and helping with weight loss but also
shows that traditional CR can also be extremely effective in these aspects. While much of the
popularity of GLP-1RA treatment lies in helping patients with satiety and controlling their diet in

the first place, and it is important to keep in mind that pharmaceutical intervention might not
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always be needed, and that traditional dietary control could be an effective alternative to
pharmaceuticals.

During the OGTT, we observed higher starting blood glucose levels from the control
animals, as well as higher peak and lower rate of recovery. On top of this, the reduced glucose
disposal resulting in the higher peak and longer recovery times compared to the treatment
groups, does suggest improvements in both treatment group’s ability to deal with glucose in
the blood, although whether that is due to decreased insulin resistance or increased insulin
production is unclear.

During the ITT conducted on week 3 of treatment where much of the weight loss had
occurred and had stabilized in the two treatment groups, all three groups, including the
controls had similar drops in blood sugar, but the control group had a much more dramatic rise
in blood sugar after the end of the ITT where they received oral glucose to recover from the
hypoglycemic range. Though the difference in results between the control group and the other
groups were to be expected, the similarity between the results of the GLP-1 treated group and
the calorie restricted weight-loss group was surprising, As one of GLP-1’s main effects is known
to be treatment of diabetes and improving insulin sensitivity’®83, it was surprising to see the
group only undergoing CR had similar blood glucose levels in response to ITT and oral glucose.
In fact, at some time-points the semaglutide-treated group had higher, and at other points
lower blood glucose levels compared to the CR group, although the differences were very small
and insignificant, and can therefore most likely be attributed to statistical chance. Although

improvements in glucose tolerance and insulin action due to caloric restriction is already an
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established fact!%8-110, GLP-1RA treatment is known to have a significant effect on increasing
insulin sensitivity and improving glucose disposal®89111,

In terms of our hypothesized differential effect of GLP-1 induced weight loss on specific
fiber types, we found no significant differences between the fiber type specific cross section
area between the CR and Sema weight loss groups. While this is by no means confirmation that
GLP-1RA does not differentially affect skeletal muscle fiber types, it does suggest that at least
there is no obvious differential reduction in the area of specific fiber types in diabetic rodents
treated with Sema, at least under the conditions of this study and in this span of time. Although
no significant differences in fiber specific cross-sectional areas were found between the groups,
many things are not reflected in simply the area of the cross section that may be more
important for function and/or health of the muscle or organism. As an example, conducting
functional analysis or investigating the effect of GLP-1RA on the metabolic profiles of the
various skeletal muscle fiber types, which is an essential part of what differentiates them4&112,
was not part of the scope of this project. Another important factor that was not included in the
scope of this project is recruitment of microvasculature and capillary to fiber ratio, which could
have profound effects on the viability of the muscle!!>1%4, Other factors such as fat
infiltration''> or skeletal muscle satellite cell activation could also be important factors that
require their own investigation. Due to the extremely complicated nature of possible effects
that these conditions can have on skeletal muscle, much further probing and studying is
required in order to draw better supported conclusions.

In a similar vein, our partial analysis of the PI3K pathway as a potential inducer of the

differential muscle loss, resulted in statistically non-significant results. For this we analyzed the

46



phosphorylation of Protein Kinase B (also known as AKT), alongside the Ribosomal Protein S6
(RPS6, or simply S6), which are both highly regulated and important enzymes in the PI3K
pathway. The PI3K pathway is highly associated with insulin action*?, skeletal muscle
proliferation* and exercise induced muscular hypertrophy*!. Some of these pathways have
already been shown to be affected by GLP-1 in other tissues and in other models of health and
disease 7, Activation of AKT and S6 are both key steps in the PI3K/mTOR pathway leading to
increased protein synthesis, by activating downstream transcription factors as well as
suppressing activity of factors promoting muscular atrophy. Our results, however, showed the
differences between the treatment groups were small and/or not statistically significant,
although there were significant reductions in the phosphorylation status of AKT and RPS6 when
compared to the control group. Moreover, our analysis of muscle degradation marker MuRF-1,
which is also a part of the PI3K pathway as an enzyme, led to non-significant results between
the two treatment groups as well. MuRF-1 is also an enzyme downstream of AKT which is
inhibited by the activation of AKT, so the non-significant results following AKT could be
expected. Future studies may wish to further probe these and other markers of skeletal muscle
protein turnover when GLP-1RA are taken.

This study has numerous limitations that should be acknowledged (see also section 6.2
below). Reflecting on this study, one important point to consider is the differences between the
conditions tested and day-to-day life. As pointed out previously, one of the main advantages of
GLP-1RA treatment is the reduction in appetite that helps patients maintain their calorie
deficit®2. Therefore, in a real-life scenario with an uncontrolled diet it would be quite difficult to

expect or enforce a similar caloric restriction condition that the rats were placed in, on oneself

47



or human subjects. Moreover, only male rats were used in this study and the number of rats
used might not have been enough for some of the comparisons made, especially due to the
reallocation of the groups we had to do due to baseline batch differences in body weights. As
noted in our methods section, we needed to change rat suppliers and that change may have
confounded some of our results. Finally, the duration of study may have been too short (or too
long) to observe differences in muscle protein turnover markers which could have occurred
either before the time points selected for muscle collection or at some later date after
treatment was initiated. In addition, we did not have any markers of muscle function, nor
muscle mitochondrial content or vasculature, which is also worth exploring.

In conclusion, even after these studies have been performed, it remains difficult to
conclude with certainty if GLP-1RA therapy affects skeletal muscle more than the drug-induced
reduction in caloric intake in this rat model of T2D. Nonetheless, both CR and GLP-1RA cause
large reductions in absolute skeletal muscle mass, without changing fiber type distributions,
while similarly improving whole body glycemia and likely insulin sensitivity. GLP-RA did seem to
result in marginally lower relative muscle mass, but no differences in activation of protein
synthesis pathways were found. It could either be argued that slight reduction in muscle mass
might not be all that detrimental, since improvements to overall insulin sensitivity and glycemia

in those with T2D have been observed.
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6.2. STUDY STRENGTHS AND LIMITATIONS

This study aimed to directly compare muscle weight and histological parameters
between calorie restriction weight loss and semaglutide treatment, which is different from the
commonly seen body composition measures performed in GLP-1 trials and clinical trials.

This study presents several strengths that help to highlight its novelty. Firstly, as mentioned
before, we directly measured multiple aspects of skeletal muscle mass and metabolism in a
male rat model of T2D, rather than using surrogate measures of body composition. What
makes this thesis more compelling is the diet-matching of the CR weight loss group to the Sema
group, in order to limit effects due to nutritional differences, compared to self regulated diet in
humans or pre-decided diets in animal studies. One main point of consideration in this study
was induction of T2D in the rodents, as T2D is the main clinical population for GLP-1
medications, with high overlap with even the population only seeking to use GLP-1RAs as a
means of weight loss. We also believe skeletal muscle to be extremely important in T2D for
overall metabolic health and function, and therefore important to be studied in the context of
T2D and incretin therapies, as well.

There were also a number of limitations in this research that should be acknowledged
and addressed in further research in this topic. Primarily, the sample size of rats assigned to
each group was rather small, even smaller than what we originally intended. This is because
due to a supplying issue, our main batch of animals had to be ordered from a different supplier
than our pilot batch (which was from our usual supplier), and despite our best efforts to match
their parameters, our main batch ended up with rats that were overall smaller and more

resistant to gaining weight or diabetes. This not only meant most of the data from the first
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batch could not be used, but our main batch was also rats that we were not as accustomed to
handling. That brings us to the second point. Due the main batch exhibiting different weight
and glucose parameters than our pilot, our experience with keeping our usual rats in the
desirable glucose range and rescuing them at the perfect time was mostly not applicable. As an
example, the insulin tolerance test that usually yields us 4 blood draw timepoints was only able
to be continued until the 3", and our rescues had to be more generous with sucrose solution
and sugary feed for the next day. This might have caused unequal eating, which usually would
have been avoided with our experience in the exact amount of food needed to rescue an

animal from hypoglycemia.

6.3. THESIS SUMMARY, CONCLUSION AND FUTURE DIRECTIONS

Our findings overall suggest that there is legitimacy to the concerns of skeletal muscle
mass loss due to semaglutide weight loss intervention, although an investigation of muscle
quality or functional strength was not part of this study. These results highlight the importance
of investigating the possible off target effects of medication, particularly one with as wide a
breadth of effects as GLP-1 receptor antagonists. The mechanisms and particular aspects of this
effect remain unclear, but nonetheless these results provide a reason or motivation to conduct

more rigorous testing on this topic.

Possible future directions for this study include investigating these effects with larger
sample sizes and investigating animals with different metabolic profiles (in different phases of
growth, high fat fed for longer, etc.). A worthwhile avenue of research would be investigating

differential expression and activation of other proteins and markers associated with muscle
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atrophy and hypertrophy (IGF-1R levels, PI3K levels, mTOR activation, FoxO levels, Myostatin,

MyoD, etc.), as this study was quite limited in its scope. Yet another possible avenue would be

investigating the effects of resistance training or activity on these parameters, which we did not

have the resources to perform. Finally investigating not only muscular weight and area, but in
fact muscle quality through functional tests and similar methods would also be of great value,

as such markers were outside the scope of this study.

In conclusion, this study serves as a confirmatory pilot to indicate that further research
in this topic is required and is valuable. The results support the concern of differential skeletal
muscle mass loss between GLP-1 receptor antagonist treatments but were unable to draw

conclusions about possible pathways or differential effect on muscle fibre types.
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FIGURE 1. AVERAGE DAILY BLOOD GLUCOSE LEVELS OF THE SEMA, CR and CONTROL GROUPS
DURING THE 21-DAY STUDY PROTOCOL: Control rats (ad-libitum fed, blue) exhibited significantly
higher blood glucose levels than the two treatment groups (Sema: semaglutide treated, red, CR:
calorie restriction, green) throughout the protocol (ANOVA group effect p=0.0001). The two
treatment groups had similar reductions in daily blood glucose levels over time.
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FIGURE 2. TOTAL DAILY INSULIN DOSE REQUIREMENTS FOR THE SEMA, CR and CONTROL GROUPS
DURING THE 21-DAY STUDY PROTOCOL. Rats were given exogenous doses of insulin daily based on
their daily blood glucose levels to help maintain their blood glucose levels in a moderate
hyperglycemic state (see methods). Control (ad-libitum fed, blue) rats required more daily insulin
relative to the two other treatment (Sema: semaglutide treated, red, CR: calorie restriction, green)

groups (P=<0.001 Two Way ANOVA group effect).
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Figure 3A/3B: AVERAGE DAILY FOOD INTAKE PER GROUP OVER THE 21 DAYS/ AVERAGE TOTAL FOOD
CONSUMED PERS GROUP OVER THE 21 DAYS. A) Control (ad-libitum fed, blue) animals had a mostly
stable food consumption, which was higher than that of the two experiment groups (Sema:
semaglutide treated, red, CR: calorie restriction, green). Food intake was sharply reduced following
semaglutide injections, and would show gradual recovery to baseline until the next injection. Due to
the diet-matched nature of the protocol, the CR (calorie restricted, green) group roughly had the
same daily food consumption as the Sema group, only offset by one day. B) Both treatment groups
(Sema and CR) consumed significantly less food compared to the control group (ANOVA P<0.001).
Due to the diet-matching nature of the protocol, the two treatment groups had similar total food
intake over the 21 day study period.

61



Grams

400

300

Daily Body Weight Terminal Body Weight

7 * %
- ns
] 500 KK**
- 5 400- | s
- S  300- ré
. > 200-
L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] II g
0 5 10 15 20 m 100-
-o- Control _
0 | 1
- > & K*
Sema (ﬁo %Q'& (¢
-4 CR <

FIGURE 4A/B: AVERAGE DAILY BODY WEIGHT OF THE RATS PER GROUP/ AVERAGE TERMINAL BODY

WEIGHT OF THE RATS PER GROUP. A) Control (ad-libitum fed, blue) animals continued to gain weight

throughout the protocol, while the two treatment groups (Sema: semaglutide treated, red, CR:
calorie restriction, green) did not. The two treatment groups followed a similar body weight patter,
only offset by one day, similar to their food consumption. B) The two treatment groups had a
significantly lower terminal body weight (ANOVA P<0.001) compared to the control group. The
difference in the average terminal body weight of the two treatment groups was not statistically
significant.
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FIGURE 5. BLOOD GLUCOSE CONCENTRATIONS THROUGHOUT THE ORAL GLUCOSE TOLERANCE TEST.
Although no significant differences interaction effect was found (P=0.4961), the two treatment
groups (Sema: semaglutide treated, red, CR: calorie restriction, green) followed the same trend as
the control group (ad-libitum fed, blue) although at a significantly lower blood sugar (Main group
effect P<0.0001).
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FIGURE 6. BLOOD GLUCOSE CONCENTRATIONS THROUGHOUT THE INSULIN TOLERANCE TEST Rats
were given an 8u/kg bolus dose of insulin (NovoRapid, Novo Nordisk, Mississauga, Canada)
and monitored for 60 min. The Sema (semaglutide treated, red) and CR (calorie restricted, green)
groups had a lower baseline blood glucose level compared to the control (ad-libitum fed, blue), but
all groups dropped to the same level within the hour-long protocol, before being rescued with a
dextrose gavage (data not shown).
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FIGURE 7: AVERAGE MUSCLE WEIGHTS AT THE TIME OF EUTHANIZATION IN THE THREE TREATMENT
GROUPS. Muscles groups were separated and weighed immediately after the sacrifice of the animal
on Day 21. The two treatment groups (Sema: semaglutide treated, red, CR: calorie restriction, green)
exhibited significantly lower muscle weight compared to the control (ad-libitum fed, blue) group (* =
P<0.05, ** = P<0.01, ***=P<0.001 denoted by 3 stars). Comparing the two treatment groups, the
Sema group had smaller GAS and SOL muscle masses relative to the CR rats, by about 8% (p=0.0135;
p=0.001, respectively), with the TA and EDL no differing significantly between the two groups.
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FIGURE 8: RELATIVE MUSCLE MASS OF THE GAS, TA, SOLAND EDL MUSCLE, NORMALIZED TO BODY
WEIGHT IN THE THREE TREATMENT GROUPS. Muscles groups were separated and weighed
immediately after the sacrifice of the animal (Day 21). Values are obtained by dividing the mass of
the muscle measured (mg) by the weight of the rat at the time of euthanization (g). Comparing the
CR (calorie restricted, green) group with the control group (ad-libitum fed, blue), no significant
differences were found in relative muscle mass. The Sema (semaglutide treated, red) group,
however, exhibited reduced SOL relative weight compared to both groups, and reduced GAS relative
weight compared to the CR group.
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FIGURE 9: AVERAGE FIBER CROSS SECTIONAL AREA OF THE GASTRACNEMIUS MUSCLE OF THE THREE
TREATMENT GROUPS. Frozen muscle samples were sectioned using a cryostat and imaged under a
microscope, measuring average fiber CSA. No statistically significant difference was found, although
the CR (calorie restricted, green) group tended to have larger CSA relative to the control (ad-libitum
fed, blue) and Semag (semaglutide treated, red) group (ONE WAY ANOVA: p=0.07).
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FIGURE 10: DISTRIBUTION OF THE DIFFERENT FIBRE TYPES IN THE TA MUSCLE IN THE THREE
TREATMENT GROUPS. Control on the graph denotes ad-libitum fed control animals, Sema denotes
semaglutide treated group and CR denotes the calorie restricted group. Muscle section slides were
stained for the different fiber types and imaged using a fluorescent microscope. No significant
differences were found in fiber type makeup of the three groups.
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Tibialis Anterior: AKT

Tibialis Anterior: S6
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FIGURE 11: ACTIVATION OF PI3K PATHWAY IN THE TIBIALIS ANTERIOR COMPARED BETWEEN THT
THREE GROUPS. pAKT/AKT (56kDa) and pS6/S6 (30kDa) ratio was analyzed as quotient of pAKT
versus AKT and pS6 versus S6 expression. Representative blots for both AKT and pAKT are displayed

above. Difference between the control group (ad-libitum fed, blue) and both Sema (semaglutide

treated, red) group and the CR (calorie restricted, green) group in terms of AKT activation was non-
significant (P=0.14 ANOVA). Furthermore, no significant differences in S6 phosphorylation (P=0.15
ANOVA) between the control group and two treatment groups was observed (P=0.28 Sema and

P=0.21 CR respectively, Tukey’s HST).
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Gastrocnemius: AKT Gastrocnemius: S6
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FIGURE 12: ACTIVATION OF THE PI3K PATHWAY IN THE GASTROCNEMIUS MUSCLE IN THE THREE
TREATMENT GROUPS. pAKT/AKT (56kDa) and pS6/S6 (30kDa) ratio was analyzed as quotient of pAKT
versus AKT and pS6 versus S6 expression. Representative blots for both AKT and pAKT are displayed
above. Difference between the control group (ad-libitum fed, blue) and both Sema (semaglutide
treated, red) group and the CR (calorie restricted, green) group in terms of AKT activation was non-
significant (P=0.33 ANOVA). Control group did have significantly higher S6 phosphorylation when
compared to the Sema group (p=0.042 ANOVA, 0.0481 Tukey’s HST) but was non-significantly
different from the CR group (P=0.15 Tukey’s HST).
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Tibialis Anterior: MuRF-1 Gastrocnemius: MuRF-1
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FIGURE 13: MURF-1 LEVELS IN THE TIBIALIS ANTERIOR AND GASTROCNEMIUS MUSCLEIN THE THREE
TREATMENT GROUPS. Values are reported as reading for MuRF-1 levels divided by reading of control
(Ponceau S). Control (ad-libitum fed, blue) group had significantly less MuRF-1 levels in the Tibialis
Anterior muscle compared to the Sema (semaglutide treated, red) and CR (calorie restricted, green)
group (P=0.005 ANOVA, P=0.036 and P=0.007 respectively, Tukey’s HST), but the two treatment
groups did not defer significantly (p=0.6 Tukey’s HST). No groups were significantly different in terms
of MuRF-1 expression in the Gastrocnemius muscle (P=0.6 ANOVA).
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9.0 SUPPLEMENTARY FIGURES AND TABLES
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Figure S1: Visual representation of the protocol.

Target Supplier Catalogue #
p-AKT Cell Signaling Technology 9271s
AKT Cell Signaling Technology 9272
p-S6 Cell Signaling Technology 22118

S6 Thermo Fisher MAS5-15164

MuRF-1 Thermo Fisher PA5-76695

Table S1: Antibodies Used for Imaging
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Insulin Tolerance Test
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Figure S2: Blood glucose readings throughout the insulin tolerance test including the

response to the recovery dose of gavage dextrose used to recover the rats from
hypoglycemia.
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