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Abstract

With the rise of metabolic diseases including obesity and type 2 diabetes, the need to investigate one
of the most dynamic endocrine organs is critical for combating these diseases. Adipose tissue (AT) exists
predominantly in two forms: white AT (WAT) and brown AT (BAT). This study set out to investigate how
chronic levels of glucocorticoids (GC), namely corticosterone, influence AT, and if the negative effects of GCs
can be combated with a B3-adrenergic receptor (B3AR) agonist, mirabegron. Mice were subjected to oral
treatments of either, corticosterone (500ug/day), mirabegron (either 0.024mg/day or 0.24mg/day), a
combination of the two, or naive or vehicle (<1% ethanol) controls for four weeks. The corticosterone dose
was chosen to match the level of corticosterone circulating in Cushing’s syndrome patients, and the
mirabegron treatments were chosen to be a much lower dose (0.024mg/day) than or to closely resemble
the maximal dosage approved (0.24mg/day) for overactive bladder patients. We hypothesized that
mirabegron would offset the negative impacts of corticosterone-induced metabolic dysfunction and lipid
accumulation within the AT depots. Corticosterone treatment resulted in BAT whitening, significantly
(p<0.05) increased body and AT weights, whole-body insulin resistance and circulating leptin levels.
Mirabegron did not induce WAT beiging or influence any other factors. In the BAT, both mirabegron and
surprisingly the corticosterone treatments resulted in significantly (p<0.05) increased UCP1 protein
expression. When combined, mirabegron failed to prevent the negative effects of corticosterone and
resulted in metabolic parameters that closely matched the corticosterone treatment alone. Both the
corticosterone and combination treatments had significantly (p<0.05) less mitochondria per gram of tissue.
None of the treatments influenced oxidative stress markers in BAT or WAT. This is the first study to report

systemic metabolic effects in a short duration while also demonstrating that at the maximal approved dose,



mirabegron cannot counteract corticosterone-induced alterations in AT. Future work into examining the
pathways directly involved with BAT and WAT in response to GCs will be vital for furthering our
understanding and their effects on AT dysfunction, and then new therapeutic agents can be tested for their

ability to offset these tissue-specific alterations.
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Chapter 1: Introduction



Study Rationale

Adipose tissue (AT) has been found to exist in two predominant forms, white adipose
tissue (WAT) (the conventional storage organ) and brown adipose tissue (BAT) (the fat organ
responsible for non-shivering thermogenesis (NST) which has specialized proteins that allow it to
produce heat for the organism to regulate temperature) (Chait and den Hartigh, 2020; Luo and
Liu, 2016). These two types of AT exist in distinct depots within the body that are well known and
can be isolated. This study will specifically investigate the inguinal (ingWAT) and interscapular
BAT (iBAT) depots in the context of metabolism. Studies examining AT metabolism have found
that certain WAT depots can become “activated” to express predominantly BAT-associated
genes and proteins, namely UCP1, and have higher metabolic function that may contribute to
better overall health (Chait and den Hartigh, 2020). These “activated” WAT depots are called
beige AT and may play a key role in whole-body metabolism (Chait and den Hartigh, 2020). The
intricate relationship between AT signalling and metabolism may have connections to alterations
in the mitochondria since UCP1 uncouples mitochondrial respiration. AT mitochondria have
recently been studied in the context of obesity and researchers have found that mitochondrial
control and metabolism are altered under different diseases (Holmstrom et al., 2012). Further
research into this organelle’s effect on metabolic diseases needs to be investigated more
thoroughly.

Previous studies have reported that AT’s role in metabolism and as an endocrine organ
extends far beyond energy storage and its ability to influence overall health (Bartlet & Heeren,

2013; Bettini et al., 2019; Chait & den Hartigh, 2020; K. Y. Chen et al., 2020; Cummins et al,,



2014; Guilherme et al., 2019; R. Pan et al., 2020; Peng et al., 2015; Wu & Ballantyne, 2020). The
cells that make up AT, adipocytes, are also responsible for secreting leptin, a satiety hormone
that is produced in amounts proportional to the amount of triglycerides stored in the AT depots
(L. Chen et al.,, 2015; Guilherme et al., 2019; Kahn et al., 2019; Kershaw & Flier, 2004; Kotzbeck
et al., 2018; Luo & Liu, 2016; W. W. Pan & Myers, 2018). Links to AT and metabolic diseases such
as obesity and type 2 diabetes (T2D) have also been emerging in recent years. Chronic stress has
also been shown to negatively influence whole-body metabolism which can lead to detrimental
health effects, poor quality of life and can culminate in metabolic syndrome (Di Dalmazi et al.,
2012; Han & Lean, 2016; Tamashiro et al., 2011). Metabolic syndrome is a cluster of risk factors
that includes insulin resistance, obesity, intra-abdominal fat accumulation, hypertension and
dyslipidemia leading to the development of cardiovascular disease and diabetes (Han & Lean,
2016). Each of these risk factors has a direct association with AT, but the exact mechanisms
linking this tissue to metabolic syndrome are not fully understood. AT’s influence on whole-body
metabolism and overall health has sparked interest in researchers who believe this endocrine
organ may be a key factor in combatting the negative effects of metabolic syndrome and be
related to the stress response. Links between oxidative stress, metabolic syndrome and
inflammation have begun to be investigated in the context of AT. New therapies using cold
exposure (CE) or pharmacological agents that act through the sympathetic nervous system (SNS)
pathway (e.g., mirabegron, a 3-adrenergic receptor (B3AR) agonist) have been used to
stimulate WAT to become more metabolically active, less of a chronic storage vesicle, and have

been under investigation more so over the last ten years (Bel et al., 2021). In order to thoroughly



investigate the effects of stimulating WAT to become more metabolically active (this process is
termed beiging), more research needs to be conducted.

Obesity is a comorbidity to a variety of other pathologies that can cause serious health
effects, including death (Manna and Jain, 2015). Many of these pathologies have been linked to
oxidative stress (Manna and Jain, 2015; Masschelin et al., 2020). The exact mechanisms
between these pathologies and oxidative stress within AT are still unclear (Masschelin et al.,
2020). Although the mitochondria is the largest source of ROS in mammalian cells, the role of
lipid peroxidation, especially in adipocytes, plays a significant part in AT oxidative stress
(Masschelin et al., 2020). With a focus on AT, this thesis aims to study the relationship between
both corticosterone induced and mirabegron induced alterations to metabolism. Currently,
there are minimal studies that examine the direct relationships each of these treatments can

have on the amount of oxidative stress within AT.

Chronic treatment with corticosterone in mice has been previously deemed a model of
metabolic syndrome mimicking diseases like T2D and Cushing’s syndrome (Cassano et al., 2012;
Do et al., 2019; van Donkelaar et al., 2014; Karatsoreos et al., 2010; Kinlein et al., 2017; Luijten et
al., 2019; Wray et al., 2019). Patients with Cushing’s syndrome have chronically high levels of
GCs that have been linked to high levels of ROS and oxidative stress (Karamouzis et al., 2015).
Masschelin et al. (2020) reviewed how oxidative stress impacts AT energy balance and note
specifically how prolonged stress will influence metabolism through the enzymes involved in the
Kreb’s cycle and ETC (Masschelin et al., 2020). Oxidation of lipids in the stressed state also play a
role in obesity where correlations have been noted in ROS levels and increased central AT in

both humans and mice (Masschelin et al., 2020). WAT, due to its increased lipid storage capacity,



is more probe to lipid peroxidation than other types of AT (Masschelin et al., 2020). Obese mice
show decreased 4-HNE metabolism and increased stress response proteins, both of which play a
role in insulin signaling and may contribute to insulin resistance (Masschelin et al., 2020). The
increased levels of ROS in obesity further restrict mitochondrial biogenesis and further render

effects within the AT depot itself (Masschelin et al., 2020).

Do et al. (2019) used corticosterone in drinking water (100ug/ml) to investigate the WAT
specific response to GCs in order to better understand the link between obesity related
complications in metabolic syndromes (Do et al., 2019). Their study found vast differences in
the stress response within different WAT depots (VWAT vs scWAT) but noted all WAT depots had
increased 11B-HSD1 gene expression with corticosterone treatment. They also used flow
cytometry to investigate the level of macrophage infiltration and found that increased
macrophages (through Cd68 and F4/80 levels) were only increased in the AT depots, not in the
intestine or liver (Do et al., 2019). The level of MCP-1 increased in both the mRNA and protein
levels in the AT depots of corticosterone treated mice, which is consistent with increased
macrophage infiltration in patients with obesity, mice fed HFDs, and genetically obese diabetic

mice (Kanda et al., 2006; Weisberg et al., 2006).

Treatments examining mirabegron as a beiging agent do not widely investigate specific
oxidative stress markers. Since its intended use is for overactive bladder, most studies have been
focusing on that disease. A new review looking into overactive bladder and its connection to
oxidative stress has provided some information about a possible role mirabegron could be

playing in this context (Wu et al., 2021). Overactive bladder is associated with decreased nitric



oxide release, hypoxia and increased ATP, all of which decrease the ability of the bladder to
contract (Wu et al., 2021). These factors also contribute to the increased oxidative stress and
free radicals associated with the disease (Wu et al., 2021). Urine oxidative stress markers
including 8-Hydroxy-2’-Deoxyguanosine, malondialdehyde, and isoprostanes have all been linked
to bladder dysfunction, metabolic syndrome, obesity and diabetes in animal models (Wu et al.,
2021). Mirabegron works to relax the bladder muscle through the B3AR pathway and the action
of nitric oxide (Wu et al., 2021). With the ability to relax the smooth muscle and therefore
facilitate nitric oxide action, mirabegron may be influencing the oxidative capacity through this
mechanism and thereby render less oxidative stress. However more research needs to be done
to fully understand this connection.

One recent study has started to inquire into mirabegron’s mechanism in relation to its
ability to counteract obesity. Peres Valgas da Silva et al. (2021) recently induced obesity in mice
and then attempted to offset the negative side effects with a two-week treatment with
mirabegron (10mg/kg)(Peres Valgas da Silva et al., 2021). They observed a partial rescuing effect
on circulating thiobarbituic acid reactive substance, a marker of lipid peroxidation, within the
mice receiving the mirabegron treatment (Peres Valgas da Silva et al., 2021). To our knowledge,
this was one of the only studies to connect an oxidative stress marker to a mirabegron
treatment, however, it was measured through circulating levels, not at the AT depot specifically.

This is where our study hopes to add knowledge in this area.

An understanding of how B3AR stimulation therapy induces beiging or influences BAT

within the context of elevated glucocorticoids (GCs) also needs to be investigated due to the



high prevalence of chronic stress in the world’s population. The goal of this study is to determine
how stress hormones (more specifically, corticosterone in mice) affect the beiging process, the
adaptive response in BAT, metabolic dysfunction, and the AT phenotype. If AT can be stimulated
to be metabolically active, the tissue’s response to chronic stress may be diminished and
therefore may lead to fewer metabolic diseases and its detrimental health effects. By
investigating the interaction between stress and the NST pathways, steps can be undertaken to
combat the many health conditions that are affected by AT.

This study aimed to investigate how AT metabolism responds to chronic stress and the
NST pathway. In order to accomplish this, the stress hormone in mice, corticosterone, will be
administered via drinking water to observe its effects on AT metabolism. To study the activation
of AT, the B3AR pathway (the process responsible for the production of heat through NST in BAT)
will be stimulated by the pharmacological compound mirabegron, a selective B3AR agonist that
will also be administered in drinking water. Once the individual effects of corticosterone and
mirabegron are determined for AT metabolism and activation, the combination of the two
treatments will provide additional information regarding the interaction between stress and NST
pathways interact, and how this interaction may be beneficial in combating metabolic diseases

(depicted in Figure 1).
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Figure 1: Metabolic pathways investigated in this study.

A graphical image representing the two competing metabolic pathways investigated in this
study. Chronic exposure to glucocorticoid (GC) corticosterone excess (green) and activation of
the B3-adrenergic receptor (B3AR) pathway via mirabegron (red arrows) may result in the
following potential interactions. GCs will become activated by 11B-hydroxysteroid
dehydrogenase type 1 (11B-HSD1). Once active, GCs will bind to the Glucocorticoid receptor (GR)
where it will travel to the nucleus and bind to the glucocorticoid response element (GRE). Once
bound inside the nucleus, the GRE will inhibit many pathways including mitochondrial
biogenesis, transcription of inflammatory markers, and lipid storage genes. Increased lipid
storage will then increase the size of the lipid droplet and storage capacity within the tissue. The
B3AR is activated by mirabegron and will further activate protein kinase A (PKA) which will
initiate a series of downstream reactions including activating protein p38 mitogen-activated
protein kinase (p38MAPK). Active p38MAPK will subsequently phosphorylate peroxisome
proliferator-activator receptor-gamma coactivator-la (PGCla). Phosphorylated PGCla will
enter the nucleus and bind to subsequent transcription factors allowing for the translation of
proteins UCP1 and PGCla, allowing for increased mitochondrial uncoupling and the production
of heat. PKA can also increase the translocation of hormone-sensitive lipase (HSL) to the lipid
droplet which will increase lipid utilization and metabolism.



Dissertation Goal, Hypothesis and Specific Aims

The overall goal of this project was to determine how the effects of chronic corticosterone and
B3AR stimulation impact AT. Our central hypothesis was that the negative effects of excessive
lipid accumulation induced by chronic corticosterone are alleviated by a B3AR agonist. The
specific aims of this project are as follows:
1) Establish how corticosterone or B3AR stimulation impact AT and UCP1 expression
2) Determine how oxidative stress, immune cell infiltration, and leptin are influenced by
corticosterone or under B3AR stimulation
3) Investigate the effects of corticosterone or B3AR stimulation on whole-body insulin
resistance
4) Examine mitochondrial content in response to corticosterone and B3AR stimulation in

both BAT and WAT
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Adipose Tissue

Introduction

Once thought of as just a reservoir for energy storage, adipose tissue (AT) knowledge has
evolved to include major roles in the endocrine system and whole-body metabolism (Guilherme
et al., 2019; Kershaw and Flier, 2004; Luo and Liu, 2016). This tissue depot was found to be an
active site in sex steroid metabolism, an endocrine organ, and today is known to coordinate
many biological processes including energy metabolism, immune and even neuroendocrine
functions (Kershaw and Flier, 2004). Metabolically active organs, such as the liver, muscle,
pancreas and brain all depend on AT to send information through adipokines which are AT
secreted mediators of metabolic processes (Chait and den Hartigh, 2020; Guilherme et al., 2019;
Luo and Liu, 2016; Maximus et al., 2020). AT is morphologically classified into white, brown, and
beige subsets, and each of these depots have distinct physiological roles (Chait and den Hartigh,
2020; Luo and Liu, 2016). Each AT depot is innervated by the sympathetic nervous system (SNS)
and is comprised of adipocytes, pre-adipocytes, macrophages, endothelial cells, and fibroblasts,
all of which play a part in the various depot-specific actions (Luo and Liu, 2016). Dysfunction of
any of these cells could result in conditions ranging from obesity, Type 2 Diabetes (T2D),

cardiovascular disease and even cancer (Ahmad et al., 2020).
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Physiological Significance of Adipose Tissue

An essential energy storage organ, AT stores triglycerides (TAGs) through lipogenesis and
will release them as free fatty acids (FFAs) through lipolysis (Luo and Liu, 2016). AT integrates
and services the energy for several organ systems including the liver, skeletal muscle, heart,
pancreas and brain (Chait and den Hartigh, 2020; Guilherme et al., 2019). The primary function
of this organ is to store excess energy when nutrients are available, in the form of TAGs in
adipocytes that will grow in size (hypertrophy) and in number (hyperplasia) (Chait and den
Hartigh, 2020; Luo and Liu, 2016). The AT depot is comprised of many different cell types that
can secrete cytokines, chemokines, and hormones (Chait and den Hartigh, 2020). AT functions as
an endocrine organ where it secretes adipokines, growth factors, cytokines and chemokines,
some of which are distinct to the AT depots (Chait and Hartigh, 2020). One-third of the cells in
these AT depots are adipocytes with the other two-thirds being comprised of fibroblasts,
macrophages, endothelial cells, stromal cells, mesenchymal stem cells, vascular cells, immune
cells and pre-adipocytes (Chait and den Hartigh, 2020; C. R Kahn et al., 2019). Within each of
these types of AT depots, adipocytes can be heterogeneous both genetically and metabolically,
fueling the need for more research to fully determine how this tissue affects whole-body health

(C. RKahn et al., 2019).
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White Adipose Tissue

One of the most dynamic tissues in the body, white adipose tissue (WAT) accounts for
2-70% of total body weight (C. R Kahn et al., 2019). WAT is classified by location as either
subcutaneous (scWAT) or visceral (VWAT) where it is either located directly under the skin or
intra-abdominally and next to internal organs respectively (Chait and den Hartigh, 2020; C. R
Kahn et al., 2019). Visceral adipocytes make up the mesenteric, gonadal, epicardial,
retroperitoneal and omentum AT depots (Jeanson et al., 2015; C. R Kahn et al., 2019; Luo and
Liu, 2016). This VWAT depot has been found to promote metabolic disease development in
rodents (Luo and Liu, 2016). Primarily found in the upper and lower body regions of humans,
scCWAT makes up approximately 80% of all AT in healthy humans (Chait and den Hartigh, 2020; C.
R Kahn et al., 2019). The depot is a metabolic “sink” for excess lipid storage that can be used in
times of limited energy sources (Chait and den Hartigh, 2020; Guilherme et al., 2019; Jeanson et
al., 2015; C. R Kahn et al., 2019). It is also a site for TAG synthesis in the body (Ahmad et al,,
2020). The stored excess energy is then later utilized by the body when FAs are needed for
energy utilization, for example in a postabsorptive state, or during exercise (Chait and den
Hartigh, 2020; Leiria and Tseng, 2020). All WAT depots function to store excess TAGs in the
cytoplasmic lipid droplet (LD), insulate the body, prevent heat loss, act as a barrier against
infection, protect organs from lipotoxicity, and even serve as a protective layer against physical
stress (Chait and den Hartigh, 2020; Heeren and Scheja, 2018; Jeanson et al., 2015; Luo and Liu,
2016).

The adipocytes that make up WAT are variable in size, 25-200um, have a unilocular LD to

store energy as TAGs, have very few mitochondria, and maintain a low oxidative rate (Jeanson et
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al., 2015; Luo and Liu, 2016). The LD in white adipocytes occupies over 95% of the adipocyte
volume (Leiria and Tseng, 2020).

The strong endocrine capacity of the WAT depot in secreting adipokines highlights that
this organ plays a key role in metabolism and whole-body health (Jeanson et al., 2015; Kiefer,
2016). WAT has also been found to modulate immune cells within the depot by attracting
macrophages through secretion of monocyte chemoattractant protein-1 (MCP-1) and tumour
necrosis factor-a (TNFa), especially in times of adipocyte death (Guilherme et al., 2019) (to be
discussed below). They also activate T and B cells that will further secrete cytokines and affect
insulin signalling within the tissue (Guilherme et al., 2019).

WAT has become increasingly important to research due to the rise in obesity-related
metabolic disorders. When there is excess energy intake, WAT will store the lipids within the
depots (Chait and den Hartigh, 2020). When the storage capacity is exceeded, the adipocytes
will undergo hypertrophy or generate new adipocytes until the capacity is reached (Chait and
den Hartigh, 2020; C. R Kahn et al., 2019). When the storage capacity is exceeded, fat begins to
accumulate in areas outside of the scWAT depot (Chait and den Hartigh, 2020). Generally, an
individual’s number of fat cells will remain constant from childhood through adulthood,
however, obesity and overeating can alter this overall number within the body (C. R Kahn et al.,
2019). In conditions like obesity, WAT increases ectopically, increasing in locations within the
visceral cavity, which is linked to an increased susceptibility to comorbidities such as diabetes
and atherosclerosis (Chait and den Hartigh, 2020). While lowering the amount of scWAT has
been shown to be metabolically protective, there have been studies demonstrating that

liposuction has little metabolic benefits in humans (Chait and den Hartigh, 2020). Rodent studies
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have shown the improved metabolic outcomes, including glucose tolerance and insulin
sensitivity, when scWAT is transplanted to obese mice, whereas the opposite effects are found
when VWAT is transplanted, illustrating that the scWAT depot plays an important role in obesity

and metabolic diseases that is not fully understood (Foster et al., 2013; Luo and Liu, 2016).

Brown Adipose Tissue

Brown Adipose Tissue (BAT) was first described by Conrad Gessner in 1551 as a
hibernating gland thought to have developed for three reasons: 1) to facilitate non-shivering
thermogenesis (NST) in newborns, 2) as a thermostabilizer under chronic/transient cold
exposure (CE), and 3) as a bio-thermic effector organ that will facilitate hibernating animals to
wake (Smith and Horwitz, 1969). With multilocular LDs, BAT is able to mobilize lipids quickly and
oxidize FAs (Kiefer, 2016; Marlatt and Ravussin, 2017; Reddy et al., 2014). The ability for rodents
to undergo cold-induced adaptive thermogenesis is largely due to BAT (Lowell and Spiegelman,
2000). In recent years, BAT became a prominent research topic due to its strong connection to
the stress response, albeit this stress in most cases was CE, and researchers began to observe its
increased respiratory rate, and influence on metabolic parameters under chronic CE (Smith and
Horwitz, 1969). The first review of BAT was by Johansson in 1959, and research into this tissue
has only grown exponentially since (Smith and Horwitz, 1969; Trayhurn, 2017).

Originally thought to only be found during the infant stage of human development, due
to their inability to produce heat from shivering, BAT has now been found to be present in adults
and has physiological relevance even though it only represents 1-2% of total AT mass (C. R Kahn

et al., 2019). The identification of adult human BAT was found by three independent research
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groups in 2009 during cold exposure studies using 8F-Fluorodeoxyglucose Positron Emission
Tomography and Computed Tomography ([*8F]-FDG-PET/CT) (Cypess et al., 2009; Saito et al.,
2009; Virtanen et al., 2009). BAT is defined as a distinct type of AT that is morphologically and
functionally different from WAT in many ways and has been reviewed elsewhere (Chait and den
Hartigh, 2020; Kiefer, 2016; Leiria and Tseng, 2020; Luo and Liu, 2016; Marlatt and Ravussin,
2017; Trayhurn, 2017; Virtue and Vidal-Puig, 2013). In rodents, this depot plays a critical role in
adaptive thermogenesis and its innervation of sympathetic nerves allows it to respond to cold
temperatures through adrenergic receptors (ARs) (Lowell and Spiegelman, 2000). When the
peripheral and thermoreceptors sense cold, the information is processed by the SNS, specifically
in the hypothalamus (Minzberg et al., 2021). This leads to the release of sympathetic
transmitter norepinephrine (NE) that will bind to the B3-Adrenergic receptors (33AR) and further
render a response (discussed below) (Lowell and Spiegelman, 2000; Minzberg et al., 2021).
Normally found in the cervical, axillary and paraspinal regions, functionally, BAT displays a high
metabolic rate when activated that contributes to whole-body metabolism (Heeren and Scheja,
2018; C. R Kahn et al., 2019). In fact, nutrient oxidation in BAT can be responsible for over 60% of
the total energy expenditure (EE) in mice exposed to cold temperatures (Virtue and Vidal-Puig,
2013). BAT depots are rich in iron-containing mitochondria, which gives them the brown colour
(Chait and den Hartigh, 2020; Kiefer, 2016; Luo and Liu, 2016). These mitochondria generate
heat by uncoupling the Adenosine Tri-Phosphate (ATP) energy production from the electron
transport chain (ETC) for NST through a specialized protein called Uncoupling Protein-1 (UCP1)
that is in abundance within this depot (Chait and den Hartigh, 2020; Heeren and Scheja, 2018;

Lowell and Spiegelman, 2000; Luo and Liu, 2016; Ro et al., 2014). This anion-carrier protein,
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located on the inner mitochondrial membrane, allows the depot to use circulating FFA to
generate heat by implementing a proton shunt that will disconnect ATP synthesis through
oxidative phosphorylation, and in turn help with decreasing the number of lipids stored (Chait
and den Hartigh, 2020; Heeren and Scheja, 2018; M.J. Lee et al., 2014; Luo and Liu, 2016; Ro et
al., 2014).

Acute cold-induced activation of BAT allows for increased lipolysis of stored TAGs within
the tissue and increased UCP1 activity allowing the organism to produce heat (Lowell and
Spiegelman, 2000). Chronic activation will lead to increased Ucpl gene transcription,
mitochondrial biogenesis, hyperplasia of BAT, and recruitment of brown adipocytes to WAT
depots, called beiging (Lowell and Spiegelman, 2000; Okamatsu-Ogura et al., 2013; Peng et al.,
2015). Continued stimulation of the B3AR will increase BAT mass and further allow for NST to
occur (Heeren and Scheja, 2018). Heeren and Scheja (2018) note that in rodents the release of
FFA from WAT can activate the sympathetic nerves which can increase the sympathetic activity
of BAT serving as a feed-forward signalling mechanism between WAT FFA release and BAT
consumption (Heeren and Scheja, 2018; Jeanson et al., 2015) This increase in stimulation will
further amplify the oxidative potential of the BAT depot, which can play a role in burning calories
(Jeanson et al., 2015).

BAT uses FFA for approximately 90% and glucose for approximately 10% of its heat
production capabilities (Chait and den Hartigh, 2020; Heeren and Scheja, 2018). However, BAT is
implicated in glucose clearance due to its ability to remove large amounts of glucose from the
circulation and will reduce the amount of insulin secreted from the pancreatic B-cells, after a

meal (Chait and den Hartigh, 2020). BAT has high levels of the insulin receptor within the depot
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which contributes to it being a very important tissue for glucose disposal (Chait and den Hartigh,
2020). This ability to lower the amounts of circulating glucose, reduce insulin resistance (IR), and
in turn provide a better metabolic phenotype are just some of the major reasons for
investigating the BAT depot and the beiging process of AT. IR can be defined as a complex
condition whereby tissues normally sensitive to insulin are less sensitive, thereby requiring more
insulin to elicit the same response under normal serum glucose levels (Chen et al., 2015). Animal
models have shown that BAT transplanted into both high fat diet (HFD) induced obese and leptin
deficient ob/ob mice improves insulin sensitivity, glucose metabolism, and obesity (Chait and
den Hartigh, 2020; Jeanson et al., 2015; Liu et al., 2015; Stanford et al., 2013). Gene expression
of Ucpl has been shown to be significantly reduced in obese mice and its upregulation has been

associated with leanness in humans (Ro et al., 2014).

Beige Adipose Tissue

Beige (brown-in-white) AT shares some physiological features of BAT and some with
classical WAT (Chait and den Hartigh, 2020; Kiefer, 2016; Leiria and Tseng, 2020; Okamatsu-
Ogura et al., 2013). Researchers have found that scWAT, especially inguinal WAT (ingWAT), can
contain considerable amounts of beige adipocytes, with vVWAT also being susceptible to
thermogenic remodeling (Kiefer, 2016). Wu et al. (2012) describe beige adipocytes as “brown-
like thermogenic adipocytes” that contain multilocular LDs and UCP1 expression but originate
from Myogenic Factor 5 (Myf5) negative cells (Jeanson et al., 2015; Luo and Liu, 2016; Wu et al.,
2012). The beige cells appear in traditional WAT depots, especially scWAT, with brown

adipocytes that contain UCP1 positive cells and therefore harness the ability to lower the
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number of FFAs circulating within the body (Chait and den Hartigh, 2020; Kiefer, 2016; Leiria and
Tseng, 2020; Okamatsu-Ogura et al., 2013). Discovered in the 1980s-1990s in rodents, beige
adipocytes could respond to B3AR stimulation within traditional WAT depots (Jeanson et al.,
2015). Beige adipocytes were originally thought to have risen from trans differentiation from
WAT cells, and that these beige cells had the ability to revert to this “white-like” cell type if it was
left unstimulated (Chait and den Hartigh, 2020; Jeanson et al., 2015; Kiefer, 2016; Luo and Liu,
2016). In vitro studies have suggested that the cells most likely originate from de novo
adipogenesis from specific progenitor cells that were stimulated by CE but remain dormant until
they are activated again (Chait and den Hartigh, 2020; Jeanson et al., 2015; Kiefer, 2016; Luo and
Liu, 2016; Shao et al., 2019). It was previously postulated that the beige adipocytes contained
within scWAT most likely evolved from trans differentiation, whereas epididymal beige cells
would have more likely risen from Myf5 positive cells (Jeanson et al., 2015; Kiefer, 2016; Lee et
al., 2012; Y. H. Lee et al., 2014b). However, other papers have since disputed the idea of trans
differentiation since the small changes in EE would not be reasonable for such a complex process
(Giralt and Villarroya, 2013; Shao et al., 2019). There are still many questions on the underlying
mechanisms involved in beige adipocyte commitment, but their role in metabolism has been
investigated in multiple stimulated studies.

Beiging of AT has been reported to occur from numerous physiological stressors including
CE, B3AR agonists, exercise, severe burns and pharmacological compounds to name a few (Chait
and den Hartigh, 2020; Kiefer, 2016; Luo and Liu, 2016; Miinzberg et al., 2021). Sustained CE will
activate UCP1 in beige adipocytes and allow for the appearance of multilocular LDs inside these

cells (Heeren and Scheja, 2018). Beiging studies use a variety of beige adipocyte markers,
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metabolic parameters, and whole-body measurements to determine the degree to which WAT is

deemed to be beige.

Cells of the Adipose Tissue Depots

Adipocytes and Pre-Adipocytes

AT is comprised of different types of cells including adipose stem cells, adipocytes, and
endothelial cells to name a few (Berry et al., 2013; Chait and den Hartigh, 2020; C. R Kahn et al.,
2019). Adipocytes are thought of as the fat storing cells within the AT depot, and arise from the
stem cells (Berry et al., 2013). Originally formed from the mesoderm and neuroectoderm,
adipocytes are generated throughout a mammal’s life (Berry et al., 2013). Brown adipocytes
develop earlier during gestation, during the second trimester in humans and during the
embryonic days 15-16 in rodents (Branddo et al., 2021). Subcutaneous white adipocytes develop
towards the end of gestation with complete formation at 56 days postpartum in humans,
whereas visceral white adipocytes form after birth (Branddo et al., 2021). For a long time, it was
believed that brown and white adipocytes developed from distinct progenitors with only brown
originating from the Myf5 lineage and white adipocytes originating from non-Myf5 lineages
(Branddo et al., 2021; Luo and Liu, 2016; Shan et al., 2013). However, recent lineage tracing
studies reviewed by Brandao et al. (2021) reveal that adipocytes originate from different
mesenchymal stem cells depending on their function (Branddo et al., 2021). Subcutaneous
adipocytes originate from paired related homeobox 1 progenitors and visceral adipocytes

originate from Wilms tumor 1 progenitors (Branddo et al., 2021). Myf5 progenitors are also
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present in scWAT depots and some white adipocytes share a common progenitor with the
conventional brown adipocyte progenitor (Brandao et al., 2021). Differentiation into the
different types of adipocytes occurs following the multipotent stem cells committing to forming
pre-adipocytes (Branddo et al., 2021). Activation of the development of both brown and beige
adipocytes follows similar patterns with transcriptional factors and co-factors that are reviewed
by Brandao et al. (2021) to include PR domain zinc finger 16 (PRDM16), Peroxisome Proliferator
Activated Receptor Gamma Coactivator 1 a (PGCla), and the cAMP-responsive element-binding

and activating transcription factor 2 (CREB-ATF2) to name a few (Brandao et al., 2021).

Lipid Droplet and Cellular Morphology

LDs were defined by Greenberg et al. (2011) to be “intracellular organelles that store
neutral lipids within cells” (Greenberg et al., 2011). These neutral lipids, TAGs and cholesterol
esters, are stored within adipocytes until energy is needed by the cell (Brasaemle, 2007;
Greenberg et al., 2011; Welte, 2009). LDs are described as spherical in shape to hold large
amounts of lipids at the core (i.e. TAGs) with the surface of the LD being composed of a
monolayer of phospholipids with regulatory proteins and cholesterol molecules (Konige et al.,
2014; Xu et al., 2018; Yu et al., 2015). LDs are important for lipid metabolism, especially within
adipocytes and can range from 0.1-100um in diameter (Jarc and Petan, 2020; Xu et al., 2018; Yu
et al., 2015). LDs can act as a metabolic sink for molecules including FAs, cholesterol, ceramides,
and polyunsaturated FAs, removing them from circulation and thereby reducing inflammation
and cell damage (Jarc and Petan, 2020). They can also be a source for all of these molecules,

releasing them into circulation and increasing inflammation in times of stress (Jarc and Petan,
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2020). There have been over 200 proteins associated with the LD surface, however, Kongie et al.
(2014) describe four main types of enriched AT specific LDs regulatory proteins including
perilipins (PLIN), Fat Specific Protein 27/ Cell Death Inducing DNA Fragmentation Factor «a -like
Effector-C (FSP27/CIDEC), caveolins and cavins (Gong et al., 2009; Konige et al., 2014). PLINs are
localized to the surface of the LD to contribute to lipid storage and liberation (Konige et al., 2014;
Ramos et al., 2016; Welte, 2009; Xu et al., 2018). PLINs are the most abundant family of proteins
associated with the AT LDs and is composed of 5 members (Konige et al., 2014; Ramos et al.,
2016; Welte, 2009; Xu et al., 2018). Perilipin 1 (PLIN1), the most abundant PLIN found in AT, was
the first LD associated protein identified, and is the only member of this family that has been
found to play a role in lipolysis (Ramos et al., 2016; Xu et al., 2018). This protein will become
phosphorylated through the cAMP-PKA pathway in order to promote lipolysis in the cell (Xu et
al., 2018). The adipocyte differentiation related protein (ADRP/PLIN2) has also been identified as
a major LD protein (Welte, 2009; Xu et al., 2018). PLIN2 is primarily found in the muscle and
liver, however, it is also found in adipocytes with it playing a role in hindering lipid turnover in
adipocytes (Ramos et al., 2016; Xu et al., 2018). PLIN3 and PLIN5 expression is reported in all AT
depots with more expression found in WAT compared to BAT, while the PLIN4 protein is
primarily found in WAT (Ramos et al., 2016). PLIN5 is expressed in FA oxidizing tissues such as
BAT or stimulated beige AT (Konige et al., 2014; Ramos et al., 2016; Xu et al., 2018). In situations
where lipids need to be stored quickly, PLIN3, PLIN4, and PLIN5 exhibit increased expression in
the AT LD to facilitate lipid storage in the cell (Xu et al., 2018).

The CIDE family of proteins are involved in metabolic processes including lipolysis, LD

formation and FA oxidation (Gong et al., 2009). They are also found in adipocytes with CIDEA
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being found in BAT, and FSP27 (murine) or CIDEC (human) being found in WAT (Gong et al.,,
2009; Konige et al., 2014). These proteins are found in the endoplasmic reticulum (ER) and LD
surface that aid in the growth of the LD by promoting clustering within the cell (Konige et al.,
2014). CIDEA is shown to activate CAAT/Enhancer-Binding Protein B (CEBPB) in BAT and act as a
transcription coactivator, whereas FSP27 has been found to be involved in upregulating genes
involved in the inflammatory response and may play a role in both LD size and TAG synthesis
(Konige et al., 2014; Nishimoto and Tamori, 2017). Calevolins and cavins are proteins found in all
mammalian cell plasma membranes but are also found in WAT and appear to be a part of lipid
metabolism (Konige et al., 2014; Welte, 2009). They may regulate hormone sensitive lipase
(HSL) and therefore may affect LD size, but further research needs to be conducted in order to
establish this connection (Konige et al., 2014). The LD is thought to originate from within the
membranes of the ER where it is believed that lipids will be naturally synthesized and
accumulate within the cell eventually leading to LD formation (Brasaemle, 2007; Welte, 2009).
LDs can interact with other cellular organelles including the ER and mitochondria which allows
for efficient use of the FFAs from LD lipolysis to be utilized more efficiently by the cell (Welte,
2009; Xu et al,, 2018; Yu et al., 2015). The most common theory in LD biogenesis hypothesizes
that LDs originate from the ER, specifically the PLIN2-enriched domain of this cellular organelle
(Nettebrock and Bohnert, 2020; Xu et al., 2018). From the ER, the LDs will receive TAG and grow
in size and retain lipid synthesis enzymes before becoming a fully functioning LD (Nettebrock and
Bohnert, 2020; Xu et al., 2018). These functioning LDs can grow in harmony with other LDs by

creating a channel connection between them using PLIN1 and FSP27 (Xu et al., 2018). The
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neutral lipids in the LD core can also come from caveolae from the plasma membrane where
PLIN1 will work to facilitate LD storage (Xu et al., 2018).

In adipocytes, the TAG filled LD is the largest storage depot for energy in the body that
will be liberated as FFA and glycerol (Brasaemle, 2007; Greenberg et al., 2011). The FFA will be
transported to tissues to be used for ATP production while the glycerol will be transported to the
liver for gluconeogenesis or glycolysis (Brasaemle, 2007; Greenberg et al., 2011). The regulation
of this liberation process occurs partially through PLIN localized to the surface of the LD
(Brasaemle, 2007; Greenberg et al., 2011; Konige et al., 2014; Rutkowski et al., 2015; Tansey et
al., 2004; Xu et al., 2018). cAMP-PKA activation will, in turn, lead to the phosphorylation of PLIN1
on the surface of the LD (Brasaemle, 2007; Konige et al., 2014; Tansey et al., 2004).
Phosphorylation of this protein will allow for HSL to be translocated from the cytosol to the LD
where it will initiate lipolysis (Brasaemle, 2007; Greenberg et al., 2011; Konige et al., 2014;
Rutkowski et al., 2015; Tansey et al., 2004). The activation of the cAMP-PKA pathway is initiated
by the B3AR through catecholamine binding, which occurs in times of immediate physical (cold)
or physiological (fasting) stress (Tansey et al., 2004). This induction of lipolysis is vital for whole
body functioning in times where the tissue requires increased energy demands.

Previously described by numerous review papers, the morphology of BAT, induced beige,
and WAT cells are very different (Figure 2) (Cinti, 2005; Luo and Liu, 2016; Sanchez-Gurmaches
et al., 2016). WAT cells are conventionally depicted containing few mitochondria with a
unilocular LD where the storage of TAGs are contained (Sanchez-Gurmaches et al., 2016). The
single LD in WAT cells can range from 25-150um in diameter (Konige et al., 2014; Weidlich et al,,

2019). Whereas BAT cells are mitochondrial rich that contain much smaller multi-locular LDs that
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are less than 10um in diameter, thereby only facilitating storage of a small amount of TAGs
(Sanchez-Gurmaches et al., 2016; Weidlich et al., 2019). These BAT cells have the main function
of facilitating NST, rather than lipid storage, through the expression of the UCP1 protein (Cinti,
2005; Sanchez-Gurmaches et al., 2016). This large difference in cellular morphology can be
bridged with the inducible beige cells. Beige cells, UCP1-expressing brown-like adipocytes found
within particular WAT depots, especially scWAT or ingWAT depots, can be stimulated through
B3AR to alter their cellular morphology to contain multilocular LDs and more mitochondria (M.J.
Lee et al,, 2014; Y. H. Lee et al., 2014b; Luo and Liu, 2016; Okamatsu-Ogura et al., 2013; Sanchez-
Gurmaches et al., 2016). It is thought that these beige cells exist as adipocytes within the WAT
depot and remain dormant until they are activated (Chait and den Hartigh, 2020). LDs in WAT
have been studied previously, however much less is understood about BAT LDs (Konige et al.,
2014; Yu et al., 2015). BAT LDs are known to be different from WAT LDs due to their role in
cellular metabolism (Yu et al., 2015). Yu et al. (2015) conducted a study where they attempted
to isolate BAT LDs and characterize them based on morphology, biochemical and proteome
experiments. They were able to show increases in PLIN1 protein expression and UCP1 in mice
under CE (Yu et al., 2015). The PLIN family of proteins and lipases were found to show significant
increases in their expression with CE, which will increase the TAG hydrolysis that occurs within
these cells, further illustrating their distinct function from WAT cells (Yu et al., 2015). Exercise
training of Sprague-Dawley rats was found to increase the PLIN5S protein expression in BAT and
PLIN3 expression in ingWAT indicating that these proteins will respond to changes occurring
systemically (i.e. exercise training) (Ramos et al., 2016). These changes occurring within the AT

may be key to understanding the roles these proteins play in the beiging of WAT. Previous
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research has described the presence of small multilocular LDs in BAT allowing the tissue to
increase the interaction between lipases and the LD to facilitate lipolysis within these cells
(Nishimoto and Tamori, 2017). While the exact mechanism for the LD formation difference
between WAT and BAT is still unknown, the CIDE proteins may play a key role in this difference
(Nishimoto and Tamori, 2017). Nishimoto and Tamori (2017) speculate that FSP27 and its two
isoforms, a and B, is involved in regulating the size of LDs in adipocytes (Nishimoto and Tamori,
2017). FSP27a is found to be expressed in WAT and when activated through Peroxisome
Proliferator Activated Receptor y (PPARy) will promote large LDs to form, whereas FSP278 is
found to be primarily expressed in the liver and BAT and will increase the EE in BAT through an
unknown transcription factor (Nishimoto and Tamori, 2017). LDs are constantly changing in size
with the stimulation of lipolysis causing a shrinking of the unilocular LD overall. This alteration in
LD size should be further investigated in order to monopolize the beneficial effects of breaking

down stored amounts of fat.
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Brown Adipose Tissue Beige Adipose Tissue White Adipose Tissue

Figure 2: Adipocyte and lipid droplet morphology

Visual representation of the lipid droplet morphology in brown, beige and white adipocytes.
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Key Metabolic Processes within Adipose Tissue

Lipid Metabolism

When fuel is fed to the body, the lipogenic pathway will allow for the storage of excess
energy in the form of TAG within AT (Luo and Liu, 2016). The AT depot will efficiently store TAGs
that will accumulate and remain in the LD of the adipocyte (Luo and Liu, 2016). This storage of
TAGs, in combination with the tissue’s ability to clear plasma TAGs, further exemplify the vital
role the AT depot plays in whole-body health (Guilherme et al., 2019; Luo and Liu, 2016). It is
important to note that in addition to storing lipids, the AT depot also aids in decreasing the
number of lipids accumulating in other tissues and the extent of lipotoxicity that will occur
(Guilherme et al., 2019).

When energy is required by tissues, for example during periods in between meals or in
times of fasting, the TAGs stored in the cytosolic lipid droplet will be broken down through the
lipolytic pathway into FFAs and glycerol (Heeren and Scheja, 2018; Luo and Liu, 2016). The FFAs
and glycerol will travel through the blood to the tissues that require them for energy balance
including the muscles and liver (Luo and Liu, 2016).

In times of fasting, other organs will require energy, and AT will provide this energy from
its LDs (Luo and Liu, 2016). The activation of lipolysis will occur due to a decrease in insulin levels
circulating in the blood and an increase in counterregulatory controls (including increases in NE
and cortisol), which will signal the AT to undergo lipolysis. Lipolysis is the catabolic process
where stored TAG inside the AT are broken down into FFAs and glycerol (Luo and Liu, 2016). This

process will occur in a stepwise fashion where the TAGs will be broken down into
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diacylglycerides (DAG) and then monoacylglycerides (MAGs) by adipocyte triglyceride lipase
(ATGL) and HSL respectively before being further broken down to FFAs and glycerol (Heeren and
Scheja, 2018; Luo and Liu, 2016). Glycerol and FFAs will be used for hepatic gluconeogenesis and
oxidation by other organs for energy respectively (Luo and Liu, 2016). Glycerol can be a substrate
for gluconeogenesis in the liver, which will allow it to supply the brain with glucose for energy
(Luo and Liu, 2016). In periods of prolonged fasting, FFAs can also be used to synthesize ketone
bodies in the liver that can also be utilized by the brain for energy (Luo and Liu, 2016). This
process will not occur as effectively if there is a state of minimal carbohydrates but high amounts
of FAs available for the liver. Instead, ketogenesis will occur when ketone bodies will be
produced from the FFAs to supply the brain with energy (Luo and Liu, 2016). Fasting will also
increase the amount of glucagon circulating in the body, which will activate the cAMP-PKA
pathway in adipocytes (Luo and Liu, 2016). This pathway will allow for LD proteins, like PLIN, to
become phosphorylated and allow for HSL to be translocated to the LD for lipolysis to occur (Luo
and Liu, 2016). The FAs released from lipolysis are used for activating transcription factor
receptors, such as PPARy that aid in promoting the expression of other genes required for heat
generation (Heeren and Scheja, 2018). Fasting will also increase the catecholamine released
from the SNS, which will bind to B3ARs and in turn further activates the lipolysis and PKA
pathways (Luo and Liu, 2016).

Lipogenesis occurs by combining the de novo FA synthesis from acetyl coenzyme A
(acetyl-CoA) and TAG biosynthesis (Luo and Liu, 2016). Glucose provides acetyl-CoA as a
substrate that will induce the expression of the rate-limiting enzyme of lipogenesis, acetyl-CoA

carboxylase (ACC), in order to stimulate insulin to be released from the pancreas and in turn,
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stimulate glucose uptake in adipocytes through the glycolytic and lipogenic enzymes and
lipogenic genes (Luo and Liu, 2016). One gene, in particular, the sterol regulatory element-
binding protein 1 (SREBP1) will control genes that are needed for fatty acids, TAG, phospholipid
and cholesterol synthesis (Luo and Liu, 2016). Glycerol will be utilized by esterifying FAs from
circulating TAGs in the form of chylomicrons and very-low-density lipoproteins (VLDL) to
combine and form TAGs that can be stored by the adipocytes (Luo and Liu, 2016). The enzyme
that will facilitate the hydrolyzing of the FAs from circulating TAGs is called lipoprotein lipase
(LPL) (Heeren and Scheja, 2018; Luo and Liu, 2016). This enzyme is secreted from adipocytes
and its expression is dependent on posttranslational factors like angiopoietin-like 4 (ANGPTL4)
that are actively degraded in times of fasting (Luo and Liu, 2016). ANGPTL4 has also been found
to promote intracellular lipolysis in WAT to allow for more beige adipocytes to occur in WAT
depots and enhance the EE (Heeren and Scheja, 2018). Fatty acid transporter proteins (FATPs)
are abundantly present on the surface of activated adipocytes, which allow FFAs uptake at a
much more effective rate from circulation (Heeren and Scheja, 2018). Fatty acid transport
protein-1 (FATP1) and the cluster of differentiation 36 (CD36) are both located on the plasma
membrane that intake non-esterified FAs from circulation that were broken down by LPL
(Heeren and Scheja, 2018). Insulin will also play a large role in FA uptake by activating LPL,
inducing FATPs and upregulating associated genes within the adipocytes (Luo and Liu, 2016).
Once the fatty acids are combined with glycerol, further esterification will occur through
diacylglycerol acyltransferase (DGAT) (Luo and Liu, 2016). The synthesized TAGs will then
accumulate inside the LD to remain until the body requires them. As the LD size increases in

size, this expansion can result in obesity (Luo and Liu, 2016). Due to their interplay within the
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body, systemic energy homeostasis and insulin sensitivity are a balancing act between
lipogenesis and lipolysis that must be regulated by the adipocyte (Luo and Liu, 2016).
Conditions, where the body is unable to maintain and produce AT, are called
lipodystrophies (C. R Kahn et al., 2019). These conditions show similar metabolic outcomes to
those with excess AT, such as obesity, where there is severe IR, hypertriglyceridemia, and
metabolic syndrome (C. R Kahn et al., 2019). The similar metabolic outcomes with these two
extremes showcase the need to maintain an ideal balance between too much and too little AT

for whole-body health (C. R Kahn et al., 2019).

Obesity, Immune Cells and Metabolic Homeostasis

Metabolic homeostasis is tightly connected to the immune response, especially in AT
(Brestoff and Artis, 2015). WAT has been most closely linked with the regulation of the immune
cell network related to metabolism (Brestoff and Artis, 2015). White adipocytes produce many
types of adipokines including leptin, resistin, fibroblast growth factor 21 (FGF21) and
adiponectin, all of which play key roles in regulating satiety and metabolism in the brain, kidney,
liver, pancreas and skeletal muscle (Brestoff and Artis, 2015).

WAT in lean mammals generally contains immune cells including alternately activated
macrophages, eosinophils, T-helper-type-2 cells, regulatory T-cells, and invariant natural killer T-
cells (Brestoff and Artis, 2015). While WAT in obese mammals contains classically activated
macrophages, that are recruited by adipocyte derived inflammatory mediators including MCP-1,
C-X-C motif chemokine 12, and prostaglandins (Brestoff and Artis, 2015). Once recruited, these

classically activated macrophages will engulf the hypoxic or dying cell to form crown-like
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structures (CLS) comprised of a ring of immune cells around the adipocyte (Brestoff and Artis,
2015). These immune cells will not only break down the dying adipocyte, but they will also
produce inflammatory cytokines, including TNFa, Interleukin 6 (IL-6), Interleukin 1 (IL-1B) and
other immune cells to evoke the inflammatory response (Brestoff and Artis, 2015). The main
inflammatory cytokines produced by the immune cells in obese AT will render effects throughout
the entire body, discussed in detail below. For example, circulating TNFa has been tightly
associated with obesity and IR (Brestoff and Artis, 2015). IR is especially prevalent in skeletal
muscle, liver and WAT and is associated with metabolic diseases like obesity, hypertension,

hyperglycemia, cancer and T2D (Ahmad et al., 2020; Chen et al., 2015).

Obesity

The World Health Organization (WHO) defines obesity as “an abnormal or excessive fat
accumulation that may impair health” (World Health Organization, 2022). Classification of
obesity has been classically determined through the Body Mass Index (BMI) where an
individual’s weight in kilograms is divided by the square measure of their height in meters (World
Health Organization, 2022). People with BMI’s greater than or equal to 25 are overweight and a
BMI of greater than or equal to 30 is considered obese (World Health Organization, 2022). In
terms of AT specifically, obesity is defined by Chait and Hartigh (2020) as “dysfunctional AT,
where adipocytes become hypertrophic during periods of caloric excess and secrete adipokines
that result in the recruitment of pre-adipocytes which differentiate into mature adipocytes as
compensatory protection against some of the adverse metabolic consequences of obesity” (Chait

and den Hartigh, 2020). The dysfunction that occurs in AT with obesity is normally characterized
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as a low-grade chronic inflammatory state where the high amounts of immune cells that are
localized in obese AT of both rodents and humans (Guilherme et al., 2019). The increased
cytokine levels within the obese AT will affect the nerves and therefore impair the signalling
needed for AT to communicate effectively with the brain (Guilherme et al., 2019; Villarroya et al.,
2018). This impaired signalling will affect insulin secretion, the overall function of the tissue, and
whole body metabolism (Guilherme et al., 2019).

In both obese and insulin resistant states, the increase in FAs circulating and WAT
lipolysis will amplify liver gluconeogenesis (Guilherme et al., 2019). These effects will cause the
pancreatic cells to produce insulin at a higher rate in order to counter the increased circulating
glucose. This increased insulin production cannot be maintained indefinitely, and will eventually
cause the pancreatic beta cells to lose functionality and decrease insulin production, further
promoting glucose intolerance and can lead to T2D (Guilherme et al., 2019). T2D and metabolic
syndrome are not only related to the energy balance within the tissue but also the balance
between WAT and BAT within the body (C. R Kahn et al., 2019).

The expansion of WAT depots due to the increase in TAG storage and decreased lipid
turnover can lead to hypertrophy of AT (Ghazarian et al., 2015). Hypertrophy can increase both
the inflammatory cytokines and adipokine secretions, which can further result in lead to IR and
disrupted metabolism. Glucose concentrations are also affected by WAT metabolism due to the
chronic low-grade inflammatory state, defined as mildly elevated levels of circulating cytokines
and chemokines (Chait and den Hartigh, 2020). This inflammatory state will cause the

upregulation of various immune responses which influence both glucose and insulin homeostasis
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(reviewed by Mraz and Haluzik and Ghazarian et al.) (Ghazarian et al., 2015; Mraz and Haluzik,
2014).

The macrophages within AT depots seem to be able to switch between two major
subtypes, M1 and M2, depending on the stimulation occurring within the body towards a pro or
anti-inflammatory state respectively (Guilherme et al., 2019; Villarroya et al., 2018). Both M1
and M2 macrophages are present in the tissue, however, the ratio of the two can shift in either
direction to promote or hinder whole-body metabolism (Guilherme et al., 2019). In obesity, M1
macrophages increase due to the rise in pro-inflammatory mediators, such as TNFa and
Interferon y (INFy), that will ultimately alter the composition of the depot where AT
macrophages (ATM) will render microbicidal actions (C. R Kahn et al., 2019; Villarroya et al.,
2018). This phenotype will increase the release of type 1 cytokines (such as MCP-1 and
chemotactic chemokine ligand 5 (CCL5) which will further trigger more immune cells, such as
cluster of differentiation 4 and 8 (CD4+ and CD8+) T-cells and Natural Killer cells (NK cells) to be
recruited to the AT depot and further exacerbate the inflammation (C Ronald Kahn et al., 2019;
Villarroya et al., 2018). This self-perpetuating inflammatory effect will influence the entire body
and lead to many negative metabolic outcomes (C Ronald Kahn et al., 2019; Villarroya et al.,
2018).

In situations of stress, catecholamines will act through B2-Adrenergic Receptor (32AR) on
M1 macrophages to shift to an M2 phenotype and decrease inflammation occurring within the
body (Guilherme et al., 2019). M2 macrophages are formed when type 2 cytokines, such as
interleukins 4 or 13 (IL-4 or IL-13 respectively), circulate in the tissue and polarize the M1

macrophages to exert homeostatic properties (Villarroya et al., 2018). These M2 macrophages
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are also largely found in healthy and lean AT (Villarroya et al., 2018). It is also important to note
a third group of macrophages termed metabolic macrophages (MMe) are found in WAT of obese
mammals and express high amounts of lipid metabolism proteins and are associated with anti-
infectious immune responses (Villarroya et al., 2018).

Sympathetic neuron-associated macrophages (SAMs) are a new subtype of macrophage
that will affect the sympathetic signalling from the tissue to the rest of the body (Guilherme et
al., 2019). These SAMs will decrease the sympathetic signal by lowering the availability of
catecholamines released into circulation and increasing inflammation (Guilherme et al., 2019).

The impaired signaling that occurs in obese AT will affect glucose signaling, insulin
secretion, and the overall function of the tissue (Chen et al.,, 2015; Guilherme et al., 2019).
Guilherme et al. (2019) hypothesize that the expansion of AT in obesity could also lead to the
hyperactivation of local sensory nerve fibers resulting in pro-inflammatory mediators to be
released leading to more inflammation in other body tissues (Guilherme et al., 2019). A great
deal is still unknown of the relationship between obesity and glucose metabolism, however, the
dysfunction that occurs in the entire body from this increased lipid storage is not disputed.

WAT dysfunction in obesity (i.e. storing more lipids within the LD) in combination with
decreased levels of lipolysis proteins found on the LD (i.e. PLIN) will result in obesity (Chen et al.,
2015; Czech, 2020). These dysfunctional WAT cells will decrease their rate of glucose uptake and
glycerolneogenesis in order to increase lipid storage (Czech, 2020). This decrease in glucose
uptake, in addition to an increase in FFA uptake, will have a profound impact on insulin signaling
and whole-body glucose tolerance (Czech, 2020). Lipolysis in WAT that occurs in obesity can

lead to increased glycerol and FFA that are circulating and accumulate in the liver to enhance
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glucose output through gluconeogenesis, which will further increase circulating glucose
concentrations (Czech, 2020; Guilherme et al., 2019). These effects will eventually cause
pancreatic cells to decrease insulin production (as discussed above) while inhibiting glucose
transport and further promote glucose intolerance, which can lead to T2D (Guilherme et al,,
2019). The role of T2D and metabolic syndrome may not only be related to the energy balance
within the tissue but also the relationship between WAT and BAT within the body (C. R Kahn et
al., 2019). BAT depots serve as an important point in the glucose disposal whereby active BAT
will be able to contribute to glucose disposal and oxidizing lipids in the body (Czech, 2020).
Beige AT has also been found to contribute to glucose tolerance in rodents and humans and
therefore may be a key player in the fight against metabolic diseases (Czech, 2020).

BAT has been studied for its beneficial effects on obesity and glucose metabolism. When
BAT is in an environment of chronic inflammation, studies have reported that the depot will
switch from an M2 type depot to an M1 type where macrophages and immune cells secrete type
1 cytokines thereby further enhancing the inflammatory response (Villarroya et al., 2018).

In times of stress or inflammation, adipocytes have been found to express toll-like
receptors (TLRs) (TLR4 and TLR2) that when activated, will ultimately impair Ucp1 gene
expression and activation, and hence may be involved in inhibiting the thermogenic response
(Okla et al., 2015; Rogero and Calder, 2018; Villarroya et al., 2018). This activation of TLRs will
induce a pro-inflammatory phenotype through the Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and Mitogen-Activated Protein Kinase (MAPK) signalling pathways that
will result in ER stress and further promote the release of pro-inflammatory cytokines which may

hinder thermogenic genes from being transcribed (Okla et al., 2015; Rogero and Calder, 2018).
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Due to the interaction between these inflammatory pathways and the thermogenesis response,

the connection between stress and less AT beiging is evident.

Metabolic Stress and Inflammatory Cells

When AT expands during obesity, there are inflammatory changes that occur within the
depot that contribute to chronic low-grade systemic inflammation (Chait and den Hartigh, 2020).
When the AT expands, it will be accompanied by the accumulation of inflammatory cells, with
the most predominant cell type being macrophages (Chait and den Hartigh, 2020; Kershaw and
Flier, 2004). In AT of lean mammals, 5-10% of the cells are macrophages whereas in obese AT,
this amount is greater than 60% of all cells present (Chait and den Hartigh, 2020). B-cells and
mast cells also increase in obese AT.

Metabolic disarray is associated with increasing adipocyte size and this is connected with
an increase in the inflammatory response. AT cells are associated with multiple immune cells
including T-cells, macrophages, eosinophils, neutrophils and dendritic cells. All of these cells are
present in the AT depot and help with its endocrine function. Normally, AT has cytokines IL-4, 5,
10 and 13 that are anti-inflammatory. Whereas when the tissue grows in size to the point where
it has become hypoxic, the cytokine population shifts to pro-inflammatory cytokines such as
IL-1B, IL-6 and TNFa (Hotamisligil, 2006).

The inflammatory cells are recruited to the depot in response to MCP-1 that is produced
by hypertrophic adipocytes (Chait and den Hartigh, 2020; Kershaw and Flier, 2004). MCP-1
allows for macrophages to be recruited to the tissue and accumulate around the dead or dying

adipocytes to form CLS (Chait and den Hartigh, 2020). The macrophages undergo a phenotype
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change from anti- to pro-inflammatory where they will recruit more pro-inflammatory cells to
the tissue and exacerbate the inflammation process (Chait and den Hartigh, 2020). MCP-1
promotes macrophages and monocytes to sites of inflammation during periods of tissue injury
and infection (Chait and den Hartigh, 2020). In animal studies, the circulating amounts of MCP-1
are increased in obesity which is thought to contribute to metabolic issues associated with

obesity and IR (Kershaw and Flier, 2004).

IL-6

A cytokine that can be derived from AT is IL-6, which circulates in two glycosylated forms
has a receptor that is homologous to the leptin receptor (Kershaw and Flier, 2004). AT depots
and adipocytes express IL-6 itself and the IL-6 receptors with scWAT expressing and secreting 2
to 3X times more IL-6 than VWAT (Kershaw and Flier, 2004). IL-6 circulates in high amounts in
the bloodstream with about one-third of these cytokines found to be originating from the AT
depot (Kershaw and Flier, 2004; Mauer et al., 2014). Unsurprisingly, the amount of circulating IL-
6 and its expression are positively correlated with obesity, impaired glucose tolerance and IR
(Chait and den Hartigh, 2020; Kershaw and Flier, 2004). IL-6 has been linked to IR through its
ability to reduce the expression of glucose transporter 4 (GLUT4) and the insulin receptor
substrate (IRS) 1 (Chen et al., 2015). IL-6 from AT is involved in obesity due to its role in
adipocyte expansion (Chait and den Hartigh, 2020). When adipocytes expand and undergo
excessive lipolysis, the FFA levels circulating will become elevated, which will activate IL-6
secretion (Chait and den Hartigh, 2020). Rodent studies have shown that AT-derived IL-6

promotes IR and glucose intolerance, while other studies have shown that IL-6 signalling in the
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WAT and liver may be protective against metabolic disease (Chait and den Hartigh, 2020). Both
decreased expression and circulating levels of IL-6 are associated with weight loss and the
change in plasma levels of this cytokine has been used as a predictive molecule for T2D and the
development of heart disease (Kershaw and Flier, 2004). Therefore, the body must maintain a
key concentration of IL-6 in order to mitigate chronic low-grade inflammation and macrophage
polarization (Mauer et al., 2014). Mauer et al. (2014) was able to show this balancing effect in
mice through inactivation of one of the chains of the IL-6 receptor and found that this cytokine is
an essential regulator of macrophage polarization to an M2 phenotype during inflammatory
responses. They were able to show that IL-6 is a regulator of IL-4, which is a type 2 cytokine
thereby resulting in limiting the inflammatory effect (Mauer et al., 2014).

IL-6 has been described as a batokine where BAT cells express and release this cytokine
without being released from immune cells (Villarroya et al., 2018). The role of IL-6 in BAT
activation may have positive effects on metabolism where it can sensitize the tissue to the
effects of insulin similar to the IL-6 released from skeletal muscle and ultimately act as a
regulator of inflammation via M2 macrophages in cases of obesity (Mauer et al., 2014; Stanford
and Goodyear, 2013; Villarroya et al., 2018). Previous work in Dr. Lees’ lab highlighted the tissue
specific changes in response to HFD for four weeks and the roles IL-6 and voluntary physical
activity plays in glucose tolerance and the prevention of insulin resistance (Sarvas et al., 2015). In
the study with IL-6 KO mice, lack of IL-6 results in significantly higher circulating glucose levels in
the animals who exercised compared to sedentary animals (Sarvas et al., 2015). Physical activity
prevented insulin resistance in a tissue-specific manner with the gastrocnemius and plantaris

muscles of exercised wildtype mice, however, the IL-6 KO exercised mice failed to show
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increased insulin-stimulated protein kinase B phosphorylation (Sarvas et al., 2015). These results
indicate that the beneficial effects of physical activity in skeletal muscle rely on IL-6 in order to
prevent insulin resistance under HFDs (Sarvas et al., 2015). The findings from this study
demonstrate the important role IL-6 can play in mediating insulin resistance in obesity models,
especially in skeletal muscle, but more is still to be learned. The role of IL-6 is not completely
established in BAT, however cold stimulus has been found to increase the production of IL-6 in
BAT cells and is, therefore, a key player in the AT depot’s response to different stimuli (Villarroya
et al.,, 2018). The role of IL-6 may prove to be just as critical for BAT as it is in skeletal muscle for

proper tissue functioning, but more research needs to be conducted in this area.

TNFa

TNFa is another cytokine that can be derived from AT (Chen et al., 2015). The active
protein that will render its effects through the type | and type Il TNFa receptors (Kershaw and
Flier, 2004). These receptors, both of which are expressed in adipocytes, allow for it to repress
genes that are involved in uptake and storage of nonessential FAs and glucose, in addition to
suppressing genes involved in adipogenesis and lipogenesis (Kershaw and Flier, 2004).

TNFa will also suppress genes for glucose uptake, metabolism, and FA oxidation in the
liver (Kershaw and Flier, 2004). This protein will increase the amount of serum nonesterified FAs
which will impair insulin signalling pathways, causing IR in many tissues throughout the body
(Chen et al., 2015; Kershaw and Flier, 2004). Emerging evidence points to this impairing insulin
signalling in the liver through the increased serine phosphorylation of IRS1 and IRS2, thereby

reducing their effectiveness with insulin receptor kinases, and increasing their degradation (Chen
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et al., 2015; Kershaw and Flier, 2004). This impaired insulin signalling can ultimately result in IR
(Chen et al., 2015; C Ronald Kahn et al., 2019).

TNFa is also related to obesity with the levels of it being connected to adiposity, IR and a
high body mass index (Chait and den Hartigh, 2020). The majority of TNFa is secreted by the
immune cells in the stromal vascular fraction of AT, even though the adipocytes themselves can
also secrete TNFa (Chait and den Hartigh, 2020). Obesity increases the level of TNFa due to the
macrophages adopting a pro-inflammatory phenotype, which then activates the enzyme HSL
that increases the release of FFA from the adipocytes and promotes IR (Chait and den Hartigh,

2020).

Adipokines

Adipokines are mediators of metabolic processes in the body that are secreted from AT
for distinct functions (Chait and den Hartigh, 2020; Luo and Liu, 2016). Some adipokines are
related to FA oxidation, gluconeogenesis, glucose uptake, insulin signalling, and even EE in active
tissues including the liver, skeletal muscle and brain (Chait and den Hartigh, 2020). Adipokines
are either pro- or anti-inflammatory in their classification and any imbalance is associated with
metabolic disease (Maximus et al., 2020). Many studies have noted that any impairment in the
biosynthesis of these adipokines is associated with obesity (Luo and Liu, 2016). At a cellular
level, all adipokines exert their action through receptor binding on the cell membrane that will
trigger intracellular signalling pathways within the different tissues (Luo and Liu, 2016). The two

main adipokines released from the adipocyte are leptin and adiponectin.
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Leptin

Leptin is essential for body weight regulation and energy balance as it is a satiety
hormone (Chen et al., 2015; Luo and Liu, 2016). This satiety effect is due to its ability to cross the
blood-brain barrier and target the hunger center in the brain in the hypothalamus (Guilherme et
al., 2019; C Ronald Kahn et al., 2019; Luo and Liu, 2016). This peptide hormone, expressed
exclusively by adipocytes, is released from AT to exert effects on target organs (Chait and den
Hartigh, 2020; C Ronald Kahn et al., 2019). The primary role of leptin is to act as a metabolic
signal in the body indicating energy stores are sufficient and the regulation of EE (C Ronald Kahn
et al., 2019; Kershaw and Flier, 2004; Luo and Liu, 2016). When food intake decreases, leptin
levels decrease which signals to the body that it must adapt to different physiological conditions
(i.e. increased appetite and decreased EE) (Kershaw and Flier, 2004; Luo and Liu, 2016; Simonds
et al., 2012). Leptin is secreted by adipocytes in proportion to AT mass and nutritional status
(Chen et al., 2015; Guilherme et al., 2019; Kershaw and Flier, 2004; Luo and Liu, 2016; Simonds
et al., 2012). Leptin has been found to play roles in energy homeostasis with its secretion being
influenced by many other biological factors including increasing with concentrations of insulin,
glucocorticoids (GCs), TNFa, estrogens, and decreasing with concentrations of B3AR activity, and
FFAs (Kershaw and Flier, 2004; Simonds et al., 2012).

The secretion of leptin is greater in the scWAT compared to the vVWAT depot (Kershaw
and Flier, 2004). However, leptin can also be secreted from other organs like the skeletal muscle,
intestine and stomach (Luo and Liu, 2016; Park et al., 2018; Simonds et al., 2012). It was
previously thought that leptin gene mutations were a causative factor in obesity (Khan et al.,

2019), but now it is thought of as a possible diagnostic and treatment agent inpatients with
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obesity, not the cause of obesity (Salum et al., 2021) . However, human obesity is a
multifactorial disease and has been found to be linked with leptin resistance due to insufficient
response to exogenous leptin (C Ronald Kahn et al., 2019) and leptin replacement therapy has
been indicated as a possible treatment for IR or metabolic diseases in combination with other
clinical strategies (Chen et al., 2015; Salum et al., 2021). All that being said, the exact role that
leptin plays in mediating obesity is yet to be fully uncovered.

Leptin also affects the immune system by normalizing the immune function that is
associated with malnutrition and leptin deficiency (Kershaw and Flier, 2004). Leptin will alter the
cytokine production of immune cells that will accelerate wound healing within tissues (Kershaw
and Flier, 2004). Leptin has shown protective effects in colon cancer and Alzheimer’s but has
also been negatively associated with diseases like arthritis, hypertension and atherosclerosis
(Maximus et al., 2020). Leptin also regulates neuroendocrine functions by interacting with the
Hypothalamic-Pituitary-Adrenal axis (HPA axis) (C Ronald Kahn et al., 2019; Kershaw and Flier,
2004). When fasting, leptin levels become low, signaling to the body to decrease EE and increase

food intake (C Ronald Kahn et al., 2019).

Adiponectin

Specifically expressed in high amounts within AT (especially scWAT), adiponectin is a
polypeptide that is an insulin-sensitizing hormone that affects many tissues including the heart,
skeletal muscle and liver (Chait and den Hartigh, 2020; C Ronald Kahn et al., 2019; Kershaw and
Flier, 2004; Luo and Liu, 2016). Adiponectin signals through two receptors, ADIPOR1 (primarily

expressed in muscle) and ADIPOR2 (primarily expressed in the liver) that allow for docking of the
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adaptor protein APPL1 which will activate the signalling pathway of Peroxisome Proliferator
Activated Receptor a (PPARa) leading to several metabolic effects. PPARa leads to reduced liver
gluconeogenesis, reduced WAT inflammation, increased glucose uptake in the skeletal muscle
and WAT, and increased FA oxidation in the liver and skeletal muscle (Chait and den Hartigh,
2020; Chen et al., 2015; C Ronald Kahn et al., 2019; Kershaw and Flier, 2004; Luo and Liu, 2016).
This polypeptide is inversely related to adiposity and demonstrates variations between the sexes,
with females showing higher adiponectin levels compared to males (Chait and den Hartigh,
2020). There are also inverse relationships with IR (from either obesity or lipodystrophy) where
administration of adiponectin to patients with these conditions will improve their metabolic
health (Chen et al., 2015; Kershaw and Flier, 2004). Adiponectin can also stimulate a person’s
appetite and reduce EE through actions in the central nervous system (CNS) and SNS (C Ronald
Kahn et al., 2019). Adiponectin has protective effects on IR, obesity, cancers (namely breast,
colon, and lung), atherosclerosis and hypertension (Maximus et al., 2020). Moreover,
adiponectin levels have been implicated in the pathogenesis of joint inflammation and cervical
cancer (Maximus et al., 2020). In nonhuman primates, plasma adiponectin levels decline before
IR and obesity sets in (Kershaw and Flier, 2004). This adipokine has been found to circulate in
high levels and has been shown to have anti-inflammatory and insulin-sensitizing effects (Luo
and Liu, 2016). The insulin-sensitizing effect arises from the primary target of this hormone, the
liver (Luo and Liu, 2016). Adiponectin activates Adenosine Monophosphate Activated Protein
Kinase (AMPK) and downregulates the expression of gluconeogenic enzymes, like glucose-6-
phosphate and phosphoenolpyruvate carboxylase thereby suppressing gluconeogenesis (Luo and

Liu, 2016).
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Resistin

Resistin got its name from “resistance to insulin” and is a polypeptide that plays a role in
insulin signalling and metabolism (Jamaluddin et al., 2012; C Ronald Kahn et al., 2019; Kershaw
and Flier, 2004; Luo and Liu, 2016). Resistin is the hormone secreted by activated macrophages
(in mice) and circulating monocytes and tissue macrophages and bone marrow cells (in humans)
contained within obese AT (Chait and den Hartigh, 2020; C Ronald Kahn et al., 2019; Luo and Liu,
2016). Resistin is related to insulin signalling as it has been correlated with IR in both mice and
humans, with increased plasma concentrations found within obese models (Chait and den
Hartigh, 2020; Luo and Liu, 2016). Resistin can also upregulate inflammatory cytokines like TNFa
and IL-6 in macrophages and monocytes and is positively associated with circulating TNFa (Chait
and den Hartigh, 2020). Resistin has shown protective effects in Alzheimer’s disease but is

associated with IR, kidney failure, arthritis and depression (Maximus et al., 2020).

Fibroblast Growth Factor 21 (FGF21)

FGF21 is an endocrine hormone that is involved in the regulation of lipids, glucose, and
overall energy homeostasis (Chait and den Hartigh, 2020; Huang et al., 2017). Due to its diverse
range of effects on metabolism, FGF21 has been linked to the liver, skeletal muscle and AT (Luo
and Liu, 2016). The main source of FGF21 is from the liver which secretes it when it is
metabolically stressed, such as during times of fasting, or protein restriction (Chait and den
Hartigh, 2020; Huang et al., 2017). In its role as an adipokine, FGF21 will induce the thermogenic

gene program in both BAT and ingWAT when exposed to cold temperatures (Huang et al., 2017;
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Luo and Liu, 2016). The exact mechanism is unclear, however, FGF21 will upregulate PGCla in
ingWAT, thereby facilitating beiging (Huang et al., 2017; Luo and Liu, 2016). There is some
speculation that WAT and BAT may also secrete FGF21 as the levels of this hormone become
elevated as obesity develops in both mice and humans (Chait and den Hartigh, 2020; Huang et

al., 2017).

Other Factors

Other important growth factors in the AT depot include bone morphogenic proteins
(BMPs) and vascular endothelial growth factors (VEGFs) (Khan et al., 2019). BMPs play roles in
differentiation and adrenergic response in both WAT and BAT (Khan et al., 2019). BMP2 and
BMP4 are important for WAT differentiation, BMP7 for BAT development, and BMP8b enhances
the B3AR response of BAT (C Ronald Kahn et al., 2019). VEGF-A is an angiogenic factor within
WAT and BAT that is essential for circulation within the AT depot (C Ronald Kahn et al., 2019).

Inflammatory responses are also found to affect the lymphatic system which is linked to
obesity and associated metabolic syndromes (Kataru et al., 2020). Obesity increases the amount
of low-grade chronic inflammation, which will lead to the accumulation of inflammatory cells
around the lymphatic vessels found in scWAT, resulting in their impaired function (Kataru et al.,
2020). Kataru et al. (2020) note studies involving the lymphatic response with AT inflammation
(Kataru et al., 2020). VEGF-A and VEGF-C are increased in obese individuals and VEGF-C has
been found to be linked to macrophage infiltration and IR in scWAT (Kataru et al., 2020). It
appears as though overexpression of any of the VEGF subtypes in AT may lead to increase

lymphangiogenesis in WAT which can result in improved lymphatic function and therefore
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decrease metabolic associated problems (Kataru et al., 2020). In vivo experiments noted by
Kataru et al. (2020) show that obesity-induced lymphatic dysfunction may be reversible as HFD
studies whose subjects are either undergoing caloric restriction or exercise will show improved
lymphatic function (i.e. less lipids leaking from damaged lymphatic vessels, which in turn will
cause increased adipogenesis) (Kataru et al., 2020). If obesity can be mitigated, through
pharmaceutical or lifestyle changes, it is believed that the inflammatory changes will have a wide

range of systemic effects (Kataru et al., 2020).

Adipogenesis

The cellular process by which pre-adipocytes commit to becoming mature adipocytes is
defined as adipogenesis (Lowe et al., 2011; Luo and Liu, 2016; Rosen et al., 2002). This process is
critical for the energy homeostasis and balance of mammals and must be regulated to effectively
regulate metabolic function (Ahmad et al., 2020; Luo and Liu, 2016). Each year, approximately
10% of adipocytes turn over, so ensuring proper functionality of these cells is critical for healthy
metabolism (Ahmad et al., 2020; Lowe et al., 2011). Adipogenesis is a regulatory process known
to involve numerous transcriptional factors including PPARy and CEBPa (Rosen et al., 2002).
PPARy has been thought of as the master regulator of adipogenesis due to its ability to induce
fibroblast differentiation (Luo and Liu, 2016; Rosen et al., 2002). This regulator is involved in all
adipogenic mechanisms including CEBPs, PRDM16, Kruppel-like factors (KLFs) and GATA
transcription factors (named after the consensus DNA-binding sequence) that together play a
role in adipocyte gene expression, lipid accumulation and insulin sensitivity (Luo and Liu, 2016;

Rosen et al., 2002). Due to its central role in adipogenesis, PPARy is a potential therapeutic
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target for obesity-linked metabolic disorders (Luo and Liu, 2016). One of the classes of PPARy
agonists is thiazolidinediones (TZDs), which were originally shown to improve insulin sensitivity
and glucose tolerance through PPARYy stimulation, however, these drugs had severe side effects
and could not be directly used to target obesity-related illnesses (Luo and Liu, 2016).

The adipogenic agonist, CEBP is a transcription factor that works together with PPARy to
allow for adipogenesis and adipocyte differentiation to occur (Luo and Liu, 2016; Rosen et al,,
2002). Isoforms of CEBPs are upregulated by PPARy which then leads to further PPARy
transcription and other adipogenic essential genes (Luo and Liu, 2016) that promote pre-
adipocytes to mature and contribute to whole-body metabolism.

In primary cell culture, PRDM16 is a transcriptional co-regulator that forms a
transcriptional complex with CEBPB and selectively initiates myoblasts to switch to brown
adipocytes (Luo and Liu, 2016). PPARy has a central role in regulating this gene where rodent
studies have indicated that without a functional version of this transcription factor, brown
adipocytes exposed to cold will appear as white adipocytes with a unilocular LD and decreased
UCP1 expression (Jeanson et al., 2015). White adipocyte genes are suppressed by PRDM16 by its
binding with C-terminal binding proteins (CTBP1 and CTBP2) but can be displaced when PPARy
co-activators PGCla and PGC1 are recruited to the cells and activate brown adipocyte genes
(Luo and Liu, 2016). PGCla is essential for thermogenesis, not differentiation, as it is the co-
activator of thermogenic and mitochondrial biogenesis genes (Luo and Liu, 2016). A co-regulator
of PRDM16 is PGCla, which been found to be essential for UCP1 activation (Jeanson et al.,

2015).
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Adipogenesis is also influenced by the unfolded protein response (UPR) that is activated
when stress causes the unfolded proteins to accumulate in the ER (Lowe et al., 2011). This
response has multiple arms that are all implicated in adipocyte development (Lowe et al., 2011).
One arm is the Pancreatic EIF2-a kinase (PERK) that will reduce the rate of protein synthesis to
and in turn reduce the expression of lipolytic enzymes and therefore amplify lipid accumulation
within the adipocyte (Lowe et al., 2011). Another arm of the UPR involves the inositol requiring
1 (IRE1) enzyme and x-box-binding protein 1 (XBP1) that will target CEBPJ in adipogenesis and
causes increased lipid accumulation and a decrease in UCP1 expression in BAT (Darlington et al.,

1998; Lowe et al., 2011).

Mitochondrial Biogenesis

Being the powerhouse of the cell, the mitochondria are essential in cellular functions
ranging from energy production to homeostasis of biomolecules and antioxidants (Cameron et
al., 2016; Dominy and Puigserver, 2013). Located in the cell as a double membrane-enclosed
organelle, the mitochondria have their own circular DNA molecule (mitochondrial DNA) and can
auto replicate (Dominy and Puigserver, 2013; Jornayvaz and Shulman, 2010). Mitochondrial
biogenesis was defined to be the “growth and division of pre-existing mitochondria” (Jornayvaz
and Shulman, 2010). The ability for this biogenesis to occur will require many proteins, encoded
in the nucleus and synthesized in the cytosol, in order to efficiently increase the size and mass of
mitochondria within the cell (Jornayvaz and Shulman, 2010). Mitochondrial biogenesis is
affected by changes in temperature, oxidative stress, and caloric restriction (Jornayvaz and

Shulman, 2010). This process is regulated by nuclear-based gene expression of signalling
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pathways that will allow the mitochondria to respond to the different stimuli that will promote
the mitochondrial mass and size to increase. Nuclear respiratory factor 1 (NRF-1) is an important
regulator of the many proteins that make up the ETC, and proteins that are important for
mitochondrial biogenesis (Dominy and Puigserver, 2013). NRF-2 is another nuclear factor that
will regulate the expression of mitochondrial complex IV cytochrome ¢ oxidase (Dominy and
Puigserver, 2013). Both of these NRFs will promote the expression of mitochondrial
transcription factor A (mtTFA) and factor B (mtTFB) which will regulate and increase the
transcription of mitochondrial DNA (mtDNA) (Dominy and Puigserver, 2013; Jornayvaz and
Shulman, 2010). Nuclear hormone receptors also play a role in mitochondrial biogenesis,
especially the perioxisome proliferator-activated receptors (PPARs) (Dominy and Puigserver,
2013). Most notably, PPARy will induce mitochondrial biogenesis in the BAT and WAT depots
(Dominy and Puigserver, 2013). The cAMP activator transcription factor CREB will also promote
mitochondrial biogenesis through its effect on various genes and proteins involved in B-oxidation
(Dominy and Puigserver, 2013; Lowell and Spiegelman, 2000).

Another one of the major regulators of this process is the PGCla (Cao et al., 2004;
Dominy and Puigserver, 2013; Jornayvaz and Shulman, 2010; Wang et al., 2019). PGCla will
activate NRF-1 and NRF-2 which will increase mitochondrial transcription factors to stimulate
mitochondrial biogenesis and enhance the activation of these biogenesis genes (Dominy and
Puigserver, 2013; Jornayvaz and Shulman, 2010). When the PGCla protein is phosphorylated, it
will act as a co-activator for PPARy, which is bound to the UCP1 promoter, and this will allow for
Ucpl and other thermogenic genes to be transcribed (Cao et al., 2004). PRDM16 is a regulator

of BAT’s selective transcription factors like PPARy, CEBP, and PGCla (Wang et al., 2019).
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PRDM16 can be bound to both PPARy and CEBPs which makes it a co-regulator of these factors
(Wang et al., 2019). CEBPB is especially important for beiging, as it will bind with PRDM16 and
induce PPARy and PGCla in preadipocytes (Y. H. Lee et al., 2014b, 2014a). When PRDM16 is
activated through CREB/ATF2, it will also activate the transcription of thermogenic genes like
Ucpl and Pgcla (Wang et al., 2019). PGCla has been deemed essential for the mitochondrial
biogenesis pathway to occur in response to cold and exercise and has been a key target of this
process (Jornayvaz and Shulman, 2010).

The cAMP-PKA pathway has been heavily involved in the activation of mitochondrial
biogenesis as it will phosphorylate the CREB transcription factor and promote mitochondrial
gene transcription (Dominy and Puigserver, 2013). The protein p38 mitogen-activated protein
kinase (p38MAPK) will also increase the expression of PGC1la and mitochondrial proteins
(Jornayvaz and Shulman, 2010). The sirtuin silent mating type information regulation 2
homologue 1 (SIRT1) has also been found to play a role in activating PGCla for mitochondrial
biogenesis and respiration (Dominy and Puigserver, 2013; Jornayvaz and Shulman, 2010). The
SIRT1 protein can be imported into the mitochondria and will increase during fasting to activate
PGCla directly (Dominy and Puigserver, 2013; Jornayvaz and Shulman, 2010). AMPK has also
been found to play a role in mitochondrial biogenesis when it is chronically activated (Dominy
and Puigserver, 2013). When this signalling molecule is phosphorylated at a high rate, PGCla will
become activated and in turn increase mitochondrial biogenesis (Dominy and Puigserver, 2013).
The activation of PKA through this pathway will also enhance PGCla expression through CREB,

which will account for 30% of the cAMP response in BAT cells (Dominy and Puigserver, 2013).
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Pharmacological compounds known to target the mitochondrial biogenesis pathways
have gained popularity for their possible beneficial effects in treating metabolic syndromes.
Activators of PPARy, TZDs, namely rosiglitazone and pioglitazone have been found to increase
the activation of PGCla in human scWAT (Jornayvaz and Shulman, 2010). These drugs normally
used in the treatment of T2D will lead to increased mtDNA, reduced mitochondrial reactive
oxygen species (ROS), and increased activity of AMPK (Jornayvaz and Shulman, 2010).
Metformin has also demonstrated increased mitochondrial biogenesis indicating that these
PPARy agonists are potentially useful in stimulating this biological process in humans (Jornayvaz
and Shulman, 2010). More work is currently being done in this area to investigate possible

therapeutics that can increase mitochondrial biogenesis and mitigate metabolic diseases.

Central Nervous System and Adipose Tissue

Recent advances in AT’s role in paracrine signalling have been reviewed by Guilherme et
al. (2019) which indicate the potential for novel metabolic therapies. In addition to BAT being
highly innervated, the emergence of beige AT proves the CNS’s role in combating prevalent
metabolic diseases (Guilherme et al., 2019). The lipid metabolism in adipocytes communicates
with the local nerve fibers that send signals to the CNS and cause the activation of many
pathways (Guilherme et al., 2019). If beiging is activated in WAT to increase lipolysis, the CNS
might communicate with BAT depots to regulate its metabolic activities (Guilherme et al., 2019).

The state of AT is communicated to the brain through two mechanisms, through leptin
and adiponectin, and through the sensory innervation of AT to signal to the CNS (Guilherme et

al., 2019). When a white adipocytes store lipids during food intake, leptin will be secreted from
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the WAT depot in proportion to the adipocyte size, and act on the hypothalamus to regulate
appetite (Guilherme et al., 2019). When leptin is secreted, appetite decreases and promote
increased EE (Guilherme et al., 2019). This key process where AT communicates with the brain

gives way for tissue activation and for NST to occur.

BAT Activation and Nonshivering Thermogenesis

BAT is able to render the ability to produce heat through the induction of the NST
pathway. In this pathway, cold temperatures will signal the SNS to release NE from the nerve
fibers that are within the AT depot, which in turn will start the NST signalling pathway (Heeren
and Scheja, 2018; Lowell and Spiegelman, 2000; Luo and Liu, 2016). NE will bind with the B3AR
and in turn, will activate adenylyl cyclase, an enzyme with key regulatory roles in essentially
all cells (Luo and Liu, 2016). ATP will be converted to 3’,5’-cyclic AMP (cAMP) and
pyrophosphate where PKA will be activated by cAMP (Luo and Liu, 2016). PKA will stimulate the
gene transcription of Ucpl and induce lipolysis to release FFAs from the LD which will be
transported to the mitochondria and activate thermogenic protein UCP1 (Luo and Liu, 2016).
UCP1 dissipates the proton gradient from the ETC to produce heat rather than ATP from the
oxidation of FFAs (Ro et al., 2014). Thermogenic genes are enhanced through PPARy, thereby
allowing for more thermogenesis to occur (Luo and Liu, 2016). Acutely, activation of the B3ARs
will increase lipolysis and the activation of UCP1 (Lowell and Spiegelman, 2000). Whereas
chronic activation of B3ARs will increase Ucpl gene transcription, mitochondrial biogenesis,
hyperplasia of BAT, and will recruit beige adipocytes into WAT depots (Lowell and Spiegelman,

2000).
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When brown adipocytes use their intracellular energy stores, they use de novo
lipogenesis and glycogen synthesis to uptake circulating glucose and FFAs from either WAT or
triglyceride-rich lipoproteins (Peng et al., 2015). PKA will also activate the CREB transcription
factor to further regulate the Ucpl gene transcription (Cao et al., 2004; Y. H. Lee et al., 2014b,
2014a; Wang et al., 2015). PKA will also activate the p38MAPK signaling pathway which will
become phosphorylated and further induce Ucp1 transcription (Cao et al., 2004; Collins, 2011;
Jeanson et al., 2015; Wang et al., 2019). This transcription is described by Cao et al. (2004) to be
a combination of the phosphorylation of Activating Transcription Factor 2 (ATF-2) and PGCla
together to directly allow for Ucp1 transcription (through PPARy), while the phosphorylation of
ATF-2 will further enhance the mitochondrial biogenesis to occur by allowing for more Pgcla
genes to be transcribed (Cao et al., 2004; Y. H. Lee et al., 2014b, 2014a).

The NST that occurs within BAT and beige AT contributes to glucose uptake in the body
which further exempilifies its role in whole-body metabolism (Luo and Liu, 2016). BAT
contributes to glucose uptake in the body due to it being an insulin-responsive tissue. When
blood glucose concentrations rise in the body, insulin will also increase and bind to the adipocyte
stimulating the GLUT4 receptor to bring more glucose into the adipocyte. The glucose will be
converted to glucose-6-phosphate and then undergo glycolysis where it will be converted by
pyruvate dehydrogenase into acetyl CoA that can enter the Kreb’s cycle or form FFAs. Once in
the Kreb’s cycle, acetly CoA will undergo a series of chemical reactions that will eventually lead
to the formation of ATP. The Kreb’s cycle will also allow the cell to make more ATP through the

ETC, or the FFAs will stimulate UCP1 further, thereby inducing NST even more.
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Beiging/ Browning

Introduction

The beiging process of AT is completely facilitated through the UCP1 protein, originally
only thought to be found in BAT. The thermogenic potential this protein extends to the body has
huge implications in metabolism and with metabolic diseases. The process of stimulating beiging
has gained increasing interest from the research community as beige AT cells could contribute to
fat catabolism and potentially reduce the number of lipids stored in WAT depots (Chait and den
Hartigh, 2020). Activating these types of cells within the AT could be a possible treatment for
promoting weight loss in patients with obesity (Chait and den Hartigh, 2020). The high level of FA
oxidation that occurs in BAT and beige cells will decrease the number of lipids stored in
peripheral tissues and increase glucose tolerance, which can impact whole-body metabolism
(Guilherme et al., 2019). Activation of the beige adipocytes can occur through repeated
activation of the B3AR pathway with CE, or with B3AR agonists that are pharmaceutically derived
(Chait and den Hartigh, 2020; Luo and Liu, 2016). The process of beiging occurs through the NST
pathway where the B3AR will activate PKA to induce lipolysis and activate UCP1 (Luo and Liu,
2016).

An important peptide secreted by adipocytes to stimulate angiogenesis and promote
sensory nerve density to increase within the cells is VEGF (Guilherme et al., 2019). This
hormone’s role in AT has been investigated over the last decade and proven to be important for
the control of energy metabolism and glucose tolerance, but further investigations are needed

to fully understand its effects (Guilherme et al., 2019).
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The beiging of AT is an adaptive and reversible response to environmental challenges put
onto the tissue (Bartlet and Heeren, 2013). Specific WAT depots are prone to altering their
phenotype to develop a higher number of mitochondria and have more thermogenic potential
(beiging) (Bartlet and Heeren, 2013). Brown adipocytes can also be altered to increase their lipid
storage to morphologically resemble white adipocytes that are less thermochemically active,
called whitening (to be discussed below) (Bartlet and Heeren, 2013). These processes are
dependent on environmental challenges, such as cold temperatures for browning or a HFD for
whitening. Adaptation to cold can also be pharmacologically mimicked by treatment with a B3AR
agonist, whereas the absence of cold stress (thermoneutrality) reduces the rate of
thermogenesis and leads to deposition of excess calories as lipids (Bartlet and Heeren, 2013).
Activating beige adipocytes within the AT could be a possible treatment for promoting weight
loss in patients with obesity (Chait and den Hartigh, 2020). Activation of the beige adipocytes
can occur through repeated activation of the B3AR pathway with CE, exercise, or with B3AR
agonists that are pharmaceutically derived (Chait and den Hartigh, 2020).

The study of inducing beige AT has gained popularity given today’s obesity pandemic.
Two natural stimuli that have been examined are exercise training and CE as both are involved in
BAT activation and metabolism (Jeanson et al., 2015; Peres Valgas da Silva et al., 2019). CE is the
conventional stimulator of BAT due to the thermogenic capabilities to consume glucose and FFAs
for thermogenesis and EE (Peres Valgas da Silva et al., 2019). But exercise also causes
adaptations in the body, and in AT, that lead to increased physiological stress, BAT activity, and
possibly beiging in WAT (Bostrom et al., 2012; De Matteis et al., 2013; Jeanson et al., 2015; Peres

Valgas da Silva et al., 2019). Pfeifer and Hoffman (2014) note the anti-obesity effect of B3AR
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agonists for inducing lipolysis and brown adipocytes found in humans, dogs, rats and mouse
scWAT depots.

The effects of exercise on BAT has shown conflicting results in regards to its effects on
glucose uptake (Peres Valgas da Silva et al., 2019). Exercise has been shown to cause changes
such as altering mitochondrial content and activity that indicate it could be implicated in beiging
of WAT (Jeanson et al., 2015; Peres Valgas da Silva et al., 2019). However, there have been
studies demonstrating that exercise induces changes in metabolic parameters such as BAT lipid
structure and decreased lipid metabolism, which are opposite to the effects exerted by CE (Peres
Valgas da Silva et al., 2019). Rodent studies with both lean and obese animals show conflicting
results with exercise-induced beiging studies, which furthers the need for research in this area
(Peres Valgas da Silva et al., 2019). Current studies with acute and chronic exercise models yield
varying effects on the markers of beiging, such as UCP1, PGCla and PRDM16 (Peres Valgas da
Silva et al., 2019). Muscle hormones irisin, lactate and meteorin-like hormone have also been
found to have beiging effects in WAT, however, studies yield conflicting results on the exact
mechanism for this pathway (Jeanson et al., 2015).

Other conditions inducing beiging that have been identified cachexia and severe burn
(Jeanson et al., 2015). Cachexia and the associated chronic inflammation will cause atrophy of
the muscles and fat depots which will result in wasting syndromes (Evans et al., 2008; Jeanson et
al., 2015). Saraf et al.(2016) demonstrated the morphological effects of the severe burn injury
on scWAT in children and classify their associated tissue level cytokine concentrations (Saraf et
al., 2016). Even though the scWAT decreased in size from the burn injury, the morphological

changes that occurred in the WAT depot that remained beige-like in their phenotype where they
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observed multilocular LDs and showed significantly reduced cell size (Saraf et al., 2016). They
also reported significant increases in the cytokines IL-6, IL-8, IL-13, IL-1a, IL-13, MCP-1 and TNFa,
which are associated with tissue inflammation (Saraf et al., 2016). IL-6 is a key regulator of
beiging in cases of inflammation, and may also be part of the pathways amplified in patients with
severe burns in addition to hypermetabolic and hyperthermia body responses (Jeanson et al.,
2015; Porter et al., 2015; Saraf et al., 2016; Sidossis et al., 2015). Song et al. (2017) also noted
that chronic inflammation from cancer can induce beiging, possibly from increased IL-6
concentrations (Song et al., 2017). The level of stress associated with both cachexia and severe
burn injuries also gives the possibility of the HPA axis and prolonged stress response playing a

role in the beiging response (Jeanson et al., 2015; Saraf et al., 2016; Sidossis et al., 2015).

Cold Exposure Studies for Inducing Beiging

CE studies on BAT and now beige AT have gained popularity in recent years. These
studies in rodents utilized temperatures ranging from 4-7°C. Notable rodent studies have found
CE can affect body size, adipokine secretion, circulating metabolites and induce beiging genes
(Beaudry et al., 2019; Defour et al., 2018; Flachs et al., 2017; Hui et al., 2015; Imai et al., 2006;
Schulz and Tseng, 2013). One study exposed mice to varying durations of CE and reported that
messenger ribonucleic acid (mRNA) changes in adiponectin will occur as early as 6 hours post CE
and increase exponentially with longer cold acclimation, with protein adiponectin levels
increasing with time (Hui et al., 2015). This study also observed that CE will selectively induce
adiponectin production in scWAT which will mediate the cross-talk between M2 macrophages

and the adipocytes and therefore plays a key role in signaling during adaptive thermogenesis
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(Hui et al., 2015). Acute CE shows promising metabolic effects as early as 2 hours where lipid
metabolism becomes activated in both BAT and WAT (Lu et al., 2017). Schultz et al. (2013)
demonstrated that under chronic cold challenge for 48 hours, mice can achieve normal body
temperature through rapid activation of NST (Schulz and Tseng, 2013). Imai et al. (2006)
reported that the bodyweight of mice was decreased after 12 hours of CE but this decrease did
not remain at 24 hours, possibly due to increased food intake in CE mice (Imai et al., 2006).
Another study found that the mass of WAT was decreased with CE of 2 and 7 days, although
TAG-rich lipoprotein levels initially decreased, they were normalized by day 7 of the study (Flachs
et al.,, 2017). Flachs et al. (2017) also noted that there were only small differences observed with
C57BL/6J mice in their CE studies, whereas A/J obesity-resistant mice illustrated larger changes
in response to cold. Indicators of beiging, such as PPAR genes, have been found to increase in CE
within the ingWAT depot when mice were exposed to cold for 10 days (Defour et al., 2018;
Flachs et al., 2017). CE for 3.5 weeks continuously has been found to significantly decrease
ingWAT mass and BAT adipocyte size (Cline et al., 2019).

CE studies have also gained popularity within the microbiology community where gut
microbiota has been found to drastically change with CE (Chevalier et al., 2015). Prolonged CE
appears to induce changes within the intestine where villi increase in length and the microbiota
profile is altered due to the increased energy demand of the cold temperature (Chevalier et al.,
2015). This altered microbiota appears to increase the insulin sensitivity and beiging of WAT,
even when transplanted to a non-cold induced mouse (Chevalier et al., 2015).

Obesity has been a promising target of cold-induced beiging, so intermittent CE (ICE)

studies have been conducted as a more physiologically relevant method of AT stimulation.

62



Ravussin et al. (2014) conducted ICE studies on diet-induced obesity (DIO) mice for 11 weeks.
They determined that ICE activated BAT and had a transient effect on improved glucose
homeostasis (Ravussin et al., 2014). Increased EE was noted in other studies when animals were
exposed to cold temperatures, with some studies noting increased food intake as well (Presby et
al., 2019; Ravussin et al., 2014). If accompanied by decreased food intake, ICE could be a possible
means to achieve weight loss and better metabolic status (Ravussin et al., 2014). ICE for 2 hours
a day for 14 weeks was found to induce beiging in ingWAT (indicated through increased UCP1
and PGCla expression), improve glucose tolerance, and enhance insulin sensitivity in C57BL/6)J
mice (Wang et al., 2015). The body weight gain of these mice did not change, however, the
average cell size of ingWAT was decreased with CE (Wang et al., 2015). This study did note that
the ICE had to be applied for more than 7 weeks to see significant effects, less than this time
would not yield any promising results (Wang et al., 2015). The timing of beiging is a very
important factor as the ability for adipocytes to be induced to express UCP1 declines with age.
Yoo et al. (2014) conducted ICE experiments where they gradually increased the number of
times mice were subjected to cold from 3 hours on the first day, to up to 6 hours for 8-10 days
(Yoo et al., 2014). This study found beige adipocytes in scWAT with enhanced Ucp1 gene
expression, however, they also found that CE appeared to increase lipogenesis between the
exposure times and led to increased fat accumulation (Yoo et al., 2014). Berry et al. (2017)
conducted a study on mice either 2 or 7 months old and exposed them to cold temperatures for
7 days (Berry et al., 2017). The cold increased BAT weight in both sets of mice, but the older mice
did not have as many WAT UCP1 positive cells and the ability to become beige declined

significantly (Berry et al., 2017). If this aging effect observed in the mouse model can be
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translated to humans, a 7-month-old mice might approximate a human in their mid-30s, (Berry
et al., 2017). This effect has been observed in human stromal cells where their beiging
capabilities were found to decrease with age (Berry et al., 2017).

Since obesity is accompanied by hypertrophic and stressed adipocytes, Kotzbeck et al.
(2018) investigated the effects of inflammation in C57BL/6J and ATGL knock-out (KO) mice
exposed to 10 days of CE (Kotzbeck et al., 2018). They were able to see fewer CLS and more
multilocular adipocytes in BAT in mice that were exposed to cold temperatures compared to
warm-temperature mice (Kotzbeck et al., 2018). This study also examined the whitening effect
of AT where warm temperatures induce phenotype changes transitioning the active BAT to
increase its amount of lipids store (Kotzbeck et al., 2018). CLS were found to drastically increase
in both BAT and ingWAT depots of warm temperature treated mice indicating that macrophages
infiltrated both tissues, leading to a more inflammatory state (Kotzbeck et al., 2018).

A notable human study with beiging induced through cold temperatures was conducted
by Chen et al. (2013) where they used '8F-Fluorodeoxyglucose (['8F]-FDG) imaging to determine
if a mild decrease in ambient temperature was enough to induce BAT activation (Chen et al.,
2013). They exposed participants to 19°C for 36 hours before undergoing ['®F]-FDG imaging
(Chen et al., 2013). The mild decrease in temperature was found to increase BAT activity and
activate the SNS (determined through increased cortisol and NE concentrations) (Chen et al.,
2013). Blondin et al. (2014) found that the oxidative capacity of BAT in cold-acclimated humans,
exposed to 10°C for 2 hours per day for 4 weeks, 5 days per week (Blondin et al., 2014). This
study reported a 45% increase in BAT volume and activity throughout the experiment in addition

to increased glucose uptake, measured through [*®F]-FDG imaging, yielding the possible
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implications for activating BAT in humans (Blondin et al., 2014). The application of CE studies in
diseased human populations has been observed in patients with T2D where 10 days of daily CE
was able to increase the amount of glucose removed from circulation through insulin-mediated
uptake (Chondronikola et al., 2014; Fernandez-Verdejo et al., 2019). However, in order to use CE
as a means to activate human AT, the compliance with repeated exposure to cold temperatures
would not yield much tolerance, making the feasibility of this methodology relatively low.
Fernandez-Verdejo et al. (2019) make a notable point when reviewing human studies that have
investigated BAT’s role in energy metabolism in that thermoneutral conditions are likely a
common condition when measuring active BAT and may be the reason for such a small amount
of BAT being detected (Fernandez-Verdejo et al., 2019). CE that does not induce shivering, for
humans being between 16-19°C, has been now deemed the standard for BAT determination
hopefully alleviating this possible error in BAT measurements (Chen et al., 2016; Fernandez-
Verdejo et al., 2019). Another issue when determining active BAT or beige AT in humans is the
lack of understanding when it comes to how long these beige cells will take to become fully
activated with CE (Fernandez-Verdejo et al., 2019). Leitner at al. (2017) note that some beige
AT (as measured through ['®F]-FDG imaging) is inactive with 5 hours of CE in humans, thus
indicating that long term CE may be needed for this tissue to become fully active, which would
not be achievable or pragmatic in human subjects (Fernandez-Verdejo et al., 2019; Leitner et al.,

2017).
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Figure 3: 83-Adrenergic signaling in BAT in response to cold and mirabegron.

The B3-adrenergic receptor (B3AR) is activated by either mirabegron (M) or Norepinephrine (NE)
which will cause a confirmational change of the G-protein coupled receptor and initiate a
signaling cascade. Protein kinase A (PKA) will phosphorylate the cAMP response element
binding protein (CREB) or activate protein p38 mitogen-activated protein kinase (p38MAPK).
Active p38MAPK will subsequently phosphorylate activating transcription Factor 2 (ATF2) or
peroxisome proliferator-activator receptor-gamma coactivator-1a (PGCla). Phosphorylated
CREB, ATF2, or PGCla will enter the nucleus and bind to subsequent transcription factors
including including Peroxisome Proliferator Activated Receptor y (PPARy) and PR domain zinc
finger 16 (PRDM16) allowing for the translation of proteins UCP1 and PGCla. UCP1 will travel to
the mitochondria where it will uncouple the electron transport chain (ETC) and allow for the
production of heat. PKA will also activate hormone sensitive lipase (HSL) which will be
translocated from the cytosol to the lipid droplet where it will phosphorylate perilipin allowing
for the breakdown of stored triglycerides (TAG) to occur. The mitochondria contains high
amounts of the enzyme citrate synthase (CS). When insulin binds to the insulin receptor, a series
of reactions will allow for translocation of glucose transporter 4 (GLUT4) to the cell membrane
allowing for increased amounts of glucose to enter the cell in order to be used to make ATP in
the mitochondria.
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Other Models for Inducing Beiging

In order to combat the discomfort and likely limited participation associated with
subjecting humans to CE, pharmacological treatments have been investigated to mimic the
effects CE has on the body. B3AR agonists have been reported to increase heart rate, systolic
blood pressure and induce non-selective activation of other BARs, while others have been
deemed impractical (Chait and den Hartigh, 2020; Fernandez-Verdejo et al., 2019). However,
mirabegron is the one compound that shows promising results with less unwanted side effects
observed. Figure 3 illustrates the signaling occurring within BAT when CE or mirabegron are
administered (Bel et al., 2021). For this reason, B3AR agonists in the form of pharmaceutical
compounds have begun to be explored in order to have a greater effect on patients in need of
AT activation (to be discussed further below).

A wide variety of natural and pharmaceutical compounds, immune responses and
methods of gene therapy have been explored for their thermogenic inducing capacity. Natural
compounds including berberine, capsaicin and capsinoid, curcumin, green tea and resveratrol
have shown some thermogenic properties (Brandao et al., 2021). Pharmacological compounds
including B3AR agonists and Glucagon-like peptide 1 receptor agonists have been explored for
their their thermogenic/ anti-obesity capabilities (Brandao et al., 2021; Schena and Caplan, 2019;
Warner and Mittag, 2016). B3AR agonists can induce thermogenesis but have been reported to
increase heart rate, systolic blood pressure and induce non-selective activation of other BARs
(Chait and den Hartigh, 2020; Fernandez-Verdejo et al., 2019). However, mirabegron is the one

compound that shows promising results with fewer unwanted side effects observed.
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Mirabegron and Beiging

Mirabegron, a B3AR agonist originally intended as an over-active bladder drug, has been
identified as a potential beiging agent for AT. Numerous studies have noted the possible use of
mirabegron to increase beige AT (Finlin et al., 2018). In healthy individuals, Cypess et al. (2017)
found that 200mg of mirabegron was able to increase the EE, glucose uptake in BAT, and BAT
thermogenesis which led them to investigate whether this agent could be used in the treatment
of obesity (Cypess et al., 2015). Calmasini et al. (2017) used mirabegron in C57BL/6 mice to
determine its effects in cases of obesity (Calmasini et al., 2017). Mirabegron was administered
through oral gavage daily at a dose of (10mg/kg/day) over the last two weeks of 12 weeks on a
HFD (Calmasini et al., 2017). Their results indicated that low density lipoprotein (LDLP) and high-
density lipoprotein (HDL) plasma levels were reduced with mirabegron treatment, proving its
beneficial cardiovascular effects, in addition to a reduction in epididymal AT (Calmasini et al.,
2017). Arecent study conducted by Hao et al. (2019) used both in vivo and in vitro methods to
determine the metabolic effects of mirabegron in cases of HFD-induced obesity (Hao et al.,
2019). Through their in vivo studies, mirabegron was administered for 3 weeks at 2mg/kg/day
through ALZET osmotic pumps to male C57BL6/J mice before metabolic and histological
parameters were investigated (Hao et al., 2019). The histological results indicated that the BAT
of mirabegron treated mice displayed smaller LDs and were fewer in number, in addition to an
appearance of beige cells within the ingWAT depot compared to vehicle-treated mice (Hao et al.,
2019). The gene expression of Ucpl was significantly increased in ingWAT, indicating beiging

occurred within this depot (Hao et al., 2019). Glucose tolerance and insulin sensitivity were also
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improved with mirabegron treatment indicating beneficial effects on whole-body metabolism
(Hao et al., 2019). Mirabegron-treated mice displayed lower body weights and less adiposity
than vehicle mice (Hao et al., 2019), indicating this drug can mitigate some of the effects on DIO.
However, the mechanism of mirabegron action on glucose homeostasis and insulin signalling
remains unknown (Hao et al., 2019). A study conducted on humans by Baskin et al. (2018) found
that mirabegron can mitigate some of the obesity-related complications through increasing WAT
lipolysis, and BAT thermogenesis (Baskin et al., 2018). This study noted that the BAT activity and
resting EE of healthy subjects was increased acutely (Baskin et al., 2018). Finlin et al. (2018)
compared the response of AT in humans to both mirabegron (50mg/day) and CE for 10 weeks
(Finlin et al., 2018). The study demonstrated that beiging proteins UCP1 and transmembrane
protein 26 (TMEM26) expression were increased in response to both stimuli in human scWAT
(Finlin et al., 2018). The increase in expression of these proteins in both lean and obese subjects
indicates beiging within this tissue depot, however, the protein PGC1la failed to be induced in
obese subjects overall which may show limitations in its beiging capacity (Finlin et al., 2018).
The positive metabolic effects of using B3AR agonists should not be overlooked in the
treatment of obesity and metabolic diseases (Schena and Caplan, 2019). Mirabegron has been
shown to have better potency for the B3AR than known agonist CL316243 and has been shown
to effectively activate both rodent BAT and human BAT. Roberts-Toler et al. (2015) investigated
the effects mirabegron can have on BAT changes associated with DIO (Roberts-Toler et al.,
2015). The C57BL/6 mice were fed either a normal or HFD for 16 weeks before metabolic
parameters including body fat, glucose tolerance, mMRNA markers of inflammation were assessed

in response to both insulin and mirabegron (Roberts-Toler et al., 2015). As expected, the HFD
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led to increased body weight and impaired glucose tolerance with both WAT and BAT displaying
higher levels of TNFa and macrophage marker F4/80, indicating increased inflammation within
these depots (Roberts-Toler et al., 2015). They were also able to show that BAT is resistant to
DIO changes such as macrophage infiltration with inflammatory markers in BAT being 10-100-
fold lower than perigonadal WAT irrespective of diet (Roberts-Toler et al., 2015).

Another recent study investigating BAT mediated lipolysis with mirabegron was
conducted by Sui et al. (2019) at doses of 0.8mg/kg and 8 mg/kg administered daily for four
weeks in mice (Sui et al., 2019). Their results indicated that both doses of mirabegron increased
food intake significantly, but body weight and body mass index were reduced, especially with the
high dose (Sui et al., 2019). The physical appearance of the ATs in the mirabegron treated mice
displayed a more brownish colour for the BAT, ingWAT and epididymal WAT, in combination
with lower tissue weights (Sui et al., 2019). BAT also yielded increased [*8F]-FDG uptake
indicating increased BAT-mediated glucose uptake in these mirabegron-treated mice (Sui et al.,
2019). Even metabolic changes were observed in the mirabegron-treated mice with increased
insulin sensitivity and decreased blood glucose levels, illustrating a more metabolically
favourable plasma profile (Sui et al., 2019). Cypess et al. (2015) conducted a study using human
participants to investigate the activation of BAT through a one-time 200mg dose of mirabegron
(Cypess et al., 2015). This was one of the preliminary studies to demonstrate results in humans
that could be translated into treatments for obesity and diabetes (Cypess et al., 2015). They
were able to demonstrate that mirabegron can lead to higher BAT metabolic activity and

increase their resting metabolic rate (Cypess et al., 2015).
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Mirabegron has high bioavailability and shows high in vitro binding affinity for the B3AR
in humans compared to other drugs in the B3AR agonist class (Cypess et al., 2015). Current
concerns with other B3AR agonists involve cardiac specific side effects, however, minimal effects
have been observed with mirabegron at the doses used for overactive bladder (Cypess et al.,
2015). Cypess et al. (2015) conclude that mirabegron shows promising results in increasing EE
and treating diabetes and metabolic diseases (Cypess et al., 2015). Peng et al. (2015) reviewed
numerous studies examining the implications of treating patients with drugs targeting the
thermogenic potential of AT (Peng et al,, 2015). When Peng et al. (2015) looked into the study
conducted by Cypess et al. (2015), they anticipated that treatment with mirabegron could lead
to an 8% reduction in body weight per year in BAT-positive healthy men (Cypess et al., 2015;
Peng et al.,, 2015). However, functional tolerance and chronic B3AR mediated stimulation of BAT
remain to be determined (Cypess et al., 2015). The beiging pathway is mediated through NE by
increasing the intracellular cAMP concentration that will stimulate lipolysis in brown adipocytes
through the PKA pathway (Peng et al., 2015). During lipolysis, ATGL hydrolyzes triglycerides to
DAGs, which will then be hydrolyzed by HSL to MAG and then to glycerol and FFAs, which will, in
turn, activate UCP1 for NST (Peng et al., 2015).

O’Mara et al. (2020) conducted a study on humans where chronic treatment with
mirabegron (100mg daily for 14 days) increased the glucose uptake during the glucose tolerance
test and HOMA-IR of healthy females, further exemplifying how this pharmaceutical agent could
be used to treat metabolic diseases (0’Mara et al., 2020). Using [*®F]-FDG imaging, the
activation of BAT was increased, as well as resting EE and glucose tolerance (O’Mara et al.,

2020). The anti-inflammatory properties of the mirabegron treatment were also noted with
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adiponectin increasing in the circulation by up to 35% when mirabegron treatment was
administered (O’Mara et al., 2020).

A detailed review on the benefits of mirabegron as a beiging agent over chronic cold
exposure (CCE) and exercise are outlined by Bel et al. (2021) (Bel et al., 2021). Briefly, this B3AR
agonist, along with a healthy diet and exercise, warrants further investigation into its beiging

capabilities and use in the treatment of metabolic disorders (Bel et al., 2021).

Immune Cells and the Beiging Process

A range of immune cells including macrophages, eosinophils, and lymphocytes have been
implicated in the beiging of WAT (Villarroya et al., 2018). The review by Villarroya et al. (2018)
outlined the direct involvement that each of these immune cells plays in the beiging process, but
most importantly, macrophages have been found to play the most critical role in adipobiology
(Villarroya et al., 2018). Due to their highly adaptive nature, WAT and BAT depots will contain
macrophages that can become activated by several different stimuli (Villarroya et al., 2018). In
obesity, the LD expansion stress will cause AT to contain more M1 macrophages that will secrete
type 1 cytokines and pro-inflammatory mediators such as TNFa, MCP-1, CCL5, and IL-1B
(Villarroya et al., 2018). These cytokines will suppress the Ucpl gene expression and protein
activation within these AT depots (Villarroya et al., 2018). The inflammatory response in BAT has
been found to cause IR and affect the thermogenic response (Villarroya et al., 2018). Brestoff
and Artis (2015) illustrated the increase in inflammatory markers when exposed to cold
temperatures (Brestoff and Artis, 2015; Jeanson et al., 2015). Upon CE, the eosinophils residing

in the WAT depot can secrete IL-4 and IL-13 that will, in turn, recruit M2 macrophages to the
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depot and respond to the cold (Jeanson et al., 2015). The macrophages will secrete
catecholamines, which will activate the beiging process through traditional B3AR pathways
(Jeanson et al., 2015). Ngyuen et al. (2011) were the first to describe the role of the M2
macrophage in promoting thermogenesis in BAT depots (Nguyen et al., 2011). Upon
thermogenesis activation, the expression level of anti-inflammatory cytokines increases and
levels of pro-inflammatory cytokines decrease (Nguyen et al., 2011). This finding has been noted
by others where WAT depots exposed to cold or undergoing beiging, will also display this change
in cytokine expression with a more anti-inflammatory phenotype (Qiu et al., 2014; Villarroya et
al., 2018). Villarroya et al. (2018) describe how M2 polarization can occur through two
mechanisms of direct or indirect activation through cytokine or eosinophil action (Villarroya et
al., 2018). IL-6 can directly activate the SNS to release NE and therefore stimulate beiging
(Villarroya et al., 2018). In essence, brown or beige cells have resident eosinophils that will be
activated upon cold stimulation that will recruit anti-inflammatory cytokines IL-4 to promote the
polarization to M2 macrophages (Villarroya et al., 2018). The link between immune cells and
beiging have not been fully investigated and warrant further understanding (Jeanson et al.,,

2015).
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Whitening

Introduction

In BAT, the expansion of LDs within the depot will cause a shift in characteristics where
the depot will acquire a WAT-like phenotype (Shimizu and Walsh, 2015). This shift in phenotype
is termed “whitening” where the BAT depot will lose vascularity, its oxidative capacity and
increase the storage of lipids (Shimizu and Walsh, 2015). The mechanism of BAT whitening is not
completely understood; however, the histological and protein changes have been previously
noted (Shimizu and Walsh, 2015). When BAT undergoes whitening, the depot itself becomes
larger and contains less mitochondria giving it a light brown appearance, in addition to
histological studies confirming these changes with increased adipocyte size (Cedikova et al.,
2016; Shimizu and Walsh, 2015). The whitening of BAT is thought to be associated with the loss
of VEGF and UCP1 protein expression and B3AR signaling. All three of these factors lead to a less
vascularized depot with diminished thermogenesis capabilities and increased mitochondrial
dysfunction (Shimizu and Walsh, 2015).

The increase in adipocyte dysfunction through hypertrophy may be involved in diseases
including cancer, thrombosis, polycystic ovarian syndrome and other metabolic diseases in ways
scientists never thought possible (Deng et al., 2020). While the exact cellular mechanism by
which whitening of BAT occurs is not fully known, more research into how metabolic diseases
like obesity and diabetes contribute to a physiological change in the depot should be

investigated to facilitate therapeutic options to reverse this phenomenon.
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Whitening, Adipose Tissue Inflammation, Insulin Resistance and Endoplasmic

Reticulum Stress

The connections between inflammation and IR have been reviewed by Chen et al. (2015)
however, how this links with AT beiging will be discussed below (Chen et al., 2015). In periods of
inflammation stress, the pro-inflammatory cytokines will increase within the tissue (Chen et al.,,
2015). These cytokines, such as TNFa, can stimulate lipolysis to occur within the LD, and in turn
increase the amount of FFA that accumulates within the cell (Chen et al., 2015). These excess
FFA will bind to TLR4 in the adipocyte and initiate the ER stress pathways c-Jun N-terminal kinase
(JNK) and NFkB to then increase the pro-inflammatory cytokines within the tissue (Chen et al.,
2015). When these two pathways are initiated, they will phosphorylate through
serine/threonine phosphorylation the IRS-1 and IRS-2, blocking insulin signalling (Chen et al.,
2015). This IR is further enhanced by the increased IL-6 concentration within the stressed cell,
which initiates the Janus kinases- signal transducer and activator of transcription (JAK/STAT)
signalling pathway that will increase suppressor of cytokine signaling 3 (SOCS3) and affect the

expression of GLUT4 that can be translocated to the cell membrane (Chen et al., 2015).
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Stress

Glucocorticoids (GCs)

Defined as “steroid hormones that play key roles in metabolic adaptations during stress in
order to maintain plasma glucose levels” GCs required for normal physiological function (Lee et
al., 2018). GCs are a class of steroid hormones produced in the adrenal cortex that regulate
many body processes during stress including energy and glucose metabolism, and the
inflammatory response (Akalestou et al., 2020; Di Dalmazi et al., 2012; Harvey et al., 2018;
Ramage et al., 2016). These molecules are regulated by the HPA axis and will exert their effects
on body tissues through specific glucocorticoid receptors (GRs) (Di Dalmazi et al., 2012). At
normal levels, these hormones will provide anti-inflammatory effects and allow for cells to use
stored TAG as energy and stimulate glucose production (Harvey et al., 2018). These hormones
will allow the body to utilize stored energy to handle stress and inhibit cellular functions that
promote storage (Harvey et al., 2018).

In situations of chronic stress, the GCs can contribute to many metabolic disorders
including IR, and dyslipidemia (M.J. Lee et al., 2014; Lee et al., 2018). The exact mechanism for
GC-induced IR in AT is not clear, however, GCs have been shown to suppress insulin-stimulated
glucose uptake in adipocytes and therefore contributes to whole-body glucose and insulin
homeostasis (Lee et al., 2018).

In the acute state, GCs have been known to stimulate lipolysis in AT to release FFA and
glycerol that can be used for energy during times of fasting (Lee et al., 2018). In the chronic

release of GCs or exogenous administration of GCs, there have been conflicting effects reported
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for lipid metabolism in this tissue (Lee et al., 2018). Cushing’s syndrome patients have chronically
elevated cortisol levels and will exhibit central visceral obesity but lipodystrophy in the scWAT
(M.J. Lee et al., 2014, Lee et al., 2018). Whereas exogenous GCs have been shown to promote
AT dysfunction and lipid accumulation. Many rodent models have shown the negative effect GCs
can have on thermogenesis and the overall metabolism (Cassano et al., 2012; Do, 2019; Harvey
et al., 2018; Karatsoreos et al., 2010; M.J. Lee et al,, 2014; Lee et al., 2018; Legeza et al., 2017;
Luijten et al., 2019b, 2019a; Veyrat-Durebex et al., 2012; Vienberg and Bjornholm, 2014). Lee et
al. (2018) have reviewed studies in an attempt to understand the mechanism for how adipocytes
play a role in the GC stress response, with many factors including the GR, the AT depot, and the
physiological status of the organism all playing a role in how the adipocyte will function in
response to GC excess (Lee et al., 2018). The complex nature of stress hormones and their role
in AT metabolism needs to be better understood for researchers to determine the role this

physiological response plays in disease.

The Hypothalamus Pituitary Adrenal Axis (HPA Axis) and Adipose Tissue

In periods of stress, tissues such as AT will increase their metabolic and energy demands
in order for the body to deal with the stress (Peckett et al., 2011). In the short term,
catecholamines will render their effects, however, the long-term effects of stress are facilitated
through GCs (Peckett et al., 2011). Catecholamines will quickly render their effects in the tissue
by binding to ARs, whereas GCs will need to bind to specific GRs in order for their effects to be
rendered long term (Peckett et al., 2011). In AT, 11B-hydroxysteroid dehydrogenase type 1 (118

-HSD1), will activate the inactive GCs cortisone to cortisol in humans. In rodents, 118-
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hydroxysteroid dehydrogenase to converts the inactive GCs to corticosterone (Akalestou et al.,,
2020; Di Dalmazi et al., 2012; Lee et al., 2018; Vienberg and Bjérnholm, 2014). This enzyme is
key in controlling the local effects of GCs in AT directly and its effects of this on the entire body
(Akalestou et al., 2020; Lee et al., 2018).

In situations of stress, the body will respond by activating the HPA Axis to release
chemical messengers that will allow the body to respond. The HPA axis is a regulatory system
that connects the endocrine hormone system with the central nervous system (Kudielka and
Kirschbaum, 2005). The stress response system will increase physiological functioning of the
organism in order to combat the stressful situation and bring it back to homeostasis once the
stress is gone (Akalestou et al., 2020; Di Dalmazi et al., 2012; Kudielka and Kirschbaum, 2005).
The pathway for the HPA axis is as follows (McEwen, 2007; Oakley and Cidlowski, 2013):

1. The hypothalamus in the brain will sense the stress via the autonomic nervous system
and sensory receptors in the form of impulses. As a response to these signals, the
hypothalamus will secrete corticotropin-releasing hormone (CRH) that will bind to the
anterior pituitary gland.

2. The pituitary gland will then release adrenocorticotropic hormone (ACTH) that will bind
to the adrenal gland.

3. The adrenal cortex will then secrete GCs that will circulate in the blood, normally bound
to transcortin and travel to GC-sensitive tissues.

Once the GCs reach their target tissue, the GCs will move freely from the bloodstream

through the cell membranes due to their lipophilic structure (Luijten et al., 2019a; Oakley and

Cidlowski, 2013). Figure 4 depicts this signaling pathway within BAT. Once in the cytosol, the GCs
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will become activated by the 11B3-HSD1 enzyme that has been upregulated in response to the
excess GCs (Di Dalmazi et al., 2012; Doig et al., 2017; Woo et al., 2019). The 11B-HSD1 enzyme
will interconvert cortisone to cortisol (humans) and dehydroxycorticosterone to corticosterone
(rodents) (Di Dalmazi et al., 2012). Most predominantly found in AT and the liver, this enzyme
will amplify the action GCs can have on the body (Di Dalmazi et al., 2012). The counter enzyme
for 11B-HSD1 is 11B-HSD2, which will inactivate GCs and reduce the effects of
cortisol/corticosterone (Di Dalmazi et al., 2012; Veyrat-Durebex et al., 2012). 11B-HSD2 is
predominantly found in the kidneys and will lower the amount of active GCs circulating in the
body (Di Dalmazi et al., 2012; Doig et al., 2017). 11B-HSD1 will negatively impact the expression
of BAT and mitochondrial biogenesis genes, such as Ucpl and affect thermogenesis in the tissue
(Doig et al., 2017; Liu et al., 2013; Woo et al., 2019). Some researchers have reported that
excess levels of the 11B3-HSD1 enzyme will promote BAT dysfunction through increased lipid
accumulation and inhibition of NST within the depot (Campbell et al., 2011; Doig et al., 2017; Liu
et al., 2013). Legeza et al. (2017) conducted a review and noted that many metabolic diseases
associated with AT expressing increased amounts of this 113-HSD1 enzyme (Legeza et al., 2017).
In obesity, the activation of GCs at the AT depot itself has been shown to be increased, due to
the elevation in the 11B-HSD1 enzyme within the depot (Legeza et al., 2017). Once activated, the
GCs can bind to the GR where it will undergo a conformational change and be actively
transported to the nucleus (Oakley and Cidlowski, 2013). Once in the nucleus, the GR will bind
to the GC response element (GRE) and allow for the transcription of target genes to be
expressed (Luijten et al., 2019a; Oakley and Cidlowski, 2013; Peckett et al., 2011; Poggioli et al.,

2013). The genomic effects of GCs take longer to transpire into physiological effects, which is
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why GCs take longer to show alterations in metabolism compared to catecholamines (Peckett et
al., 2011).

In periods of high stress, the HPA axis will secrete more GCs in the blood that will have
profound effects on the body, especially in AT. With respect to NST, the excess GCs will result in
decreased transcription and activation of the B3AR and UCP1, inhibiting this pathway in the
brown adipocyte (Luijten et al., 2019a; Reddy et al., 2014). It will also affect lipid homeostasis
and storage by activating the transcription of TAG synthesis genes in addition to decreasing the
regulation of LD proteins further supporting lipid storage (Doig et al., 2017; Reddy et al., 2014).
Lipid transport proteins will be upregulated further expanding the storage of lipids by amplifying
FATPs such as CD36. GCs released will render their effects in a delayed fashion where
catecholamines will provide immediate support to combat the stress, and GCs will allow the
body to handle the stress over the long term, but this means they have the possibility of more

damaging effects.

Adipose Tissue Metabolism of Glucocorticoids

While the main focus of this thesis is GCs due to their strong effects on metabolism, it is
important to note that there is another type of corticosteroid that affects salt and water balance
called mineralocorticoids (MC) (McKay and Cidlowski, 2003). MCs exert their effects through
mineralocorticoid receptors (MR) which are found primarily in the kidneys and large intestines
(Taves et al., 2011). The major MC, aldosterone, rises in response to low blood volume or sodium
concentrations and stimulates the renin-angiotensin-aldosterone system (RAAS) to release more

MCs from the adrenal gland to regulate the body’s mineral ion concentration by causing sodium
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absorption and reabsorption of water (Jia et al., 2017; Taves et al., 2011). AT has been found to
synthesize aldosterone which can activate MRs within the AT depot and lead to increases in
WAT, enhanced LDs, oxidative stress, pro-inflammatory states, adipocyte autophagy and
inhibition of UCP1 (Jia et al., 2017). While aldosterone directly activates MRs, cortisol can also
activate this receptor and induce its effects within AT (Jia et al., 2017). Once activated, MR will
induce adipogenesis through the mammalian target of rapamycin (mTOR) and activate PPARy
and CEBP signaling (Jia et al., 2017). In BAT and beige AT, the activation of MR is not completely
known, however, beiging of ingWAT has been shown with MR agonists which provide clues into
its role as an inhibitor of NST (Armani et al., 2014, Jia et al., 2017).

The effects of GCs will mainly be facilitated by the GR within adipocytes, encoded by the
Nr3c1 gene, as this intracellular receptor will influence the metabolic status of the organism (Lee
et al., 2018) (Akalestou et al., 2020; Shen et al., 2017). This receptor remains localized in the
cytosol with the heat shock protein 90 (hsp90)-containing chaperone complex until hormones
bind to it (Lee et al., 2018). Once GCs diffuse through the cellular membrane and bind to the GR-
hsp90-containing complex, the GR can move to the nucleus where it can dissociate from the
hsp90-containing chaperone complex and bind to the GRE in order to render its effects on
transcriptional control on many genes (Lee et al., 2018). Some of these genes code for key
enzymes for glucose and lipid metabolism including hormone-sensitive lipase (Lipe), Atgl, and
monoglyceride lipase (Mgll) (Akalestou et al., 2020; Lee et al., 2018). Shen et al. (2017)
demonstrated the importance of the adipocyte GR in lipolysis and mediating the metabolic
effects of exogenous steroids by using adipocyte-specific GR knockout (AGRKO) mice (Shen et al.,

2017). Their study illustrated that dexamethasone administration for 2 months promoted
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metabolic dysfunction and “whitened” BAT in control mice, however, the effects were mitigated
in KO mice (Shen et al., 2017). High levels of these GCs present at the AT level have been
associated with obesity, even with circulating levels of the GCs not elevated, adding a different
dimension to the unknown effects these hormones play in disease (Akalestou et al., 2020).
Akalestou et al. (2020) note studies where GCs induce adiposity and IR, however the exact role
GCs play in metabolic diseases still remains to be discovered (Akalestou et al., 2020). Peckett et
al. (2011) reviewed numerous in vitro effects on adipocytes in terms of their effects on lipolysis,
however, there are still many questions that need to be answered including how GCs function in
different AT depots and how excess GCs truly lead to AT accumulation (Peckett et al., 2011).
Below, potential connections between GCs signaling and BAT and beige AT are discussed.

In periods of high stress, the HPA axis will increase the release of GCs, which will travel in
the bloodstream bound to transcortin to various tissues (Luijten et al., 2019a). GCs are able to
move freely from the bloodstream to cell membranes due to their lipophilic structure (Luijten et
al., 2019a). Once in the cytosol, the GCs will become activated by 11B-HSD1 enzyme, which is
upregulated in periods of GC excess (Doig et al., 2017). GCs can bind to both the GRs and MRs in
excess stress, both of which culminate with binding with the GRE (Macfarlane et al., 2008; Reddy
et al., 2014; van den Beukel et al., 2015). Transcriptionally, inhibition of PPARy and NFkB will lead
to the decrease in Ucpl transcription within the tissue, an increase in FFA uptake and TAG
synthesis genes in addition to decreased lipolysis (Luijten et al., 2019a; Poggioli et al., 2013). All
of these changes within the adipocyte will increase the LD size and intracellular stress leading to
a pro-inflammatory response (Hotamisligil, 2006). This pathway has been investigated by

Hotamisligil (2006) where overexpression of TNFa resulted in obesity, leading to the first link

82



between obesity, diabetes, and chronic inflammation (Hotamisligil, 2006). In the NST pathway,
the GRE will decrease Ucp1 transcription and activation in addition to lowering the transcription
of the B3AR receptor itself, further inhibiting the NST pathway (Luijten et al., 2019a; Reddy et al.,
2014). Lipid homeostasis genes will be affected through increased transcription of the genes
required for TAG synthesis, CD36, and lipid storage (Doig et al., 2017). These lipid storage genes
will be transcribed and then made into proteins by ribosomes that will allow for lipids to
accumulate in the LD (Reddy et al., 2014). LD protein genes, such as PLIN1, will be
downregulated further inhibiting lipolysis and promoting lipid storage, and with more lipid
transport proteins made, FFAs can be transported into the cell through proteins, such as CD36,
and be stored in the LD. 11B-HSD1 can also directly affect BAT thermogenesis, independently of
GC excess, by decreasing the expression of BAT genes (such as Ucpl) (Doig et al., 2017; Liu et al.,
2013). 11B-HSD1 will induce BAT dysfunction by increasing lipid accumulation in the adipocyte
and by inhibiting NST (Campbell et al., 2011; Doig et al., 2017; Liu et al., 2013).

AT will metabolize GC through the enzyme 11B-HSD1, which will convert inactive 113-
ketoglucorticoid metabolites to hormonally active versions of these metabolites within the AT
depot and increase their local concentration (Kershaw and Flier, 2004). This will not drastically
alter the systemic GC concentration within the body, but it will affect the tissue regulation which
is implicated in conditions including obesity, T2D, dyslipidemia and hypertension (Kershaw and

Flier, 2004; Ramage et al., 2016).
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Figure 4: Excess glucocorticoid signaling in BAT.

In the event of excess glucocorticoids (GC), the GCs will travel through the cell membrane and
become activated by 11B-hydroxysteroid dehydrogenase type 1 (113-HSD1). Once active, GCs
will bind to the Glucocorticoid receptor (GR) where it will travel to the nucleus and bind to the
glucocorticoid response element (GRE). Once bound inside the nucleus, the GRE will inhibit
mitochondrial biogenesis gene transcription and instead initiate the transcription of
inflammatory marker nuclear factor kappa-light-chain-enhancer of activated B cells (NFk) and
initiate the production of inflammatory cytokines. These inflammatory cytokines, including
tumour necrosis factor o (TNFa) and interleukin 6 (IL-6) will increase in concentration and
further potentiate the inflammatory response. The GRE will also increase the transcription of
11B-HSD1 mRNA and other lipid transport/storage genes to increase the lipid storage capacity of
the lipid droplet (LD). The expansion of the lipid droplet (LD) and its inflammatory response will
increase the amount of circulating free fatty acids (FFA) which will put the electron transport
chain (ETC) into overdrive causing an increase in uncoupling protein 1 (UCP1) and production of
heat. Excess FFAs will use fatty acid transport protein cluster of differentiation 36 (CD36) to
enter the cell and travel to the LD. Once in the LD, FFA will combine with glycerol to make
diacylglycerol (DAG) and subsequently triacylglycerol (TAG), further increasing the lipids stored in
the LD.
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Effects of Glucocorticoid Excess

Mouse Models of Glucocorticoid Excess

Rodent studies have yielded strong evidence for excess and chronic GCs to inhibit BAT
thermogenesis and suppress UCP1 expression (Ramage et al., 2016). The physiological response
of excess GCs and the effect this has on AT has been examined using chronic doses of
corticosterone to determine their effects on insulin sensitivity, behaviour, and metabolic
syndrome, just to name a few, all with varying exposure times. This dissertation will focus on
studies administering corticosterone via drinking water in order to minimize external stress to
the animals and more closely mimic the kinetics of clinical GCs (Gasparini et al., 2016).
Tamashiro et al. (2011) review the connection between chronic stress, metabolism and
metabolic syndrome with the conclusion that drinking water is useful in evaluating the
contributions GCs may have on metabolic processes (Tamashiro et al., 2011). A comparative
study was conducted on the effectiveness of corticosterone delivery from either drinking water
or pellet implantation (Gasparini et al., 2016). This study used CD1 Swiss mice at doses of 25, 50,
75, and 100ug/ml in drinking water and found that these doses resulted in consistent diurnal
exposure patterns that closely mimic clinical GC therapy (Gasparini et al., 2016). Additionally,
drinking water administration decreases the operative stress in animals that is easily adjustable
and non-invasive when compared to weekly pellet implantation (Gasparini et al., 2016). The
dose of 50ug/ml in drinking water was determined to be an effective dose that induced
pronounced obesity and visceral fat accumulation, IR, and arrest of musculoskeletal growth
(Gasparini et al., 2016). This dose also closely mimicked the metabolic changes induced by pellet

implantation that was administered at a dose of 1.5mg per week (Gasparini et al., 2016).
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However, other studies investigating metabolic syndrome in mice report the higher
corticosterone doses of 75 and 100ug/ml in the drinking water to more closely resemble the
disease (Karatsoreos et al., 2010; van Donkelaar et al., 2014). Below, we will summarize some of
the notable studies investigating ingWAT (the WAT depot with the most likelihood to beige) and
BAT with chronic exposure to GCs.

Cassano et al. (2012) reported the effects of chronic oral corticosterone in mice. This
study used doses of 25, 50, and 100ug/ml delivered to mice in their drinking water for four
weeks, in order to investigate the true effects each dose has on anatomical, hematological
(namely white blood cells) and biochemical features in mice (Cassano et al., 2012). Cassano et
al. (2012) found that GCs induce histological changes in brown adipocytes, with corticosterone
treated adipocytes increase in size (Cassano et al., 2012). This change in adipocyte size is
thought to shift the thermogenic response and energy output within these corticosterone
treated animals (Cassano et al., 2012). The in vivo analysis found glucose intolerance,
hypercortisolemia, hyperinsulinemia, hyperleptinemia, and elevated plasma TAGs in the
100ug/ml treated mice, yielding metabolic syndrome (Cassano et al., 2012). This phenotype and
metabolic changes were not observed with bolus doses of corticosterone, further illustrating
drinking water delivery as one of the best approaches (Cassano et al., 2012). The dose of
100ug/ml was also used to investigate the physiological and endocrine response to chronic
corticosterone in C57BL/6J male mice by Karastoreos et al. (2010) (Karatsoreos et al., 2010). This
study was able to also show the drastic alterations that occur in the body in response to excess
GCs. They found increased food consumption, decreased locomotor activity, elevated plasma

TAG, leptin, and insulin levels, in addition to impaired glucose tolerance (Karatsoreos et al.,
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2010). The rapid increase in weight gain and the metabolic alterations that occurred with it were
described as the changes that occur in patients with metabolic syndrome, hypercortisolemia and
stress-related obesity (Karatsoreos et al., 2010). They also noted that the 25ug/ml dose of
corticosterone did not alter the physiology or phenotype in some measures (Karatsoreos et al.,
2010). Do (2019) used the 100ug/ml corticosterone dose in drinking water to male C57BL/6)
mice for up to eight weeks to determine the interactions between GCs and AT in the
development and metabolic syndrome (Do, 2019). This study found that four weeks of
treatment induced significant changes in weight gain that was not related to food consumption,
although water intake in these mice was doubled during the course of treatment (Do, 2019).
Corticosterone treated mice (100ug/ml) displayed dyslipidemia with increased plasma TAG,
cholesterol, and FFA levels in addition to increased AT mass in sScWAT, gonadal WAT, perirenal
WAT, and BAT (Do, 2019). At the cellular level, adipocytes from corticosterone treated mice
increased in size, most likely due to increased FFA uptake and decreased lipolysis (Do, 2019).
Van Donkelaar et al. (2014) also used chronic doses of corticosterone (100ug/ml)
delivered to male mice, however, they administered the GC treatment for 12 weeks. Similar to
previous studies, they also reported increased weight gain in corticosterone treated mice, and
that these mice were more IR (determined through HOMA-IR) than control mice (van Donkelaar
et al., 2014). This study also noted that the C57BL/6NCrl mice treated with corticosterone
displayed a depressive-like behaviour (van Donkelaar et al., 2014). Wray et al. (2019)
administered 75ug/ml corticosterone in drinking water to C57BL/6J mice for up to four weeks
and reported that a four-week treatment induced hyperphagia, increased weight gain and fat

pad mass, although the circulating insulin levels were increased, the plasma glucose
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concentrations were not altered (Wray et al., 2019). Kinlen et al. (2017) investigated the effects
chronic corticosterone treatment on metabolism and skeletal development in male C57BL6/N
mice using doses of 25ug/ml and 100ug/ml (Kinlein et al., 2017). The adolescent mice (62 days
old) displayed blunted growth rates, increased adiposity, increased body fat mass, enhanced
glucose clearance and decreased bone density (Kinlein et al., 2017). The study noted that these
findings are consistent with the clinical presentation of early-onset Cushing’s disease (Kinlein et
al., 2017). This study indicated the differences in glucose metabolism with chronic exposure to
stress in two different life stages; adolescent mice display enhanced glucose clearance, a large
reduction in bone density, and adult mice show impaired glucose clearance with chronic
exposure to GCs (Kinlein et al., 2017). The researchers note that adolescent mice are more
resilient to defects in glucose handling because glucose tolerance is maintained during
corticosterone treatment, even though the plasma insulin levels in adolescent mice are higher
than adult mice treated with high doses of CORT, this illustrates that increased insulin amounts
were required to elicit the same effect (Kinlein et al., 2017). Luijten et al. (2019) treated male
C57BL/6J mice with 50ug/ml in their drinking water for two weeks and reported that the UCP1
protein expression was much lower under thermoneutral conditions in corticosterone treated
mice (Luijten et al., 2019a). Corticosterone treatment for two weeks was found to alter the AT
histology independent of the downregulation of UCP1, with tissue weights increasing with
bodyweight for corticosterone treatment (Luijten et al., 2019a). BAT has been reported to gain a
whiteish appearance and show reduced protein expression levels of UCP1 in conditions like
obesity, diabetes, or even chronic warm acclimation (Peng et al., 2015). Diabetes also

compromised the BAT insulin-mediated glucose uptake in the depot (Peng et al., 2015).
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Diabetes and other disorders have even shown increased susceptibility to stressors which can
have metabolic consequences (Tamashiro et al., 2011). Sefton et al. (2019) noted that there
may be a species-specific response to GCs and exactly how GCs effect BAT activity remains to be
understood (Sefton et al., 2019). The clinical and pathological etiologies of metabolic syndrome
are produced when mice are exposed to corticosterone in their drinking water for 4 weeks with
weight gain, increased plasma insulin levels, glucose intolerance and dyslipidemia, validating this

methodology for studying the disease.

Human Models of Glucocorticoid Excess

There is a paucity of research in human models with GC excess with respect to AT,
especially BAT. Obesity has been used as a substitute for GC excess in many cases where BAT
activity and prevalence has been reduced in these patients. Alcala et al. (2019) conducted a
comprehensive review of the different mechanisms that are at play when obesity causes
impairment in BAT (Alcala et al., 2017). One notable study was conducted on young patients
with obesity exposed to ICE which caused an increase in BAT activity (Hanssen et al., 2015). This
study notes the many factors including genes, transcription factors, proteins, oxidative and ER
stress, adipokines, and micro RNAs that are implicated when BAT becomes obese (Alcala et al.,,
2017), however, there are still many questions regarding the signaling processes and possible
therapeutic potential of targeting each factor in the fight against obesity when high levels of GCs

are present (M.J. Lee et al.,, 2014).
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Connecting the B3AR and Stress Studies in Mice

Connections Between Beiging, Stress and Metabolism: Known Interactions in
Mice

Most studies to date show that chronic levels of GCs suppress BAT activation in rodents
and cause metabolic phenotypes similar to metabolic syndromes like obesity and T2D (Ramage
et al., 2016; van den Beukel et al., 2015). The direct effects of excess stress on the beiging
process and metabolism have not been well established in the literature. Two studies conducted
by van den Beukel et al. (2014) and (2015) are of note in drawing connections between these
three processes (van den Beukel et al., 2015, 2014). One study in C57BL/6J mice exposed to cold
temperatures for 24 hours indicated that the HPA axis activity was increased in this timeframe as
corticosterone concentrations were 2-folds higher than controls, illustrating that the CE itself
induced stress to the animal and acute treatment with GCs can lead to increased BAT activity
(van den Beukel et al., 2014). The enhanced HPA axis activity in this study was accompanied by
an increased expression of both Ucpl and Pgcla genes in ingWAT suggests that signaling
involved in initiating the beiging process is underway (van den Beukel et al., 2014). The effects
of GCs on AT have been loosely observed in beiging studies (Ramage et al., 2016; van den Beukel
et al., 2015). However, combining chronic stress with CE as a means to mediate the effects of
excess GCs has only been employed by van den Beukel et al. (2015) (van den Beukel et al., 2015).
This study illustrated that chronic corticosterone administration in mice caused elevated plasma
TAG levels and lipogeneic gene expressions, both of which were immediately normalized

following CE (van den Beukel et al., 2015). The beiging of ingWAT induced by CE was reduced by
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corticosterone (van den Beukel et al., 2015). This study further illustrates the need for further
research into the effects of stress on AT and whole-body metabolism in order to determine novel
CE approaches to combat metabolic disorders associated with chronic GC levels. Chronic GC
treatment has been found to suppress BAT activity in humans and mice, which contributes to
increased WAT growth, hyperglycemia, and reduced insulin tolerance (Luijten et al., 2019a).
With this understanding, we need to better investigate if the capacity for BAT/ beige AT
activation is lowered by stress, in order to be able to mitigate the metabolic dysfunction that
results from excess GCs.

Other interactions with the beiging and stress pathways have been shown in adipocytes
in both inflammatory and reactive oxygen species (ROS) signaling. Pro-inflammatory marker
TNFa harnesses the ability to suppress the expression of many proteins that are required for
insulin-stimulated glucose uptake in adipocytes including the insulin receptor, IRS-1 and GLUT4
(Cawthorn and Sethi, 2008). While ROS have been shown to play crucial roles in BAT metabolism
through the p38MAPK pathway and NST gene Ucp1 expression within brown adipocytes (Ro et
al., 2014). Obesity therapies using antioxidants have shown controversial results in both mice
and human studies (Branddo et al., 2021; Ro et al., 2014). Ro et al. (2014) were able to
showcase the vital role ROS plays in the activation of Ucp1 which controls the metabolism and
function of BAT (Ro et al., 2014). Antioxidants such as catalase, superoxide dismutase,
peroxiredoxins and sestrins will scavenge the ROS molecules and prevent them from building up
within the cellular environment (Ro et al., 2014). Ro et al. (2014) have shown that
overexpression of the sestrin antioxidant actually interfered with Ucpl gene expression through

the p38MAPK pathway in BAT (Ro et al., 2014). With dysregulated gene expression, the balance
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of ROS to mediate the metabolic state of BAT cannot be ignored (Ro et al., 2014). The signaling
depicted in Figure 5 illustrates the interactions that may be occurring in BAT when GCs are in
excess, inhibiting B3AR signaling, Ucp1 transcription and lipolysis activities while promoting LD
expansion and the GC response. Further research into how these pathways directly interact with
each other will allow for the exact mechanism to be uncovered.

The effects of GCs on AT have been loosely observed in beiging studies in conjunction
with lipid metabolism (Ramage et al., 2016; van den Beukel et al., 2015). These studies illustrate
that GCs in chronic levels will suppress BAT activation in rodents and cause metabolic
phenotypes similar to metabolic syndromes like obesity and T2D (Ramage et al., 2016; van den
Beukel et al., 2015). However, combining chronic stress with CE as a means to mediate the
effects of excess GCs has only been employed by van den Beukel et al. (2015). This study
illustrated that corticosterone in mice administered chronically via pellet implantation can
elevate plasma TAG levels and lipogenic gene expression, both of which are normalized by CE
(van den Beukel et al., 2015). The beiging of ingWAT in this study was reduced by corticosterone
but corrected partially by CE (van den Beukel et al., 2015). This study illustrates the need for
further research into the effects of stress on AT and whole-body metabolism to determine a

more methodical approach to combatting metabolic disorders associated with chronic GC levels.
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Figure 5: Potential interaction between B3AR and glucocorticoid excess in BAT.

Chronic exposure to GC excess (red arrows) and activation of the B3-adrenergic receptor (B3AR)
pathway (black arrows) may result in the potential interactions. Excess glucocorticoids (GC) will
become activated by 11B-hydroxysteroid dehydrogenase type 1 (11B3-HSD1). Once active, GCs
will bind to the Glucocorticoid receptor (GR) where it will travel to the nucleus and bind to the
glucocorticoid response element (GRE). Once bound inside the nucleus, the GRE will inhibit
mitochondrial biogenesis gene transcription including peroxisome proliferator-activated
receptor y (PPARy) and PR domain zinc finger 16 (PRDM16) and instead initiate the transcription
of inflammatory marker nuclear factor kappa-light-chain-enhancer of activated B cells (NFk)
and initiate the production of inflammatory cytokines. These inflammatory cytokines, including
tumour necrosis factor o (TNFa) and interleukin 6 (IL-6) will increase in concentration and
further potentiate the inflammatory response. The GRE will also increase the transcription of
11B-HSD1 mRNA and other lipid transport/storage genes to increase the lipid storage capacity of
the lipid droplet (LD). Excess FFAs will use fatty acid transport protein cluster of differentiation
36 (CD36) to enter the cell and travel to the LD. Once in the LD, FFA will combine with glycerol to
make diacylglycerol (DAG) and subsequently triacylglycerol (TAG), further increasing the lipids
stored in the LD. The expansion of the LD in its inflammatory response to excess GC will
increase the amount of circulating free fatty acids (FFA) which may put the electron transport
chain (ETC) into overdrive causing an increase in uncoupling protein 1 (UCP1) and production of
heat. UCP1 will already be active in the mitochondria (containing citrate synthase (CS)) from
B3AR activation, and it can further uncouple the ETC and produce heat. While protein kinase A
(PKA) will also activate hormone sensitive lipase (HSL) which will then phosphorylate perilipin
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allowing for the breakdown of stored triglycerides (TAG) to occur in the LD. The effect of excess
GC on perilipin is unknown, however, the storage capacity of the LD will be increased from the
GCs and result in an unknown interaction. The B3AR, activated by either mirabegron (M) or
Norepinephrine (NE), will PKA which will then phosphorylate the cAMP response element
binding protein (CREB) or activate protein p38 mitogen-activated protein kinase (p38MAPK).
Active p38MAPK will subsequently phosphorylate activating transcription Factor 2 (ATF2) or
peroxisome proliferator-activator receptor-gamma coactivator-1a (PGCla). Inflammatory
cytokines may inhibit this activation of p38MAPK for mitochondrial biogenesis and instead
potentiate the inflammatory cascade. Phosphorylated CREB, ATF2, or PGCla will enter the
nucleus and bind to subsequent transcription factors allowing for the translation of proteins
UCP1 and PGCla. When insulin binds to the insulin receptor, a series of reactions will allow for
translocation of glucose transporter 4 (GLUT4) to the cell membrane allowing for increased
amounts of glucose to enter the cell in order to be used to make ATP in the mitochondria.
However, the excess FFA from the GCs may inhibit this insulin-mediated glucose uptake to occur.
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Unknowns, Directions for Future Research, and Implications for Metabolic

Health

There is a need to understand how stress can affect more than just lipid metabolism of
AT and investigate the activation of BAT. We need to see if the capacity for BAT adaptation is
lowered by stress in order to be better positioned to combat metabolic dysfunction and its
negative effects of stress. Luijten et al. (2019) note that GCs channel energy from food into lipid
storage through a currently unexplained pathway and the unknowns listed in this dissertation
further illustrate the adaptions undertaken by BAT and WAT depots and potential methods to

mitigate the effects of chronic GCs.
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Background

This study was completed in mice; the mouse research model is commonly used in order
to study the physiological processes in mammals. Rodents are used in comparative medical
research because of their shared genes (30,000 genes shared between mice, rats and humans)
and similarities in terms of their physiology (Bryda, 2013). The C57BL/6 strain is the most widely
used inbred strain of mice used in medical research and was the first to have their genome
sequenced (Fontaine and Davis, 2016; Jackson Laboratory, 2021). This strain is greatly used in
metabolic research as they are susceptible to diabetes and diet-induced obesity (Fontaine and
Davis, 2016). Our study specifically used the C57BL/6NCrl mice from Charles River Laboratories.

Stress is defined as “the real or perceived perturbation to an organism’s physiological
homeostasis or psychological well-being” (National Research Council (US) Committee on
Recognition and Alleviation of Distress in Laboratory Animals, 2008). As your body responds to
this tension, it can take a toll on both your mental and physical health. While stress is a normal
aspect of life, the impact of severe and/prolonged stress can have a negative impact on health. A
better understanding of what prolonged and sustained stress does to the body’s metabolic state
is key for understanding whole-body health. For mice, there are known stressors that would
lead to increased GCs, including poor housing conditions, physical pain, and even
emotional/psychological distress (National Research Council (US) Committee on Recognition and
Alleviation of Distress in Laboratory Animals, 2008). The effects of stress hormones (GCs) on the
body have been documented in both the acute and chronic states (as previously discussed in the
literature review). While the acute effects of glucocorticoids in adipose tissue have both anti-

inflammatory and energy liberating effects, chronic GC exposure appears to have pro-
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inflammatory effects and promote energy storage. The effect of chronic stress on BAT is not fully
understood, therefore this study was designed to investigate a treatment group receiving high
doses (100ug/ml) of oral corticosterone for four weeks. This dose has been found to model
Cushing’s disease, metabolic syndrome, and stress-related obesity (Fransson et al., 2013;
Karatsoreos et al., 2010; Tamashiro et al., 2011; Uehara et al., 2020).

Specific WAT depots are prone to alter their phenotype to develop a higher amount of
mitochondria and have more thermogenic potential as part of an adaptive response to
environmental challenges, a phenomenon called beiging (Bartlet and Heeren, 2013). To
investigate beiging and its implications on metabolism, a B3AR agonist that has shown promise in
metabolic instances (summarized in the review by (Bel et al., 2021)) called mirabegron was also
used. While the conventional method to beige AT is to subject rodents to cold temperatures,
due to pragmatic and financial reasons, mirabegron was chosen instead.

The interaction between beiging and chronic exposure to stress hormones was previously
examined by van den Beukel et al. (2015). They implanted mice with corticosterone pellets
(50mg) and left them for 7 days before exposing the mice to cold temperatures for just 24 hours
(van den Beukel et al., 2015). While this timeframe and dose of corticosterone delivery were
significantly less than our study (7 days of corticosterone vs four weeks, and 24 hours of B3AR
stimulation vs four weeks), the findings yielded promising results with CE correcting the
increased plasma TAGs induced by corticosterone, normalizing the de novo lipogenic gene
expression in the liver, and correcting the negative effect that corticosterone has on ingWAT

beiging (van den Beukel et al., 2015). This was the only study to directly examine the interaction
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between corticosterone and beiging, but further investigations were needed to fully understand
the chronic effects and their implication in whole-body metabolism.

The goal of this study was to determine the effects of chronic corticosterone and how
B3AR stimulation impacts AT. This will be investigated through two different animal studies.
Animal study number 1 (AS1) was conducted first to verify if we could reproduce the effects of
chronic corticosterone administration in mice, and which dose of mirabegron administered by
Sui et al. (2019) would be the most optimal dose to achieve beiging in ingWAT (Sui et al., 2019).
AS1 allowed for the effects of each treatment to be determined individually before investigating
the combination of the two treatments in animal study number 2 (AS2). While studies using the
high dose of corticosterone has been conducted by others (Cassano et al., 2012; Do et al., 2019;
Karatsoreos et al., 2010; Kinlein et al., 2017; van Donkelaar et al., 2014), this short four week
study allows for the AT-specific effects of each treatment to be investigated much closer than
what has been reported previously. The hypothesis for AS1 is that the B3AR agonist mirabegron
will promote AT beiging and metabolic health in mice.

AS2 was conducted after analysis of AS1 was completed. Similar measurements from
AS1 were repeated in AS2 in order to investigate the effects of a combination treatment of
corticosterone and mirabegron. Additional measurements including mitochondrial content and
circulating leptin levels were added in order to dive deeper into the effects observed at the
tissue level. The hypothesis for AS2 is that the negative effects of corticosterone induced

alterations to AT will be mitigated by the B3AR agonist mirabegron.

The layout for the two animal studies are displayed below in Figure 6.
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Figure 6: A visual representation of the experimental timelines and various treatment groups for
the animal studies conducted in this dissertation.
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Specific Aims

The specific aims of this project are as follows and displayed in Figure 7:
1. Establish how corticosterone or B3AR stimulation impact AT and UCP1 expression
a. Visualize whitening and beiging phenotypes with histology
b. Determine the protein expression of UCP1 with protein blotting techniques
2. Determine how oxidative stress, immune cell infiltration and leptin are influenced by
corticosterone or B3AR stimulation
a. Visualize immune cell infiltration with histology
b. Measure lipid peroxidation marker 4-HNE with protein blotting techniques
c. Determine plasma leptin concentrations
3. Investigate the effects of corticosterone or B3AR stimulation on whole-body insulin
resistance
a. Measure plasma glucose concentrations
b. Measure plasma insulin concentrations
c. Calculate the Homeostatic Model of Assessment for Insulin Resistance (HOMA-IR)
for each mouse to determine insulin resistance (IR)
4. Examine mitochondrial content response to corticosterone and B3AR stimulation in both
BAT and WAT
a. Repeat all measurements from specific aims 1-3

b. Measure mitochondrial content through protein blotting techniques
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Animal Housing

Male mice were used for this study primarily to facilitate replication of literature findings
with adipose tissue research and corticosterone treatment. Most studies using chronic
corticosterone as a treatment conducted the experiments in male mice and the differences
between the sexes are explained (Luine et al., 2017; Rincén-Cortés et al., 2019). While beiging
experiments have been conducted with females, there appears to be some variability in the
response to B3AR activation and the beiging response. Our B3AR agonist, mirabegron, has been
used for the in vivo studies primarily with male mice. While human studies with mirabegron
have been conducted in both males and females, we needed to verify that we can produce the
same results as the literature with our treatments in order to successfully implement our
combination treatment. Even though scientific research is widely criticized for only using
predominantly the male sex, future studies can be designed to determine the effects in females.

All protocols were approved by the animal care committee at Lakehead University. Four-
week-old male C57BL/6N mice were purchased from Charles River and allowed to acclimate for
approximately 2 weeks prior to treatment. Mice were housed in groups consisting of 3-4 mice
per cage at the Pre-Clinical Research facility and ear notched for identification purposes (SOP R-
46-LUACF attached in appendix). Mice were housed at ambient temperatures (22-25°C) on a
12:12 light-dark cycle with 40-70% humidity. Mice were fed ad libitum a standard chow diet for

the duration of the experiment with free access to water.
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Treatment Preparation and Administration

In AS1, mice were exposed to oral treatments (n=10/treatment) at target doses consisting
either of corticosterone (500ug/day), mirabegron (0.024mg/day or 0.24mg/day), vehicle (<1%
ethanol), or naive control (autoclaved water). Mirabegron, a B3AR agonist known to increase BAT
activity, was used as a positive control in order to compare the effects of corticosterone against
changes observed in BAT under chronic activation. Mirabegron doses were selected based on a
study by Sui et al. (2019) who reported BAT activation and WAT beiging under these conditions
(Sui et al., 2019). The dose delivered in the water to achieve the target dose for corticosterone
was 100ug/ml at the beginning of the treatment and lowered to 50ug/ml on day 20 of the study,
and for the mirabegron low and high treatments were either 0.0048mg/ml or 0.048mg/ml
respectively. The doses for mirabegron were used by Sui et al. (2019) who was able to show beiging
and activating effects of this pharmacological compound, however they did not examine the
metabolic effects of this compound with respect to whole body metabolism. The mirabegron high
dose was approximately equivalent to the maximal mirabegron dose approved and administered
in humans of 50mg/day (Nair and Jacob, 2016) (see appendix for dose calculations). All treatments
were administered through a water bottle to each group (n=10/treatment) and mice were allowed
to drink ad libitum. A power analysis was conducted in order to determine the minimum sample
size required for each treatment (see appendix). Corticosterone was purchased from Sigma Aldrich
(27840), mirabegron was purchased from Best of Chemical Sciences (B0084-182334) and 95%
ethanol was purchased from Cedarlane (40120791-3).

The appropriate amount of either corticosterone or mirabegron powder was weighed

using an analytical balance and stored in canonical tubes until use. Fresh solutions were prepared
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using the appropriate amount of either corticosterone or mirabegron and ethanol every 3-4 days.
Tubes were then placed in a 37°C bead bath for the treatment powders to dissolve into solution.
Treatment solutions were added to autoclaved water to give a final concentration of 100ug/ml for
corticosterone, or 0.0048mg/ml mirabegron or 0.048mg/ml mirabegron. Vehicle water was
prepared in the manner with ethanol where the final concentration of ethanol in the bottle was
<1%. Naive control water bottles were prepared using autoclaved water. Treatments were
administered to the mice through water bottles that were pre-weighed in order to track water
consumption. The amount of water consumed was then divided by the number of mice in the cage
for approximate water amount consumed per mouse. A summary of the experimental timeline is
displayed below in Figure 8.

The estimated delivered doses of corticosterone and mirabegron were tracked throughout
the experiment to ensure the animals received adequate treatment. The corticosterone-treated
animals started to drink significantly more of the treatment water in the middle of the study,
leading to the administered dose being greater than desired. This led to the corticosterone
concentration in the treatment water being decreased to 50ug/ml in order for the animals to
receive the targeted dose of 500ug per day, after which point the drinking water consumption
stabilized. Two corticosterone mice perished during the course of the study, possibly due to
corticosterone-induced complications, however, this was not tested. One vehicle mouse was
removed from the study due to unrelated health complications.

AS2 was completed in a similar manner to AS1 with minor alterations. The number of mice
used was doubled to n=20/treatment in order to have more tissues to conduct the appropriate

analyses. The naive control group was not repeated as it did not demonstrate significant
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differences from the vehicle control group in AS1. One mirabegron dose (0.048mg/ml) was
selected as little difference was observed between the low and high doses in AS1. With the
knowledge from AS1 where the corticosterone treatment group began to consume more water
and therefore received a higher dose than anticipated, the corticosterone dose was reduced to
75ug/ml to align with the target dose of 500ug/day per mouse. Lastly, a combination group was
included where the same corticosterone and mirabegron doses used as individual treatments
were both placed in this group’s drinking water to examine the effects of the two treatments
simultaneously. AS2 was therefore comprised of a vehicle treatment group (<1% ethanol), a
corticosterone treatment group (75ug/ml), a mirabegron treatment group (0.048mg/ml), and a
combination group. Three combination treatment mice perished during the study, and one vehicle

mouse was euthanized due to unrelated health complications.
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Figure 8: Schematic representation of the timeline of events for the animal studies.
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Tissue Collection

After four weeks of exposure to mirabegron &/or corticosterone, animals were weighed
and moved to a clean cage without food (containing water and enrichment) to fast for 4-6 hours
(average=5h) prior to being euthanized for dissections. This is a standard procedure for
performing metabolic tests of glucose homeostasis in mice (Ayala JE, et al). Animals were
anesthetized with an inhalant anesthetic (isoflurane) (SOP R-18-LUACF attached in appendix) for
tissue collection.

Once under the deep surgical plane of anesthesia, the blood was collected from every
mouse through cardiac puncture (SOP R-9-LUACF attached in appendix) where it was combined
with 0.5M EDTA (pH 8) to give a final mixture of 10% EDTA. Blood was mixed by inversion 10
times prior to being stored on ice for transportation back to the wet lab facility. Within 2 hours
of collection, blood was centrifuged at 3,000xg for 10 minutes in order to remove plasma, which
was stored at -30°C until use in plasma assays (outlined below).

Tissue collection of the heart, iBAT, ingWAT, liver, and the gastrocnemius, tibialis
anterior, and soleus skeletal muscles were dissected from the mouse within 10 minutes of
cardiac puncture. Tissues were weighed using an analytical balance prior to being flash-frozen in
liquid nitrogen and stored on dry ice before long-term storage at -80°C. A schematic of the
tissues retrieved for this study is displayed in Figure 9. This dissertation focuses on AT only, but
other tissues were retrieved in order to fully utilize the animals and gain the most information

about our treatments.
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Figure 9: lllustration of the tissues retrieved from each mouse for further analysis.

In AS1, the BAT was cut in half in order for half of the tissue to be used for protein analysis and
the other half to be stored in a cassette submerged in formalin for histological experiments.
Likewise, one side of the ingWAT was stored for protein analysis and the other for histological
experiments. In AS2, the number of animals in the study was doubled in order to obtain more
tissue to conduct these analyses.
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Plasma Assays

Plasma glucose, insulin and leptin levels were determined through commercially available
kits. Glucose concentrations were determined with a colourimetric assay from Cayman Chemical
(1000958) and insulin concentrations were determined with the Mouse Insulin ELISA kit from
ALPCO (80-INSMS-E01) following the manufacturers' instructions. The Homeostatic Model of
Assessment for Insulin Resistance (HOMA-IR) was determined for each mouse in the study using
the formula: [Fasting Glucose x Fasting Insulin]/405. Plasma leptin concentrations were
determined through the Mouse Plasma Leptin ELISA from R&D Systems (MOBOOB) following the

manufacturer’s instructions.

Tissue Disruption and Lysis

Tissue lysis and protein collection were performed using a modified version of the
Removal of Excess Lipids (RELi) protocol described by Martin et al. (2019) (Marin et al., 2019).
Fresh RIPA buffer was prepared using 1M Tris (pH 8), 1.5M NaCl, 10% NP-40, 10% Sodium
deoxycholate, 10% Sodium dodecyl sulfate (SDS) and distilled water and stored on ice prior to
supplementing with protease inhibitor cocktail (Sigma P8240) (1:500) and phosphatase inhibitor
cocktail (1:100) consisting of 1ImM sodium orthovanadate (ab120386) and 25mM sodium
fluoride (Thermo Scientific $299-100).

150mg of WAT was weighed on an analytical balance and kept onice in a 2ml round

bottom conical tube prior to the addition of 900ul RIPA buffer with inhibitors. A metal bead was
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added to the tube in order for the samples to be disrupted and lysed at 20 Hz for 2 minutes
(Qiagen Tissue Lyser 85210), chilled and re-lysed for a total of 3 times. BAT samples were
aliquoted with the appropriate amount of RIPA buffer with inhibitors to give 300ul of buffer for
every 50mg of AT (6:1 ratio) prior to the addition of a metal bead. BAT samples were lysed at 20
Hz for 2 minutes, chilled and re-lysed for a total of 4 times. The metal bead was removed, and
samples were left on ice for 2 hours. The samples were centrifuged at 4°C for 15 minutes at
20,000xg in order for the supernatant to be separated from the layer of lipids and transferred to
a new tube. The process of centrifuging the supernatants was conducted three times in order to
reduce the number of lipids in the sample. After the final collection of supernatant, the samples

were used for protein quantification prior to being stored at -80°C.

Protein Quantification

Protein quantification was conducted using the Pierce BCA Protein Assay (Thermo Fisher
23227). Samples were diluted 1:3 with 10% SDS and distilled water in order to be utilized in the
assay. The manufacturer’s instructions were followed using 10ul of each standard or diluted
sample loaded into the plate, in triplicate or duplicate respectively, prior to the addition of 200ul
of working reagent (prepared as outlined containing 50 reagent A:1 reagent B). The plate was
mixed and incubated at 37°C for 30 minutes prior to being cooled to room temperature for
absorbance reading at 562nm with a BioTek Cytation 5 microplate reader using Gen5 software.

A standard curve was prepared from the protein assay and protein concentrations for
each sample were determined. For western blots, samples were prepared at concentrations of

0.4pg/ul or 0.5ug/ul for WAT and BAT respectively. Samples were prepared using distilled water
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and 4X reducing loading buffer containing 125mM Tris (pH 6.8),2% SDS, 0.01% bromophenol
blue and 10% glycerol, and 0.1M DTT, which resulted in a final concentration of 1X. Prepared
samples were vortexed prior to being heated at 100°C for 5 minutes and stored at -80°C for long-
term storage.

Before separating the prepped samples using gel electrophoresis, a Pierce 660nm assay
(Thermo Fisher 22660) was conducted in order to verify the concentration of each of the
prepped samples. Briefly, 10ul of each standard or sample were loaded into a 96-well plate in
either triplicate or duplicate respectively. lonic detergent compatibility reagent (Thermo Fisher
22663) was added to 20ml of 660 Assay Reagent before adding 150ul to each well. The plate
was mixed on a plate shaker for 1 minute before being incubated at room temperature for 5
minutes. The plate was then read at 660nm using the BioTek Cytation 5 microplate reader using
Genb5 software. The concentrations determined from this 660 assay were then used to precisely
load each sample with the corresponding volume to achieve the desired sample concentration in

each blot.

Western Blotting

Prepared protein samples were thawed on ice and analyzed by separation with 10-15%
separating and 4% stacking polyacrylamide gels and transferred to nitrocellulose or
polyvinylidene fluoride (PVDF) membranes for western blotting. 5ul of BLUelf pre-stained
protein ladder (FroggaBio) was added to the first lane of each gel, then a loading control sample,
followed by samples from alternating treatment groups. Gels were run at 200V until the dye

front ran off the gel. Gels were then transferred with 30V for 960 minutes to nitrocellulose
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membranes or 0.2um PVDF membranes were stained with Ponceau S to ensure equal loading,
de-stained with 0.1M NaOH and quickly rinsed with 1X TBST before antibody detection.
Membranes were blocked with either 5% milk or 5% BSA made with 1X TBST at room
temperature for 1 hour on a Storvall Belly Dancer Shaker. Immunoblotting was performed using
primary antibody solutions prepared in 5% milk at UCP1 (Abcam ab209483, 1:1000), or citrate
synthase (Abcam ab129095, 1:100,000). Membranes were then placed on a rocker at 4°C
appropriate primary antibody solution overnight. Membranes were washed 3 times for 5
minutes with 1X TBST prior to being placed on a Storvall Belly Dancer Shaker in goat-anti-rabbit
secondary antibody (Fisher Scientific PI31460) at 1:2500 for UCP-1 and 1:500,000 for citrate
synthase prepared in 5% milk for 1 hour at room temperature. Membranes were then washed
again with 1X TBST 3 times for 5 minutes prior to being detected with either SuperSignal
(Thermo Scientific 34577) or enhanced chemiluminescence (ECL) solution, using the
manufacturer’s instructions. Membranes were imaged using a BioRad ChemiDoc Imager with

auto exposures.

After detection of the antigen, the membranes blots were then stained with Coomassie
R250 membrane stain following the protocol outlined in Current Protocols in Science-
Electrophoresis 1.5.3. Briefly, stock Coomassie R250 staining solution was prepared with 2.4g of
Coomassie Blue R250 powder (BioRad), 60ml of methanol and 12ml of acetic acid and mixed on
a stir plate overnight. The membrane staining solution was prepared with 0.75ml of stock
Coomassie R250 solution, 40ml of methanol, 7ml acetic acid and 52.25ml of distilled water

(Goldman et al., 2016). The de-staining solution was prepared with 50ml of methanol, 7ml of
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acetic acid, and 43ml of distilled water to create a 15% methanol/10% acetic acid v/v solution
(Goldman et al., 2016). Before staining, the membranes were washed 3-5 times with distilled
water before being covered with 15ml of the staining solution and being placed on a Storvall
Belly Dancer Shaker for 5 minutes. The staining solution was then poured off before adding 10
volumes of the de-staining solution to the container. A Kimwipe was placed in the corner of the
container to absorb some of the dye during the de-staining time of 10 minutes on a Storvall Belly
Dancer Shaker. The de-staining step was then repeated for a second time. The membranes
were then rinsed with distilled water and left to dry at room temperature. Once dry, the
membranes were scanned and analyzed or the protein content within the entire lane. All blots
were quantified using ImagelJ software and loading controls were used to normalize each blot
and were then normalized to the Coomassie or Ponceau S stain of the entire lane for that sample
for accurate quantification of protein expression relative to protein loaded in the lane. In AS1,
both western blots were transferred to nitrocellulose membranes and were stained with
Ponceau S. In AS2, western blots were transferred to PVDF membranes and stained with both
Ponceau S and with Coomassie blue stain. The switch to Coomassie blue and PVDF was

undertaken in order to better stain for total protein.

Slot Blotting

Slot and dot blots have been used to detect proteins in adipose tissue previously and
provide simple, sensitive and reproducible results (Milner et al., 1990). In order to quantify
difficult to detect proteins in WAT and BAT due to limitations in the quantity of protein that

could be loaded into the well of the SDS-PAGE, a slot blot was conducted instead of a western
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blot. The slot blot apparatus was assembled with a nitrocellulose membrane as per the
manufacturer’s instructions. The nitrocellulose membrane was rinsed three times with PBS
before the experiment. The protein concentrations determined through the BCA assay were
used to load onto a nitrocellulose membrane into designated slots of the Bio-Dot SF apparatus
(Bio-Rad 1706542) with a vacuum. For UCP1 40ug of protein was loaded and for
4-Hydroxyneonenal (4-HNE), 10ug was loaded, supplemented with PBS for a final volume of
200ul. The membrane was rinsed once more with PBS before the apparatus was disassembled.
The membrane was then stained with Ponceau S to ensure equal loading, and an image was
taken for later quantification. The membrane was de-stained with 0.1M NaOH before being
rinsed with 1X TBST before being blocked in 5% milk made with 1X TBST at room temperature
for 1 hour on a Storvall Belly Dancer Shaker. Immunoblotting was performed using primary
antibody solutions prepared in 5% milk at UCP1 (Abcam ab209483, 1:1000), or 4-HNE (Abcam
ab46545, 1:1000). Membranes were then placed on a rocker at 4°C appropriate primary
antibody solution overnight. Membranes were washed 3 times for 5 minutes with 1X TBST prior
to being placed on a Storvall Belly Dancer Shaker in either goat-anti-rabbit secondary antibody
(Fisher Scientific P131460) at 1:2500 for UCP-1 or 1:1000 for 4-HNE prepared in 5% milk for 1
hour at room temperature. Membranes were then washed again 3 times for 5 minutes with 1X
TBST prior to being detected with either SuperSignal (Thermo Scientific 34577) or ECL solution,
using the manufacturer’s instructions. All blots were quantified using ImageJ software and the

Ponceau S stain image was used to normalize each blot.
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Histological Staining and Analysis

Tissues used for histological staining were stored in 10% formalin upon collection and were
shipped to Ontario Veterinary College at the University of Guelph for slide preparation. Tissues
were processed under vacuum using a Shandon Excelsior Tissue Processor. Briefly, the samples
were subjected to 70% isopropanol at 30°C for 45 min, 85% isopropanol at 30°C for 45 min, 90%
isopropanol at 30°C for 45 min, 95% isopropanol at 30°C for 45 min, 100% isopropanol at 30°C for
45 min twice, Xylene at 30°C for 45 min three times, and Paraffin at 62°C for 45 min three times.
Tissues were then embedded with TissuePrep (Fisher Scientific T565) and sectioned using a Leica
RM255 into 5um sections. Slides were stained with hematoxylin and eosin (H&E) in order for
histological analysis of lipid droplet size to be conducted. Microscopic images of each BAT were
taken at 10X magnification for three separate fields of view for each sample. Each of the three
fields of view were quantified for lipid droplet area using Cell Profiler software as described (Berry
et al., 2014). The analysis was completely automated to avoid any biased results. 1300-3500 lipid
droplets were analyzed from each field of view in BAT and 80-210 lipid droplets were analyzed
from each field of view in WAT. All fields of view are represented in the figure, but the statistical
tests were conducted on averaged field of view per animal. Each of the average lipid droplet sizes
from each field of view was then used for statistical analysis to compare each treatment. Each field
of view was also scanned for the formation of CLS in order to detect any tissue level inflammatory

changes.
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Statistical Analysis

All statistical analyses were performed in GraphPad Prism software version 9.3.1. Means
+ SD were calculated for all data sets and displayed in each figure. Data sets were analyzed using
either one-way ANOVA or two-way ANOVA with Fisher’s LSD test, where p<0.05 was considered
statistically significant. Histological analyses histograms were created using frequency
distribution analyses in GraphPad Prism where bin centers were determined as relative

frequency percentages. .

Graphical Software

All graphics were created using BioRender with a premium account and publishing rights.
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Chapter 4: Results
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Animal Study #1 (AS1)

Corticosterone treatment increased body weight

Throughout the experiment, corticosterone-treated mice illustrated significantly (p<0.05)
elevated body weights from day seven until the end of the treatment (Figure 10). The change in
body weight from baseline was significantly (p<0.05) elevated in the corticosterone group
(Figure 11). The fasting body weight was also significantly (p<0.05) increased in the

corticosterone group (Figure 12).
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Figure 10: A Summary of the Body Weight Over the Course of Animal Study #1.

The corticosterone treated mice illustrated significantly (p<0.05) increased body weights after
seven days of treatment compared to all other treatment groups. (a) represents significantly
different (p<0.05) from naive control, (b) represents significantly different (p<0.05) from vehicle
control, (c) represents significantly different (p<0.05) from mirabegron low treatment, (d)
represents significantly different (p<0.05) from mirabegron high treatment.
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Figure 11: Overall Change in Body Weight After Animal Study #1.

The corticosterone mice also illustrated a significant (p<0.05) increase in body weight gain from
the start of the experiment.
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Figure 12: Fasting Body Weight in Animal Study #1.

At the time of euthanasia, the corticosterone mice weighted significantly (p<0.05) more than all
other treatment groups.
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Corticosterone treatment altered mouse physical appearance and drinking water behaviour

Corticosterone-treated mice appeared to move less around the cage (although this was
not measured). The physical appearance of the corticosterone-treated mice was also altered as
they had oily-looking coats compared to the other treatment groups as evident in Figure 13.
Drinking water behaviour was also altered with the corticosterone group drinking significantly
(p<0.05) more water than any other treatment group (Figure 14). This increase in drinking water
began on day 4 of treatment and reached its maximum on day 19 of the study (Figure 15). At this
maximum point, the corticosterone concentration was decreased in order to better match the
target dose desired (Figure 15). The corticosterone concentration in the water was decreased to
50ug/ml from day 20 until the end of the study (indicated with an arrow) (Figure 16). At this
lower dose, the drinking water behaviour became similar to the naive and vehicle control mice in
our study. The actual mirabegron doses administered were slightly below the target doses

(Figure 17) (Figure 18).
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Figure 13: Photographs of the Mice in Animal Study #1.

A photograph of the high mirabegron (A) and corticosterone (B) treated mice. The oily coat and
larger body size is apparent in the corticosterone group.
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Figure 14: Average Drinking Water Consumption in Animal Study #1.

The corticosterone mice drank significantly (p<0.05) more water than all other treatment groups.
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Figure 15: Drinking Water Consumption Throughout Animal Study #1.

Chronic corticosterone treatment resulted in mice drinking significantly (p<0.05) more of the
treatment water during the course of the experiment. The arrow indicates where the dose in the
corticosterone water was lowered. (a) represents significantly (p<0.05) different than the naive
control group on the day indicated, (b) represents significantly (p<0.05) different from the
vehicle control group on the day indicated, (c) represents significantly (p<0.05) different from
the mirabegron low treatment on the day indicated, and (d) represents significantly (p<0.05)
different from the mirabegron high treatment on the day indicated.
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Figure 16: Administered and Target Dose for the Corticosterone Group for Animal Study #1.

The dose of corticosterone received per mouse per day during the course of the experiment.
The 10 mice in this treatment were separated into 3 cages where the average dose received was
calculated based on the water consumed for the cage and divided by the number of mice in that
cage.The dashed line represents the desired dose to be delivered.
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Figure 17: Administered and Target Dose for the Low Mirabegron Group for Animal Study #1.

The dose of the mirabegron that the low dose treatment group received per mouse per day
during the course of the experiment. The 10 mice in this treatment were separated into 3 cages
where the average dose received was calculated based on the water consumed for the cage and
divided by the number of mice in that cage. The dashed line represents the desired dose to be
delivered.
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Figure 18: Administered and Target Dose for the High Mirabegron Group for Animal Study #1.

The dose of the mirabegron that the high dose treatment group received per mouse per day
during the course of the experiment. The 10 mice in this treatment were separated into 3 cages
where the average dose received was calculated based on the water consumed for the cage and
divided by the number of mice in that cage. The dashed line represents the desired dose to be
delivered.
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Corticosterone and mirabegron treatments altered the tissue appearance, size, and
morphology

The corticosterone-treated mice displayed observable phenotypical changes in the tissue
with both WAT and BAT displaying a larger size in comparison to naive and vehicle controls and
both mirabegron treatments (Figure 19). The BAT also displayed a lighter brown colour in
comparison to the controls. The high mirabegron treated mice had BAT that was subjectively a
darker brown colour in comparison to the vehicle control (Figure 19), although, this was not
quantified. Both the BAT weights (Figure 20A) and BAT weights relative to body weight (Figure
20B) were significantly (p<0.05) heavier in the corticosterone-treated mice compared to all other
treatment groups. Both the WAT weights (Figure 21A) and WAT weights relative to body weight
(Figure 22B) were significantly (p<0.05) heavier in the corticosterone-treated mice compared to
all other treatment groups.

Histological examination of the BAT also reveals large differences between the
corticosterone and other treatment groups (Figure 22). A significant (p<0.05) increase in the
mean lipid droplet (LD) area is apparent in the corticosterone-treated group (Figure 23A). The
high mirabegron treatment was not significantly different from the naive or vehicle controls and
closely resembles them upon visual examination. The low mirabegron treatment had
significantly (p<0.05) larger lipid droplet areas than both the naive and vehicle controls. The
distribution of the LD areas reveals an increased frequency of larger LDs in the corticosterone
treatment group (Figure 23B).

Histological examination of the WAT also reveals large differences between the

corticosterone and other treatment groups (Figure 24). A significant (p<0.05) increase in the
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mean LD area is apparent in the LD distribution of the WAT depot when compared to all other
treatments (Figure 25A). The distribution of the LD areas reveals an increased frequency of

larger LDs in the corticosterone treatment group (Figure 25B).

White Adipose Tissue

- P , = LI i -jﬁ';—% -
Naive Vehicle i bl g Mirabegron  Mirabegron
Control Control (Low) (High)
.$ _g LA l'“l _T‘;ﬁ
e A P

Brown Adipose Tissue

Figure 19: Adipose Tissue Visual Comparison for Animal Study #1.

A visual comparison of the inguinal white (top) and interscapular brown (bottom) AT depots
from each of the treatment groups. The corticosterone treated mice exhibited much larger WAT
and BAT compared to all other treatment groups. The grid represents 1/4 inch and the ruler
illustrates the measurements of each tissue in centimeters.
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Figure 20: BAT Weights and Ratio for Animal Study #1.

Comparison of the BAT from each treatment displayed as absolute weight (A) and relative to
body weight (B). The corticosterone treatment significantly (p<0.05) increased BAT weights
compared to the other treatment and control groups.
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Figure 21: WAT Weights and Ratio for Animal Study #1.

Comparison of the inguinal WAT (ingWAT) from each treatment displayed as absolute weight (A)
and relative to body weight (B). The corticosterone treatment significantly (p<0.05) increased
WAT weights compared to other treatment and control groups in this study.
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Figure 22: Representative BAT Histology from Animal Study #1.

Representative images of BAT at 10X magnification (H&E staining) from each treatment where

the scalebar represents 200um in the field of view. H&E staining allowed for lipid droplet size to
be determined from each AT sample.
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Figure 23: Comparison of BAT Lipid Droplet Area from Animal Study #1.

The mean lipid droplet area from three separate fields of view were determined through the
automated programming in order to avoid any biases. Panel A illustrates the three average lipid
droplet areas from each field of view for each sample from each treatment group and panel B
illustrates the frequency distribution of the mean lipid droplet area (bin center). All fields of view
are represented in the figure, but the statistical tests were conducted on averaged field of view
per animal. Bin centers represented in this figure are BAT lipid droplet areas of: 150-250um?,
250-350pm?, 350-450um?, and 450-550um?. The corticosterone treatment illustrates
significantly (p<0.05) larger lipid droplets than all other treatment groups (A). The corticosterone
treatment has a greater percentage of lipid droplets (bin centers) that are larger in size than the
other treatment groups (B).
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Figure 24: Representative WAT Histology from Animal Study #1.

Representative images of inguinal WAT (ingWAT) at 10X magnification (H&E staining) from each
treatment where the scalebar represents 200um in the field of view. H&E staining allowed for
lipid droplet size to be determined from each AT sample.
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Figure 25: Comparison of WAT Lipid Droplet Area from Animal Study #1.

The mean lipid droplet area from three separate fields of view were determined through the
automated programming in order to avoid any biases. Panel A illustrates the three average lipid
droplet areas from each field of view for each sample from each treatment group and panel B
illustrates the frequency distribution of the mean lipid droplet area (bin center). All fields of view
are represented in the figure, but the statistical tests were conducted on averaged field of view
per animal. Bin centers represented in this figure are WAT lipid droplet areas of: 1500-2500um?,
2500-3500pm?, 3500-4500pum?, and 4500-5500um?. The corticosterone treatment illustrates
significantly (p<0.05) larger lipid droplets than all other treatment groups (A). The corticosterone
treatment has a greater percentage of lipid droplets (bin centers) that are larger in size than the
other treatment groups (B).
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Corticosterone and mirabegron treated mice display significantly elevated UCP1 expressions
in BAT

Through western blot, the UCP1 expression was determined. The mirabegron treatments had
significantly (p<0.05) increased BAT UCP1 expression compared to both the naive and vehicle
controls (Figure 26). Surprisingly, the corticosterone-treated mice displayed UCP1 expression
that was significantly (p<0.05) higher with arbitrary units of 0.049 = 0.016 when compared to the
naive (0.019 £ 0.012 a.u) and vehicle (0.017 £ 0.0107 a.u) controls, mirabegron low (0.034 +

0.017 a.u), and mirabegron high (0.040 £ 0.007 a.u) treatments (Figure 26).
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Figure 26: BAT UCP1 Protein Expression Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein expression of UCP1 (panel B),
and normalized protein expressions (panel C) in BAT. Samples were separated on a 12% SDS-
PAGE gel with 15ug of protein loaded into each lane. Western blot lane labels represent naive
control sample (N), vehicle control sample (V), corticosterone sample (C), low mirabegron
sample (LM) and high mirabegron sample (HM). Samples were expressed relative to the loading
control loaded onto each membrane. The corticosterone group had a significant (p<0.05)
increase in the amount of UCP1 expressed in the BAT of each of the treatment groups compared
to the naive and vehicle control groups. Both mirabegron groups also had significantly (p<0.05)
increased amounts of UCP1 expressed in the BAT compared to the naive and vehicle controls.
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WAT UCP1 expression was significantly reduced in the corticosterone treated mice

WAT UCP1 expression was determined through slot blots. Based on the protein
concentration obtained from the WAT samples in this study, slot blots were performed in order
to detect UCP1 within this AT depot. Slot blots allowed for 40ug of protein to be loaded onto the
membrane. The corticosterone treatment resulted in a significantly (p<0.05) reduced expression
of UCP1 within the tissue compared to both mirabegron treatments and naive control groups
(Figure 27). Surprisingly, the naive and vehicle controls displayed different UCP1 expressions.
The naive control group illustrated similar UCP1 expression, compared to the mirabegron
treatments (Figure 27). However, both the low and high mirabegron treatment resulted in

significantly (p<0.05) increased UCP1 expression, compared to the vehicle control group.
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Figure 27: WAT UCP1 Protein Expression Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein expression of UCP1 (panel B),
and normalized protein expressions (panel C). 40ug of protein loaded into each lane of the slot
blot. Slot bot lane labels represent naive control sample (N), vehicle control sample (V),
corticosterone sample (C), low mirabegron sample (LM) and high mirabegron sample (HM). Slot
blots were normalized back to the ponceau S stain for each sample. The corticosterone group
had a significant (p<0.05) decrease in the amount of UCP1 expressed in each WAT when
compared to the naive control, and mirabegron groups.
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Mitochondrial content was unchanged

Citrate synthase was measured as a surrogate marker for mitochondrial content for each
of the AT depots. Citrate synthase activity does not reflect mitochondrial content across all
mouse tissues, especially in BAT and liver (McLaughlin et al., 2020). The activity of citrate
synthase has only been validated as a marker for mitochondrial content in mouse skeletal muscle
(Mclaughlin et al., 2020). While citrate synthase protein is an accepted marker, it cannot be
considered the gold standard for measuring mitochondrial content; however, the extensive
measurements required to confirm mitochondrial content are beyond the scope of this study.
Citrate synthase activity and protein expression were evaluated in omental AT from patients with
obesity or who were diabetic (Christe et al., 2013). The activity and protein expression of citrate
synthase were increased in patients with obesity, however only the protein amount increases in
diabetic patients, and activity of citrate synthase remains unchanged (Christe et al., 2013). This
increase in citrate synthase protein was deemed part of a compensatory mechanism whereby
diabetes impairs this protein and its abilities (Christe et al., 2013). Therefore, protein
measurements of citrate synthase are important when examining mitochondrial content and its
influence on metabolic disease. Citrate synthase expression was not altered by the treatments
in this study for either the BAT (Figure 28) or WAT (Figure 29), indicating there wasn’t a
difference in mitochondrial content. In order to determine if UCP1 normalized to mitochondrial
content was altered with the treatments, a ratio was determined for the relative protein
expression from each mouse in the study. When comparing the relative protein expression of

UCP1 to citrate synthase in the BAT, there was a significant (p<0.05) increase in the level of UCP1
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in both the corticosterone and the high mirabegron treatment groups (Figure 30A). The WAT
displayed opposite effects with corticosterone-treated mice displaying significantly (p<0.05) less
UCP1 relative to citrate synthase (Figure 30B) than the controls. The high mirabegron treatment
was not significantly different from the naive or vehicle controls (Figure 30B) while the UCP1
relative to citrate synthase in the low mirabegron group was higher, compared to the vehicle

control group (Figure 30B).
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Figure 28: BAT Citrate Synthase Protein Expression Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein expression of citrate synthase
(panel B), and normalized protein expressions (panel C) in BAT. Samples were separated on a
12% SDS-PAGE gel with 10ug of protein loaded into each lane. Western blot lane labels
represent naive control sample (N), vehicle control sample (V), corticosterone sample (C), low
mirabegron sample (LM) and high mirabegron sample (HM). Samples were expressed relative to
the loading control loaded onto each membrane.
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Figure 29: WAT Citrate Synthase Protein Expression Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein expression of citrate synthase
(panel B), and normalized protein expressions (panel C) in WAT. Samples were separated on a
12% SDS-PAGE gel with 10ug of protein loaded into each lane. Western blot lane labels
represent naive control sample (N), vehicle control sample (V), corticosterone sample (C), low
mirabegron sample (LM) and high mirabegron sample (HM). Samples were expressed relative to
the loading control loaded onto each membrane.
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Figure 30: The Ratio of Uncoupling Relative to Mitochondrial Content in Animal Study #1.

The relative ratio of UCP1 to citrate synthase in each of the treatment groups for BAT (A) and

WAT (B). (A) The corticosterone group illustrated significantly (p<0.05) more UCP1/citrate
synthase than the naive control, vehicle control, and low mirabegron treatments in the BAT. The
high mirabegron treatment also displayed significantly (p<0.05) more UCP1/citrate synthase than
the naive and vehicle controls in the BAT. (B) The WAT illustrated significantly (p<0.05) more
UCP1/citrate synthase in the naive control and with both mirabegron treatments. The
corticosterone group had significantly less UCP1/citrate synthase than the naive control and

mirabegron treatments.
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Lipid peroxidation marker 4-HNE was not affected by the treatments

Increased oxidative stress is associated with obesity and metabolic syndrome (Masschelin
et al., 2020). With this study’s focus on AT, how lipids are oxidized was of particular interest in
each AT depot. As a measure of lipid peroxidation, 4-HNE was measured with slot blots. Slot
blots were used for both tissues in order to concentrate all protein adducts into a singular band
and allow for direct analysis. Only 5-10ug of protein were loaded for BAT and WAT respectively
due to the sensitivity of this measurement. Both BAT and WAT were analyzed by slot blots for
the amount of lipid peroxidation within each tissue. Surprisingly, both the BAT (Figure 31) and
WAT (Figure 32) were unaffected by the corticosterone and mirabegron treatments. Upon
observation of the blots, it appeared as though the samples with high 4-HNE protein adduct
formation in the BAT, were also elevated in the WAT, regardless of the treatment group the
sample originated from. A Pearson correlation analysis was then performed and revealed a
moderate positive correlation (coefficient of 0.6422) (Figure 33) illustrating this observed

relationship.
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Figure 31: BAT Protein Adducts of 4-HNE Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein adduct formation of 4-HNE
(panel B), and normalized protein adduct formation (panel C). 5ug of BAT protein loaded into
each lane of the slot blot. Lane labels represent naive control sample (N), vehicle control sample
(V), corticosterone sample (C), low mirabegron sample (LM) and high mirabegron sample (HM).
Slot blots were normalized back to the ponceau S stain for each sample.
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Figure 32: WAT Protein Adducts of 4-HNE Following Animal Study #1.

A representative image of the ponceau S stain (panel A), protein adduct formation of 4-HNE
(panel B), and normalized protein adduct formation (panel C). 10ug of WAT protein loaded into
each lane of the slot blot. Lane labels represent naive control sample (N), vehicle control sample
(V), corticosterone sample (C), low mirabegron sample (LM) and high mirabegron sample (HM).
Slot blots were normalized back to the ponceau S stain for each sample.
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Figure 33: The Correlation Between the BAT and WAT Levels of 4-HNE from Animal Study #1.

The Pearson coefficient (0.6422) shows a moderate positive correlation.
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Corticosterone treatment increases fasting plasma insulin levels and insulin resistance

Using commercially available assays, the plasma from each mouse was analyzed for their
fasting glucose and insulin concentrations. The HOMA-IR values were then computed to
determine the level of insulin resistance under each treatment. The fasting glucose
concentrations were not different between treatment groups (Figure 34A). However, the
corticosterone group illustrated significantly (p<0.05) elevated fasting insulin (Figure 34B) and

HOMA-IR values (Figure 34C).
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Figure 34: Animal Study #1 Plasma Measurements.

Plasma glucose (A) and insulin (B) measurements, and (C) HOMA-IR for each treatment. The
corticosterone group illustrated significantly (p<0.05) elevated insulin concentrations and insulin
resistance (HOMA-IR) compared to all other treatment groups.
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Animal Study #2 (AS2)

Corticosterone and combination treatments increased body weight

Throughout the experiment, corticosterone-treated mice illustrated significantly (p<0.05)
elevated body weights from day 14 until the end of the treatment (Figure 35). The combination
treatment also resulted in significantly (p<0.05) increased body weights when compared to the
vehicle control and mirabegron treatment (Figure 35). The change in body weight from baseline
was significantly (p<0.05) elevated in the corticosterone and combination treatment groups
(Figure 36). The fasting body weight was also significantly (p<0.05) increased in the

corticosterone and combination treatment groups (Figure 37).
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Figure 35: A Summary of the Body Weight over the course of Animal Study #2.

The body weight of the corticosterone treated mice increased significantly (p<0.05) after 14 days
of treatment compared to all other treatment groups. (a) represents significantly different
(p<0.05) from vehicle control on the day indicated, (b) represents significantly different (p<0.05)
from mirabegron treatment on the day indicated, (c) represents significantly different (p<0.05)
from the corticosterone treatment on the day indicated, (d) represents significantly different
(p<0.05) from combination treatment on the day indicated.
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Figure 36: Overall Change in Body Weight after Animal Study #2.

The corticosterone mice illustrated a significant (p<0.05) increase in weight gain from the start of
the experiment. The combination treatment weighed significantly (p<0.05) more than all other

treatment groups.
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Figure 37: Fasting Body Weight in Animal Study #2.

At the time of euthanasia, the corticosterone and combination mice weighed significantly
(p<0.05) more than the mirabegron and vehicle control treatment groups.
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Corticosterone and combination treatment mice had altered mouse physical appearance and
drinking water behaviour

In addition to the significant (p<0.05) increase in body mass in the corticosterone and
combination treatments, these mice also appeared to move less around the cage (although this
was not measured). The physical appearances of the corticosterone and combination mice were
altered as they had oily-looking coats compared to the other treatment groups as evident in
Figure 38. Their drinking water behaviour was altered with the corticosterone and combination
groups where they drank significantly (p<0.05) more water than the vehicle control or
mirabegron treatment (Figure 39). With the information gained from AS1, the effects of
corticosterone-induced water consumption were anticipated. In an attempt to balance these
effects of corticosterone, the dose was lowered to 75ug/ml, allowing for the target dose of
500ug/mouse/day to be achieved (Figure 40). The actual mirabegron dose administered was also
at the target dose (Figure 41). The delivered doses of corticosterone and mirabegron were also

on target for the combination treatment (Figure 42).
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Figure 38: A Photograph of a Representative Mouse from Each Treatment in Animal Study #2.

The grid represents 1/4 inch and the ruler illustrates the measurements of each mouse in
centimeters. The corticosterone and combination treatment groups resulted in an observable
increase body size and width compared to the mirabegron and vehicle control groups.
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Figure 39: Average Water Consumption in Animal Study #2.

The corticosterone mice drank significantly (p<0.05) more water than all other treatment groups.
The combination treatment drank significantly (p<0.05) more water than the vehicle control and

mirabegron treatment.
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Figure 40: Administered and Target Dose for the Corticosterone Group in Animal Study #2.

The dose of corticosterone received per mouse per day during the course of the experiment.
The 20 mice in this treatment were separated into 8 cages where the average dose received was
calculated based on the water consumed for the cage and divided by the number of mice in that
cage. The dotted line represents the desired dose to be delivered.
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Figure 41: Administered and Target Dose for the Mirabegron Group in Animal Study #2.

The dose of the mirabegron that the treatment group received per mouse per day during the
course of the experiment. The 20 mice in this treatment were separated into 8 cages where the
average dose received was calculated based on the water consumed for the cage and divided by
the number of mice in that cage. The dotted line represents the desired dose to be delivered.
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Figure 42: Administered and Target Dose for the Combination Group in Animal Study #2.

The dose of the corticosterone (A) and mirabegron (B) that the combination treatment group
received per mouse per day during the course of the experiment. The 20 mice in this treatment
were separated into 8 cages where the average dose received was calculated based on the water
consumed for the cage and divided by the number of mice in that cage. The dotted lines
represent the desired dose to be delivered.
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Corticosterone and combination treatments altered the tissue appearance, size, and morphology

The corticosterone and combination-treated mice displayed observable phenotypical
changes at the tissue level with both WAT and BAT displaying a larger size in comparison to the
vehicle control and mirabegron treatment (Figure 43). The BAT in both the corticosterone and
combination treatments subjectively displayed a lighter brown colour in comparison to the
vehicle control, although, this colour difference was not quantified. Both the BAT weights (Figure
44A) and BAT weights relative to body weight (Figure 44B) were significantly (p<0.05) heavier in
the corticosterone and combination-treated mice compared to the mirabegron treatment and
vehicle control groups. Both the WAT weights (Figure 45A) and WAT weights relative to body
weight (Figure 45B) were significantly (p<0.05) heavier in the corticosterone and combination-
treated mice compared to both the mirabegron treatment and vehicle control groups.

Histological examination of the BAT also revealed differences between the treatment
groups (Figure 46). A significant (p<0.05) increase in the mean LD area was apparent in both the
corticosterone and combination-treated groups (Figure 47A). The LD distribution of the
corticosterone and combination groups illustrated more LDs being of larger size than those of
the mirabegron or vehicle treatments (Figure 47B). The mirabegron treatment LDs were
significantly (p<0.05) larger than the vehicle control LDs, but displayed significantly (p<0.05)
smaller LDs than both the corticosterone and combination treatments. Histological examination
of the WAT also revealed differences between treatment groups (Figure 48). A significant
(p<0.05) increase in the mean LD area was apparent for both the corticosterone and

combination treatment groups (Figure 49A). The distribution of the LD areas revealed an
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increased frequency of larger LDs in both the corticosterone and combination treatment group

(Figure 49B).
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Figure 43: Adipose Tissue Visual Comparison for Animal Study #2.

A visual comparison of the inguinal white (top) and interscapular brown (bottom) AT depots
from each of the treatment groups. The corticosterone and combination treated mice exhibited
much larger WAT and BAT compared to the mirabegron and vehicle control groups. The grid
represents 1/4 inch and the ruler illustrates the measurements of each tissue in centimeters.
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Figure 44: BAT Weights and Ratio for Animal Study #2.

Comparison of the BAT from each treatment displayed as absolute weight (A) and relative to
body weight (B). The corticosterone and combination treatment groups had significantly
(p<0.05) heavier BATs compared to all other treatments in this study.
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Figure 45: WAT Weights and Ratio for Animal Study #2.

Comparison of the inguinal WAT (ingWAT) from each treatment displayed as absolute weight (A)
and relative to body weight (B). The corticosterone and combination treatment groups had
significantly (p<0.05) heavier WATs compared to all other treatments in this study.
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Flgure 46: Representatlve BAT Hlstology from Animal Study #2.

Representative images of BAT at 10X magnification (H&E staining) from each treatment where

the scalebar represents 200um in the field of view. H&E staining allowed for lipid droplet size to
be determined from each AT sample.
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Figure 47: Comparison of BAT Lipid Droplet Area from Animal Study #2.

The mean lipid droplet area from three separate fields of view were determined through the
automated programming in order to avoid any biases. Panel A illustrates the three average lipid
droplet areas from each field of view for each sample from each treatment group and panel B
illustrates the frequency distribution of the mean lipid droplet area (bin center). All fields of view
are represented in the figure, but the statistical tests were conducted on averaged field of view
per animal. Bin centers represented in this figure are BAT lipid droplet areas of: 150-250pum?,
250-350pm?, 350-450um?, and 450-550um?. The corticosterone treatment illustrates
significantly (p<0.05) larger lipid droplets than all other treatment groups (A). The corticosterone
and combination treatments had a greater percentage of lipid droplets (bin centers) that are
larger in size than the other treatment groups (B). Mirabegron treatment resulted in significantly
(p<0.05) larger lipid droplet areas than the vehicle control, however, both were smaller in area
than the corticosterone and combination treatments.
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Figure 48: Representative WAT Histology from Animal Study #2.

Representative images of inguinal WAT (ingWAT) at 10X magnification (H&E staining) from each

treatment where the scalebar represents 200um in the field of view. H&E staining allowed for

lipid droplet size to be determined from each AT sample.

186



A 8000 <0.0001

& 7000 I | B
<0.0001 <0.0001 <0.0001 100
" 6000 . )
e _ 804 [ Vehicle Control (n=9)
% 5000 ) Il Corticosterone (n=10)
s . {:T Il Mirabegron (n=10)
2 4000 § 604 g
a8 Py 3 [l Combination (n=7)
o g
‘2. 3000 ‘ .
| H
e
§ 2000 2
= -3
1000
o
N & & AN
N & ¢ N
& & of &
& & S &
< & o
& & &
& & W <

Treatment

Figure 49: Comparison of WAT Lipid Droplet Area from Animal Study #2.

The mean lipid droplet area from three separate fields of view were determined through the
automated programming in order to avoid any biases. Panel A illustrates the three average lipid
droplet areas from each field of view for each sample from each treatment group and panel B
illustrates the frequency distribution of the mean lipid droplet area (bin center). All fields of view
are represented in the figure, but the statistical tests were conducted on averaged field of view
per animal. Bin centers represented in this figure are lipid droplet areas of: 1500-2500um?,
2500-3500pm?, 3500-4500pm?, and 4500-5500um?. The corticosterone and combination
treatments illustrated significantly (p<0.05) larger lipid droplets than all other treatment groups
(A). The corticosterone and combination treatments had a greater percentage of lipid droplets
(bin centers) that are larger in size than the other treatment groups (B).
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Corticosterone and mirabegron treated mice did not display altered UCP1 expressions in BAT
Through western blot, the UCP1 expression was determined. Unlike animal study #1,

none of the treatments displayed elevated UCP1 expressions (Figure 50).
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Figure 50: BAT UCP1 Protein Expression Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein expression of UCP1 (panel B),
and normalized protein expressions (panel C) in BAT. Samples were separated on a 12% SDS-
PAGE gel with 15ug of protein loaded into each lane. Western blot lane labels represent vehicle
control sample (V), corticosterone sample (C), mirabegron sample (M), and combination sample
(T). Samples were expressed relative to the loading control loaded onto each membrane. All

treatment groups were not significantly different from each other in terms of their UCP1 protein
expression.
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WAT UCP1 expression was significantly reduced in the corticosterone treated mice

WAT UCP1 expression was determined through slot blots. The corticosterone treatment
significantly (p<0.05) reduced the expression of UCP1 within the tissue compared to both the
mirabegron and vehicle treatments (Figure 51). Surprisingly, vehicle control displayed

significantly (p<0.05) increased UCP1 expressions compared to the mirabegron treatment

(Figure 51).
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Figure 51: WAT UCP1 Protein Expression Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein expression of UCP1 (panel B),
and normalized protein expressions (panel C). 40ug of protein loaded into each lane of the slot
blot. Slot bot lane labels represent vehicle control sample (V), corticosterone sample (C),
mirabegron sample (M), and combination sample (T). Slot blots were normalized back to the
ponceau S stain for each sample. The corticosterone and combination groups had significantly

(p<0.05) less UCP1 expressed in each WAT when compared to the vehicle control and
mirabegron groups.
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The corticosterone and combination-treated mice had less of the mitochondrial content per
gram of tissue

Citrate synthase was measured as a surrogate marker for mitochondrial content for each
of the AT depots. Citrate synthase expression was not altered by the treatments in this study for
both the BAT (Figure 52) and WAT (Figure 53). When comparing the relative protein expression
of UCP1 to citrate synthase in the BAT, there were no differences between the treatments
(Figure 54A). In the WAT, the vehicle-treated mice displayed significantly (p<0.05) more UCP1
relative to citrate synthase (Figure 54B) than the controls.

To further understand if the mitochondrial content was altered in each depot, we related
the protein expression back to the mass of each AT (Figure 55). When the protein expression
was equated to the mass of the tissue per gram of AT, the corticosterone and combination
treatments resulted in significantly (p<0.05) fewer mitochondria in that depot compared to the

vehicle control and mirabegron treatment in both BAT and WAT.
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Figure 52: BAT Citrate Synthase Protein Expression Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein expression of citrate synthase
(panel B), and normalized protein expressions (panel C) in BAT. Samples were separated on a
12% SDS-PAGE gel with 10ug of protein loaded into each lane. Western blot lane labels
represent vehicle control sample (V), corticosterone sample (C), mirabegron sample (M), and
combination sample (T). Samples were expressed relative to the loading control loaded onto
each membrane.
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Figure 53: WAT Citrate Synthase Protein Expression Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein expression of citrate synthase
(panel B), and normalized protein expressions (panel C) in WAT. Samples were separated on a
12% SDS-PAGE gel with 10ug of protein loaded into each lane. Western blot lane labels
represent vehicle control sample (V), corticosterone sample (C), mirabegron sample (M), and
combination sample (T). Samples were expressed relative to the loading control loaded onto
each membrane.
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Figure 54: The Ratio of Uncoupling Relative to Mitochondrial Content in Animal Study #2.

The relative ratio of UCP1 to citrate synthase in each of the treatment groups for BAT (A) and
WAT (B). (A) There was no difference in the ratio between treatment groups in the BAT. (B) The
WAT illustrated significantly (p<0.05) more UCP1/citrate synthase in the vehicle control than all

other treatment groups.
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Figure 55: Mitochondrial Content per Gram of Tissue in Animal Study #2.

The relative ratio of citrate synthase per gram of tissue in each of the treatment groups for BAT
(A) and WAT (B). (A) The mitochondrial content per gram of tissue was significantly (p<0.05) less
in the corticosterone and combination treatments compared to the mirabegron treatment and
vehicle control groups in both BAT (A) and WAT (B).
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Lipid peroxidation marker 4-HNE was not affected by the treatments but was correlated

Both BAT and WAT were analyzed by slot blots for the amount of lipid peroxidation
within each tissue. Surprisingly, both the BAT (Figure 56) and WAT (Figure 57) were unaffected
by the corticosterone, mirabegron, and combination treatments. Upon observation of the blots,
it appeared as though the samples with high 4-HNE expressions in the BAT, were also elevated in
the WAT, regardless of the treatment group the sample originated from. A Pearson correlation
analysis was then performed and revealed a moderate positive correlation (coefficient of 0.6397)

(Figure 58) illustrating this observed relationship.
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Figure 56: BAT Protein Adducts of 4-HNE Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein adduct formation of 4-HNE
(panel B), and normalized protein adduct formation (panel C). 5ug of BAT protein loaded into
each lane of the slot blot. Lane labels represent vehicle control sample (V), corticosterone
sample (C), mirabegron sample (M), and combination sample (T). Slot blots were normalized
back to the ponceau S stain for each sample.
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Figure 57: WAT Protein Adducts of 4-HNE Following Animal Study #2.

A representative image of the ponceau S stain (panel A), protein adduct formation of 4-HNE
(panel B), and normalized protein adduct formation (panel C). 10ug of WAT protein loaded into
each lane of the slot blot. Lane labels represent vehicle control sample (V), corticosterone

sample (C), mirabegron sample (M), and combination sample (T). Slot blots were normalized
back to the ponceau S stain for each sample.
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Figure 58: The Correlation between the BAT and WAT levels of 4-HNE in Animal Study #2.

The Pearson coefficient (0.6397) shows a moderate positive correlation.
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Corticosterone treatment increased fasting plasma insulin and leptin levels and caused insulin
resistance

Through commercially available assays, the plasma from each mouse was analyzed for
their fasting glucose, insulin and leptin concentrations. The HOMA-IR values were then
calculated to determine the level of insulin resistance under each treatment. The fasting glucose
concentrations were not different between treatment groups (Figure 59A). However, the
corticosterone and combination treatment groups illustrated significantly (p<0.05) elevated
fasting insulin (Figure 59B) and HOMA-IR values (Figure 59C). The plasma leptin concentrations
were also determined in this study. The corticosterone and combination treatments also had

significantly (p<0.05) elevated fasting plasma leptin levels (Figure 60).
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Figure 59: Animal Study #2 Plasma Measurements.

Plasma glucose (A) and insulin (B) measurements, and (C) HOMA-IR for each treatment. The
corticosterone and combination groups illustrated significantly (p<0.05) elevated insulin

concentrations and insulin resistance (HOMA-IR) compared to the mirabegron and vehicle
control groups.
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Figure 60: Plasma Leptin Concentrations for Animal Study #2.

The corticosterone and combination groups illustrated significantly (p<0.05) elevated leptin
concentrations compared to the mirabegron and vehicle control groups.
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Animal Study #1 and #2 had notable differences

In order to determine if there were environmental or seasonal differences between the
two animal studies, several comparisons were conducted. AS1 was conducted in the winter
(from the end of January to the beginning of March) and AS2 was conducted in the
spring/summer (from the beginning of May through June), so seasonal effects may play a role in
the results. The temperature and humidity were logged daily (96 measurements per 24-hour
period) and tracked throughout each experiment. Upon comparison, AS1 had a significantly
(p<0.05) higher temperature (Figure 61) and significantly (p<0.05) lower level of humidity than
AS2 (Figure 62). The final body weights were directly analyzed with similar treatments being
directly compared to each other (Figure 63). There were no statistical differences found at the
bodyweight levels. Both BAT and WAT weights and ratios relative to body weight were also
compared between studies. While the BAT weights were not different alone, relative to body
weight, the ratio in the second animal study was significantly (p<0.05) higher for the
corticosterone group compared to AS1 (Figure64). The WAT weights and ratios relative to body
weight were significantly (p<0.05) lower in AS2 than AS1 (Figure 65). When directly comparing
the relative protein expressions for UCP1 in BAT of the vehicle controls from both animal studies

on the same blot, AS2 had significantly (p<0.05) more UCP1 in their BAT than AS1 (Figure 66).
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Figure 61: Room Temperature Comparisons Between Animal Studies.

A comparison of the room temperature between animal studies #1 and #2 per day (A) and as an
average (B). Animal study #1 displayed a significantly (p<0.05) higher room temperature than
animal study #2 from treatment day 2-26 (A) and overall (B).
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Figure 62: Comparisons Between Animal Studies.
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A comparison of the room humidity between animal studies #1 and #2 per day (A) and as an
average (B). Animal study #2 displayed a significantly (p<0.05) higher level of humidity than

animal study #1 from treatment day 2-28 (A) and overall (B).
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Figure 63: A Comparison of the Body Weights Between Animal Studies #1 and #2.

There were no differences observed between similar treatments between the two studies. All
statistical analyses comparing between animal studies were performed in GraphPad Prism where
data sets of the same treatment group were compared using a one-way ANOVA with Fisher’s LSD
test, with p<0.05 considered statistically significant.
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Figure 64: BAT Weight Comparisons Between Animal Studies.

A comparison of the BAT weights (A) and ratio to body weight (B) between animal studies #1 and
#2. All statistical analyses comparing between animal studies were performed in GraphPad Prism
where data sets of the same treatment group were compared using a one-way ANOVA with
Fisher’s LSD test, with p<0.05 considered statistically significant. There were no differences
observed between similar treatments between the two studies for BAT weights (A). The only
observed difference in the ratio relative to body weight was found between the corticosterone
treatments where animal study #2 is significantly (p<0.05) greater when compared to animal
study #1.
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Figure 65: WAT Weight Comparisons Between Animal Studies.

A comparison of the WAT weights (A) and ratio to body weight (B) between animal studies #1
and #2. All statistical analyses comparing between animal studies were performed in GraphPad
Prism where data sets of the same treatment group were compared using a one-way ANOVA
with Fisher’s LSD test, with p<0.05 considered statistically significant. Animal study #2 had
significantly (p<0.05) lower WAT weights (A) and ratios relative to body weight (B) than animal
study #1 for all repeated treatments.
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Figure 66: A Comparison of BAT UCP1 Protein Expressions from Animal Studies #1 and #2.

A representative image of ponceau S stain (A), the protein expression of UCP1 (B), and

normalized protein expressions (C). Animal study #2 vehicle treated mice had significantly
(p<0.05) more UCP1 compared to animal study #1.
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Animal Study #1 (AS1)

In order to examine how corticosterone and B3AR stimulation affects the metabolic
dysfunction of AT, we conducted two sets of animal studies. In AS1, we exposed young male
mice to either chronic levels of corticosterone or mirabegron, a B3AR agonist, in their drinking
water for four weeks. All of the treatments were administered in drinking water in order to be
the least invasive, mitigate excess stress to the animals, and allow for the diurnal rhythm of
corticosterone to be maintained (Cassano et al., 2012; Gasparini et al., 2016; Karatsoreos et al.,
2010; van Donkelaar et al., 2014). Administration of corticosterone via drinking water has been
used in several studies and is a model for metabolic syndrome, chronic stress-induced T2D,
hypercortisolemia, dyslipidemia, obesity and Cushing’s Syndrome (Cassano et al., 2012; Do,
2019; Karatsoreos et al., 2010; van Donkelaar et al., 2014). This model has also been described
by Gasparini et al. (2016) to mimic clinical GC therapy and was the first study to directly compare
corticosterone administration models in vivo. Gasparini et al. (2016) directly compared
corticosterone administered via drinking water to the pellet implantation method. Their results
further validated the use of drinking water to expose mice to excess GCs. It is also important to
note that corticosterone administration through drinking water also allows for the effects of
long-term stress to be studied in a rapid and safe manner (Cassano et al., 2012; Gasparini et al.,

2016; Karatsoreos et al., 2010; van Donkelaar et al., 2014).
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We hypothesized that mirabegron would promote AT beiging, reduce oxidative stress,
and reduce insulin sensitivity. To investigate our hypothesis, we had three specific aims for this
animal study:

1) Establish how corticosterone or B3AR stimulation impact AT and UCP1 expression

2) Determine how oxidative stress and immune cell infiltration are influenced by either

corticosterone or B3AR stimulation

3) Investigate the effects of corticosterone or B3AR stimulation on whole-body insulin

resistance

Specific Aim #1: Establish how corticosterone or 83AR stimulation impacts

adipose tissue and UCP1 expression

As described in the literature review, beiging is the process where brown-like adipocytes
are activated within the WAT depots to display increased levels of mitochondrial biogenesis,
UCP1, induce the release of FFAs, and initiate thermogenesis, all of which can improve whole-
body metabolism (Chait & den Hartigh, 2020; Heeren & Scheja, 2018; Jeanson et al., 2015).
Conversely, whitening is the opposite process where brown adipocytes expand to the point of
becoming hypertrophic, store more TAGs, display decreased UCP1 protein expression, and are
less thermochemically active (Bartlet & Heeren, 2013). Both beiging and whitening were
investigated via four-week treatments with either mirabegron or corticosterone, respectively.
The corticosterone-treated mice gained significantly (p<0.05) more weight after seven days of

treatment (Figure 10). They had a larger change in body weight than any other treatment group
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(p<0.05) (Figure 11). The fasting bodyweight of the corticosterone-treated mice was also
statistically significantly (p<0.05) higher than all other treatment groups (Figure 12). This
increase in body weight in the corticosterone-treated mice compared to controls is in agreement
with other studies (Do, 2019; Karatsoreos et al., 2010; Kinlein et al., 2017; van Donkelaar et al.,
2014). Although Hao et al. (2019) showed reductions in body weight when mirabegron was
administered to HFD induced obese mice, we did not observe any differences between the
mirabegron treatments or the controls (Figure 12) (Hao et al., 2019). As previously reviewed in
the literature, it appears that mirabegron offers more benefits with weight loss when an
individual is already obese (Bel et al., 2021). An interesting observation we found that others
haven’t mentioned is that treatment with chronic corticosterone altered the coat of the mice to
become oily in appearance (Figure 13). Although we did not directly measure home cage
locomotion, these corticosterone-treated mice also appeared less active than the other
treatment groups. This decreased movement has been previously described in corticosterone-
treated mice by others (Cassano et al., 2012; Do, 2019; Karatsoreos et al., 2010; van Donkelaar
et al., 2014).

Most previous studies using corticosterone in drinking water have not reported
significant increases in the volume of water consumed. In this study the corticosterone-treated
mice drank significantly (p<0.05) more water than any of the naive or vehicle controls and both
mirabegron treatments (Figure 14). This increased consumption of drinking water began on day
4 and escalated from days 10 through 19, where it reached a maximum. While this did alter the
dose of the treatment they received (Figure 15), it was corrected after day 19 of the experiment.

Once lowered to a dosage of 50ug/ml, the drinking behaviour became similar to naive and
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vehicle controls (Figure 15). However, the final eight days resulted in a slightly lower dose than
what was targeted (Figure 16). Both doses of mirabegron were slightly below what was targeted
as well (Figure 17) (Figure 18). Studies conducted previously using the same dose, delivery mode,
and housing temperatures did not widely report this increased water intake or the dose of
corticosterone consumed by the mice (Karatsoreos et al., 2010; van Donkelaar et al., 2014). Only
a handful of studies have reported a significant increase in water intake at this dose and housing
temperature, but none of these previous studies reported the magnitude of this water
consumption (which is directly related to the dose of corticosterone received) (Cassano et al.,
2012; Do, 2019; Kinlein et al., 2017). Cassano et al. (2012) and Kinlein et al. (2017) reported this
increase began from 14 days of exposure, which was much later into the treatment compared to
what we observed in our study (Cassano et al., 2012; Do, 2019; Kinlein et al., 2017). Plasma
corticosterone levels were reported by two of these studies to be sustained at supralocal levels,
greater than 400ng/ml, at the beginning of the light cycle in adolescent mice; however, none of
these studies have reported the actual dose of corticosterone the animals received based on the
water consumption (Do, 2019; Kinlein et al., 2017). One study conducted at thermoneutral
conditions (30°C) reported increased water intake in the corticosterone-treated mice (Luijten,
Brooks, et al., 2019). With corticosterone-treated mice illustrating such an increase in drinking
water volume, future studies should alter the dose administered accordingly and include either
intermediate or dose-corrections to account for this increased water consumption. The water
consumption and dose of the treatment should also be reported in future studies to ensure
reproducibility and accuracy in interpreting results. We adjusted the dose the corticosterone

treated mice received in their drinking water in AS2 of this dissertation.
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In the present study, images of the ingWAT and BAT were taken to visually compare the
AT from each treatment (Figure 19). One can visually observe the larger size and subjectively
lighter colour in the BAT of the corticosterone-treated mice compared to the controls (Figure
19). Colour differences were not quantified and it is unclear if this observable difference affects
metabolic activity. This is indicative of whitening in this tissue. The BAT weights and BAT weight
to bodyweight ratios of the corticosterone-treated mice were significantly (p<0.05) increased
compared to all other treatments (Figure 20). In contrast, chronic BAT activation with
mirabegron did not alter BAT mass. BAT activation with mirabegron was previously illustrated in
a human study by O’Mara et al. (2020) where they gave healthy women mirabegron
(100mg/day) for four weeks (this dose is 4X higher than the approved dose of 50mg per day)
(O’Mara et al., 2020). They found that this dose of mirabegron increased the metabolic activity
of BAT. They then measured BAT activity with *F-FDG PET/CT and found that at this high dose,
mirabegron increased the metabolic activity (O’Mara et al., 2020). Cypess et al. (2015) also
observed BAT activation through *¥F-FDG PET/CTwith mirabegron administration in humans at a
dose of (200mg/day) (Cypess et al., 2015). *F-FDG PET/CT imaging with administration of
mirabegron in mice has only been investigated by Sui et al. (2019) where they used the same
doses and for a similar duration as our study to visually show mice also have increased *¥F-FDG
uptake in the BAT of both mirabegron high and low doses compared to their vehicle (Sui et al.,
2019). Visually, the high mirabegron treatment in our study appears to have resulted in a darker
colour of the BAT (Figure 19), although, this was not quantified. The ingWAT of the
corticosterone mice is visually larger in size than the controls and mirabegron treatments (Figure

19). The WAT weights and WAT weight to bodyweight ratio of the corticosterone-treated mice
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were also significantly (p<0.05) increased in comparison to all other treatments (Figure 21).
Increased body weight is a hallmark of GC excess and illustrates the body’s metabolic shift under
these conditions. Other groups have also reported increased gonadal WAT and overall WAT
under chronic corticosterone treatment (Gasparini et al., 2016; Karatsoreos et al., 2010), with
one study specifically reporting an increase in BAT weight under these standard housing and
corticosterone treatment conditions for two-weeks (Luijten, Brooks, et al., 2019). Do (2019)
conducted a similar study but treated mice for eight weeks. They reported increased body and
BAT mass that remained significant throughout eight weeks of corticosterone exposure (Do et
al., 2019). This illustrates that our model of exposure to chronic levels of GCs reveals the same
AT mass trend as studies of extended duration. Atrophy of the thymus and adrenal glands under
this dosage of corticosterone has also been reported (Cassano et al., 2012; Do, 2019;
Karatsoreos et al., 2010), whereas corticosterone treatment has also led to decreased spleen
mass (Do, 2019) and increased liver size (Cassano et al., 2012).

Histological examinations were conducted on both the BAT and WAT depots in this study
to investigate changes in tissue morphology. After four weeks of corticosterone treatment, the
average LD area in the BAT was significantly (p<0.05) increased compared to both the naive and
vehicle control groups and both mirabegron treatments (Figure 22) (Figure 23). This increased LD
area was not the result of chronic activation of the B3AR pathway as the mirabegron treated
groups did not alter the LD size. This larger LD area is representative of the BAT undergoing
“whitening,” where it is shifting its phenotype to store lipids. This is visually observed by the
increased percentage of LDs of larger areas in the frequency distribution chart (Figure 23B). This

adipocyte expansion has been found under both standard and thermoneutral housing conditions
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in corticosterone treated mouse and rat models (Cassano et al., 2012; Luijten, Brooks, et al.,
2019; Mousovich-Neto et al., 2019). Luijten, Brooks, et al. (2019b) directly compared the BAT
adipocyte/LD size of mice exposed to chronic corticosterone treatments housed both at
thermoneutrality and standard housing temperatures. They found that corticosterone treatment
increased LD area regardless of room temperature (Luijten, Brooks, et al., 2019). Similar findings
were observed in this study in the WAT depot of the corticosterone-treated mice, where they
display significantly (p<0.05) larger LDs compared to all other treatments (Figure 24) (Figure 25).
This adipocyte expansion is further evidence that chronic storage occurs within the WAT depot
under this chronic corticosterone treatment. This histological shift further exemplifies the
whole-body response changing under GC excess.

Linking GCs and BAT thermogenesis has been previously conducted in healthy lean men,
where acute administration of prednisone acutely increased BAT *¥F-FDG uptake upon mild CE
accompanied by an increase in UCP1 protein expression in the BAT (Ramage et al., 2016).
However, a double-blind study with men and women exposed to prednisone and subsequent
CEs revealed that the GC suppressed BAT activity after only one week (Thuzar et al., 2018). Our
study extends upon the findings with prednisone and CE by using corticosterone and
mirabegron. Mirabegron administration is a more feasible option than CE for implementing a
BAT activation protocol in humans for both logistical reasons and patient comfort. The link
between activation of UCP1 and GCs brings up further questions into how UCP1 is precisely
expressed when most rodent studies report decreased UCP1 expression with excess GCs.

It has been suggested that GCs result in BAT gaining a “pseudo-atrophy” state where it

will exhibit extensive lipid storage capabilities but can also sustain some of its thermogenic
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capacity (Luijten, Cannon, et al., 2019). This is a deviation from the conventional understanding
that GCs will induce excess lipid accumulation in BAT, and the obese state will significantly lower
the tissue’s thermogenic capacity (Beaupere et al., 2021; Lee et al., 2014; Luijten, Cannon, et al.,
2019; Reddy et al., 2014). Western blot analysis of BAT revealed that the chronic corticosterone
treatment significantly (p<0.05) increased UCP1 protein expression (Figure 26). In the BAT, this
chronic GC treatment displayed even higher UCP1 protein levels than the mirabegron
treatments, which directly target the B3AR receptor (Figure 26). In the WAT, slot blot analysis
revealed the opposite effects where chronic corticosterone treatment resulted in significantly
(p<0.05) decreased UCP1 protein expressions compared to the mirabegron treatment groups
(Figure 27). The naive and vehicle controls displayed significantly (p<0.05) different UCP1 protein
expressions in WAT (Figure 27). While this difference was not expected because the ethanol
concentration in the water was so low. The best control group is the vehicle control as this
allows for the identification of any treatment effects while also accounting for any effects of the
vehicle itself. In order to determine if the mitochondrial content of these AT depots was altered,
thereby giving this unexpected result in the BAT, we also measured citrate synthase protein
levels as a biomarker for mitochondrial content (Larsen et al., 2012). However, the amount of
this protein was not different between sample groups in either tissue (Figure 28) (Figure 29).
This represents an interesting finding that mitochondrial content may not change even though
BAT UCP1 expression increased in corticosterone and both mirabegron treatments. A clinical trial
investigating male omental AT reported variations in citrate synthase protein expression (Christe
et al., 2013). In comparison to the nonobese patients, lower citrate synthase protein levels were

reported in the patients with obesity and higher protein levels in diabetic patients (Christe et al.,
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2013). When comparing the ratios of UCP1 to citrate synthase, Figure 30 illustrates that the
corticosterone-treated mice have significantly (p<0.05) higher relative UCP1 levels than both
naive and vehicle control groups and the low mirabegron treatment in the BAT. The high
mirabegron treatment also displays significantly (p<0.05) higher relative UCP1 than the control
groups in the BAT (Figure 30). The increased relative UCP1 level in the BAT of the mirabegron
high treatment was not an unexpected finding as this B3AR agonist functions to increase the BAT
activation in this manner. However, the increased level of UCP1 to citrate synthase in the
corticosterone-treated mice is a novel finding. In the WAT, the corticosterone-treated mice have
significantly (p<0.05) less UCP1 levels than both mirabegron treatments (Figure 30). The
increased relative UCP1 level in the WAT of the mirabegron high treatment would suggest that
beiging is occurring in this tissue; however, with the naive control not being different from the
mirabegron treatments, this conclusion cannot be supported.

As noted earlier, the relationship observed in the BAT of this study is a deviation from the
conventional understanding that GCs will induce lipid accumulation in BAT, and this obese state
will lower the tissue’s thermogenic capacity which has been reviewed elsewhere (Beaupere et
al., 2021; Lee et al., 2014; Luijten, Cannon, et al., 2019; Reddy et al., 2014). However, a further
examination into obesity models reveals a plausible explanation. A study conducted at
thermoneutrality (30°C) for a 12-week treatment of 50ug/ml corticosterone in drinking water
also studied the effects of GC-induced obesity and its impacts on UCP1 (Luijten, Brooks, et al.,
2019). Their treatment also caused severe obesity. However, UCP1 expression was only
decreased under thermoneutral conditions, not under standard housing temperatures (Luijten,

Brooks, et al., 2019). Luijten, Brooks, et al. (2019) further raised the question of how GCs
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channel food energy into lipid storage, as they also found GC-induced obesity in UCP1 KO mice
(Luijten, Brooks, et al., 2019). These researchers also discuss a unique concept related to
examining UCP1 protein levels and conclusions about its effect on physiological significance.
They concluded that the UCP1 expression should be reported as UCP1 per BAT protein, as this
will represent physiological significance when it comes to the thermogenic capacity (Luijten,
Brooks, et al., 2019). When comparing total protein levels from BAT of corticosterone-treated
mice, Luijten, Brooks, et al. (2019) observed a decrease in the total amount of protein extracted
when mice were housed at thermoneutrality (Luijten, Brooks, et al., 2019). Luijten, Brooks, et al.
(2019) investigated the effects corticosterone had on UCP1 and reported that brown adipocytes
isolated from corticosterone-treated mice responded with increased oxygen consumption to an
artificial uncoupler, indicating that their result of lower norepinephrine-induced oxygen
consumption was not the result of decreased respiratory chain capacity (Luijten, Brooks, et al.,
2019). Moreover, corticosterone-treated mice at standard housing conditions had a reduction
in their underlying metabolism accompanied by increased food intake, both of which
contributed to their obese state (Luijten, Brooks, et al., 2019). Under standard housing
conditions, they found no effect on total BAT UCP1, or total thermogenic capacity, even though
corticosterone treatment induced obesity in these mice (Luijten, Brooks, et al., 2019). Luijten,
Brooks, et al. (2019) also concluded that the total amount of BAT UCP1 protein at
thermoneutrality was not influenced by the corticosterone induced AT expansion (Luijten,
Brooks, et al., 2019). Although the AT mass increased from week two until the end of treatment

(week 12) in their study, their body mass was stabilized in the obese state and the effects on
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UCP1 protein levels were not maintained as they too normalized in the BAT (Luijten, Brooks, et
al., 2019).

Although the GR is essential for signalling in the body, a recent study utilizing
dexamethasone (a synthetic GC) has reported that it affects body weight, and glucose
homeostasis in BAT (Glantschnig et al., 2019). AT specific deletion of GR has also been studied in
vivo in response to dexamethasone treatment, where glucose tolerance and insulin sensitivity
were unaffected by the GC treatment (Bose et al., 2016). The same study also examined the
effect of GR in the liver and found that without liver GRs, fat mass and glycogen content was
diminished, illustrating a possible role of the liver GR in the development of metabolic diseases
(Bose et al., 2016). While another study that examined AT-specific KO of GR reported that AT
function was altered during a HFD, but its expansion was not influenced by the presence or
absence of GR (Desarzens & Faresse, 2016). These studies further add complexity to our current
understanding of GC-induced metabolic disease and illustrate how it needs to be studied further.
Our findings with increased UCP1 expression under chronic corticosterone treatment
additionally show how BAT is altered under GC treatment. The exact mechanisms of AT
adaptation may involve GR related signalling and potentially other signaling pathways. pathways
likely to involve the GR. However, studies involving a HFD and obesity may aid in our
understanding.

A study conducted by Winn et al. (2017) further adds validity to the observation of
increased UCP1 under stressful situations such as HFD (Winn et al., 2017). They used female
mice either with or without UCP1 (KO) to understand their susceptibility to BAT whitening under

Western or control diets (Winn et al., 2017). Whitening occurred in both mice (either with or
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without UCP1) under a Western diet; however, the whitening effects (increased fasting insulin,
decreased glucose tolerance, increased adipocyte area, and increased macrophage infiltration)
were amplified in mice without UCP1 (Winn et al., 2017). Therefore, UCP1 may be critical in any
attempt to mitigate BAT whitening. Diet-induced thermogenesis (DIT) has been found to
increase UCP1 under an obesogenic diet (containing high amounts of fat) (von Essen et al,,
2017). However, von Essen et al. (2017) report that the total amount of UCP1 protein at
thermoneutrality is dependent on the total BAT content itself. When diet induced
thermogenesis (DIT) occurs, the more UCP1 present in BAT may limit obesity development
during the HFD exposure, but it will not prevent obesity (von Essen et al., 2017). Alcala et al.
(2017) conducted studies on HFD obese mice specifically to investigate BAT and WAT
dysfunction. This study notably reported increased UCP1 protein expression without altering the
mitochondrial content of BAT (Alcala et al., 2017). This increased UCP1 protein content was not
reflected in the mRNA levels of BAT (Alcala et al., 2017). Both HFD and GCs induce obesity, IR,
increased AT mass, increased protein catabolism and hyperphagia (Cummins et al., 2014;
Karatsoreos et al., 2010; Licholai et al., 2018; Rose & Herzig, 2013; Sefton et al., 2019). HFDs will
result in a lower respiratory exchange ratio (RER) indicating the use of fats as fuel instead of
carbohydrates (Cummins et al., 2014). RER measurements have not been previously reported
with corticosterone-induced obese mice (Sefton et al., 2019).

The obese BAT also illustrated higher reactive oxygen species (ROS) levels and enhanced
mitochondrial respiration (2X as much as lean BAT), illustrating that this tissue responds to
obesity differently from what was conventionally understood (Alcala et al., 2017). The initial

increase in inflammation, endoplasmic reticulum (ER) stress and generation of ROS was not high
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enough to completely alter the fuel burning capacity of the tissue (Alcala et al., 2017). Alcala et
al. (2017) hypothesized that the increased UCP1 protein content arises from the accumulation of
protons in the intermembrane space being pushed back into the mitochondrial matrix and from
the FFAs activating the protein itself, further promoting its fuel-burning capabilities (Alcala et al.,
2017). Findings from a recent study involving patients with obesity found an increase in Ucp1
MRNA expression in the visceral AT in conjunction with increased resting energy expenditure
(REE) (Bettini et al., 2019). The authors of this study conclude that the increase in Ucp1 could
represent a potential mechanism to prevent further weight gain in these patients with obesity
(Bettini et al., 2019). The idea that increased uncoupling can result from the tissue increasing its
energy-burning ability in order to respond to inflammation, ER stress or ROS could help explain
why we found increased UCP1 expression under chronic corticosterone treatment in BAT. As
UCP1 was higher in the corticosterone-treated group compared to the mirabegron treated mice,
it is likely that the corticosterone treatment influences UCP1 in some manner. Moreover, in the
GR-KO studies mentioned above (Bose et al., 2016; Desarzens & Faresse, 2016) it was
demonstrated that AT expansion was not impacted by the presence or absence of the GR,

suggesting that this signalling pathway may not be involved in the increased uncoupling at all.

Specific Aim #2: Determine how oxidative stress and immune cell infiltration is

influenced by corticosterone or under 8B3AR stimulation

Inflamed adipocytes and the associated recruitment of macrophages that form CLSs are
an important tissue level response in T2D, obesity, and metabolic syndrome (Kotzbeck et al.,

2018; Murano et al., 2008; Wu & Ballantyne, 2020). Analysis of the histological sections was
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conducted for both BAT and WAT to look for the formation of CLS, a hallmark of AT
inflammation. While no CLS were found in either BAT or WAT, an investigation into the level of
lipid peroxidation was conducted. Lipid peroxidation is a marker of altered lipid metabolism in
response to oxidative damage and is increased in models of metabolic syndrome, obesity and
diabetes (Choromanska et al., 2020; Dham et al., 2021; Furukawa et al., 2004; Manna & Jain,
2015). Obesity-linked inflammation is currently very poorly understood since the location and
types of AT involved will vary in their response (Wu & Ballantyne, 2020). AT dysfunction can
increase immune cell infiltration where dead or dying adipocytes signal macrophages to clear the
cellular debris from the tissue (Kotzbeck et al., 2018; Wu & Ballantyne, 2020). During the
development of obesity, inflammation and its associated M1 type inflammatory cells will
increase in the AT depot; however, the depot dictates how early the inflammatory changes will
occur (Wu & Ballantyne, 2020). In visceral AT, a HFD can induce these changes in as little as
three days (Wu & Ballantyne, 2020). ScCWAT is much slower to respond, maybe in part due to
their increased potential to expand their LDs compared to visceral or brown adipocytes
(Kotzbeck et al., 2018; Wu & Ballantyne, 2020).

Models of obesity and increased lipid deposition in BAT show that there is the potential
for inflammation in the tissue. However, a great deal is currently still unknown when it comes to
AT inflammation and the markers for determining the degree of tissue dysfunction.

Although CLSs were not observed in either AT depot studied in this investigation, the
expression of oxidative stress-induced lipid peroxidation was determined. 4-Hydroxynoneal (4-
HNE) is one of the most bioactive lipid molecules produced from oxidative stress that can

interact with proteins and phospholipids (Dham et al., 2021; Manna & Jain, 2015; Zhong & Yin,
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2015). Excessive accumulation of 4-HNE is associated with a host of diseases ranging from
diabetes and cancer and can affect virtually every organ system in the body (Dham et al., 2021;
Manna & Jain, 2015; Zhong & Yin, 2015). AT and 4-HNE have been linked metabolically with
increased levels of 4-HNE being associated with decreased insulin sensitivity and poor metabolic
health (Dham et al., 2021; Elrayess et al., 2017; Masschelin et al., 2020). The mitochondria are a
major site for ROS production and are also important for forming 4-HNE (Zhong & Yin, 2015).
With the relationship between mitochondria dysfunction and oxidative stress, it is crucial to
investigate this in connection with chronic stress and AT further. Multiple studies have discussed
obese rodents and patients exhibiting higher concentrations of lipids, 4-HNE, and ROS
(Choromanska et al., 2020; Dham et al., 2021; Jaganjac et al., 2017; Manna & Jain, 2015; Marin-
Royo et al., 2019; Petrick et al., 2020). In this study, we examined the protein adduct formation
of 4-HNE in both BAT and WAT (Figure 31) (Figure 32). Unexpectedly, no differences between
the treatment groups were observed when it came to the formation of 4-HNE adducts in these
tissues. With apparent observable differences in LD area and tissue size, one might expect that
dysfunction was occurring within the AT depots of these mice. The lack of change in treatment-
dependent 4-HNE levels can be partially explained by the short duration of our study which may
not have been sufficient time to elicit a protein change at the tissue level. Studies involving
obese rodents reporting inflammation are usually greater than seven weeks in duration, and
many of them only measure the RNA or plasma level of inflammatory/ stress markers, not
changes in the protein level at the tissue. While we found no significant increase in the level of
lipid peroxidation in either tissue, we did note a moderate positive correlation

(coefficient=0.6422) between BAT and WAT depots (Figure 33). This correlation illustrates that
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the increased level of lipid peroxidation in one AT depot is associated with increased 4-HNE
levels in other AT depots. This is an interesting relationship that has not been previously

reported by others to our knowledge.

Specific Aim #3: Investigate the effects of corticosterone or 83AR stimulation on

whole-body insulin resistance

Impaired glucose clearance is a key component of metabolic syndromes and was
described in chronic corticosterone-treated animals in as little as four-weeks (when performing a
glucose tolerance test) (Karatsoreos et al., 2010; Kinlein et al., 2017). While our study did not
measure oral glucose tolerance, we did not observe any significant alterations in fasting plasma
glucose concentrations between the corticosterone group and to the other treatments (Figure
AS1-Plasma A). Other studies with corticosterone treatment administered via drinking water
reported increased glucose concentrations in corticosterone-treated mice. However, this
increase was found to occur after five weeks of treatment which may account for why we did not
observe this trend in our study (Burke et al., 2017; Cassano et al., 2012). Kinlein et al. (2017)
compared the effects of corticosterone treatments in adolescent (3 weeks) and adult (>8 weeks)
mice and found that age played a large role in glucose metabolism, with adolescent mice
illustrating enhanced glucose clearance (Kinlein et al., 2017). Given the different results in
glucose metabolism between adult (62 days old) and adolescent (22 days old) mice, there may
be an age effect in addition to chronic corticosterone treatment on the glucose metabolism that

cannot be ignored (Kinlein et al., 2017).
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Fasting insulin concentrations were significantly (p<0.05) greater in the corticosterone-
treated mice compared to controls and mirabegron-treated groups in this study (Figure AS1-
Plasma B). GC-induced IR has been reported in corticosterone-treated mice at this dose and
housing temperature (Gasparini et al., 2016; Karatsoreos et al., 2010; Kinlein et al., 2017; van
Donkelaar et al., 2014). Using the Homeostatic Model of Assessment for Insulin Resistance
(HOMA-IR), we determined that corticosterone treatment for four weeks results in severe IR
(Figure AS1-Plamsa C). Other researchers have also noted that this level of IR remains, even
when corticosterone treatment lasts for 12-weeks (van Donkelaar et al., 2014). Burke et al.
(2017) concluded that the development of IR is reciprocally related to body composition. This
alteration in insulin sensitivity with corticosterone exposure has also been linked to increased
expressions of genes promoting glucose metabolism (Burke et al., 2017) and protein breakdown
in the muscle (Burke et al., 2017; Kinlein et al., 2017). It is important to note that both
mirabegron treatments did not result in altered glucose or insulin levels compared to the
controls (Figure 34). To our knowledge, this is the first in vivo study to examine mirabegron’s
effects on glucose and insulin levels at this physiologically relevant dose.

Karatsoresos et al. (2010) reported elevated plasma leptin and insulin levels under
corticosterone treatment, and these two measurements correlated with one another, although
these measurements were conducted on animals who were in the fed state. Considering the link
between leptin resistance and WAT, they also demonstrated that increased plasma leptin,
increased amounts of WAT, and increased hyperphagia was associated with leptin resistance
(Karatsoreos et al., 2010). Due to leptin’s origin in the adipocytes, there is a logical connection

between leptin resistance and increased WAT (Karatsoreos et al., 2010). Chronic treatment with
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corticosterone was found to be equivalent to those found in diet-induced obese (DIO) mice,
connecting the importance of leptin and obesity to AT (Karatsoreos et al., 2010). The exact
mechanism of GC-induced changes on leptin and insulin remains unclear, but more studies are

beginning to hint at these answers. This will be further discussed later in the dissertation.

Summary and Conclusions from Animal Study #1

We were able to successfully stimulate the B3AR pathway with mirabegron, as evidenced
by the increased UCP1 protein expression in BAT (p<0.05) compared to the control groups. It is
important to note that this B3AR stimulation did not affect fasting glucose or insulin levels, tissue
or body mass, or oxidative stress markers, findings that have not been previously reported. To
our knowledge, this is the first study to report significantly (p<0.05) increased UCP1 protein
expression accompanying a whitened phenotype in BAT under chronic treatment with
corticosterone in just four weeks. Previous studies with GC treatments in both rodents and
humans report decreased BAT activation, decreased UCP1 mRNA and protein levels, in
combination with whitened BAT and whole-body IR (Poggioli et al., 2013; Ramage et al., 2016;
Strack et al., 1995; Thuzar et al., 2018; van den Beukel et al., 2015).

In combination with the findings reported by Alcala et al. (2017) of obese BAT displaying
enhanced mitochondrial respiration, we illustrate that chronic exposure to corticosterone
induces IR, increased whole-body and BAT mass, increased LD area and increased UCP1 protein
expression, while the mitochondrial content of the tissue remains unchanged. This increased
uncoupling potential could be a compensatory mechanism being undertaken by the tissue for

excess caloric intake as lipid storage increases dramatically. As illustrated by our study, BAT and
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WAT will display different physiological outcomes when it comes to lipid overload conditions.
Kotzbeck et al. (2018) also reported differences between these two tissues and describe how
BAT has a greater likelihood of death under lipid overload than the expandable WAT cells, which
may contribute to obesity-induced inflammation (Kotzbeck et al., 2018). We also illustrate that
the level of lipid peroxidation found in one AT depot can be an indicator for other AT depots
throughout the body. With no increase in BAT or WAT formation of 4-HNE adducts at the tissue
level, it further supports our hypothesis that a compensatory mechanism may be at play in order
to deal with the excess lipids being stored. Increased UCP1 protein expression has been widely
regarded as a beiging phenotype accompanied by improved glucose and insulin sensitivities.
However, the same level of increased UCP1 protein expression found in a whitened BAT requires
further investigations into this alternative uncoupling pathway. Future studies investigating
excess GCs and BAT uncoupling potential is fundamental to our understanding of this tissue and

could provide future targets to explore when treating metabolic diseases.
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Animal Study #2 (AS2)

In order to further examine how corticosterone affects the B3AR stimulation and
metabolic dysfunction of AT, AS2 examined if these two treatments would directly interact at the
whole-body level. Mirabegron was formulated to be an extended release tablet for oral
administration in humans that will be absorbed through the oral controlled absorption system
(Eltink et al., 2012). All evidence thus far explains that mirabegron is absorbed through the
intestinal and/or the liver (Eltink et al., 2012). The absorption of mirabegron increases with
larger doses and the drug becomes more bioavailable at these increased concentrations (likely
though intestinal efflux transporter P-glycoprotein) (Eltink et al., 2012). Oral GCs, such as
corticosterone, are absorbed systemically, with the liver and upper intestine being the major
sites of absorption (Mundell et al., 2017; Williams, 2018). The liver is the major site of activation
and deactivation of these compounds (Williams, 2018). GCs are known to regulate the enzyme
cytochrome P450 both directly and through cross talk, both of which can affect how different
pharmacological compounds are metabolized (Matoulkova et al., 2014). Mirabegron has been
investigated for its ability to interact with cytochrome P450 directly, and the results indicate that
mirabegron is not considered a substrate for this molecule in vivo (Lee et al., 2013). While both
are absorbed in the liver and intestine when taken orally, the lack of interaction between
cytochrome P450 found with mirabegron indicates that there is likely not a mechanistic effect
exhibited by mirabegron on corticosterone directly. Further studies need to be done to fully
examine drug-to-drug interactions with GCs and mirabegron, however, the current
understanding both in the scientific and medical community is that these two compounds will

not adversely interact in patients/ in vivo (UpToDate Inc, 2022).
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The interaction of these two pathways has only previously been explored by van den
Beukel et al. (2014) and (2015), both of which were short-term studies (van den Beukel et al.,
2014, 2015). Their 2014 study directly examined the effects of 24 hours of CE on young male
mice (van den Beukel et al., 2014). They observed almost a two-fold increase in plasma
adrenocorticotropic releasing hormone and fecal corticosterone excretion levels, concluding that
adrenocorticotropic hormone plays a role in the beiging process and corticosterone opposes this
effect (van den Beukel et al., 2014). In a follow up study, they implanted mice with a
corticosterone pellet (50mg) for one week before CE for 24 hours (van den Beukel et al., 2015).
After this short treatment, elevated plasma TAG and lipogenic genes were normalized by CE (van
den Beukel et al., 2015). The beiging of ingWAT that was reduced by corticosterone was also
partially corrected with CE (van den Beukel et al., 2015). This study exemplified the use of the
B3AR pathway in mitigating the effects of chronic stress and its influence on AT. In AS2 of this
dissertation, young male mice were exposed to either chronic corticosterone or mirabegron or a
combination of both treatments together in their drinking water for four weeks. We
hypothesized that the negative effects of corticosterone-induced alterations to AT would be
mitigated by the B3AR agonist mirabegron. In order to examine the combination of the two
treatments, similar outcome measurements to AS1 were applied to AS2 in order to compare the
effects of the combination treatment to either corticosterone or mirabegron individually. To
investigate our hypothesis, we had one specific aim for this animal study that would allow for the
beiging and whitening processes to be explored when they are administered in combination.

Specific aim for animal study #2:
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4) Examine how mitochondrial content is impacted in the presence of the combination

of corticosterone and B3-adrenergic stimulation

Mirabegron does not induce adipose tissue beiging when in combination with

corticosterone

Similar to AS1, the corticosterone mice weighed significantly (p<0.05) more than the
mirabegron and vehicle treatments (Figure 35). The increased weight gain began on day 14 of
the study, seven days later than AS1. This delay in increased bodyweight is likely due to an
improved delivery of the corticosterone to better match the target dose. As mentioned
previously, the corticosterone concentration in the drinking water was lowered to more
accurately achieve the target dose given this treatment group’s increased drinking water
consumption. A direct comparison of the average dose received per mouse per day and how
closely this dose matched the target is displayed in Table 1. AS1 displays huge spikes in the dose
received until week three where the dose was over 400% of what was desired. The
corticosterone group in AS1 had an overall average dose 171% of the target, whereas the
corticosterone group in AS2 was 132% of what was targeted (Table 1). The combination
treatment experienced 91% of the corticosterone dose and 123% of the mirabegron dose
desired (Table 1) (Table 2). An increase in weight gain during week two of corticosterone
treatment was also found by Cassano et al. (2012), whereby 14 days into the treatment, weight

gain became significantly different (Cassano et al., 2012). An increase in weight gain was also
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significant for the combination treatment; however, this was only during the latter half of the
experiment (Figure 35). The overall change in body weight was significantly (p<0.05) higher in
the corticosterone and combination treatment groups compared to the mirabegron treatment
and vehicle control (Figure 36). This same trend was also observed for the fasting body weight,
with the corticosterone and combination treatments being significantly (p<0.05) greater than the
mirabegron or vehicle groups (Figure 37). However, mirabegron is reported to be ineffective in
regulating body weight gain of a healthy individual and is only effective for weight loss in the

condition of obesity (O’Mara et al., 2020).

The corticosterone mice appeared to move less around the cage and had oily-looking
coats than the mirabegron treatment or vehicle control (Figure 38). The combination-treated
mice also displayed this oily appearance and had less home cage locomotion (Figure 38). This oily
appearance may be related to the stress response in the sebaceous glands (Y. Chen & Lyga,
2014). The consumption of drinking water was again significantly (p<0.05) increased in the
corticosterone group (Figure 39); however, the target dose was better achieved (Figure 40). The
corticosterone treatment in AS2 achieved on average 132% of the target dose, which is more on
target than the corticosterone group in AS1 with at average dose received 171% of the target
(Table 1). The mirabegron treatment group received consistent dose delivered per mouse per
day (Figure 41) with the average dose being 88% of what was targeted (Table 2). The
combination treatment mice also drank significantly (p<0.05) more water than the mirabegron
and vehicle groups (Figure 39). However, the average doses of corticosterone and mirabegron
were closely matched with the targeted doses of 91% and 123% respectively in our combination

treatment (Figure 42) (Table 1) (Table 2).
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The BAT of the corticosterone and combination treatment groups visually appeared
larger and less brown in colour than the vehicle control or mirabegron treatment (Figure 43),
although this was not quantified. This larger size is accompanied by significantly (p<0.05)
increased BAT weights and in relation to body weight for both the corticosterone and
combination treatments (Figure 44). The WAT also visually appears larger in corticosterone and
combination treatments (Figure 43). These pictures are again supported by significantly (p<0.05)
larger WAT weights and in relation to body weight for the corticosterone and combination
treatment groups (Figure 45). Histologically, the LD area for both corticosterone and
combination treatments were significantly (p<0.05) increased relative to the vehicle and
mirabegron treatment for both the BAT and the WAT (Figure 46) (Figure 47) (Figure 48) (Figure

49).

In obese individuals (Baskin et al., 2018; K. Y. Chen et al., 2020; Finlin et al., 2020) or
rodents (Hao et al., 2019; O’'Mara et al., 2020) mirabegron has been found to increase AT
lipolysis, lower LD area, and contribute to improved whole-body metabolism. While these
studies use different parameters than our investigation, we anticipated the mechanisms to be
similar. In our study, the BAT and WAT depots appear not to have been affected by having
mirabegron in the combination treatment as the LD areas were not significantly different. With
the corticosterone response being so strong, it is possible that mirabegron is not enough to elicit

an effect to oppose the negative effects of the GC when administered simultaneously.

The effects of GCs on AT have been reviewed by others (Chait & den Hartigh, 2020;

Peckett et al., 2011); however, it is crucial to understand what we know about the link between
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stress and AT dysfunction. AT was described by Peckett et al. (2011) to be largely influenced by
GCs due to an increased amount of 113-HSD1 enzyme within both BAT and WAT depots. It has
been hypothesized that modest increases in the activity of 113-HSD1 can result in hyperphagia
and visceral obesity (Liu et al., 2013; Masuzaki et al., 2001; Peckett et al., 2011). In fact,
increases in the expression of this enzyme in BAT can decrease the functionality of this depot
through reductions in BAT specific genes (Liu et al., 2013). GCs in acute settings increase lipolysis
to liberate stored TAG in the LD and break it down into FFA and glycerol. This breakdown can be
achieved through a variety of pathways, including the B3AR pathway, and allows the energy
demands of the mammal to be fulfilled. While increased lipolysis and smaller LD size are part of
the beiging process and can be achieved with acute doses of GCs, excess GCs follow a completely
different response. Unlike acute GCs, chronic excess GCs promote AT expansion, weight gain,
hypertension, and increased risk for T2D (Peckett et al., 2011; Pivonello et al., 2020). This
phenotype is clinically seen in patients with Cushing’s syndrome or patients on exogenous GC
treatment (Peckett et al., 2011; Pivonello et al., 2020; Sharma et al., 2015). Since GCs render
their effects on other hormones and influence the entire body, the direct and indirect effects are

difficult to decipher (Peckett et al., 2011).

Connections between the effects of stress and AT are still being investigated, but a
notable study involving rats, the hypothalamus-pituitary-thyroid (HPT) axis and BAT is worth
mentioning. The effects of repeated chronic stress in rats were investigated by Castillo-Campos
et al. (2021) for their relationship to the HPT axis and its effect on BATs response to CE (Castillo-
Campos et al., 2021). They found chronic stress, either repeated restraint stress or chronic

variable stress, blunts BATs ability to respond to CE (Castillo-Campos et al., 2021). Both types of
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stress reduced food intake which corresponded to decreased body weight and decreased both
BAT and WAT masses (Castillo-Campos et al., 2021). They concluded that the long-term effects
of stress on adrenergic and hormonal signalling are likely more responsible for HPT dysfunction
(Castillo-Campos et al., 2021). This connection between the HPT axis and chronic stress can
likely be extrapolated to the HPA axis and the B3AR pathway and its interaction with chronic
stress. Future work into examining these pathways directly will be vital for furthering our
understanding of GCs and their effects on AT dysfunction that can result in obesity and

metabolic syndrome.

While chronic stress can cause AT dysfunction, mirabegron may be able to counter this
effect. Obese individuals who are administered mirabegron show reduced AT dysfunction, (Finlin
et al., 2020) and in rodents, DIO mice administered mirabegron have reduced WAT weights (Hao
et al., 2019). Therefore, we anticipated that mirabegron would reduce the negative effects of
corticosterone and the protein expression of UCP1 to be strongly impacted. In AS2, the protein
expression of UCP1 in BAT was the same amongst all treatments (Figure 50). Unlike AS1, neither
corticosterone nor mirabegron resulted in increased UCP1. The difference between the two
studies could be partially explained by the corticosterone dose being achieved, with AS2 being
on closer to the target for the full duration. However, a further look into the differences between
these two studies will be examined later in the discussion. In AS2 WAT, slot blot analysis
revealed that the corticosterone and combination treatments resulted in a significant (p<0.05)
decrease in UCP1 protein expression compared to the mirabegron treatment groups (Figure 51).
Surprisingly, the vehicle control in this study displayed significantly (p<0.05) higher UCP1 in the

WAT compared to all other treatment groups (Figure 51). In order to determine if the
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mitochondrial content of these AT depots was altered, we also measured citrate synthase
protein levels in each sample as it is a biomarker for mitochondrial content (Larsen et al., 2012).
However, the amount of this protein was not different between sample groups in either tissue
(Figure 52) (Figure 53).

When comparing the ratios of UCP1 to citrate synthase (Figure 54A), there is no
difference found between the treatments in the BAT. In the WAT, the ratio reveals that the
vehicle control is significantly (p<0.05) higher UCP1 expressions than all other treatment groups
(Figure 54B). The increase in UCP1 expression in the WAT of the vehicle control was a surprising
result. This illustrated that the mirabegron treatment did not result in beiging, and in fact, the
vehicle shows more beiging than the B3AR agonist. These results demonstrate that mirabegron
does not have the desired effect of reducing weight or increasing beiging in the setting of

elevated GCs.

A study conducted by Poggioli et al. (2013) examined the effects of exposure to the
synthetic GC dexamethasone on the AT of mice fed a HFD (Poggioli et al., 2013). These mice also
received an injection of a B3AR agonist, CL316,243, where the pre- and post-injection oxygen
consumption were determined, and later the Ucpl mRNA expressions were also measured. The
dexamethasone treatment increased body fat under both the chow diet and HFD (Poggioli et al.,
2013). The dexamethasone-HFD treated mice had exacerbated fatty liver disease compared to
those fed a HFD (Poggioli et al., 2013). The oxygen consumption rate was greatly suppressed in
the dexamethasone-HFD treated mice, even with the B3AR agonist (Poggioli et al., 2013). The
BAT expression of Ucpl in the dexamethasone-HFD treated mice was also significantly decreased

in the dexamethasone-HFD treated mice (Poggioli et al., 2013). This study illustrated the strong
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effects GCs can have on an animal’s body weight, oxygen consumption and BAT Ucp1 mRNA
levels, each of which are exacerbated in cases of obesity or animals fed a HFD. Interestingly, a
B3AR agonist could not rescue the animals’ EE when treated with dexamethasone and a HFD.
The long-term treatment with GCs results in what appears to be un-rescuable effects in BAT,
even with a B3AR agonist. While Cassano et al. (2012) studied the effects of corticosterone
administration in mice and found that many of the undesirable effects can be reversed when the
GC is withdrawn for two weeks (Cassano et al., 2012), the continuation of these GCs appears to
be “untouchable” with B3AR agonists. The B3AR agonist treatment in Poggioli et al.’s (2013)
study was acute, but the lack of response further illustrates the strong effect GCs have on the
body. Given the effects of the activated B3AR pathway noted above in short-term in vivo studies
(van den Beukel et al., 2014, 2015), we expected the combination treatment to have reduced
body and AT weights compared to that of the corticosterone treatment. However, since there
was no reduction in body weight, nor a lower amount of body weight gained in the combination
treatment group, the two treatments clearly do not directly oppose each other. Hao et al.
(2019) induced obesity with a HFD for six weeks prior to administering mirabegron (via ALZET
osmotic pump) at a dose of (2mg/kg/day) to C57BL/6J mice for three weeks (Hao et al., 2019).
They found that mirabegron reduced the body weight gain and WAT weights (Hao et al., 2019).
The reduced body weight gain and WAT weights were also associated with improved glucose
tolerance and insulin sensitivity after two and three weeks of mirabegron treatment (Hao et al,,
2019). The mirabegron reduction in body weight and WAT mass were less than HFD and vehicle
but still significantly higher than the chow fed mice in their study (Hao et al., 2019). However,

they did not see changes in the BAT weights (Hao et al., 2019). In our study, the mirabegron
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dose was approximately 8mg/kg/day but ingested via drinking water (i.e. noncontinuous
delivery) vs the continuous delivery with osmotic pumps used in the Hao et al. (2019) study.
Further adding to these findings, Peres Valgas da Silva et al. (2021) recently conducted a study
where mice were given a HFD for ten weeks prior to mirabegron being administered via oral
gavage (10mg/kg) for two subsequent weeks (Peres Valgas da Silva et al., 2021). The two-week
mirabegron treatment diminished the amount of LDs in the BAT and liver, increased the EE, and
increased UCP1 protein expression in the BAT (Peres Valgas da Silva et al,, 2021). However, the
BAT UCP1 expression in the HFD group alone was not different from the control group (chow fed
mice) and UCP1 expression was only increased when mirabegron was administered (Peres Valgas
da Silva et al., 2021). Mirabegron did not increase ingWAT beiging (Peres Valgas da Silva et al.,
2021), which is in concert with the results found in our study with corticosterone. Peres Valgas
da Silva et al. (2021) explained the lack of mirabegron induced beiging in the ingWAT as a time-
dependent finding with the two-week duration not being long enough to elicit the beiging
change in the tissue (Peres Valgas da Silva et al., 2021). In our study, the treatment of
concurrent GC and B3AR agonist administration resulted in virtually no change from the GC
treatment alone in terms of body mass, weight gain, tissue appearance, histological examination
and UCP1 protein expression. To our knowledge, our study is the first to examine these
treatments concurrently for a mid-length amount of time, and the first study to illustrate that
mirabegron could not induce beiging in WAT or counteract BAT whitening when corticosterone

was present in levels equivalent to metabolic syndrome.
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Table 1. A comparison of the dose of corticosterone received in each animal study where the

target dose was 500pug/mouse/day and water consumption was measured twice a week.

Length of Time in
Treatment

Week 1

Week 2

Week 3

Week 4

Overall Average % of
Target Dose Achieved

Animal Study #1

Corticosterone Treatment

Average Dose
Received
(ng/mouse/day)
590
695
769
1031
1128
2038
360
219

% of Target
Dose Achieved

118%
139%
154%
206%
226%
408%
72%
44%

171%

Animal Study #2
Combination Treatment

Corticosterone Treatment

Average Dose
Received

(ng/mouse/day)
554
486
549
622
926
730
711
686

% of Target
Dose Achieved

111%
97%
110%
124%
185%
146%
142%
137%

132%

Corticosterone Dose

Average Dose
Received

(ng/mouse/day)
356
349
824
379
577
364
390
382

% of Target
Dose Achieved

71%
70%
165%
76%
115%
73%
78%
76%

91%
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Table 2. A comparison of the dose of mirabegron received in each animal study where the target
dose was 0.24mg/mouse/day and water consumption was measured twice a week.

Animal Study #1 Animal Study #2
- - . Combination Treatment
Mirabegron (High) Treatment Mirabegron Treatment Mirabegron Dose
Length of Time in Av:ragg D(cj)se % of Target AV; ragg Dgse % of Target Avsragg D;Jse % of Target
eceive ; eceive : eceive :
Treatment PO Dose Achieved P Dose Achieved PO iy Dose Achieved
0.20 82% 0.23 97% 0.23 94%
Week 1
0.19 81% 0.21 85% 0.22 93%
0.20 82% 0.20 85% 0.55 231%
Week 2
0.20 84% 0.22 90% 0.24 101%
0.19 77% 0.21 88% 0.40 165%
Week 3
0.20 81% 0.21 86% 0.23 97%
0.18 74% 0.21 87% 0.25 102%
Week 4
0.18 77% 0.21 89% 0.24 101%
Overall Average % of 80% 38% 123%

Target Dose Achieved
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Oxidative stress and immune cell infiltration are not affected by corticosterone
or mirabegron treatment, and mirabegron does not mitigate corticosterone

induced increases in circulating leptin

Obesity can lead to suppressed mitochondrial activity and decreased biogenesis, leading
to sustained oxidative stress (Masschelin et al., 2020). The AT implications of obesity are far-
reaching and increased oxidative stress levels play a role in the pathogenesis of metabolic
disease. Obese humans have higher oxidative stress levels in their WAT, and the tissue’s ability
to attenuate 4-HNE decreases in the obese state, further increasing its level of stress within AT
(Masschelin et al., 2020). In this study, the protein adduct formation of 4-HNE was measured in
both BAT and WAT as an indicator of oxidative stress. Similar to what was found for AS1, the
BAT (Figure 56) and WAT (Figure 57) did not display differences in their level of 4-HNE protein
adducts, an indicator of lipid peroxidation, between the treatments. Using a Pearson correlation,
there was a moderate positive correlation (coefficient=0.6397), indicating again that the level of
lipid peroxidation in one AT depot is related to the level in other depots (Figure 58). With the
level of 4-HNE adducts not significantly different between our treatments, we could not
determine if mirabegron was able to counteract the negative effects of corticosterone in terms
of oxidative stress.

Immune cell infiltration in the form of CLSs were not observed in any treatments. As was
stated with AS1, the four-week treatment may not have been of long enough duration to evoke
the response in the AT depots studied. Many studies examining adipocytes use HFD rodent
models where diets are composed of 60% fat and can last anywhere from 7 to 20 weeks in

duration (Avtanski et al., 2019). A study where a HFD was given to male CL57BL/6J DIO mice for
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nine weeks found significant (p<0.05) increases in WAT and BAT weights, LD area, number of
CLS, liver weight, hepatic lipid accumulation, fasting plasma glucose, insulin and leptin, and
elevated circulating cytokines (Avtanski et al., 2019). While CLSs were not increased in our four-
week treatment of chronic corticosterone, other parameters of the HFD studies were matched
with IR, increased body mass, increased AT mass, and increased LD area. Do (2019) report
different timelines for macrophage infiltration for gonadal and scWAT when under
corticosterone-induced AT expansion (Do, 2019). Their study was eight weeks in duration in
which they were able to detect macrophage markers in both subcutaneous and gonadal AT at
the end of the treatment (Do, 2019). Gonadal AT macrophage infiltration was present after one
week but was very delayed in the scWAT (Do, 2019). This increased macrophage infiltration
preceded corticosterone induced obesity but was concurrent with induction of IR (Do, 2019).
The current relationships between oxidative stress, macrophages and AT are not known due to
the depot-specific nature of these responses. Peres Valgas da Silva et al. (2021) also investigated
the effects of a two-week mirabegron treatment on inflammation after a 10-week HFD (Peres
Valgas da Silva et al., 2021). Their findings of serum and epididymal AT TNFa levels being
lowered when mirabegron was administered illustrate the ability of this B3AR agonist to interact
with AT and systemic inflammation (Peres Valgas da Silva et al., 2021); however, further research
needs to be conducted. The effects each AT depot has on whole-body health cannot be
underscored. Additional knowledge into these areas is required to understand obesity-induced
inflammation and the effects GCs can play in it. Without fully understanding these connections,

treatment plans to combat GCs negative health implications cannot be thoroughly examined.
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One of the most important adipokines for maintaining energy balance and signalling
satiety is leptin (L. Chen et al., 2015; Guilherme et al., 2019; Kahn et al., 2019; Luo & Liu, 2016;
Pan & Myers, 2018). The amount of leptin secreted by adipocytes is approximately proportional
to the amount of TAG stored in the AT; its secretion influences the nutritional status of many
other biological processes, including insulin signalling, inflammation, and other hormones
(including GCs) (L. Chen et al., 2015; Guilherme et al., 2019; Kershaw & Flier, 2004a, 2004b;
Kotzbeck et al., 2018; Luo & Liu, 2016; Pan & Myers, 2018). Leptin acts by binding to the leptin
receptor in the brain to suppress food intake, increase EE, and deplete the stored TAG (Pan &
Myers, 2018). Leptin can also act to reduce the production of adrenal corticosteroids by creating
a feedback loop between the HPA axis and AT (Pan & Myers, 2018; Pralong et al., 1998). Leptin
resistance is thought to be connected to increased circulating GCs where the effects of leptin are
diminished, lead to increased food intake, and may be related to the obesity mechanism,
connecting part of the dots between GCs and leptin (Pralong et al., 1998). In this study, the
corticosterone and combination treatments had significantly (p<0.05) greater plasma leptin
concentrations than the vehicle control or mirabegron treatment (Figure 60). Elevated plasma
leptin levels have been found in cases of obesity in both rodents and humans, where higher
leptin levels correspond with increased adiposity. Many others have also found elevated plasma
leptin levels with corticosterone treatment (Cassano et al., 2012; Karatsoreos et al., 2010; van
Donkelaar et al., 2014). Hao et al. (2019) observed slight decreases in AT leptin mRNA
expressions after mirabegron administration to mice fed a HFD (Hao et al., 2019). Sui et al.
(2019) found that six weeks of mirabegron treatment in mice resulted in increased food

consumption, lower body weight, increased UCP1 expression and decreased leptin

244



concentrations compared to vehicle treated mice (Sui et al., 2019). As mentioned earlier, Peres
Valgas da Silva et al. (2021) recently completed a study where mice were given a HFD for ten
weeks prior to mirabegron being administered via oral gavage (10mg/kg) for two subsequent
weeks (Peres Valgas da Silva et al., 2021). They found that this two-week treatment could not
lower the plasma leptin levels induced by the HFD (Peres Valgas da Silva et al., 2021). Itis
important to note that the method of drug delivery (i.e. through oral gavage, through osmotic
pump, or through drinking water) will likely impact the results of the study. Oral gavage will
deliver a one-time large treatment dose daily. While this will be similar to how humans ingest
mirabegron, there may be limits to the absorption and amount of the drug that ends up in
circulation. While osmotic pumps will deliver a continuous dose throughout the day, this is not
physiological as it will still be delivered when the mouse is sleeping. Finally, through drinking
water, the drug will only be delivered during the animal’s awake hours, but the dose delivered
will be smaller and noncontinuous.

While we anticipated the combination treatment to have reduced plasma leptin levels
compared to the corticosterone treatment, this was not the case. Despite the findings by Hao et
al. (2019) and Sui et al. (2019), the effects of corticosterone on leptin were stronger than that of
mirabegron. In mice, a two-week mirabegron treatment after a HFD did not lower plasma leptin
levels, further illustrating a limit to mirabegron’s effect (Peres Valgas da Silva et al., 2021).
When examining the effects of mirabegron in obese individuals, Finlin et al. (2020) reported that
plasma leptin levels of patients with obesity were also not affected by the mirabegron treatment
(Finlin et al., 2020). The findings by Finlin et al. (2020) and Peres Valgas da Silva et al. (2021), in

combination with our study, illustrate that the B3AR agonist, mirabegron, cannot offset elevated
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leptin secretion in models of obesity or excess GCs. The increase in plasma leptin in our
combination and corticosterone treated mice are in concert with Hao et al. (2019)’s findings
reporting increased leptin, lipid droplet size and weight gain. The increased leptin levels
observed in corticosterone and combination mice further support the inducibility of GCs to
amplify metabolic syndrome by increasing the amount of stored TAG within the AT depots and

influence over whole-body health, independent of B3AR activation.

Mirabegron does not lower the level of insulin resistance when in combination

with corticosterone

With IR being such a critical component of metabolic syndrome, fasting plasma glucose
and insulin were also measured to determine if the mirabegron in our combination treatment
could lower the amount of IR observed from corticosterone treatment. The plasma glucose
concentrations were similar for all treatments (Figure 59A). The plasma insulin concentrations
were significantly (p<0.05) increased by the corticosterone and combination treatments (Figure
59B). This increased plasma insulin level illustrates the strong effect GCs have over insulin and its
actions. The HOMA-IR was also increased in the corticosterone and combination treatments
(Figure 59C). The altered insulin sensitivity by the corticosterone treatment was not entirely
unexpected; however, the inability of mirabegron to lower the impact the GC had on insulin

secretion was not anticipated.

The corticosterone-induced IR has been reported by others (Cassano et al., 2012;

Karatsoreos et al., 2010; Kinlein et al., 2017; van Donkelaar et al., 2014) and is a hallmark of AT
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whitening, which combines well with our other measured parameters, including increased LD
area and AT mass (Kotzbeck et al., 2018). Mirabegron has been found to improve insulin
sensitivity and glucose uptake in human trials (Finlin et al., 2020; O’Mara et al., 2020) and rodent
studies (Hao et al., 2019; Peres Valgas da Silva et al., 2021). The fasting glucose concentrations
were not altered from the HFD group in the study conducted by Peres Valgas da Silva et al.
(2021) when mice were fed a HFD for ten weeks prior to mirabegron administration for two
subsequent weeks (Peres Valgas da Silva et al., 2021). The fasting insulin concentrations in their
study were increased with a HFD and the HFD with mirabegron treatment illustrated a 50%
reduction in insulin resistance (Peres Valgas da Silva et al., 2021). The difference observed in our
study where mirabegron is not able to remedy the increased insulin concentrations when in
combination with corticosterone speaks to the fact that GCs may have a stronger impact on

insulin resistance than those observed with DIO.

Like in patients with Cushing’s syndrome, chronic GCs induce whole-body IR, whereas not
all patients with obesity are IR (Geer et al., 2014). Patients with Cushing’s syndrome develop IR
through either increased gluconeogenesis in the liver or via decreased sensitivity to insulin in the
liver or skeletal muscles (Pivonello et al., 2020). GC excess is thought to stimulate excess
enzymes involved in gluconeogenesis, leading to increased glucose production (Pivonello et al.,
2020). While we did not measure increased glucose production in our mice, we did see that
fasting glucose concentrations which is the balance of gluconeogenesis and tissue-uptake, were
not affected by our treatments. What likely could have occurred, producing such high circulating
insulin concentrations, was an impairment in the sensitivity of the insulin receptor, its pathway,

or increased production of insulin from the pancreatic beta cells in response to the excess GCs,
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which led to IR (Ferris & Kahn, 2012; Pivonello et al., 2020). The pathogenicity of metabolic
syndrome is strongly linked with AT IR and the development of impaired glucose metabolism
(Longo et al., 2019; Pivonello et al., 2020). The inability of mirabegron to lower IR in the
presence of GCs illustrates the strong force GCs play in AT metabolism and how more work will

need to be conducted to utilize this B3AR agonist in a treatment plan for metabolic syndrome.

Specific Aim #4: Examine how mitochondrial content is impacted in the presence

of the combination of corticosterone and B3AR stimulation

Mitochondria are the powerhouses of the cell and play key roles in many metabolic
diseases, including diabetes, obesity, and IR (Boudina & Graham, 2014, Christe et al., 2013).
Mitochondria are essential in AT as their function is linked to both lipid storage and mobilization
within the adipocytes (Christe et al., 2013). Any alterations in the number and functionality of
the mitochondria within adipocytes will lead to this organelle’s impairment and further lead to
the development of disease (Christe et al., 2013; Vieira & Valentine, 2009). Measurements of
mitochondrial content have included the protein or enzyme expression of citrate synthase, a key
enzyme in the Krebs cycle located in the mitochondrial matrix. Protein and enzyme expressions
of citrate synthase have been validated for surrogate measures of mitochondrial content (Baldini
et al.,, 2021; Larsen et al., 2012). Each tissue displays different mitochondrial properties and has
its own metabolic demands that need to be met by this vital organelle (Holmstrom et al., 2012).

In AT, the number of mitochondria is greater in BAT than in WAT; however, even with fewer
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mitochondria, these organelles still play key roles in regulating energy production and responses
to nutritional events (Boudina & Graham, 2014; Kusminski & Scherer, 2012). Many studies have
found connections between obesity and impaired mitochondrial function, specifically in the
adipocytes (Boudina & Graham, 2014; De Pauw et al., 2009; Holmstrom et al., 2012; Kusminski &
Scherer, 2012). Baldini et al. (2021) illustrated how early adipocyte hypertrophy found in obesity
can result in changes to mitochondrial respiration without altering mitochondrial mass or
integrity (Baldini et al., 2021). A similar finding was also reported by Holmstrom et al. (2012),
where they discovered that there was a tissue-specific control over mitochondrial respiration
and that each tissue displays an altered response to obesity (Holmstrom et al., 2012). They also
found that mitochondrial dysfunction was independent of skeletal muscle IR, further validating
the idea that mitochondrial metabolism and control are altered differently under specific
circumstances and diseases (Holmstrom et al., 2012). Sutherland et al. (2008) illustrated how
rats fed a HFD for six weeks demonstrate impaired glucose tolerance prior to any reductions in
mitochondrial content and biogenesis, shedding light on the sequences of events that take place
in obesity (Sutherland et al., 2008). Therefore, severe adipocyte hypertrophy and reduced
mitochondrial content found within previous studies of obesity illustrate a strong metabolic shift

within AT, a response that does not occur quickly.

In this study, citrate synthase protein content was determined in both the BAT and WAT
for each treatment group. The hypothesis was that mirabegron would mitigate adipocyte
hypertrophy that occurs from corticosterone treatment and therefore increase the
mitochondrial content for both AT depots. Surprisingly, the citrate synthase protein

concentrations in both animal studies were similar, regardless of treatment (Figure 28) (Figure
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29) (Figure 52) (Figure 53). With a lack of treatment effect observed in both animal studies, it is
impossible to know if mirabegron was able to mitigate some of the effects caused by
corticosterone in our combination treatment. To further understand if the mitochondrial
content within each AT depot was altered, we then equated the citrate synthase protein
expression back to the mass of each depot (Figure 55). In both the BAT and WAT depots, the
corticosterone and combination treatments resulted in significantly (p<0.05) less citrate
synthase per gram of tissue than the vehicle control and mirabegron groups. This finding with
less mitochondria per gram of AT is likely a result from increased lipid content (as evident
through the increased LD area in these treatments), which may play a role in the overall function

of the tissue.

A recent study where mirabegron was administered after a HFD for ten weeks showed
that the B3AR agonist did not alter the mitochondrial transcription factor (TFAM) in BAT (Peres
Valgas da Silva et al., 2021). Similar to the studies mentioned above, alterations in IR, early
adipocyte hypertrophy, and altered metabolism can all occur before mitochondrial content is
diminished (Baldini et al., 2021; Sutherland et al., 2008). This is not to imply that mitochondrial
dysfunction did not occur. Excessive nutrient supply, ROS formation, IR, ER stress and
proinflammatory markers have all been linked to the dysfunction of this organelle (Kusminski &
Scherer, 2012; Longo et al., 2019). As mentioned previously, our study was of relatively short
duration. It is possible that if the treatments in this study were substantially longer, in addition to
CLS being observed in the AT depots, alterations in mitochondrial content or integrity may have
also been found. In AS1, the BAT had increased UCP1 protein expression in the corticosterone

group, even greater expression than the mirabegron treated groups (Figure 26). While this was
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a surprise, the increased whitening that occurred in this tissue accompanying the increased
uncoupling was likely a part of a compensatory response to overcome the excess lipids probably
circulating from the excess GC treatment. Although the same increased UCP1 findings were not
found in AS2 (Figure 50), the accumulated corticosterone dose was lower than AS1 based on the
adjustments match the target dose (average doses received in AS1 and AS2 were 171% and
132% of the target respectively). It is possible that this had an impact on the adaptation of BAT
in response to corticosterone. Although the oxidative capacity of BAT was not altered (Figure
50), there was less mitochondria per gram of tissue in the corticosterone and combination
treated mice (Figure 55A). Increased BAT mass, LD area, and a decrease in mitochondrial content
per gram of tissue all indicate that whitening of this depot occurred in both the corticosterone
and the combination treatments. The increased LD area in the corticosterone group and the
combination treatment, in combination with IR and increased leptin concentrations, indicate
that both AT depots had adipocyte hypertrophy. Although these adipocytes were hypertrophic,
they may not have become necrotic due to the lack of CLS and alterations to mitochondrial
content (Longo et al,, 2019). The fact that citrate synthase protein content did not change
amongst the treatments in either animal study gives an indication that significant mitochondrial
damage was not caused in our research. Although, the tissue functionality may have been
altered due to less mitochondria per gram of tissue in both BAT and WAT of the corticosterone
and combination treatments. It is possible that if the study was conducted over an increased
time frame usually observed in HFD studies, for example, >10 weeks, different results for

mitochondrial effects and inflammation may have occurred in these AT depots.
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Further Comparisons of the Different Animal Studies

Two separate animal studies were conducted in this dissertation. The first animal study
took place in the winter/spring months, and the second animal study took place in the late
spring/summer months. While both studies were conducted at the same animal facility on the
same breed of mice from the same distributor, a variety of factors could be responsible for the
variety of differences observed. The first difference worth noting is the difference in
temperature observed in the room the animals were housed in (Figure 61). Other than the first
day, the second animal study was significantly (p<0.05) lower than the first animal study (Figure
61A). This difference amounted to approximately a one-degree difference in the average room
temperature (Figure 61B).

Conversely, the humidity of the room was significantly (p<0.05) lower in AS1 when compared to
AS2 (Figure 62). Again, after the first day, every other day of the study had significantly (p<0.05)
lower humidity values (Figure 62A), a difference which resulted in an average humidity that is
lower than the desired humidity percentage for animal studies (i.e., lower than 40-60%) (Figure
62B). Itisimportant to note that the temperature and humidity reported were for the room
and not in a cage with bedding etc. The cage-level temperature and humidity were likely higher
due to the micro-environment created within the cage (Rosenbaum et al., 2010) but this was not
measured. The temperature and humidity variations could have been due to a variety of
environmental factors given the different seasons and the HVAC system in the facility that these
studies took place in, and these effects will be discussed below.

Even though pre-clinical studies are governed by regular light-dark cycles, constant

temperatures and humidity levels, and are away from natural sunlight, seasonal variations in the
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results still occur (Ferguson & Maier, 2013; Meyer et al., 2006) Time-of-year and time-of-day
that an experiment is conducted will also play a large part in the results obtained in animal
studies. Meyer et al. (2006) examined the impact of stress on laboratory mice during the
different times of the year, which were similar time points to our studies (Meyer et al., 2006).
They found that mice were more resistant to stress during the spring (April-May), as measured
through a general slight increase in plasma corticosterone (Meyer et al., 2006). Whereas in the
fall (November-December), mice were more susceptible to stress and had higher plasma
corticosterone concentrations when presented with a stressor (Meyer et al., 2006). There is a
seasonal-dependent effect on hormone levels and behavioural outputs, with mice being more
curious in the spring and more reserved in the fall (Meyer et al., 2006). While Ferguson and
Maier (2013) were skeptical of the behavioural findings with seasonal effects, current work
supports this finding (Ferguson & Maier, 2013). A more recent study did, however, discern that
laboratory mice kept under standard conditions do, in fact, show seasonal changes in their
behavioural responses (Pernold et al., 2021). Most studies involving rodents do not report the
time of year that an experiment was conducted, adding complications to fully understanding and
reproducing any of the results obtained in similar experiments (Ferguson & Maier, 2013). This is
a major flaw in current preclinical studies and should be a reporting requirement to ensure the
results are interpreted correctly in the future.

Conventional housing room temperatures for mice (20-26°C) are below their
thermoneutral zone (30°C), which implies that mice are always under a degree of stress in a cold
environment (Canadian Council on Animal Care, 2019; Maloney et al., 2014). The room

temperature is one factor that needs to be considered, but the importance of the
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microenvironment in the cage is also critical (Reeb et al., 1998). The recommended cage
temperature for rodents is between 18-26°C (Reeb et al., 1998). In their study, the room
temperature of 22°C resulted in a cage temperature of 24°C when four male mice were housed
per cage (Reeb et al., 1998). The warmer temperatures can produce greater humidity within the
cage, but this can be mitigated with more air changes per hour (Reeb et al., 1998).

A review by Maloney et al. (2014) highlights many different aspects of housing animals
below thermoneutral conditions, but a notable mention is what happens when mice are moved
from 30°C to 21°C (Maloney et al., 2014). The metabolism of the mice change (increased EE and
carbohydrate metabolism), increased lipid oxidation, increased lipid uptake in BAT and lower
TAG circulating (Maloney et al., 2014). This is especially important in metabolic studies where
mice housed at 30°C will display increased insulin concentrations in DIO models than those
housed at standard housing temperatures (Dudele et al., 2015; Keijer et al., 2019). Numerous
studies and reviews have been reported on the differences between mice housed at
thermoneutrality and the recommended housing temperature (Keijer et al., 2019; Maloney et
al., 2014; Small et al., 2018). The results from these studies are clear that temperature is a key
variable that displays profound impacts on the physiology of mice and humans (Keijer et al.,
2019). Housing mice at thermoneutral temperatures may actually present misleading results
when attempting to extract the findings to humans (Keijer et al., 2019). Keijer et al. (2019)
recommend housing mice at the optimum temperature of 23-25°C, which is the most
translatable to humans, with the difference being 3-5°C below our critical temperature (Keijer et

al., 2019). Anything lower than this optimal temperature just forces the animal to expend
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energy beyond its basal EE level and is only more tolerable when mice are group-housed and can
huddle to keep warm with ample insulation (Keijer et al., 2019).

The relative humidity for laboratory animals is recommended to be between 40-60%,
with no less than 35% or more than 70% (Canadian Council on Animal Care, 2020). The average
humidity in AS1 was significantly (p<0.05) lower and hovered around 32.6%, whereas AS2 was
approximately 45.2% (Figure 62). Rosenbaum et al. (2010) reported that humidity levels could
significantly impact animal health. Low humidity is associated with ringtail and dermatitis, and
high humidity promotes bacterial growth and subsequent infections (Rosenbaum et al., 2010).

Although differences were observed in the temperature and humidity for the animal
studies conducted, there were no differences in the body weights of like treatments (Figure 63).
The BAT weights were not significantly different alone, the ratio relative to body weight was
increased in AS2 for the corticosterone group (Figure 64). There was a significant (p<0.05)
difference found in the WAT weights and ratios with the second animal study illustrating lower
tissue masses for each repeated treatment (Figure 65). With the significant decrease in WAT
weights from the second animal study, but without altered body weight, we attempted to
discern how this could have occurred. With the BAT illustrating similar UCP1 values for all
treatments in AS2, we directly compared vehicle control samples from AS1 to AS2 (Figure 66).
To our surprise, AS2 controls expressed significantly (p<0.05) more UCP1 than AS1 vehicle
controls (Figure 66A) (Figure 66B) (Figure 66C). This increased UCP1 expression in the BAT of
vehicle mice in AS2 illustrates a difference between the animal studies that may account for the
diminished treatment effect is AS2. AS2 also illustrated a cooler room temperature, which could

point to a slight decrease in the cage temperature, which may have been enough to activate
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UCP1 in the AT to increase thermogenesis in all groups, including the vehicle controls group.
However, we cannot concretely determine this was the causative effect within the studies
conducted. With the UCP1 being increased across all treatments in the BAT, there appears to be
an overarching force at play that equally affected all treatments, cooler temperatures. Although
few animal studies have examined the effects of small housing temperature changes on BAT
UCP1 expression and its effect on whole-body metabolism, this study illustrates the need for

further investigations into how UCP1 influences overall AT health.

Animal Study #2 Conclusion

In order to further examine how excess corticosterone affects the B3AR stimulation and
metabolic dysfunction of AT, we studied the interaction between these two treatments to
determine if they can oppose each other at the whole-body level. The combination treatment
mice had significantly (p<0.05) increased body and tissue weights compared to the mirabegron
alone or vehicle treatments. The similar weights between corticosterone and combination
treatments were the first indication that the GC had a dominant effect over the mirabegron
treatment. Histologically, the BAT and WAT depots were not affected by having mirabegron in
the combination treatment as the LD areas were not significantly different from the
corticosterone treatment. The increase in UCP1 in WAT of the vehicle control was a surprise,
indicating again that there was no treatment effect found in this tissue. The lack of increased
UCP1 from mirabegron illustrated that the B3AR agonist did not result in beiging. Citrate

synthase and 4-HNE adducts were not significantly different between treatments for either
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tissue in this animal study, and BAT UCP1 expressions were also similar between groups. The
amount of mitochondria per gram of tissue was significantly (p<0.05) less in both AT depots for
the corticosterone and combination treatment groups, which likely played a role in these tissues

functionality.

With the corticosterone response being dominant in all of our measurements, it is
possible that the mirabegron is not potent enough to elicit an effect to oppose the negative
effects of the GC when administered simultaneously. This brings to question what systemic
effect mirabegron can have in cases of elevated GCs. The altered insulin sensitivity by the
corticosterone treatment was not surprising, however, the inability of mirabegron to lower the
impact the GC had on fasting insulin concentration was not anticipated. The inability of
mirabegron to lower IR in the presence of GCs illustrates the strong force GCs play in AT
metabolism and how more work will need to be conducted to utilize this 3AR agonist in a
treatment plan for metabolic syndrome. The increased leptin levels observed in corticosterone
and combination mice support the dominant role GCs can have in the development of metabolic
syndrome. GC-induced increases of stored TAG within the AT depots can influence whole-body
health independent of B3AR activation. This dose and duration of treatment in the present study
was sufficient to induce increased lipid accumulation in AT and whole-body insulin resistance
before the onset of overt disease. This allows for the study of mirabegron in early stages of
progression of obesity related chronic disease. Other studies examining the effects of
mirabegron on a HFD or the effects of corticosterone mentioned earlier induce disease first and
then try to reverse it with a different treatment. To our knowledge, we were the first ones to

administer corticosterone and mirabegron concurrently to examine the physiological effects of
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these treatments. To our knowledge, this was the first study to examine these treatments
concurrently for four weeks, and the first study to illustrate that mirabegron could not induce
beiging in WAT or counteract BAT whitening when corticosterone was present in levels

equivalent to metabolic syndrome
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Conclusions

With the incidence of metabolic diseases and obesity on the rise, the need to further
understand AT and its role in metabolism is critical. The goal of this study was to determine how
the effects of chronic corticosterone and B3AR stimulation impacts AT. Our central hypothesis
was that the negative effects of excessive lipid accumulation and associated metabolic
dysfunction induced by chronic corticosterone will be alleviated by B3AR agonists. Through
various experiments and analyses, we determined that four weeks of exposure to high levels of
corticosterone resulted in increased body and AT weights, BAT whitening, whole-body IR, and
increased leptin concentrations without changes to oxidative stress markers or mitochondrial
content. Treatment with B3AR agonist mirabegron did not impact body or AT weights, WAT
beiging, glucose metabolism or leptin concentrations. Increased uncoupling protein UCP1 was
observed in both chronic corticosterone and mirabegron treatments, relative to the control
groups used in these studies. Mitochondrial content was not impacted by the presence of either
corticosterone, mirabegron or the combination of corticosterone and mirabegron. However,
when equated to tissue mass, the corticosterone and combination treatment groups contained
less mitochondria per gram of tissue, which may have played a role in its function. This was the
first study that reported whole-body metabolic effects in a short amount of time, without
causing overt disease. Previous studies examining the effects of mirabegron on a HFD, or the
effects of chronic doses of corticosterone, induce disease first and then attempt to reverse it
with a different treatment. To our knowledge, the concurrent administration of corticosterone
and mirabegron to study their interaction has also not been reported previously. When both

treatments were combined, mirabegron failed to prevent any alterations in the body or AT
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weights, alleviate corticosterone-induced IR, reduce high circulating leptin or increase UCP1 in
the ATs. This was the first study to examine these treatments concurrently for four weeks, and
the first study to illustrate that the highest approved dose of mirabegron could not induce
beiging in WAT or counteract BAT whitening when corticosterone was present in levels

equivalent to metabolic syndrome.

Future Directions

Our current work illustrated how the water consumption and dose of the treatment
should also be reported in future drinking water drug delivery studies to ensure reproducibility
and accuracy in interpreting results. Most studies involving rodents also do not report the time
of year that an experiment was conducted, or specific data on actual room temperature (with
most reporting the target temperature only), adding complexity to fully understanding and
reproducing any of the results obtained in similar types of experiments. This is a flaw in current
preclinical studies and should be a reporting requirement to ensure the results are interpreted
correctly in the future. It is also important to investigate the effects of different routes of
administration of mirabegron, for example through gavage compared to drinking water, in order
to compare its effects systemically. It is currently understood that the metabolism of mirabegron
is likely not dominated through one specific pathway, but it is known to be extensively cleared by

the liver (Kashyap & Tyagi, 2013).
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Limitations and Basic Assumptions

As with any animal model, variability is inevitable, even with comprehensive monitoring.
Our mice we housed at the Pre-Clinical Research facility following the Canadian Council on
Animal Care guidelines (Canadian Council on Animal Care, 2020). The mice were assumed to be
pathogen and disease-free when they arrived from Charles River and were maintained with
ample food and water throughout the experiment. Even though the appropriate housing
temperatures and humidity were targets, as explained previously, these were not achieved for
both studies. The different seasons and room conditions may have played a role in the
variabilities observed, but it is impossible to know the extent of these effects.

Lastly, the second animal study and all analyses were conducted during the COVID-19
pandemic. The pandemic presented unique challenges: initiating the second animal study after
the pre-clinical research facility was closed for some time, wet laboratory capacity limits,
acquiring supplies, and scheduling a team for tissue retrieval. While these limitations were in
place, all experiments got completed, and the time of laboratory closure allowed for the project

to expand for a more complete study.
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Delimitations

While we strongly attempted to mitigate all known limitations, any biological model
comes with certain constraints. The first is that this study was performed on mice. While mice
serve as a great model for modelling disease and outcomes in humans (discussed previously in
Experimental Design and Methods). Rodents serve as pre-clinical models for physiological
experiments that allow for a much deeper understanding of the whole-body response than an in
vitro cell culture model. In this dissertation, we used C57BL/6NCrl mice from Charles River
Laboratories that belong to the strain of mice most commonly used in medical research (Jackson
Laboratory, 2021). While there are strain differences between the C57BL/6NCrl strain and the
more frequently reported sub-strain C57BL/6J, we chose this model due to the availability and
treatment application (Bryant, 2011; Capri et al., 2019). The C57BL/6NCrl strain does not show
the same increased ethanol consumption as the C57BL/6J strain, making the 6NCrl strain a
better fit with our treatment delivery method (i.e., dissolved in ethanol) (Bryant, 2011). Another
delimitation was the low blood volume retrieved from each mouse. This meant that only certain
plasma measurements could be analyzed, and strategic selections needed to be made. This
meant that other circulating inflammatory markers could not be analyzed. In order to reduce
the number of animals needed for the experiment, no further animals were added for this single
measure.

Another delimitation in our study is that we only used male mice. Historically, more
stress research is conducted on males than females (Luine et al., 2017). Females also have a
heightened stress reactivity when it comes to uncontrollable stress (Rincon-Cortés et al., 2019).

In contrast, controllable stress (such as tail shock running wheels in rodents) did not affect
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females overall (Rincén-Cortés et al., 2019). To successfully understand the effects of our
treatment on beiging, the more challenging sex was chosen to be able to positively determine
the use of mirabegron as a beiging agent and as a combination therapy to mitigate the effects of
chronic stress.

Our model only used one timepoint in our experiments, and further studies involving
longer study durations may have resulted in increased inflammatory responses or changes in
oxidative stress markers. The four-week time point was determined based on previously
reported studies. While we observed differences in many of our measurements, a longer
duration may have allowed for further changes to occur within the AT.

Using a drinking water-based treatment delivery method is also a delimitation.
Treatments were administered to the mice through water bottles that were pre-weighed in
order to track water consumption. The amount of water consumed was then divided by the
number of mice in the cage for approximate water amount consumed per mouse. While this
method of delivery was chosen as the most optimal set-up for drug delivery to the animals, it
resulted in an approximation for the dosage each animal received within the cage. Drinking
water delivery methods offer poorer control over water consumption, as evident by the
significant (p<0.05) increase in the corticosterone group in our first animal study, which resulted
in the mice receiving a dose greater than that which was targeted. Compared to other methods,
such as oral gavage or injection, the same level of control cannot be achieved. The drinking
water method of delivery does allow for the diurnal rhythm of corticosterone to be maintained
and lower the amount of physical stress placed on the animals (since they did not need to be

restrained to receive the treatments). While we did correct for the increased water
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consumption in the corticosterone treatment water partway through the study, this may have

impacted our results. We were able to deliver the target dose more accurately to the mice by

correcting the concentration in the water in the second animal study. This further emphasizes
how important reporting is for drug delivery via drinking water. Most studies do not report the
animals’ drinking water consumption, which may account for some discrepancies observed

between previously published findings and our study.
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Mirabegron Dose Calculations

As adapted from Nair and Jacob, 2016

K., factor is the correction factor for converting animal and human doses by
estimating the body weight (kg) of the species to its body surface area (m?)

Converting Animal Dose to Human Dose (K, factor= 0.081)

Mirabegron,;,, = 8mg/kg
Mirabegron,,,, = 0.8mg/kg

Mirabegrony,,,, = 8mg/kg x 0.081 = 0.65mg/kg in humans <
Mirabegron,,,, = 0.8mg/kg x 0.081 = 0.065mg/kg in humans

The Mirabegron,,, dose would be approximately equal to a 5mg dose in humans

Converting Human Dose to Animal Dose (K, factor= 12.3)

Mirabegron doses are either 25mg/day or 50mg/day

If you assume the average person weighs 80kg

25mg/80kg =0.31mg/kg

50mg/80kg = 0.625mg/kg

25mg dose = 0.31mg/kg x 12.3 = 3.85mg/kg in mice
50mg dose = 0.625mg/kg x 12.3 = 7.68mg/kg in mice <

Mice Dose Received

If you assume the average mouse weighs 30g = 0.03kg
Mirabegrony;,, = 8mg/kg

Mirabegron,,,, = 0.8mg/kg

Mirabegron,,,., = 8mg/kg x 0.03kg/mouse = 0.048mg/ml

The
Mirabegronyg,
dose would be
approximately

equal to a 50mg
dose in humans

Each mouse drinks approximately Sml of water per day = 0.24mg received per day

Mirabegron,,,, = 0.8mg/kg x0.03kg/mouse = 0.0048mg/ml

Each mouse drinks approximately 5Sml of water per day = 0.025mg received per day
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Example Power Analyses

The sample sizes were determined based on other studies being conducted using either
corticosterone or mirabegron treatments in mice. Power analysis was performed using University of
British Columbia’s online statistics software (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html)
with values reported by research in this area.

A power above 0.80 was desired from each analysis.

A sample size of 10 mice in each group, will provide an n value adequate to determine the treatment
effects.

Example of power analysis for the mirabegron study described by Sui et al. (2019):
0  UCP1 expression
o Msl1=18, Ms2=30, sigma= 5, power = 0.97, alpha =0.05, n=5
O  Body weight
o Msl1=29, Ms2=26, sigma= 2 power = 0.92, alpha =0.05, n=10
0  iBAT SUV-Body weight
o Msl=4, Ms2=8, sigma= 2, power = 0.89, alpha =0.05, n=5

Example of Power analysis for the corticosterone study van Donkelaar et al. (2014):
0 HOMA-IR:
o Msl1=37.1, Ms2=6.8, sigma= 4.5, power=0.99, alpha =0.05, n=5

Therefore, this study chose a sample group of 10 mice per group in order for the effects between
treatments to be observed.

In order to complete all the measurements, additional animals were included in the study to ensure
n=10 per group for each experiement.
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UNIVER I TY
Animal Care Committee
t: (807) 343-8283
MEMORANDUM research@lakeheadu.ca

Date: October 25, 2019
To: Dr. Simon Lees, Neelam Khaper, Jocelyn Bel, Ashley Nemec-Bakk, Sarah Niccolli,

Subject: ACC Approval for ROMEO #1467270

Thank you for re-submitting your protocol titled, “The Effects of Stress Hormones on Beiging
and Inflammation of Adipose Tissue: Pilot Study” to the Animal Care Committee (ACC) with the
changes requested.

On behalf of the Animal Care Committee, | am pleased to inform you that the protocol has been
approved.

Annual renewal is required each year with up to 3 renewals granted. The Office of Research
Services will send you a reminder annually of your upcoming renewal.

If any serious animal incidents occur, the Animal Care Committee must be contacted
immediately.

All the best for a successful research study.

Sincerely,

Dr. Christine Gottardo
Chair, Animal Care Committee

Iscw

955 Oliver Road, Thunder Bay, ON, Canada, P7B 5El lakeheadu.ca
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SOP # R-46-LUACF

Title: Ear Notching in Rodents

Species: Laboratory Rats and Mice

1.

6.

Purpose:

1.1. To describe the use and method of ear notching in rodents.
1.2. To provide a form of identification for mice and rats in the LUACF.

Responsibility:
2.1. The responsibility for this procedure lies with the ACC-approved Animal users.

Minimum Qualifications/Training Required:

3.1. Appropriate CCAC (Canadian Council on Animal Care) modules, facility orientation
training, health and safety training, and species-specific animal handling training or
experience.

3.2. Training and experiences for carrying out ear notching in rodents.

Materials:

4.1, Legend

4.2. Ear punch

4.3. Rodent restraining device

4.4, Anesthetizing equipment and drugs
4.5. 70% alcohol

Procedure:
5.1. Ear notching may be used as a means of identification for laboratory rodents.
5.2. The locations of the notches are determined by the ACC-approved animal users.
5.3. The procedure for the notching is as follows:
5.3.1. Alegend for the notches is written up.
5.3.2. An ear punch is tested on a piece of paper for effectiveness.
5.3.3. The animal is restrained or anesthetized as necessary to prevent injury to the
animal or the staff.
5.3.4. An appropriate local anesthesia agent can be applied.
5.3.5. The animal ear is swabbed with alcohol.
5.3.6. The ear punch is swabbed with alcohol.
5.3.7. The punch is placed over the pinna of the ear and positioned as described in the
legend.
5.3.8. The punch is squeezed in a quick firm motion to insure completeness of the
punch.
5.3.9. The animal is checked for bleeding and completeness and accuracy of the notch.
5.3.10. The animal is returned to its cage.
5.3.11. The ear punch is cleaned with alcohol.

References:
6.1. University of Medicine & Dentistry of New Jersey, Ear Notching SOP: 1-21-95.

-1-
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Review/Approval:

Veterinarian: P. Alderson

ACC Chair: N. Luckai

Animal Care and Use Program
Standard Operating Procedure

Date of review: January 16, 2018
Date of approval: January 16, 2018
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SOP # R-18-LUACF
Title: Isofluorane Anaesthesia in Rodents

Species: Rats and Mice

1. Purpose:
1.1. To describe the use of isofluorane anaesthesia to induce and maintain a surgical plane
of inhalation anaesthesia in mice and rats.

2. Responsibility:
2.1. Researcher

2.2. Animal Care Technician or Veterinarian

3. Minimum Qualifications/Training Required:
3.1. CCAC modules, Health & Safety Training, Facility Orientation
3.2. Rodent handling training and/or experience
3.3. Training and/or experience in general and inhalation anaesthesia of rodents

4, Materials:
4.1. Anaesthesia machine (including vaporizer, tubing, breathing circuit (Mapleson E or
other suitable for small rodents), oxygen tank, scavenger canister
4.2. Nose cone, appropriate size for animal being anaesthetized
4.3, Isofluorane anaesthesia, with key-fill adaptor
4.4. Induction chamber
4.5. Heating pad
4.6. Eye lubricant (e.g. lacrilube, isoptotears)
4.7. Subcutaneous fluids (0.9% saline or Lactate Ringers Solution), needles and syringes

5. Procedure:

For Occupational Health and Safety, isofluorane anaesthesia should be performed in a biosafety
cabinet whenever possible. The nose cone should fit snugly to prevent gas from escaping. The
induction chamber should be flushed with oxygen prior to opening. Refer to the MSDS sheets
on the use of Isofluorane.

5.1. Rodents do not need to be fasted prior to anaesthesia. However, to ensure their
mouths are empty of food, and not potentially blocking their airway, food should be
removed from the cage 1 hour prior to anaesthesia. Water does not need to be
removed.
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5.2. Do a pre-anaesthetic evaluation of the animal to be anaesthetized. If any health
concerns are noted, contact the Veterinarian prior to proceeding.
5.3. Ensure anaesthesia system is properly connected

5.3.1. Induction chamber: inspect the chamber for cracks and ensure the lid closes
securely. Attach one (blue) hose to the anaesthetic machine and one port on the
induction chamber. Attach another hose (white) to the scavenger canister and the
other port on the induction chamber.

5.3.2. Mapleson E circuit: Ensure it is intact and ready to use, but do not hook up until
animal is anesthetised in the induction chamber. Attach appropriate sized mask to
the T-end of the tubing. When ready to use, attach thin end to oxygen out port on
the anaesthetic machine. Attach thicker end to the white hose attached to the
scavenger canister.

5.3.3. Scavenger system: weigh canister without tubing before using, record weight.
Do not use if the canister is over 50 grams from its original weight.

5.3.4. Fill vaporizer with isofluorane: Screw keyed adaptor onto isofluorane bottle
collar. Unscrew top screw of vaporizer port. Place keyed

adaptor into vaporizer port, ensuring that the holes are 2

lined up. Tighten screw again. Lift isofluorane bottle and V

allow the liquid to pour into vaporizer. Fill to top line. Do

not overfill. Loosen screw, remove keyed adaptor, and —

tighten screw. Remove keyed adaptor from isofluorane

bottle and recap bottle with original cap. Keyed adaptor must remain with the

vaporizer. Recheck the level of anaesthesia before starting. Recheck the level between

animals or if the procedure is lengthy.
5.4. Turn oxygen on

5.4.1. Refer to SOP R-19-LUACF-Safe Oxygen Use ﬂg e

5.4.2. Ensure regulator is closed (turn counter clockwise until it feels
loose)
5.4.3. Gauge should read zero
5.4.4. Turn tank valve on counter clockwise several turns to open
5.4,5. Turn regulator clockwise until the pressure on the gauge
reads 55 psi (red line) [EB e

5.5. Place a drop of eye lubricant in each eye of the animal

5.6. Place animal in induction chamber and seal lid

5.7. Place induction chamber on heating pad

5.8. Turn oxygen on at the anaesthetic machine to about 1 to 1.5 L/min. Allow the rodent
to acclimatize to the chamber for about 1 minute on oxygen.

5.9. Turn the isofluroane gas on by pressing down on the white button and turning the dial
on the vaporizer to 1%. Allow the rodent to adjust to this amount of gas for about 1
minute.

5.10. Slowly turn the dial by 1% increments until you reach 4% to 5%. Allow the
rodent to rest at this level until it is not responding to a gentle rocking of the induction

-2-
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chamber. Monitor the breathing. It should go from rapid and shallow to slower,
regular and deeper breaths as the animal goes under anaesthesia. Never leave an
animal alone in the induction chamber.

5.11. Once the animal is under anaesthesia (not responding to gentle rocking, and
breathing slow and regular), flush the chamber with oxygen by pressing the oxygen
flush button on the anaesthesia machine several times. You will need to proceed
quickly for the next steps so as not to allow sufficient time for the animal to wake up
for anaesthesia.

5.12. Unplug the oxygen hose (blue) from the outflow port on the anaesthesia
machine and plug in the smaller hose of the Mapleson E circuit. You can leave this blue
hose attached to the induction chamber.

5.13. Unplug the scavenger (white) hose (leave it connected to the charcoal canister)
from the induction chamber and attach it to the larger hose on the Mapleson E circuit.
5.14. Take the rodent out of the induction chamber and place the nose into the

appropriate sized nose cone of the Mapleson E circuit. Set the induction chamber with
the blue hose attached aside.

5.15. Keep the animal on the heating pad during the entire procedure to ensure
warmth. Position and secure rodent for procedure as per AUP. Ensure that the nose is
in the nose cone at all times. During the procedure, periodically check to ensure that
the nose remains in the nose cone.

5.16. Turn the isofluorane gas down to about 1.5% to 2% to maintain the rodent under
anaesthesia. Monitor breathing, heart rate, toe pinch reflex, eye blink response, and
mucous membrane color to ensure proper anaesthesia. Adjust from 1.5% to 4%
isoflourane as needed to maintain adequate plane of anaesthesia.

5.17. Administer subcutaneous fluids according to SOP R-20-LUACF-Subcutaneous
Fluid Administration in Rodents. Place another drop of eye lubricant in each eye.
Check the level of anaesthesia by toe pinch and blink response. If there is not
response, and breathing is slow, deep and regular, you can proceed with the surgery or
procedure intended. If there is a response, then wait and periodically check reflexes
until there is no response and you have obtained a surgical plane of anaesthesia.

5.18. Continue to monitor the level of anaesthesia periodically during the surgery or
procedure by checking breathing, heart rate, toe pink, eye blink and mucous membrane
color. The surgical plane of anaesthesia is indicated by deep slow regular breathing,
steady heart rate, and absence of toe pinch or eye blink reflex (see chart below). The
mucous membrane should be pink.

5.19. Once the procedure is finished and you wish to recover the animal, turn the gas
off (turn the dial on the vaporizer all the way to zero and ensure it clicks into place).
Leave the oxygen on until the rodent’s breathing becomes more rapid, about 1 to 2
minutes.

5.20. Place another drop of eye lubricant in each eye and place the animal back in the
cage. Itis best to recover the animals alone, with no other animal in the cage, if
possible. Turn the oxygen off at the anaesthetic machine by turning the dial and

i
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watching the silver ball fall all the way to the bottom. Keep the animal warm until it is
able to walk around the cage normally without stumbling. Until the animal is fully
recovered (approximately 10 to 30 minutes), it should not be left alone.

5.21. Clean your station, including the induction chamber, anaesthetic machine
tubing, and nose cone. Use a mild detergent (e.g. dawn dish soap, Accel cleaner on the
chamber, tubing and nose cone, and rinse thoroughly with water. Allow to dry
adequately before storing. Hang the tubing up for several hours to dry thoroughly.

5.22. Ensure a record of anaesthesia is filled out for each animal.

5.23. Depending on the AUP, the rodent should be rechecked at least 4 to 6 hours
post-anaesthesia to ensure full recovery.

6. Reference Chart:
Table 1. Parameters to gauge level of anaesthesia in rodents.

Too light Surgical Plane Too deep or problem
Heart beat Fast, regular Slower, regular Irregular, very slow,
absent
Respirations Fast, regular, shallow | Slower, regular, Irregular, very slow,
deep strained, absent
Toe pinch reflex Present, animal will | absent absent
pull leg back
Eye blink reflex Animal will blink Absent absent
Mucous membrane pink pink Red, pale, grey,
color white, blue
Review/Approval:
Author: P. Alderson
ACC Chair: N. Luckai Date of approval: March 27, 2015
-4-

287



L1 Animal Care and Use Program
Standard Operating Procedure

SOP # R-09-LUACF

Title: Blood Collection Techniques in Rodents

Species: Mice and Rats

1. Purpose:

1.1. To describe commonly used ACC acceptable procedures for taking blood samples from
mice and rats.

1.2. Retro-orbital bleeding, toe clip and tail tip amputation blood sampling are generally not
used. These techniques are not described in this SOP. Prior ACC approval with strong
scientific justification and a written SOP is required before these techniques can be
used.

2. Responsibility:
2.1. ACC approved Animal Users

3. Minimum Qualifications/Training Required:
3.1. CCAC modules, Facility Orientation and Biosafety Training
3.2. Training and experience with handling mice and rats
3.3. Training and experience in blood collection in mice and rats

4. Materials:
4.1. PPE (lab coat, gloves, mask, eye goggles)
4.2. Masking Tape (optional)
4.3. Animal weigh scale
4.4. Scalpel blade (e.g. #22) or fur clippers
4.5. Gauze and/or alcohol swab
4.6. Antiseptic solution (e.g. Betadine solution or Chlorohexidine)
4.7. Sterile needles (e.g. maximum 25G)
4.8. Syringes (e.g. 1 -3 mL)
4.9. Collection tubes (see Table 2) +/- anticoagulant

4.10. Animal restraint device or anaesthesia (see below)
If using Anaesthesia:
4.11. Anesthesia and delivery system
4.12. Sterile Ophthalmic Ointment
4.13. Heat lamp or temperature-control pad
-1~
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5. Procedure:

General Guidelines:

Animal Care and Use Program
Standard Operating Procedure

5.1. VOLUME AND FREQUENCY OF SAMPLES:

5.1.1.

For survival sampling: The approximate circulating blood volume of rodents is 55

to 70 ml’kg of body weight. Of the circulating blood volume, approximately 10% of
the total volume can be safely removed every 3 to 4 weeks, 7.5% every 7 days, and
1% every 24 hours. Volumes greater than recommended should be justified in the
AUP and appropriate fluid and/or cellular replacement provided. See Table 1 for
more specific guidelines on sample volumes and frequency for a range of body

weights.

5.1.2. Generally, samples 15% of circulating blood volume and greater are collected
under anesthesia and are terminal procedures.
5.1.3. Sampling from the saphenous and tail can be repeated in a single animal if
following the above guideline.
5.1.4. Due to potential complications, repeat sampling is not advised using the jugular

vein technique.

5.1.5. Cardiac blood sampling can only be done once per animal, and is a terminal

procedure.

5.1.6. Unsuccessful attempts or training sessions should be limited to 3 needle
insertions per animal. If no blood has been collected after 3 attempts, the animal
should be rested for a minimum of 24 hours. A longer rest period is required if a
hematoma or bleeding occurs.

Table 1: Approximate Blood Sample Volumes and Frequency for a Range of Body Weights.

Body weight *CBV(ml) 1% CBV (ml) 7.5% CBV 10% CBV (ml) > 15% CBV
(q) every 24 hrst (ml) every 3-4 (ml)

every 7 dayst wkst once,
terminal

20 1.10-1.40 .011-.014 .082 - 105 A1-.14 >0.21
25 1.37-1.75 .014 - .018 .10-.13 14 -.18 >0.26
30 1.65-2.10 .017 - .021 12-.16 A7-.21 >0.31
35 1.93-245 .019-.025 .14 - .18 19-.25 >0.36
40 2.20-2.80 .022 - .028 .16 -.21 22 -.28 > 042
125 6.88 - 8.75 .069 - .088 .52 - .66 .69 - .88 >1.31
150 8.25-10.50 .082 - .105 .62-.79 82-1.0 >1.57
200 11.00 - 14.00 A1-.14 .82-1.05 1.1-14 >2.10
250 13.75 - 17.50 14 -.18 1.0-1.3 14-1.8 >2.62
300 16.50 - 21.00 A7-.21 1.2-1.6 1.7-2.1 >3.15
350 19.25 - 24.50 19-.25 1.4-1.8 1.9-25 > 3.67

*Circulating blood volume tMaximum sample volume for that | Note: a survival volume of 10 —

In general: sampling frequency in healthy 15% CBV may be obtained

Mice CBV = 58.5 mL/kg mouse. once monthly with prior ACC

Rat CBV = 64 mL/kg For obese animals, blood volume approval with strong scientific

should be reduced to 7% CBV justification.

-2-
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5.2. TYPE OF SAMPLES:

Animal Care and Use Program
Standard Operating Procedure

5.2.1. No anticoagulant is needed for serum samples
5.2.2. Anticoagulants will be required if a plasma or whole blood sample is needed.
5.2.2.1. Syringes can be primed with anticoagulant prior to taking sample by
drawing up the required amount of anticoagulant into the syringe through the
needle. In most cases, heparin or EDTA can be drawn up into syringe and
majority of volume expelled, just filling the syringe hub with anticoagulant.
5.2.22. Special collection tubes can also be purchased (see Table 2). If the
collection tube contains an anticoagulant, the syringe need not be primed
before taking the sample. Instead, collect blood sample and immediately
transfer the sample to the collection tube. Gently rock the bloed in the tube
back and forth to mix well with the tube contents.
5.2.3. Confirm sample collection requirements prior to obtaining your blood samples.

Table 2. General Guideline of Contents and Uses of Common Blood Collection Tubes.

Contents of tube

No anticoagulant:
Plastic vials: clot activator
Glass vials: no additive
EDTA

Sodium Citrate 3.2%

Lithium Heparin

Sodium Heparin

Potassium Oxalate and Sodium
Fluoride

Potassium EDTA

Gel, clot activator

Sodium Heparin +/- EDTA

5.3 USE OF ANAESTHESIA:

*Typical color
code
Red

Lavender
Pink

Light Blue
Light Green
Dark Green
Gray

Tan
Gold
Dark Blue

*Typical laboratory use

Serum collection, serology, blood
chemistry

Plasma, whole blood collection,
hematology & blood typing
Coagulation assays

Plasma, blood chemistry
Plasma, blood chemistry

Blood glucose

Lead testing
Serum
Heavy metal testing

*always confirm with supplier and/or laboratory

5.3.1 Lateral saphenous and tail vein blood collection techniques can be performed
safely and easily in non-anesthetized animals.

5.3.2 General anesthesia can decrease blood flow and make sampling more difficult
from the saphenous vein.

5.3.3 A local anaesthesia, such as EMLA cream, can be used at the collection site in

most cases.

5.3.4 General anesthesia is required for jugular vein and cardiac blood sampling.

5.4 SURVIVAL SAMPLING:

5.4.1 When larger volumes of blood are obtained, fluid volume should be replaced.
5.4.1.1 Mice: Give 1 mL warmed sterile lactated ringers solution (LRS) via SC or IP

routes.

5.4.1.2 Rats: Give 3 to 10 mL warmed sterile lactated ringers solution (LRS)
5.4.2 Ensure bleeding has stopped before returning the animal to its cage.

-3-
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5.4.3 Ensure all blood has been wiped from the animal, as this may cause fighting
among cage mates.

5.4.4 Monitor the animal periodically for the next 24 hours to ensure bleeding does not
restart, and that the animal is not chewing or licking excessively at the collection
site.

5.4.5 Offer a reward (e.g. appropriate food treat) post-sampling whenever possible.

5.5 DISPOSAL OF SHARPS & BLOOD PRODUCTS:
5.5.1 Dispose of sharps in sharps container.
5.56.2 Dispose of all items containing or contacting blood into biohazard container.
5.5.3 See SOP R-55-LUACF-Waste and Carcass Disposal.

5.6 Lateral Saphenous Vein Blood Collection:

Figure 1. Insertion of needle and location of saphenous vein for blood collection of
caudal limb.

Lateral
Saphenous vein

5.6.1 Gently place the animal into a conical tube with small opening at opposite end to
allow for breathing or other suitable restraint device.
5.6.1.1 For mice, a one person technique is easiest, when experienced.
5.6.1.2 For rats, it may be easier for 1 person to restrain and 1 person to do blood
collection, especially when first learning.

5.6.2 LEFT SIDE COLLECTION: Extend the left hind leg and hold it in position by
placing your thumb and index finger over the fold of skin between the tail and
thigh. But applying firm pressure to this area, you can keep the leg in the proper
position while occluding the saphenous vein.

5.6.3 RIGHT SIDE COLLECTION: Extend the right hind leg and hold the fold of skin
between the abdomen and cranial thigh surface.

5.6.4 Using a small scalpel blade or clippers, shave a small area of dry hair
(approximately 1 cm) off the lateral surface of the left hind leg proximal to the
hind foot. The saphenous vein should now be visible on the surface of the thigh.

5.6.5 Use gauze dampened with lukewarm water or alcohol swab to smooth away any
hair that is covering the phlebotomy site.

5.6.6 Use a sterile needle (e.g. 25 G) to puncture the saphenous vein.

5.6.7 A drop of blood will appear and can then be collected into a collection tube.

sl
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5.6.8 If the flow of blood stops, flex the foot or briskly rub the puncture site with a dry
gauze swab.

5.6.9 Avoid re-puncture of the site whenever possible. However, if re-puncture is
necessary, the same puncture site should be penetrated.

5.6.10 When the blood collection is completed, flex the foot towards the knee in order to
reduce the flow of blood back to the puncture site.

5.6.11 By using a dry gauze square, apply firm pressure to the puncture site until the
bleeding stops.

5.6.12 Ensure that bleeding has stopped before returning the animal to its cage.

5.6.13 If several small samples are required throughout the day, just remove the scab
off the puncture site to initiate blood flow. If the flow does not start, flex the foot
and/or briskly, but gently, rub the puncture site with a dry gauze.

5.6.14 No more than 4 samples within a 24 hour period should occur with this technique
unless otherwise pre-approved by the ACC.

5.6.15 USE OF TOURNIQUET: a tourniquet can be applied to facilitate blood
collection. This is especially helpful in the mouse.

5.6.16 A tourniquet for a mouse can be made from a syringe and suture material.
(Figure 2 & 3)

5.6.17 Place tourniquet around limb just above stifle. (Figure 2)

Figure 2. Placement of tourniquet for saphenous blood collection in mouse.

5.6.18 Remove tourniquet immediately after blood sample has been collected and apply
digital pressure to allow hemostasis. Tourniquet should not be left tightened for
longer than 5 minutes as tissue damage will occur.
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FIGURE 3. Instructions for making a mouse-sized tourniquet.

1. Disassemble a 3 cc syringe. 2. Sew one end of the suture

Thread a loop of O gut suture material into the hub of the

material through the syringe. syringe.
i‘ [ H‘P
L L

3. Place a needle into the loop and 4. Cut the long ends of the suture

pull the loop tight against the tip of material and reassemble the syringe.

the syringe. Tie the long ends of the

suture material together. E

5.7 Tail Vein Blood Collection:

Figure 4. Restraint and insertion of needle for tail vein blood collection.

5.6.1 Warming the animal or the animal's tail prior to collection will make collection easier.

5.6.2 Place a heat lamp over the cage of the animals that you need to bleed. Monitor the
animals closely to ensure they do not overheat. Do not place the heat lamp less
than 50 cm above the cage, as they can become easily burned, especially albino
strains.

5.6.3 Signs of overheating can include reddened ears and agitation.
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5.6.5
5.6.6
5.6.7
5.6.8
5.6.9
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Alternately, place animal's tail into warm water for 1 minute while it is inside the
restraint device prior to taking sample. Take care that the water is not too hot as to
scald the skin.

Remove one animal at a time from cage and place in restraint device.

Wipe the phlebotomy site with gauze moistened with warm water or an alcohol swab.
Puncture the lateral tail vein towards the tip of the tail (this ensures that you have
more sites to bleed if the first site does not bleed well).

If bleeding stops, a gentle but brisk rub over the puncture site with a clean dry gauze
square will stimulate bleeding.

If blood flow is limited, place a tourniquet over the vessel at the base of the tail.
Ensure that you loosen or remove the tourniquet immediately after your sample has
been collected. Tourniquet should not be left tightened for longer than 5 minutes as
tissue damage will occur.

5.6.10 Collect the required volume of blood by drawing the blood droplets into a syringe

directly from the tail vein. Do not milk the tail as this will haemolyse the sample.

5.6.11 Place direct pressure on the puncture site to stop the bleeding.
5.6.12 Ensure bleeding has stopped before returning the animal to its cage.
5.6.13 No more than 6 samples within a 24 hour period should occur with this technique

unless otherwise pre-approved by the ACC.

5.7 Jugular Vein Blood Collection:

5.7.1
57.2

5.7.3

Figure 5. Location of the rodent jugular vein and site of needle insertion.

This technique is generally only used in rats by experienced personnel.
Complications can arise due to the positioning needed to obtain the sample. Some
of these complications can include cessation of breathing, bleeding in the ears,
forelimb lameness, and a hematoma at the bleeding site. Thus, this technique is
limited to instances where alternate techniques cannot be used.

Anesthetize the rat as per study protocol and ensure a deep plane of anesthesia with
a toe pinch test.
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5.7.5

5.7.6

5.7.7
5.7.8

5.7.9

5.7.10

5.7.11

5.7.12
5.7.13
5.7.14

5.7.15

5.7.16
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Apply sterile ophthalmic ointment to both eyes to prevent corneal ulceration.
Place animal in dorsal recumbency on insulating material or heating pad to help
maintain body temperature.
The rodent is then secured with masking tape as per Figure 6 below. It is important
that the rodent is positioned with is vertebra as straight as possible and the front
limbs at approximately 45° angles to the spine. The forelimbs should extend, but not
excessively stretched such that the anterior border of the pectoral muscle restricts
venous return in the jugular vein, leading to distension and clear visualization.

Figure 6. Positioning of animal for jugular vein blood collection.
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Shave the neck area around the phlebotomy site.

Prepare the site for blood collection by wetting the fur with a mixture of antiseptic
soap (e.g. Chlorohexidine) and warm water. Avoid soaking the animal to prevent
hypothermia.

Place a syringe underneath the neck of the animal to make the jugular vein more
prominent. This hyperextends the neck and raises the jugular vein. Alternatively,
experienced personnel may extend the neck digitally as indicated in Figure 5.

The jugular vein appears blue and lays 2 to 4 mm lateral to the sternoclavicular
junction (Figure 5). This will be at approximately the middle point between the
sternum and the ball of the shoulder.

Pull the skin taut and using a 1mL syringe and 23 to 25 G needle, approach the vein
in a caudocephalic direction (from back to front). Insert the needle approx. 1 to 3
mm deep, 2 to 4 mm lateral of the sternoclavicular junction. (Figure 5)

Pull back on the plunger slightly once you have entered the skin to create a bit of
suction to draw blood into the hub once you hit the vein.

Advance the needle slowly, a few millimeters at a time, through the skin and pectoral
muscle into the vein.

If you hit the clavicle with the needle, pull back slightly and redirect it above the
clavicle.

Once the needle is in the trunk of the vein, a very small drop of blood will appear in
the needle hub. Stop advancing and steady the needle. Slowly “milk” back on the
plunger until the required sample volume is obtained.

When the desired blood volume is obtained, apply slight digital pressure to the site
before withdrawing the needle. This pressure should be held for a minimum of 30
seconds to prevent hematoma formation.
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5.7.17 Ensure bleeding has stopped before recovering from anaesthesia.

5.7.18 Recover animal in a warm, quiet environment. Ensure fully recovered before
returning animal to its home cage.

5.7.19 Repeat sampling using this method should be avoided.

5.7.20 NOTE: When learning this technique it may be helpful to initially perform a jugular
cut down by incising the skin over the vein and gently teasing the subcutaneous fat
away from the site. Visualization of the distended jugular greatly assists orientation
and facilitates the "milking” procedure. This should be a non-recovery training
technique only.

5.8 Cardiac Blood Collection:

Figure 7. Insertion of needle for cardiac blood collection.

5.8.1 Deeply anaesthetize or euthanize the mouse as per study protocol.
5.8.1.1 If euthanizing the animal prior to sampling, sampling must occur immediately after
euthanasia.
5.8.1.2 If anaesthetized, perform a toe pinch test to ensure the animal is in a deep plane
and unable to feel pain (surgical plane of anesthesia).
5.8.2 Place animal in dorsal recumbency and secure with masking tape (optional).
5.8.2.1 The forelimbs are taped separately and should be at a 90 degree angle to the body
of the animal.
5.8.2.2 If experienced with the procedure, taping may not be necessary.
5.8.3 Before inserting needle into animal, pull back on the syringes plunger to ensure
smooth movement.
5.8.3.1 For mice: Use a 1 mL to 3 mL syringe and a 21G or 22 G x 1" needle.
5.8.3.2 For rats: Use a 3 mL to 12 mL syringe and an 18 or 21 G x 1" to 1.5” needle.
5.8.4 Insert the needle at an approximate 5 to 15 degree angle immediately caudal to the
xyphoid process (Figure 7). A larger animal will require a larger degree angle.
5.8.5 Place a slight negative pressure on the syringe, by pulling back on plunger, upon
immediate entry into the skin.
5.8.6 Advance the needle forward until blood appears in the hub of the needle.
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5.8.7 Once blood appears, stop advancing and steady the needle. Slowly “milk” back on
the plunger until the required sample volume is obtained.

5.8.8 If blood flow stops, slowly and gently move your needle forward, back, up or down
until blood flows again. This will take very small movements; otherwise you will exit
the heart. Do not move the needle in a circular motion when inserted into the chest
cavity.

5.8.9 Once adequate blood volume has been obtained, release pressure on the syringe
before exiting the chest cavity.

5.8.10 If anesthetized, euthanize the animal via an ACC approved method once the sample
has been obtained.

5.8.11 No more than 1 sample can occur with this technique and death of the animal must
be assured once sample has been obtained.
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