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ABSTRACT 
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TISSUE MITOCHONDRIAL RESPIRATION OR SUSCEPTIBILITY TO HIGH-FAT 

DIET-INDUCED OBESITY 
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University of Guelph, 2021 

Advisor:  
Dr. Graham Holloway  

 

Thermogenic adipose tissues are studied as a prospective anti-obesity target for their 

ability to increase energy expenditure (EE) by dissipating chemical energy through non-

shivering thermogenesis (NST). A novel effector of NST has been identified in vitro, 

whereby creatine stimulates mitochondrial respiration when ADP is limiting. The 

mechanism is proposed to be mediated in part by a creatine kinase enzyme, however 

the specific isoform remains elusive. Since creatine kinase ubiquitous-type, 

mitochondrial (CKMT1) is a candidate, we utilized Ckmt1 knockout (KO) mice to assess 

its biological contribution to EE and mitochondrial respiration in iWAT and gWAT. 

Interestingly, we could not recapitulate the stimulatory effects of creatine ex vivo, and 

Ckmt1 KO mice did not display altered responses to pharmacological adrenergic 

activation or a high-fat diet. Taken together, these findings challenge the direct 

stimulatory nature of creatine beyond an in vitro model and suggest that CKMT1 is not a 

primary contributor of EE. 
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CHAPTER 1 – Review of the Literature 
1.1 Introduction and Overview 

The prevalence of adult and adolescent obesity has risen worldwide nearly three 

and tenfold respectively within the past four decades [1], and costs Canada alone 

upward of $11 billion annually [2]. This rapid upward trajectory can be primarily 

attributed to the widespread increase in sedentary lifestyle [3] and the consumption of 

calorie-dense foods [4]. The sustained combination of these lifestyle factors results in a 

chronic energy imbalance, whereby surplus energy is stored as triacylglycerol (TAGs) in 

white adipose tissue (WAT), necessitating its marked expansion, and progression of 

other pathological changes within the organ [5]–[7]. Of principal concern is the 

dysregulated release of lipids from WAT into circulation, which promotes ectopic lipid 

storage and insulin resistance within other key metabolic tissues (e.g. skeletal muscle, 

liver) [8]. Through this mechanism of lipid spillover to other organs, the excess WAT 

accumulation characteristic of obesity is a preeminent risk factor for an array of chronic 

diseases such as type 2 diabetes, several forms of cancer (e.g., colorectal, breast, 

ovarian, endometrial, prostate, kidney, liver and gallbladder), musculoskeletal disorders 

(e.g., osteoarthritis) and cardiovascular diseases (e.g. heart disease and stroke) [9]–

[12]. In light of the significant health and economic impacts of this global epidemic, 

strategies to reduce and prevent obesity are vital and may involve modulation of energy 

balance and adipose tissue as key determinants of the disease.  

Historically, brown adipose tissue (BAT) has been studied in rodents for its 

contribution to energy expenditure through the dissipation of energy by adaptive non-
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shivering thermogenesis (NST), and therefore has emerged as a potential therapeutic 

target to restore energy balance and overall metabolic health [13], [14]. Despite a 

particular focus on the energy dissipating effects of uncoupling protein 1 (UCP1), a 

novel effector of NST has emerged in recent years. Termed the futile creatine cycle 

(FCC), creatine stimulates mitochondrial respiration in the presence of limiting ADP in 

vitro in this model [15], [16]. However, whether the FCC can be observed beyond an in 

vitro model, and the exact molecular mechanism involved remains elusive. Therefore, 

this review will highlight the concepts of energy balance and WAT in the context of 

obesity and the development of insulin resistance. Afterwards, the established 

mechanisms of NST in BAT, including signals and molecular pathways, as well as 

current literature on the novel FCC will be examined. 

 

1.2 Adipose Tissue  

1.2.1 Heterogeneity of Adipose Tissue 

Adipose tissue was historically overlooked to be an inert connective tissue with 

roles limited to fuel provision and physical insulation for critical organs [17]–[21]. This 

tissue is now accepted as an influential player in the maintenance of systemic 

metabolism with roles including lipid storage, maintenance of whole-body energy 

homeostasis, and robust endocrine activity. Adipose tissue is a vastly heterogeneous 

and multi-depot organ consisting of both WAT and BAT, which are composed of distinct 

adipocyte classifications and possess unique characteristics, functions and anatomical 

locations [22].  
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1.2.2 Classifications of White Adipose Tissue 

As a result of the heterogeneity that exists within WAT alone, it can be classified 

by both 1) macro location (e.g. intra-abdominal or subcutaneous) and further subdivided 

by 2) micro location (i.e specific anatomical location) [22]. For instance, within rodent 

research, gonadal WAT (gWAT) represents a well-studied intra-abdominal depot which 

is located around the gonadal organs, whereas inguinal WAT (iWAT) represents a 

subcutaneous depot covering the inguinal region [23]. Importantly, these classifications 

distinguish WAT by their influence on metabolism and overall health. In this manner 

while total adiposity is positively correlated with inflammation in WAT [24], visceral WAT 

(intra-abdominal depots which drain directly into portal circulation) are more prone to 

develop inflammation during high fat diet (HFD)-feeding [25] than subcutaneous WAT 

and is more predictive of metabolic pathogenesis related to obesity and type 2 diabetes 

[26], [27]. In humans, it is generally accepted that abdominal obesity promotes adverse 

effects, whereas mounting evidence supports that gluteo-femoral and lower-body 

subcutaneous WAT possesses protective properties [28]–[32]. In this manner, the 

proportion of visceral to gluteo-femoral WAT, routinely measured as waist-to-hip ratio, 

strongly correlates with obesity and mortality [33]–[35].  

1.2.3 White Adipose Tissue in Health 

In the context of health, WAT is a dynamic insulin-sensitive metabolic organ 

which serves to store lipids (via lipogenesis) in the form of TAGs during energy surplus 

and functions as a reservoir of free fatty acids [(FFA), via lipolysis] during energy deficit 

[36]–[38]. Tight regulation of lipid storage is crucial, as WAT sequesters FFAs away 
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from other metabolic organs where they are metabolically detrimental [39]–[43]. 

Furthermore, adipose tissue synthesizes and releases various molecules, termed 

adipokines, which are largely anti-inflammatory in healthy conditions (e.g.. adiponectin) 

and influence other tissues and organs [44]–[48]. Along with adipocytes, WAT is 

composed of other cell types which constitute the stromal vascular fraction (SVF), 

including immune cells, fibroblasts and endothelial cells [49]–[51].   

1.2.4 White Adipose Tissue in Obesity 

During the progression of obesity, chronic overnutrition exerts metabolic stress 

on WAT, which necessitates rapid expansion of the tissue principally by pathological 

adipocyte hypertrophy [52]. Hypertrophic adipocytes are vulnerable to necrosis-like 

death [53] and express pro-inflammatory adipokines [e.g. tumor necrosis factor-𝛼 (TNF-

𝛼) and IL-1B][54], which activate pro-inflammatory pathways (e.g. NF-kB, MAP kinases 

and JAK/STAT) [55] and stimulate the release of chemokines [e.g. monocyte 

chemoattractant protein-1 (MCP-1)] [56]. Together, adipokines and dying adipocytes act 

as inflammatory stimuli [53] to recruit macrophages and leukocytes (e.g. CD4+ and 

CD8+ T cells) [57], residing in the SVF of WAT. These immune cells exacerbate the pro-

inflammatory environment in WAT, by subsequently releasing inflammatory cytokines 

(e.g. IL-1B, IL-18, TNF-𝛼 and MCP-1) [58] and surround necrotic adipocytes to form 

crown-like structures (CLS) [59]. Ultimately, the combination of these factors increases 

activation of inflammatory signaling pathways, which contribute to the development of 

insulin resistance in WAT.  
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1.2.5 Influence of White Adipose on Peripheral Tissues 

As a result of adipocyte insulin resistance, lipolysis, an insulin-suppressed 

process, becomes largely unregulated and FFA release is thereby increased from WAT 

into circulation [60]. These FFAs ultimately settle in the liver and skeletal muscle [61] 

and these ectopic fat stores promote metabolic dysregulation and whole-body insulin 

resistance within these peripheral tissues [60], [62]. Specifically, insulin-mediated 

glucose uptake and production within skeletal muscle and liver, respectively is impaired 

[63]–[66]. Taken together, the metabolic dysfunction and inflammation in WAT during 

the progression of obesity is deeply rooted in the promotion of systemic insulin 

resistance and impaired glucose homeostasis. Therefore, the mitigation of WAT 

dysfunction may be advantageous for interventions aimed at preventing or treating 

obesity-related insulin resistance.   

Chronic overfeeding results in expansion of WAT, accompanied by several other 
pathological changes including ER stress, mitochondrial ROS, macrophage infiltration, 
inflammation, and insulin resistance within the tissue. As a result, the insulin-mediated 
suppression on lipolysis is diminished, which increases free fatty acid release into 
circulation. This spillover of free fatty-acids into circulation promotes impaired glucose 

Figure 1.1: The role of obesity-induced white adipose tissue dysfunction in the 
initiation of insulin resistance. 
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homeostasis and insulin resistance in liver and skeletal muscle. Ultimately, this pathway 
implicates WAT in the development of systemic insulin resistance. FFA, free-fatty acid; 
TAG, triacylglycerol; ROS, reactive-oxygen species; ER, endoplasmic reticulum. 
Adapted from Cusi et al. [8].    

1.2.6 Brown Adipose Tissue 

Derived from a distinct developmental lineage from WAT, BAT is primarily 

located in the interscapular, supraclavicular, cervical, axillary and perirenal regions of 

mice [23], and has been identified in humans in the neck and interscapular regions [67]. 

In contrast to the large single lipid droplet morphology found in white adipocytes, brown 

adipocytes are multilocular, meaning they instead possess numerous smaller lipid 

droplets [68]. Brown adipocytes boast a higher mitochondrial density than almost any 

other cell type in the body [69], and in one human study, the mitochondrial respiration 

rate of BAT was 50-100 fold higher than WAT, and more closely resembled skeletal 

muscle [70]. These BAT mitochondria are characterized by a lower expression of ATP 

synthase content and the unique expression of the inner mitochondrial protein 

uncoupling protein 1 (UCP1) [71]–[73]. This protein allows for the generation of heat, or 

thermogenesis (which will be described in detail in the next chapter). Brown adipocytes 

demonstrate a high capacity for fatty acid oxidation, the citric acid cycle and the 

generation of glycerol phosphate from glucose for oxidation [72], [74]–[76]. 

 

1.3 Adaptive Responses of Adipose Tissue 

1.3.1 Energy Balance in the Context of Obesity 

Energy enters the closed system of an organism as chemical energy from food. 

The body transduces this energy through metabolism, which is released from the 
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system either as heat in exothermic chemical reactions (reactions consuming ATP or 

catalyzed by the electron transport chain) or work (done on the environment) [77].  

Energy which is not expended, and therefore deemed “excess”, is stored primarily as 

TAGs within WAT, with a smaller contribution derived from glucose storage in the form 

of glycogen within liver and skeletal muscle [78]–[80]. This dynamic relationship in 

energy transfer can be conceptualized by the energy balance equation (ES = EI - EO), 

which defines the rate of change of the body’s macronutrient stores (ES) as an 

equilibrium between the rate of energy absorbed by the gut (EI) and energy expenditure 

(EE, EO) [81]. This equation can be used to illustrate the fundamental energy imbalance 

which occurs during the development of obesity. Excessive caloric intake and/or 

insufficient physical activity results in a net positive energy balance, energy storage 

through WAT expansion, and if this state persists, the development of obesity [82], [83]. 

In an analogous manner, approaches to mitigate obesity must therefore involve the 

modification of energy balance through an increase in EE or caloric restriction [84]. 

However, this review will focus exclusively on alleviating this energy imbalance through 

the enhancement of EE, rather than with dietary alterations. 

1.3.2 Energy Expenditure and its Components 

EE is the sum of an organism’s heat production and work done on the 

environment and is comprised of three components: i) obligatory EE, which involves 

energy required to carry out vital cellular processes released in the form of heat, ii) 

physical activity, which is the work component of EE and consists of energy consumed 

during voluntary movement and iii) adaptive thermogenesis, which involves the 
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generation of heat in response to environmental stimuli (i.e. changes in temperature) or 

diet (Fig. 1.2) [77], [85]. Therefore, when an organism is at rest and no work is being 

performed, EE can be measured as heat production via direct calorimetry or via oxygen 

consumption using indirect calorimetry [86].  

Of these components of EE, physical activity and adaptive thermogenesis 

represent two modifiable metrics, and therefore are of particular interest in the context 

of obesity treatments. While considerable research has focused on exercise for 

example, as an intervention strategy to increase energy expenditure, its effects are 

mitigated by poor compliance [87] and access is precluded by numerous individual, 

social and environmental barriers [88]–[90]. In this sense, changing work done by an 

individual may be challenging, and rather the development of alternate therapeutic 

approaches to augment energy expenditure, beyond lifestyle interventions, is 

warranted. Consequently, the manipulation of heat production through adaptive 

thermogenesis presents a promising alternate approach to increasing EE. In the 

following sections, we will therefore examine the diverse mechanisms of heat 

production, with a specific focus on adaptive thermogenesis. 
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An organism represents a closed system, whereby energy is transduced from one form 
to another through metabolism. The amount of energy stored as macromolecules in the 
body, primarily in the form of triacylglycerol in white adipocytes, is proportional to the 
difference between energy absorbed by the gut (consumed via food and drink), and 
total energy expenditure. Energy expenditure is the sum of three components including 
obligatory energy expenditure, adaptive thermogenesis, and physical activity. Adapted 
from Lowell et al. [77]. 

1.3.3 Overview of Oxidative Phosphorylation 

Oxidative phosphorylation is the principal form of energy metabolism in 

mammalian cells [91], [92], and as the site of this process, mitochondria are central to 

the cellular contribution of thermogenesis. Therefore, this section will first provide a 

background on oxidative phosphorylation and the electron transport chain to provide a 

basis for understanding mechanisms of heat production. 

Figure 1.2: The energy balance equation and the components of energy expenditure. 
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The chemiosmotic theory proposed by Dr. Peter Mitchell laid the foundation for 

our current understanding of oxidative phosphorylation [93]. In this model, pairs of 

electrons pass from reducing equivalents (NADH and FADH2) produced through 

substrate oxidation to the respiratory complexes (complexes I-IV) and two mobile 

electron carriers ubiquinone (Q) and cytochrome c. These proteins, along with ATP 

synthase (complex V) form the electron transport chain (ETC), located on the inner 

mitochondrial membrane (IMM) [94]. In light of the increase in oxidation potential 

inherent to each successive complex, electrons move along the ETC and ultimately 

reduce molecular oxygen, terminating in the formation of H2O in an exergonic reaction 

[93]. The change in free energy is expended by pumping H+ ions against their chemical 

gradient through complexes I, III and IV from the mitochondrial matrix across the IMM to 

the intermembrane space, forming an electrochemical gradient, termed the 

protonmotive force (Δp) [95]. H+ ions are driven by Δp through the intermembrane F0 

region of ATP synthase to the matrix, which subsequently causes the movement of the 

F1 region located in the matrix, to catalyze the phosphorylation of ADP in the reaction 

[ADP + Pi à ATP] [96]. Each turn of ATP synthase uses 8 H+ ions to produce 3 ATP 

[97]. Mitochondria are therefore “coupled”, due to the tight association between 

substrate oxidation, oxygen consumption and ADP phosphorylation. In this model, Δp 

determines the respiration rate and is limited by the utilization of the product, ATP.                                                                                                                                                                                                    

1.3.4 Cellular Mechanisms of Thermogenesis 

Despite the efficiency of the mitochondria to produce ATP, a substantial 

proportion of energy from substrate oxidation is naturally dissipated from the system as 
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heat, during energy transduction along the ETC. This section will focus on the four 

regulation points within the system through which this heat loss can be enhanced, 

ultimately altering the thermogenic activity of a cell, as summarized in Fig. 1.3 (reviewed 

in Chouchani et al. [92]).  

The first, and most intuitive approach to augment heat production is by 

increasing cellular ATP utilization (Fig. 1.3A). By elevating the cellular demand for ATP, 

as a result of energy-requiring chemical reactions or mechanical work completed within 

the cell, the ATP/ADP ratio is reduced [77], and the resulting increase in ADP 

availability within the mitochondrial matrix drives the phosphorylation of ADP by ATP 

synthase. This mechanism illustrates the contribution of the physical activity component 

of EE, as ATP utilization in skeletal muscle by the contractile apparatus is elevated 

during exercise [98]. Importantly, this mechanism maintains coupling between oxygen 

consumption and oxidative phosphorylation. Other cellular mechanisms contributing to 

energy dissipation take place within the mitochondria itself and involve the deliberate 

production of inefficiencies between steps of oxidative phosphorylation, which provide 

the opportunity to augment heat production in the cell. Firstly, electrons can leak from 

the ETC prior to the classical termination at complex IV (Fig. 1.3B) [99]. In this manner, 

electrons from oxidation of substrates would result in sub-stoichiometric number of 

protons pumped across the inner mitochondrial membrane, ultimately increasing 

substrate oxidation without proportional generation of Δp [92]. This occurs when a 

single electron reduces O2, primarily at complexes I and III of the ETC, and results in 

the formation of superoxide [100], [101]. Similarly, protons can leak across the inner 
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mitochondrial membrane back to the matrix exclusive of ATP synthase, dissipating Δp 

and without phosphorylating ADP (Fig. 1.3C) [99], [102], [103]. This process can be 

mediated endogenously by specific proteins (as described in Section 1.3.5), or can be 

induced with chemical agents, such as the historically significant proton ionophore 2,4-

dinitrophenol (DNP) [104], [105]. Finally, the futile hydrolysis of ATP within in a cell in 

the absence of chemical or physical work can uncouple the phosphorylation potential of 

the ETC and cellular work (Fig. 1.3D) [15]. Unlike the other modes of increasing energy 

expenditure, this cycle increases ADP availability to increase electron flux through the 

ETC without changing its efficiency/coupling [92]. Taken together, the alteration of these 

four factors which alter heat production in a cell highlight the central role of the 

mitochondria in thermogenesis. 

Figure 1.3: Oxidative phosphorylation in the mitochondria is the primary contributor of 
thermogenesis. 
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Substrates are oxidized to form the reducing equivalents NADH and FADH2. These 
reducing equivalents donate pairs of electrons to the electron transport chain to facilitate 
proton movement across the IMM, and ultimately drive ATP synthesis as protons return 
to the matrix through ATP synthase. Oxygen is consumed in this process when 
electrons reduce oxygen to form H2O. While free energy from reduced substrates 
ultimately drives ATP synthesis, a substantial proportion is lost as heat. There are four 
factors which can enhance this heat production: Increasing cellular demand for ATP, 
which decreases the ATP/ADP ratio, and facilitates a greater flux through ATP synthase 
(A), altered transfer of electrons, such that electrons prematurely leak or slip off the ETC 
to reduce oxygen, acting to uncouple oxidation of substrates from proton translocation 
(B), circumventing ATP synthase through an alternate route for protons to return to the 
matrix, dissipating the proton gradient in the absence of ATP production (C) and ATP 
hydrolysis within the mitochondria in the absence of work, facilitating greater flux 
through ATP synthase (D). IMM, inner mitochondrial membrane; NAD; nicotinamide 
dinucleotide; FAD, flavin adenine dinucleotide; Q, quinone; C, cytochrome C; I-V, 
complexes of the electron transport chain. Figure adapted from Chouchani et al. [92]. 

1.3.5 Brown Adipose Tissue as a Site of Adaptive Thermogenesis 

Adaptive thermogenesis is defined as the production of heat in response to 

perturbations of environmental temperature or diet, and acts to protect organisms 

through the maintenance of thermal homeostasis and energy balance, respectively [77]. 

Adaptive thermogenesis is mediated by two distinct components: shivering, primarily 

facilitated by skeletal muscle, and non-shivering thermogenesis (NST) which refers to 

heat production in the absence of shivering. From an evolutionary perspective, adaptive 

thermogenesis allowed mammals to inhabit colder niches [106], [107]. As a result of 

modern-day temperature-regulating behaviours (e.g. manipulation of ambient 

temperature and clothing) this function may be largely obsolete as it pertains to 

humans, however the importance of understanding the molecular mechanisms which 

form the basis of adaptive NST for anti-obesogenic applications is of critical interest. 

Adaptive NST is primarily performed by BAT, which has historically been studied 

in rodents for its highly specialized ability to dissipate chemical energy as heat [14], 
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[108], [109], but this tissue has also been identified in adult humans more recently [67], 

[110]–[113]. This protein plays a vital role in maintaining thermal homeostasis, as UCP1-

/- mice exhibit reduced core body temperatures in response to cold-stimulation [114]. 

BAT is unique in its expression of uncoupling protein 1 (UCP1), which resides in the 

IMM and mediates H+ leak from the intermembrane space, ultimately dissipating Δp by 

providing an alternate route back to the matrix [115] (Fig. 1.4). The protonophoric 

activity of UCP1 increases substrate flux by uncoupling oxygen consumption and ATP 

synthesis, which has been described as inducing a “short-circuit” in the ETC [116]. The 

ability for UCP1 to manipulate the metabolic efficiency of the mitochondria is tightly 

regulated by ligands, which provides the ability to enhance or reduce heat production in 

response to various stimuli (reviewed in subsequent Section 1.3.4). Through activation 

of this pathway, BAT has been shown to stimulate glucose and fatty acid oxidation, 

raise energy expenditure and improve insulin sensitivity [111], [117]–[120], sparking 

interest in this tissue as a target for improving metabolic maladaptation associated with 

obesity.  

 

 

 

 

 
Figure 1.4: UCP1 mediated mitochondrial uncoupling. 
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UCP1 and the electron transport chain reside in the IMM of the mitochondria. The 
electrochemical proton gradient which is formed by the electron transport chain is 
expended to drive ATP synthesis via ATP synthase. In cells expressing UCP1, such as 
brown adipose tissue, this protein facilitates the dissipation of the proton gradient by 
mediating proton leak, acting to uncouple oxidative phosphorylation and ATP 
synthesis. Under basal conditions, UCP1 is inhibited by Mg2+- free purine nucleotides 
(e.g. ATP, GDP, GTP) and activated by free fatty acids. Electron movement depicted 
by blue arrows and proton movement depicted by green arrows. FFAs, free-fatty acids; 
OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; NAD, 
nicotinamide dinucleotide; FAD, flavin adenine dinucleotide; Q, quinone; C, cytochrome 
C; I-V, complexes of the electron transport chain. 

1.3.6 Mechanism of Cold-Induced Thermogenesis  

The sympathetic nervous system (SNS) innervates adipose tissue and is the 

primary stimulator of adaptive NST and the concomitant increase in mobilization of 

FFAs from TAGs stored in lipid droplets within AT [121], [122]. Since cold represents 

the most robust stimulus of adaptive NST, the activation of thermogenesis will be 

explored in this section with a focus on cold exposure (summarized in Fig 1.3).  

Cold is sensed via peripheral stimulation of sensory neurons which transmit 

signals to the preoptic area (POA) of the hypothalamus, the cold-center in the central 

nervous system [123], [124]. To elicit heat production, the CNS subsequently produces 

sympathetic outflow, causing the release of norepinephrine from post-ganglionic 

sympathetic nerves which innervate BAT and WAT [125] and binds β-adrenergic 

receptors (βARs) on the plasma membrane of these adipocytes [126]. Both β1-AR and 

β3-AR are important in mediating effects of the sympathetic nervous system in adipose 

[116]. However, it is generally accepted that β1-AR is required for BAT proliferation 

[127], [128], while β3-AR is recognized to be functionally important in mediating 

thermogenesis and lipolysis in mature adipocytes [129]–[131]. Activation of βARs 
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activate adenylyl cyclase through a signaling cascade, thereby increasing cAMP, which 

activates protein kinase A (PKA) [121] and ERK [132], [133]. Acutely, this leads to the 

downstream activation of lipolysis through hormone sensitive lipase and 

phosphorylation of perilipin A, thereby increasing FFA availability within the cell [134], 

[135]. Mobilized FFAs are transported into the mitochondria, where they directly activate 

UCP1 [108], [109], [136], and provide substrates for oxidation. In addition to lipolysis, 

FFAs are also taken up from circulation through triglyceride-rich lipoproteins (TRLs) 

mediated by lipoprotein lipase (LPL) and CD36, a process which is elevated during 

cold-exposure [137]. When heat is not required, on the other hand, sympathetic 

activation is downregulated and UCP1 is inhibited by Mg2+-free purine nucleotides (e.g. 

ATP, GDP and GTP) by binding to the cytosolic-facing portion of UCP1 to obstruct 

proton translocation [138]. Importantly however, FFAs can outcompete purine 

nucleotides to overcome their inhibitory action [139]. In addition to FFAs, reactive 

oxygen species have been shown to sensitize UCP1 for activation [140].  

Chronic activation of βARs in BAT enhance the transcription of genes involved in 

mitochondrial biogenesis, fatty acid oxidation and adaptive NST. In addition, sustained 

activation of BAT leads to hyperplasia, acting to increase tissue mass [141]. This occurs 

via PKA-mediated phosphorylation of p38 mitogen-activated protein kinase (MAPK) and 

MAP Kinase Kinase 3 (MKK3), which ultimately mediate the transcription of Ucp1, 

Pgc1α and other classical brown 
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adipocyte genes [142], [143].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Cold is sensed by peripheral nerves which transmit information to the hypothalamus. 
Sympathetic outflow causes the release of NE which binds β3-adrenergic receptors on 
the plasma membrane of adipocytes. Through an intracellular signaling cascade 
involving increases in cAMP and activation of PKA, lipolysis is activated which provides 
substrates for oxidation and concomitantly activates UCP1. Chronic stimulation of this 
pathway also increases the transcription of genes involved in thermogenesis, increases 
mitochondrial biogenesis and triggers hyperplasia of adipocytes. SNS, sympathetic 
nervous system; NE, norepinephrine; UCP1, uncoupling protein 1; PKA, protein kinase 
A; cAMP, cyclic adenosine monophosphate. 

1.3.7 Other Activators of Adaptive Thermogenesis 

In addition to cold-induction, adrenergic agonists and diet stimulate adipose 

tissue through direct activation of βARs. While the expression for β1 and β2 is 

widespread amongst tissues, expression β3-ARs on the plasma membrane is near 

Figure 1.5: Cold-induced activation of thermogenesis. 
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exclusive to white and brown adipocytes [144]. Therefore, the β3-AR agonist, CL 

316,243 which demonstrates low binding affinity for β1 and β2 receptors [145], has 

emerged as the primary pharmacological activator of adaptive NST in the literature. In 

humans, direct activation of BAT by β3-AR agonist has been established [146]. It is also 

recognized that dietary intake modulates thermogenesis through the SNS, in a process 

termed diet-induced thermogenesis, evidenced by the findings that hypercaloric diets 

increase BAT-mediated thermogenesis, enhance energy expenditure and mitigate diet-

induced weight gain [126], [147]–[151]. Furthermore, obesity is associated with reduced 

BAT volume, activity and response to NE [152], [153], while starvation reduces 

sympathetic nerve activity into BAT [154]. Other MAPK-mediated activators of 

adipocytes include cardiac natriuretic peptides, BMP7/8b, orexin and irisin [155]–[158]. 

1.3.8 Limitations of BAT as a Target for Application in Humans 

Although BAT has been identified in humans, there are factors that limit its 

feasibility as a target for augmenting EE in human applications. For instance, the 

presence of detectable BAT depots is not consistent throughout the population, as while 

individuals with observable BAT depots respond to cold-exposure, others presenting 

with non-detectable BAT depots were not functionally significant even upon stimulation 

[117]. At thermoneutral conditions which is biologically relevant for humans, one study 

found that BAT was detectable in a mere 3.5% of men and 7.5% of women [67]. 

Furthermore, both age and BMI have been repeatedly shown to be inversely associated 

with the likelihood of BAT detection and volume [67], [111], [117]. Therefore, both BAT 

presence and volume present as limiting factors for the application of BAT-targeted 
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treatments in humans, particularly in the clinical populations for which a treatment would 

be aimed. 

1.3.9 Browning of White Adipose Tissue and Identification of Beige Adipocytes 

Strikingly, adipocytes within WAT can develop a BAT-like phenotype in response to 

chronic exposure to various stimuli (e.g. cold, adrenergic and PPARγ agonists) [159]–

[162], demonstrating the remarkable plasticity of adipose tissue. This phenomenon, 

termed “browning” or “beiging” is characterized by the induction of multilocularity within 

white adipocytes, robust mitochondrial biogenesis, increased expression of thermogenic 

genes (e.g. Ucp1, Cidea and Pgc1α) and augmented mitochondrial respiration [13], 

[163]. Importantly, browning of WAT and functional beige adipocytes have been 

documented in rodents (namely in iWAT) and humans (supraclavicular region) alike 

[164]–[167], and transplantation of these cells attenuate hyperglycemia and obesity 

[168]. Distinct from the function of classical WAT, beige adipocytes possess a 

thermogenic phenotype illustrated in their elevated mitochondrial content and functional 

UCP1 [165], [169]. Considering that in obese populations WAT depots can comprise up 

to 60-70% of body mass [170], tissue availability is inordinate, and therefore browning of 

WAT presents as a promising and readily available “inducible” target in humans. 

1.3.10 UCP1-Independent Adaptive Thermogenesis 

Despite the well-characterized nature of UCP1, a growing body of evidence 

suggests that adaptive NST may not be exclusively mediated by this inner mitochondrial 

protein. For instance, numerous studies have determined that when UCP1-/- mice are 

gradually acclimatized to cold, they can attain thermal homeostasis [171]–[174] and 
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exhibit resistance to diet-induced obesity when housed below thermoneutral 

temperatures compared to WT counterparts [114], [175]. Furthermore, the observation 

that UCP1-/- mice become hypothermic during acute cold-exposure is exclusive to 

animals bred on inbred backgrounds (C57BL/6J and 129/SvlmJ), whereas the hybrid 

strain (C57BL/6J x 129/SvlmJ) demonstrate normal thermoregulation without an 

acclimatization period [171], [172]. These findings establish that some UCP1-/- mice 

maintain thermoregulatory ability in the absence of UCP1. In support of this concept, 

Granneman et al. (2003) observed an elevated metabolic rate and temperature of 

UCP1-/- mice following chronic CL administration, attributed to an increase in WAT 

respiration, while BAT respiration was unaffected. This work demonstrates that WAT 

can contribute to thermogenesis in a UCP-1 independent manner [176]. Overall, a 

growing body of literature has illustrated that UCP1 may be dispensable for mediating 

adaptive NST. Consequently, exploration and identification of other effectors which 

appear to be sufficient to carryout adaptive thermogenesis in the absence of UCP1 has 

been initiated. Elucidating these mechanisms of adaptive NST is crucial to identify novel 

targets for therapeutic interventions aimed at combatting obesity in humans. 

1.3.11 Creatine-Dependent Thermogenesis 

Creatine-dependent thermogenesis in thermogenic adipocytes was proposed in 

2015 as a novel effector of adaptive NST, independent of UCP1, and has gained 

considerable traction [15], [177]. Early work investigating the connection between 

creatine and adaptive NST demonstrated that genetic ablation (CKB-/-CKMT1-/-) of 

creatine metabolism and pharmacological creatine-depletion (via β-guanidinopropionic 
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acid) reduced body temperature and the ability to sustain thermal homeostasis during 

acute cold-challenges [178], [179]. However, given the integral role of the SNS in 

regulating adaptive NST and that creatine metabolism is vital for the normal functioning 

of neuronal tissue [180], it is difficult to distinguish between the contribution of the SNS 

and adipose tissue in these studies. In addition, changes in caloric intake, body weight 

and activity level of CKB-/-CKMT1-/- mice were observed, which may have influenced 

thermoregulation, further complicating data interpretation [179].  

More recently, adipose-tissue specific KO models employed by Kazak et al. support 

these seminal papers, whereby ablation of creatine transport, mediated by cell surface 

creatine transporter (CrT, encoded by Slc6a8) and glycine amidinotransferase (GATM), 

which catalyzes a rate-limiting step in the synthesis of creatine, diminish creatine levels 

in adipocytes [181], [182]. In both these models, KO animals displayed reductions in 

HFD-, adrenergic- and cold-induced adaptive NST, and these animals were 

predisposed to obesity [181], [182]. These findings also align with studies of genetic 

GATM-/- mice[183], which exhibited reduced EE, and the increase in adiposity 

demonstrated in genetic CrT-/- mice [184]. Interestingly, with sophisticated mitochondrial 

patch-clamps, it was determined that both UCP1-positive and negative adipocytes 

demonstrate potential FCC, including within the adipocytes in both iWAT and 

epidydymal WAT (eWAT) depots. Despite evidence in rodents demonstrating the 

importance of creatine metabolism in NST, creatine-monohydrate supplementation had 

no effect on BAT activation or EE after one week of cold-exposure in healthy human 

female vegetarians, a population known to have reduced creatine levels [185], 
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challenging the therapeutic potential of this process. Nevertheless, the rodent data has 

established that creatine is functionally involved in thermogenic pathways in adipose 

tissue. 

1.3.12 The Phosphocreatine Shuttle 

The phosphocreatine shuttle mediates the rapid transfer of ATP equivalents from 

the mitochondria, the site of energy production, to elsewhere in the cell where ATP 

utilization is required to perform work (e.g. myofibrils and SERCA) [186].  In this system, 

creatine kinase enzymes localized to the mitochondria and cytosol catalyze the transfer 

of phosphoryl groups from ATP to creatine, which forms phosphocreatine in an 

equilibrium reaction [187]. Due to the diffusion limitation on ATP, PCr represents a 

smaller and more rapid means of energy transport from the mitochondria throughout the 

cell, which is particularly important to maintain ATP availability in high-energy requiring 

cells [188]. In the mitochondria, ATP levels are high, and PCr levels are low, thereby 

favouring creatine kinases to concentrate ADP within the intermembrane space via the 

reaction: [Cr + ATP à PCr + ADP] [189]. ADP is subsequently transported into the 

mitochondrial matrix to be utilized as a substrate for respiration via adenine-nucleotide 

transporter (ANT) [190], whereas PCr diffuses outside the mitochondria where cytosolic 

forms of creatine kinases use PCr to replenish local ATP levels in the reverse reaction. 

Four creatine kinase isoenzymes exist in mammals - two cytosolic forms 

([creatine kinase, muscle-type (CKM)] and [creatine kinase, brain-type (CKB)]) and two 

mitochondrial forms ([creatine kinase ubiquitous-type, mitochondrial (CKMT1)] and 

[creatine kinase sarcomeric-type, mitochondrial (CKMT2)]), which exhibit differential 
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tissue-expression and are encoded by different genes [191], [192]. In most cells, the 

PCr shuttle is composed of two isoforms of creatine kinases, one cytosolic and one 

mitochondrial, to form the phosphocreatine shuttle [186].  While the collective 

understanding of the expression and function of creatine kinase enzymes have 

historically focused on the brain, skeletal muscle, cardiac muscle and cancer tumors, 

the role of these enzymes in other cell types remain relatively unknown. 

1.3.13 Mechanism of the Futile Creatine Cycle 

Distinct from the function and mechanism in other cell types, creatine cycling 

appears to participate in thermogenesis within adipose tissue. First described in beige 

adipocyte mitochondria, creatine-dependent thermogenesis is mediated by the futile 

creatine cycle (FCC), whereby the addition of creatine (Cr) drives the liberation of a 

molar surplus of ADP and stimulates respiration in ADP-limited conditions in vitro [15]. 

This is in contrast to the established 1:1 stoichiometric relationship characteristic of the 

phosphocreatine shuttle reaction [Cr + ATP à PCr + ADP] in most cells [92]. In terms of 

components, the FCC is postulated to be mediated by a creatine kinase enzyme and a 

phosphocreatine phosphatase enzyme which reside in the mitochondria [15]. In this 

cycle, creatine kinase in the intermembrane space uses Cr and ATP to remake PCr and 

ADP, the latter of which is returned to the mitochondrial matrix through ANT to be 

utilized by ATP synthase as a substrate to produce ATP [15].  The phosphatase 

enzyme is unidirectional and uses PCr to reform Cr and inorganic phosphate. This 

continuous recycling of creatine promotes subsequent rounds of ATP 

dephosphorylation, which further increase oxygen utilization through ADP liberation. In 
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this manner, creatine kinase and phosphatase enzymes collectively mediate futile ATP 

hydrolysis in the absence of work [15], suggesting the presence of a creatine-regulated 

system which drives respiration in an ATP synthase coupled manner [15], [177].  

The exact mechanism of the FCC, including the contribution of the enzymes 

involved remain relatively elusive. With regards to phosphatase enzyme identification, 

preliminary data suggest that tissue-nonspecific alkaline phosphatase (TNAP), an 

endoplasmic reticulum protein, localizes to the mitochondria in thermogenic adipocytes 

and appears involved in the FCC by directly hydrolyzing phosphocreatine [16]. 

Physiologically, TNAP appears to be important in the context of obesity, whereby 

ablation predisposes animals to weight gain and reduces energy expenditure compared 

to WT littermates [16]. 

Data surrounding the importance of specific creatine kinase isoforms involved in 

the FCC are limited. CKMT1 and CKMT2 were proposed to be important as these 

proteins were cold-inducible in beige fat, and BAT to a lesser extent, and knockdown of 

Ckmt1 in cultured human brown adipocytes reduced basal mitochondrial respiration, 

which was unable to be rescued by creatine [15]. In response to HFD, expression of 

Ckmt1 was elevated in eWAT and Ckmt2 in iWAT demonstrating a potential depot-

specific effect of these isoforms [181], [182]. Furthermore, gene expression and 

proteomic analysis detected CKMT1 and CKMT2 in human BAT [193], [194]. 

Interestingly, despite being classified as a cytosolic protein, a recent report has 

emerged demonstrating that CKB is targeted to the mitochondria to regulate the FCC in 

brown adipocytes, and adipocyte-specific CKB-/- display impaired energy expenditure 



 

 

25 

 

and were predisposed to obesity [195]. Aligning with both of these findings is the 

increased expression of Ckb and Ckmt1 in visceral WAT in human obesity [196]. 

However, with the exception of CKB, examination of the biological importance of 

creatine kinase enzymes in adipose tissue that may be directly involved in the FCC are 

incomplete and necessitate further investigation.  

 

Figure 1.6: The futile creatine cycle. 
Creatine-dependent thermogenesis in mitochondria of thermogenic adipocytes is 
proposed to be mediated by a mitochondrial creatine kinase enzyme and phosphatase 
enzyme. Futile cycling of creatine dissipates the electrochemical proton gradient by 
enhancing ATP turnover. OMM; outer mitochondrial membrane; IMM, inner 
mitochondrial membrane; NAD; nicotinamide dinucleotide; Mi-CK, mitochondrial 
creatine kinase; PCr-ase, phosphocreatine phosphatase; ANT, adenine-nucleotide 
transporter; I-V, complexes of the electron transport chain. Figure adapted from Kazak 
et al. [15]. 
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1.4 Summary 

Obesity currently represents one of the most critical health care challenges in our 

society, largely due to its association with a multitude of chronic diseases. The 

metabolic dysregulation which occurs in WAT during the onset of obesity implicates this 

tissue as a key player in the development of obesity-related co-morbidities. In stark 

contrast, brown, and the more recently discovered beige adipocytes which develop 

within WAT upon stimulation, possess the unique ability to dissipate chemical energy as 

heat through adaptive NST, and therefore offer the potential to be leveraged as an anti-

obesity target.  

Mounting evidence has revealed that despite the long-standing notion, UCP1 is 

not the sole effector of thermogenesis in these adipocytes. This is alongside the 

discovery of creatine-dependent thermogenesis, which stimulates mitochondrial 

respiration in a coupled manner by mediating ATP turnover within this organelle. 

Termed the futile creatine cycle (FCC), a creatine kinase enzyme and a phosphatase 

are proposed to constitute this thermogenic pathway, however the mechanisms have 

not been fully elucidated. 
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CHAPTER 2 – Aims of Thesis 

Creatine metabolism and the FCC have been previously established to contribute to 

energy expenditure and NST within isolated mitochondria of thermogenic adipose 

tissue. However, the specific creatine kinase isoform involved in the FCC remains 

relatively unexplored. A preliminary in vitro experiment revealed that CKMT1 may be 

important in mediating futile ATP hydrolysis. Though, the necessity of CKMT1, with 

respect to its involvement in FCC and with diet-induced obesity has not yet been 

determined in vivo. Our lab has established a colony of genetic Ckmt1 KO mice, which 

we utilized to further elucidate importance of CKMT1 as a potential protein involved the 

FCC. 

The aims of this thesis were to: 

1) Determine whether creatine-stimulated respiration can be observed in a 

conventional isolated mitochondrial approach and within permeabilized AT 

2)    Determine the importance of CKMT1 in mediating NST 

3)  Determine the biological importance of CKMT1 in the context of obesity 

It was hypothesized that CKMT1 is integral to the FCC, and therefore: 

1) Responses to adrenergic activation of NST will be attenuated in KO mice 

2)  KO animals will be predisposed to the detrimental effects of a high-fat diet (HFD) 
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CHAPTER 3 – Ablation of CKMT1 does not affect energy 
expenditure, adipose tissue mitochondrial respiration or 
susceptibility to high-fat diet-induced obesity 

3.1 Methods 

3.1.1 Animals 

Creatine kinase ubiquitous-type, mitochondrial (CKMT1; Ckmt1tm2Bew ) null and 

wild-type (WT) mice were bred on site at the University of Guelph. The colony was 

previously established from cryopreserved embryos which were generously provided by 

Dr. Be Wieringa from Dr. Craig Lygate’s repository and generated on a C57BL/6 

background at the Toronto Centre for Phenogenomics, as previously described [197]. 

When explicitly stated, experiments utilized male Sprague Dawley rats, also bred on site 

at the University of Guelph. All animals were group-housed in a temperature and 

humidity-regulated room on a 12:12-hour light-dark cycle. Prior to tissue collection, an 

intraperitoneal injection of sodium pentobarbital (60 mg/kg; MTC Pharmaceuticals, 

Cambridge, ON) was used to anesthetize animals. Researchers were not blind to group 

assignment during the intervention, and all experiments were approved by the Animal 

Care Committee at the University of Guelph and met the guidelines of the Canadian 

Council on Animal Care. 

Three subsets of animals were used throughout the study, each with a distinct 

combination of sex, housing temperature, dietary and pharmaceutical intervention, as 

follows:  
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3.1.1.1 Subset 1: Pharmacological Induction of Non-shivering Thermogenesis 
and Adipose Tissue Browning 

In order to assess the effect of CKMT1 on the acute induction of NST and AT 

browning, fifteen-week-old male Ckmt1 WT and KO mice were randomized to receive 

intraperitoneal (IP) injections of CL 316, 243 (CL; 0.2 mg·kg-1 body mass; Sigma, 

C5976) or an equal volume of sterile saline (SAL) for four consecutive days (n=6-

10/group). CL was diluted to 1 mg·mL-1 in sterile saline, stored at -20°C and aliquoted 

fresh daily. On the evening prior to the first injection (Day 0), animals were placed in the 

Comprehensive Lab Animal Monitoring System (CLAMS) at ~19:00h for an overnight 

acclimatization period. To assess the induction of NST, metabolic parameters (as 

described below) were recorded during the light cycle on Day 1, 3-h prior to (PRE) and 

3-h following (POST) the injection at ~13:00h. Animals were returned to their home 

cages for the remainder of the intervention period, housed at 24°C and received free 

access to standard chow (Tekland #7004). On Day 5 of the intervention, AT was 

excised and distributed between biopsy preservation solution (BIOPS) for mitochondrial 

respiration experiments, fixation buffer for histological assessment and liquid nitrogen 

for storage at -80°C for western blotting procedures (all protocols described in detail 

below).  

3.1.1.2 Subset 2: 8 Week High-Fat Diet 

To determine whether the ablation of Ckmt1 would predispose animals to the 

detrimental effects of a high-fat diet, fifteen-week-old female Ckmt1 WT and KO mice 

housed at 24°C were randomly assigned to receive sucrose matched low-fat control diet 

(LFD; 10% kcal from lard; Research Diets D12450J) or high-fat diet (HFD; 60% kcal 
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from lard; Research Diets D12492) for 8 weeks (n=8-11/group). During week 7, an IP 

glucose tolerance test (ipGTT) was administered, and metabolic parameters were 

assessed using the CLAMS (as described below) at 24°C. For the latter, animals were 

acclimatized to the apparatus for 6-h, and dark and light cycle measurements were 

acquired thereafter from 22:00h-04:00h and 10:00h-16:00h, respectively. Experiments 

were separated by a minimum of 48-h to permit stress recovery. During week 8, AT was 

excised and distributed (as described above). In a random subset of LFD-fed animals 

(n=4/genotype), red gastrocnemius (RG) was collected for preparation of permeabilized 

muscle fibers, in conjunction with RG, brain and heart for western blotting. To determine 

whether observed responses were sex-specific, we repeated ipGTT and CLAMS 

protocols in a subset of male Ckmt1 WT and KO mice (n=10-12/group). 

3.1.1.3 Subset 3: 5 week High-Fat Diet at Thermoneutrality 

To investigate whether housing temperature influenced the susceptibility of 

animals to HFD-induced obesity, fifteen-week-old female Ckmt1 WT and KO mice 

initially housed at 24°C were acclimatized (6 days) to and maintained at 30°C. After the 

acclimatization period, animals received either LFD or HFD for 5 weeks (n=6-9/group). 

A shorter feeding intervention was selected in this subset of animals to increase the 

likelihood of detecting a subtle difference in phenotype afforded by the ablation of 

Ckmt1. During week 4, an ipGTT and an IP insulin tolerance test (ipITT) were carried 

out (as described below) at 30°C with a 48-h recovery period between the two tests. 

During week 5, AT was excised and distributed (as described above).  
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3.1.2 Experimental Procedures 

3.1.2.1 Genotyping 

Animal genotypes were confirmed with DNA extracted from mouse tail snips using the 

AccuStart II PCR Genotyping Kit (Quantabio, #95135-500) according to the 

manufacturer’s instructions. Samples were run using ethidium bromide gel 

electrophoresis and detected on the FluorChem HD Imaging system (Alpha Innotech, 

Santa Clara, CA, USA). The same procedure was carried out in iWAT and gWAT 

samples (~5mg, n=2/genotype) to confirm the model in AT depots. Primers to detect 

wild-type (Ckmt1+/+), heterozygous (Ckmt1-/+) and knockout (Ckmt1-/-) alleles in Ckmt1 

were as follows: Hyg1 5’-GGCTGGCACTCTGTCGATACCC-3; scCKmt1 5’-

TAGGCAGAAGGTATCTGCTGATGC-3’; scCKmt28 5’-

CATGCCAACTATCACTGTTGTTCCT-3’ 

3.1.2.2 Indirect Calorimetry 

Mice were individually housed at 24°C in metabolic cages within the Oxymax 

Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments, 

Columbus, OH). Diet and water were provided ad libitum and the same light-dark cycle 

was maintained. Following acclimatization periods (as previously described), oxygen 

consumption (VO2), carbon dioxide production (VCO2), respiratory exchange ratio 

(RER), heat production and activity was measured. Total carbohydrate and fat 

oxidation, and energy expenditure (EE) were calculated from V˙O2 and V˙CO2 as 

previously described [198], [199], as follows: carbohydrate oxidation= 4.585V˙CO2 

production (L min-1) -  3.226 V˙O2 production (L min-1); fat oxidation = 1.695 V˙O2 
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production (L min-1) – 1.701 V˙CO2 production (L min-1); EE = carbohydrate oxidation + 

fat oxidation. To convert to kilojoules per hour, values were divided by 60 and 

subsequently multiplied by 16.19 (carbohydrate) and 40.80 (fat). Data are expressed as 

the mean value over the entire time interval, for each animal. 

3.1.2.3 Intraperitoneal Glucose Tolerance Test 

To evaluate systemic glucose tolerance, an ipGTT was administered whereby 

animals were fasted for 4-h prior to receiving an intraperitoneal injection of glucose (2 

mg·kg-1 body mass). At 0, 15, 30, 45, 60, 90, 120 min following the injection, blood 

glucose was measured through the tail vein using a hand-held glucometer (Freestyle 

lite, Abbott Laboratories, Saint-Laurent, QC, Canada). For each blood sample 

measured, the first drop of blood was discarded onto a Kim wipe.  

3.1.2.4 Intraperitoneal Insulin Tolerance Test 

An ipITT was carried out to assess systemic insulin sensitivity. Animals were 

fasted for 2-h prior to receiving an IP injection of insulin (1 U·kg-1 body mass, 

Novorapid). Blood glucose was subsequently sampled at 0, 15, 30, 45, 60 min following 

the injection through the tail vein, with a hand-held glucometer. The first drop of blood 

was discarded with a Kim wipe, and the area under the curve (AUC) was calculated by 

subtracting baseline blood glucose. 

3.1.2.5 Mitochondrial Isolation 

To meet the significant tissue requirement, mitochondria were isolated from WAT 

and RG (positive control) harvested from male Wistar rats. Tissue was weighed [WAT 
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(~6 g) and RG (~200 mg)], minced with sharp scissors on ice in mitochondrial isolation 

buffer (MiIB; 100 mM sucrose, 100 mM KCl, 50 mM Tris-HCl, 1 mM KH2PO4, 0.1 mM 

EGTA, 0.2% fatty acid free bovine serum albumin (BSA), 1 mM ATP; pH 7.4) and 

homogenized using a Teflon pestle (750rpm). Homogenate was centrifuged (800 g; 10 

minutes at 4 °C), resuspended (4mL of MiIB) and subsequently centrifuged (9400 g; 10 

minutes at 4°C). Mitochondria were then resuspended (1 ml of MiIB), pelleted (12 000 g; 

10 min at 4°C), and ultimately resuspended (100 μl of mitochondrial respiration medium 

(MiR0X; 0.5 mM EGTA, 10 mM KH2PO4, 60 mM potassium lactobionate, 20 mM 

HEPES, 110 mM sucrose, and 1 mg·mL-1 fatty acid free BSA; pH 7.1). To remove 

excess lipid from WAT, homogenate was filtered with a cheese cloth prior to and 

following the first centrifugation step. Isolated mitochondrial respiration was detected 

using high-resolution respirometry (as described in detail below) in the presence and 

absence of 50 μΜ Cr. Phosphorus/oxygen (P/O) ratios were calculated using the 

difference in oxygen content following the addition of 100 μM ADP in RG and 50 μM 

ADP in WAT (in the presence of pyruvate and malate). Submaximal ADP respiration 

values are expressed as the mean JO2 following two individual submaximal additions of 

ADP, and likewise, P/O ratios are expressed as the average P/O ratio calculated these 

individual additions. Respiration data were normalized to mitochondrial protein content.  

3.1.2.6 Preparation of Permeabilized Fibers 

To assess in-tact mitochondrial respiration, permeabilized muscle fibers (PMFs) 

were prepared as previously reported [197], [200], [201] from Ckmt1 WT and KO RG 

samples. PMFs represented a positive control for permeabilized WAT preparations and 
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served to confirm the phenotype of WT and KO animals as previously reported from by 

our group [197]. PMFs were prepared in a tissue culture dish of ice-cold BIOPS buffer 

(50 mM MES, 7.23 mM K2EGTA, 2.77 mM CaK2EGTA, 20 mM imidazole, 0.5 mM 

dithiothreitol, 20 mM taurine, 5.77 mM Na2-ATP, 15 mM Na2-PCr, and 6.56 mM 

MgCL2·H2O; pH 7.1) by removing fat and connective tissue and dissecting individual 

fibers along their longitudinal axis under a microscope into small bundles (0.15-0.5 mg) 

using needle-tip forceps. For permeabilization, PMFs were incubated while rotating (30 

minutes at 4°C) in 1.5 mL of BIOPS containing 40 μg·mL-1 saponin. It has been 

demonstrated that the plasma membrane (high cholesterol content) is permeabilized by 

the cholesterol-specific detergent, saponin, whilst maintaining the integrity of the 

mitochondrial membrane (relatively lower cholesterol content) and other intracellular 

organelles [202], [203]. PMFs were subsequently washed in mitochondrial respiration 

medium (MiR05; 0.5 mM EGTA, 10 mM KH2PO4, 60 mM potassium lactobionate, 20 

mM HEPES, 110 mM sucrose, MgCl2·6H2O and 1 mg·mL-1 fatty acid free BSA; pH 7.1) 

for 15-30 minutes and were then added to Oroboros chambers (as described below). 

3.1.2.7 Preparation of Permeabilized Adipose Tissue 

Permeabilized iWAT and gWAT was prepared as previously described [204]–

[207]. Immediately after WAT was excised, tissue was transferred to an Eppendorf 

containing 1 mL BIOPS, minced with sharp scissors and kept on ice. ~5 minutes prior to 

experimental procedure, tissue was washed in 1 mL MiR05, blotted and weighed. iWAT 

and gWAT (10-20mg) were added to Oroboros chambers (as described below) 
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containing 50 μg·mL-1 saponin, and respiration data were normalized to wet tissue 

weight. 

3.1.2.8 High Resolution Respirometry 

Mitochondrial respiration was detected using high-resolution respirometry 

(Oroboros Oxygraph-2 K, Innsbruck, Austria).  Experiments were carried out at 37°C, 

with constant stirring (750rpm) in 2 mL of MiR0X or MiR05 buffer for isolated 

mitochondria and permeabilized preparations, respectively. All experiments were 

completed in duplicate. Substrate additions for each protocol are outlined in Appendix 

A. 

3.1.2.9 Histology 

Histological assessment was carried out on iWAT, gWAT and BAT samples that 

were fixed for 24h in 10% neutral buffered formalin and transferred to 70% ethanol for 

storage at 4°C. Samples were embedded and stained on glass slides with hematoxylin 

and eosin (H&E) at the University of Guelph Animal Health Laboratory. Slides were 

imaged with Cell Sense software (Olympus, Tokyo, Japan) at 40x magnification to 

assess adipocyte cross-sectional area (CSA) in iWAT and gWAT using an Olympus 

FSX 100 light microscope (Tokyo, Japan). The average of four fields per animal were 

captured and analyzed using ImageJ software (National Institutes of Health) to quantify 

CSA. 
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3.1.2.10 Western Blotting 

Protein content was assessed via western blotting in AT, RG, brain and heart 

from Ckmt1 WT and KO mice. AT and brain were homogenized (50 m·s-1) using 2 metal 

beads for 2 min in lysis buffer (1% Triton X-100, 50 mM Tris-HCl, 1 mM EDTA, 1 mM 

EGTA, 50 mM NaF, 10 mM sodium β-glycerol phosphate, 5 mM sodium pyrophosphate, 

2 mM DTT; pH 7.5). Samples were subsequently centrifuged (5000 g; 15 min at 4°C) 

and aliquoted to a new tube to remove lipid layer. For AT samples, this step was 

repeated to prevent lipid contamination. RG and heart were homogenized (Polytron, 

Kinematica AG, Brinkmann, Littaulucerne, Switzerland) in lysis buffer, and centrifuged 

(2300g; 15 min at 4°C) and aliquoted to a new tube. All samples were prepped to 1 

μg·μl-1 using a Bradford assay and loaded equally at 5 μg of isolated mitochondria 

protein and 10 μg of iWAT and gWAT protein (unless indicated on representative blot 

for tissue screens, whereby 5 μg of RG and brain protein and 20 μg of iWAT and gWAT 

protein were loaded). Commercially available primary antibodies were used to detect 

creatine kinase ubiquitous-type, mitochondrial (CKMT1; 1:5000, ab131188; Abcam), 

creatine kinase, brain-type (CKB; 1:1000, A12631; Abclonal), complexes of the electron 

transport chain (OXPHOS; 1:500, ab110413; Abcam), peroxisome proliferator-activated 

receptor gamma coactivator 1α (PGC1α; 1:1000, #516557; Calbiochem), uncoupling 

protein 1 (UCP1, 1:2000, cat. no. 10983; Abcam), and cytochrome c oxidase subunit IV 

(COXIV; 1:10 000, A21347; Invitrogen). Proteins were separated by SDS-PAGE, 

transferred onto PVDF membranes, blocked, and incubated with corresponding primary 

and appropriate secondary antibodies. All samples within a set were loaded onto one 
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membrane to limit variation and equal loading was confirmed with ponceau staining, 

where appropriate. Membranes were detected using enhanced chemiluminescence 

substrate (ECL; Bio-Rad, #170-5061) on the FluorChem HD Imaging system (Alpha 

Innotech, Santa Clara, CA, USA). 

3.1.2.11 Statistical Assessment 

All statistical analyses were carried out using Prism 9 (Graph Pad Software, Inc., 

La Jolla, CA, USA). The apparent Km for ADP was determined via Michaelis-Menten 

kinetics and is defined as the concentration of ADP which achieves half maximal 

mitochondrial respiration (Vmax). Unpaired t-tests were utilized to compare the apparent 

Km and %ΔKm with creatine from ADP titrations in RG, adjusted by Benjami Hochberg 

FDR. All other data were compared using two-way ANOVAs, followed by Fisher LSD 

post-hoc analyses where appropriate. Data are expressed as mean ± standard error of 

the mean (SEM), and the statistical significance was set at p<0.05.  
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3.2 Results 

3.2.1 Characterization of isolated white adipose tissue mitochondria 

While creatine has been reported to promote recycling in isolated adipose tissue 

mitochondria [15], the unconventional expression of these respiration data were 

challenging to interpret. Therefore, we aimed to establish proof of principle of the 

stimulatory effect of creatine in wild-type animals, using a conventional approach. To do 

this, we first sought to validate a protocol to isolate WAT mitochondria, which we 

adapted from a well-established technique for skeletal muscle in our lab [197], [208], 

[209]. Due to the relatively high WAT requirement, rats were utilized to eliminate the 

need to pool multiple mice for a single isolation. From these experiments we determined 

that compared to skeletal muscle mitochondria, WAT mitochondria were more sensitive 

to uncoupling over time. In consideration of this finding and to optimize the protocol for 

WAT, the number of submaximal ADP additions was reduced from three in RG (Fig. 

3.1A) to two in WAT (Fig. 3.1B). The P/O ratios from isolated WAT mitochondria were 

comparable to RG and values reported in the literature [210], [211], validating our 

experimental model. Next, we examined whether the addition of creatine would increase 

submaximal ADP-supported respiration and/or decrease P/O ratios, both indicative of 

creatine-driven recycling of ADP. We found that creatine had no significant effects on 

submaximal ADP respiration, maximal complex I/II respiration, or P/O ratios (Fig. 3.1C). 

Taken together, these data demonstrate that creatine does not increase oxygen 

utilization or promote recycling within an isolated WAT mitochondria preparation.  
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Figure 3.1: Creatine does not stimulate submaximal or maximal mitochondrial 
respiration in isolated white adipose tissue mitochondria from rats. 
Representative traces of isolated red gastrocnemius (RG) as a positive control (A) 
and white adipose tissue [WAT, (B)] mitochondria, whereby addition of creatine in 
WAT did not alter submaximal or maximal complex I/II respiration or P/O ratios (C). 
Representative images of western blots comparing mitochondrial protein content 
from RG homogenate and isolated mitochondria from WAT (D). Cr, creatine; PM, 
pyruvate + malate; PMD, PM + ADP; PMDG, PM + glutamate; PMDGS, PMDG + 
succinate; CKMT1, mitochondrial creatine kinase-1; COXIV, cytochrome c oxidase 
subunit IV; CI-V; complexes I-V of the electron transport chain. Data expressed as 
mean ± SEM. 
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3.2.2 Genotype and phenotype confirmation in Ckmt1 WT and KO mice 

Considering the limitations inherent to the assessment of in vitro respiration using 

isolated mitochondria, we next aimed to assess ex vivo respiration with a permeabilized 

preparation and determine whether the ablation of Ckmt1 would influence this process. 

To verify our Ckmt1 WT and KO model, permeabilized muscle fibers (PMFs) were used 

as a control. While no difference was observed between the genotypes, the addition of 

creatine significantly increased ADP sensitivity in WT animals exhibited by a reduction 

in apparent Km of ADP, an effect which was significantly blunted in the KO animals (Fig. 

3.2, A-C). These data align with a previous report from our group [197] to support the 

efficacy of our KO model, and provide evidence that creatine is able to influence 

mitochondrial respiration in a permeabilized tissue preparation. We next considered 

prominence of CKMT1 expression in adipose tissues by assessing protein distribution in 

a variety of tissues. In RG, CKMT1 is not detected in KO tissue, however despite low 

abundance of CKMT1 in the brain, a prominent band was detected at ~43 KDa aligning 

with the molecular weight of CKB (Fig. 3.2D). These data suggest the CKMT1 antibody 

detects CKB, which is ~60% homologous and is the prominent CK isoform in the 

prefrontal cortex [212], likely accounting for the minor band visible in gWAT and iWAT 

known to express CKB . We therefore relied on genotyping these tissues to confirm the 

absence of CKMT1 (Fig. 3.2E). Overall, these data confirm the genotype and phenotype 

of the WT and KO animals and indicate that the protein expression of CKMT1 in iWAT 

and gWAT is limited compared to other tissues.  
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Figure 3.2: The creatine-induced reduction of ADP sensitivity in permeabilized 
muscle fibers is impaired in Ckmt1 KO mice. 
ADP respiratory kinetics with and without creatine (A) and with a rescaled x-axis of the 
Michaelis-Menten curve to highlight the kinetic shift (B) in WT and KO animals. The 
calculated apparent Km for ADP (A) and %Δ in Km for ADP in the presence of creatine 
(C). Representative images of western blots comparing CKMT1 and total OXPHOS 
protein content (D), as well as Ckmt1 genotypes (E) in various tissues. Cr, creatine; 
CKMT1, mitochondrial creatine kinase-1; CI-V; complexes I-V of the electron transport 
chain. *, significantly different from WT. Data expressed as mean ± SEM. 
 

3.2.3 CKMT1 does not influence fuel utilization and energy expenditure during 
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 oxidation, EE and heat production, along with a main effect to decrease 

carbohydrate oxidation and RER (Fig. 3.3, A-G). Importantly, there were no differences 

between WT and KO animals in any of these metabolic parameters, including EE and 

heat production, and these results were not influenced by activity (Fig. 3.3H). 

Altogether, these data indicate that CKMT1 does not influence whole-body energy 

expenditure or heat production associated with the acute induction of NST.  

 

Figure 3.3: Whole-body metabolic parameters are unaltered in Ckmt1 KO mice 
during acute β3-adrenergic stimulation with CL 316,243.  
VO2 (A), VCO2 (B), carbohydrate oxidation (C), lipid oxidation (D), RER (E), energy 
expenditure (F), heat production (G) and activity (H) in WT and KO male animals 3-h 
pre and post CL 316,243 (0.2 mg·kg-1) injection.  VO2, rate of oxygen consumption; 
VCO2, rate of carbon dioxide production; RER, respiratory exchange ratio. Data 
expressed as mean ± SEM. 
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3.2.4 CKMT1 does not influence CL 316, 243-induced white adipose tissue 
browning 

We next carried out histological assessment and western blotting for 

mitochondrial proteins to evaluate the influence of CKMT1 on WAT browning. 

Qualitative analysis of the tissues revealed a main effect of 4 consecutive days of CL 

treatment to increase the presence of multilocular lipid droplets within iWAT and an 

increase in BAT-like characteristics (Fig. 3.4A). This is reflected by robust increases in 

mitochondrial proteins UCP1, PGC1α, COXIV and OXPHOS complexes I-V in both 

genotypes after CL treatment (main effect CL: Fig. 3.4, D and E). Interestingly, CKB 

protein content was consistent across the genotypes and treatment groups. In this 

depot, no statistical differences were observed in adipocyte CSA (Fig. 3.4B) or size 

distribution (Fig. 3.4C) with treatment status or genotype. Histological assessment 

within gWAT revealed the presence of multilocular lipid droplets with CL treatment 

(main effect CL: Fig. 3.4F), although UCP1 was not reliably detectable in this depot. 

Other mitochondrial proteins however, COXIV and OXPHOS complexes I-V, were 

augmented with CL treatment, and these effects were not different in the KO animals 

(main effect CL: Fig. 3.4, I and J). In parallel with iWAT, CKB content was not different 

between genotypes and was not inducible with CL treatment. Interestingly, there was a 

main effect of CL to decrease adipocyte CSA in gWAT (Fig. 3.4G), with an increase in 

adipocytes with a CSA of <2000 μm2 (Fig. 3.4H). Similar to iWAT, genotype had no 

influence on adipocyte size in this depot. In support of these findings, distinct structural 

changes within interscapular BAT were observed, characterized by a striking visual 

reduction in lipid-droplet size (Appendix B). While CL administration had prominent 
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effects on adipose tissue, overall, our data demonstrate that Ckmt1 ablation does not 

influence CL-induced browning within iWAT and gWAT depots.  

 
Figure 3.4: Ckmt1 KO mice do not display differences in adipocyte size and 
exhibit comparable increases in mitochondrial content in iWAT and gWAT after 
4 days of CL 316,243 administration. 
Representative images of iWAT (top) and gWAT (bottom) stained with hematoxylin-
and-eosin (H&E) from SAL and CL-treated mice imaged at x40 magnification (A and 
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3.2.5 Stimulatory effect of creatine is not detected in permeabilized iWAT and 
gWAT after 4 days of CL 316, 243 treatments 

To determine the optimal concentration of creatine for permeabilized adipose 

tissue preparation, a creatine titration was carried out in the presence of submaximal 

ADP in iWAT and gWAT. As we could not detect the stimulation of respiration with 

increasing concentrations of creatine (Fig. 3.5, A and B), we selected 0.01mM as it has 

been previously used in adipose tissue respiration experiments [15] and is relatively 

comparable to the biological concentration found in adipose tissue [214]. We next aimed 

to functionally assess CKMT1 in the context of different cellular stimuli. By concentrating 

CKMT1 through beiging with CL 316,243, we sought to determine whether a difference 

in respiration could be detected. In iWAT and gWAT respectively, there was a main 

effect of CL to markedly increase respiration ~3-6-fold and ~2-7-fold, and this effect was 

similar in the KO animals (main effect CL: Fig. 3.5, C and F). In gWAT however, there 

was also a main effect of genotype in the presence of pyruvate and malate. Under 

conditions of submaximal ADP, creatine failed to drive respiration in either depot, and in 

fact CL had a main effect of decreasing respiration in the presence of creatine in iWAT 

(Fig. 3.5, D and G). ADP sensitivity was unchanged by CL in iWAT (Fig. 3.5E), while 

treatment in gWAT had a main effect of increasing apparent Km, indicative of a 

decrease in ADP sensitivity (Fig. 3.5H). In both depots, genotype and creatine had no 

F), cross-sectional adipocyte area (B and G), frequency distribution of adipocytes by 
cross-sectional area (C and H), western blot analysis showing relative mitochondrial 
protein content (D and I) and representative images (E and J) from male Ckmt1 WT 
and KO animals. Arrows indicate the presence of multilocular lipid droplets and scale 
bars are 43 μm. Ponceau staining was used as a loading control. Data expressed as 
mean ± SEM. 
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effect on ADP sensitivity (data not shown). Combined, these functional data indicate 

that CL robustly increased mitochondrial respiration within iWAT and gWAT, and these 

responses were not altered by either creatine or ablation of Ckmt1.  
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3.2.6 Ablation of Ckmt1 does not exacerbate high-fat diet-induced glucose 
intolerance and weight gain, or alter resting metabolism 

Given the proposed implication of CKMT1 in energy expenditure and dissipation 

at the level of the mitochondria, we subsequently examined the contribution of CKMT1 

under the cellular stress of a HFD. At the whole-body level, we were specifically 

interested in whether knocking-out Ckmt1 would predispose animals to the detrimental 

effects of a caloric surplus. 8 weeks of HFD-feeding had a main effect of inducing 

glucose intolerance (Fig. 3.6A) and elevating AUC (~60%, Fig. 6B), body mass (~10g, 

Fig. 3.6C) and weekly caloric intake (~40%, Fig. 3.6D), regardless of genotype. Despite 

similar body mass and glucose tolerance, there was a main effect of genotype to 

increase caloric intake (~7%, Fig. 3.6D). Indirect calorimetry revealed no differences in 

VO2 with HFD or genotype (Fig. 3.6E), while VCO2 was reduced in light and dark cycles 

in HFD-fed animals (main effect HFD: Fig. 3.6F). We also observed a main effect of 

HFD to increase lipid oxidation (Fig. 3.6H) and reduce carbohydrate oxidation (Fig. 

3.6G) and RER (Fig. 3.6I) in both light and dark cycles. HFD had a main effect of 

decreasing EE in the light cycle only (Fig. 3.6J), and these results could be explained by 

activity (Fig. 3.6K). Importantly, genotype had no effect on the aforementioned indices 

of metabolism and fuel selection. With respect to obesity-related phenotype, our data 

Figure 3.5: CL 316,243 treatment increases mitochondrial respiration similarly 
between Ckmt1 WT and KO animals in iWAT and gWAT, and creatine does not 
enhance this change. 
Creatine titrations in the presence of submaximal ADP in iWAT (A) and gWAT (B), 
submaximal ADP and maximal complex I/II-supported respiration in iWAT (top, C) 
and gWAT (bottom, F), difference in submaximal ADP-supported respiration (D and 
G) and ADP respiratory kinetics with the calculated apparent Km (E and H) in the 
presence and absence of creatine in male Ckmt1 WT and KO animals. PM, pyruvate 
+ malate; PMD, PM + ADP; PMDG, PM + glutamate; PMDGS, PMDG + succinate. 
Data expressed as mean ± SEM. 
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indicate that the ablation of Ckmt1 does not have a detrimental effect on glucose 

intolerance, energy expenditure or resting fuel metabolism. 

 
Figure 3.6: High-fat diet induced changes in glucose tolerance, weight gain and 
resting whole-body metabolism are consistent between Ckmt1 WT and KO 
mice. 
Glucose tolerance test (A), area under the curve (B), change in body mass (C), 
weekly food intake (D), VO2 (E), VCO2 (E), carbohydrate oxidation (G), lipid oxidation 
(H), RER (I), energy expenditure (J) and activity (K) in female Ckmt1 WT and KO 
mice after 8 weeks of LFD or HFD-feeding. AUC, area under the curve; VO2, rate of 
oxygen consumption; VCO2, rate of carbon dioxide production; RER, respiratory 
exchange ratio. Data expressed as mean ± SEM. 
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3.2.7 Responses to high-fat diet are consistent between the sexes in Ckmt1 WT 
and KO mice 

Given the protection females are afforded against HFD-induced obesity [215], [216], we 

wanted to confirm that our findings could be translated across the sexes by repeating 

metabolic experimental protocols in male mice. Aligning with our data in female mice, 

regardless of genotype 8 weeks of HFD-feeding markedly impaired glucose tolerance 

(Fig. 3.7A) (~70%, Fig. 3.7B), reduced VO2 (Fig. 3.7C) and VCO2 (Fig. 3.7D), increased 

lipid oxidation (Fig. 3.7F) and reduced carbohydrate oxidation (Fig. 3.7E) and overall 

RER (main effect HFD: Fig. 3.7G). Moreover, regardless of genotype, HFD also 

reduced EE (Fig. 3.7H), despite these animals being more active throughout the light 

cycle (main effect HFD: Fig. 3.7I). Combined, these data demonstrate that the metabolic 

indistinguishability between WT and KO mice is not a result of sex and reinforce the 

notion that the ablation of Ckmt1 does not appear to be metabolically detrimental. 
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3.2.8 CKMT1 does not influence adipocyte hypertrophy or mitochondrial 
respiration in response to high-fat diet-feeding 

We next examined AT morphology and mitochondrial function to determine the 

biological importance of CKMT1 at the tissue level in the context of an obesity-related 

phenotype. There was a main effect of HFD to increase the CSA of adipocytes in iWAT 

by ~50% (Fig. 3.8, A and B), illustrated by a reduction in cells with a CSA of 1001-2000 

μm2 and a corresponding increase in cells >3000 μm2 (Fig. 3.8C). Consistent with iWAT, 

 
Figure 3.7: Whole-body responses to high-fat diet in male Ckmt1 WT and KO 
mice. 
Glucose tolerance test (A), area under the curve (B), VO2 (C), VCO2 (D), 
carbohydrate oxidation (E), lipid oxidation (F), RER (G), energy expenditure (H) and 
activity (I) in male Ckmt1 WT and KO mice after 8 weeks of LFD or HFD-feeding. 
AUC, area under the curve; VO2, rate of oxygen consumption; VCO2, rate of carbon 
dioxide production; RER, respiratory exchange ratio. Data expressed as mean ± 
SEM. 
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HFD had a main effect of increasing adipocyte CSA in gWAT (Fig. 3.8, A and D), 

however there were no differences in frequency distribution of cell size within this depot 

(Fig. 3.8E). Importantly, ablating Ckmt1 did not alter these morphological adaptations to 

HFD. Additionally, the submaximal ADP, maximal complex I/II-supported respiration 

(Fig. 3.8, F and I) and apparent Km for ADP (Fig. 3.8, H and K) in iWAT and gWAT while 

reduced in HFD-fed animals, were not affected by ablating Ckmt1 (main effect). 

Notably, similar to our original experiments (Fig. 3.5), Cr did not drive mitochondrial 

respiration in the presence of submaximal ADP in either group or depot (Fig. 3.8, G and 

J). Overall, CKMT1 does not appear to influence changes in HFD-induced adipocyte 

hypertrophy or mitochondrial respiration. 
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3.2.9 At thermoneutrality, CKMT1 does not influence high-fat diet-induced 
glucose intolerance, insulin resistance or iWAT and gWAT respiration 

While housing mice at ambient temperatures below their thermoneutral zone is 

widely common practice, it has been shown to mask the obesogenic effects of HFD in 

UCP1 KO mice [217]. We therefore reasoned that in a similar manner, housing 

temperature may be contributing to metabolic uniformity observed between Ckmt1 WT 

and KO animals housed at room temperature. We therefore ran additional HFD 

experiments in animals housed at 30°C. However, housing temperature did not affect 

the biological response to HFD, as at thermoneutrality, regardless of genotype HFD-fed 

animals became glucose intolerant (Fig. 3.9, A and B) and insulin resistant (Fig. 3.9, C 

and D). Additionally, in permeabilized iWAT and gWAT, HFD consumption reduced 

mitochondrial respiration (Fig. 3.9, E and H) and the apparent Km of ADP (Fig. 3.9 G and 

J) similarly in Ckmt1 WT and KO animals (main effect for all). Moreover, in the presence 

of submaximal ADP, stimulation of respiration could not be detected with the addition of 

creatine in either genotype (Fig. 3.9, F and I). Overall, in spite of housing animals at 

Figure 3.8: High-fat diet-induced adipocyte hypertrophy and reductions in 
mitochondrial respiration are consistent between Ckmt1 KO and WT mice in 
iWAT and gWAT depots. 
Representative images of iWAT (left) and gWAT (right) stained with hematoxylin-and-
eosin (H&E) imaged at x40 magnification (A), cross-sectional adipocyte area (B and 
D) and frequency distribution of adipocytes by cross-sectional area (C and E) from 
female Ckmt1 WT and KO animals fed LFD or HFD for 8 weeks. Additionally, 
submaximal ADP and maximal complex I/II-supported respiration in iWAT (top, F) 
and gWAT (bottom, I), difference in submaximal ADP-supported respiration (G and J) 
and ADP respiratory kinetics with the calculated apparent Km (H and K) in the 
presence and absence of creatine. PM, pyruvate + malate; PMD, PM + ADP; PMDG, 
PM + glutamate; PMDGS, PMDG + succinate. Scale bars are 43 μm. Data 
expressed as mean ± SEM. 
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thermoneutrality, the ablation of Ckmt1 does not appear to be detrimental to the 

progression of diet-induced obesity.  

 
Figure 3.9: At thermoneutrality, Ckmt1 KO animals display similar glucose 
tolerance, insulin sensitivity and mitochondrial function on HFD compared to 
WT animals.  

Figure 9: Thermoneutral
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GTT (A), glucose AUC (B), ITT (C) insulin AUC (D), submaximal ADP and maximal 
complex I/II-supported respiration in iWAT (top, E) and gWAT (bottom, H), difference 
in submaximal ADP-supported respiration (G and I) and ADP respiratory kinetics with 
the calculated apparent Km (G and J) in the presence and absence of creatine in 
female Ckmt1 WT and KO mice after 5 weeks of LFD or HFD-feeding. PM, pyruvate 
+ malate; PMD, PM + ADP; PMDG, PM + glutamate; PMDGS, PMDG + succinate. 
Data expressed as mean ± SEM. 
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CHAPTER 4 - Discussion 
Creatine-dependent thermogenesis has newly been described as an effector of 

NST within mitochondria of adipose tissues, however the enzymes which mediate this 

futile cycling remain unclear. Specifically, what is unknown is which of four potential 

isoforms of creatine kinase enzymes perform the critical role of ATP hydrolysis within 

the FCC. The primary goal of this thesis was therefore to establish the necessity of 

CKMT1 as a candidate enzyme involved in the mechanism of the FCC in the 

mitochondria and determine the biological importance of mitochondrial creatine 

metabolism in adipose tissue. Herein, we provide evidence that 1) in WT animals 

creatine does not drive mitochondrial respiration in isolated mitochondria or 

permeabilized beige adipose preparations, 2) genetic ablation of Ckmt1 does not alter 

adrenergic-induced NST or beige adipose tissue respiration and 3) genetic ablation of 

Ckmt1 does not influence the biological responses to a HFD. Overall, these data 

provide evidence that creatine-mediated substrate cycling may not be a primary 

determinant of adipose tissue respiration, and therefore in contrast to my hypothesis, 

ablating Ckmt1 did not affect energy expenditure. 

 My respiratory experiments in isolated mitochondria were unable to detect a 

change in P/O ratio or an increase in respiration rate in the presence of creatine. While 

this is contrast to recent experiments showing a creatine-mediated increased in O2 

consumption in isolated beige adipose tissue mitochondria, historical data has not been 

able to stimulate respiration in isolated mitochondria within tissues known to be 

responsive to creatine-cycling. For instance, creatine cannot stimulate respiration in 
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isolated mitochondria from either cardiac or skeletal muscle, despite the ability of 

creatine to stimulate respiration in permeabilized fiber preparations within these tissues 

[218], [219] and the detection of CKMT1 protein in isolated mitochondria in our study. It 

is therefore not clear why creatine could stimulate respiration within WAT, and instead 

the majority of data, including the present findings, suggest isolated mitochondria are 

not an appropriate model to investigate creatine-mediated oxygen consumption. Given 

that permeabilized tissue is known to respond to creatine, and considering the 

limitations of isolated mitochondria preparations, including time, tendency to uncouple, 

and removal of in vivo cellular architecture, we progressed to permeabilized adipose 

tissue in an effort to validate the creatine-stimulatory effects. Although, even within this 

preparation, and unlike skeletal and cardiac muscle, creatine did not enhance 

respiration, and surprisingly had a main effect of reducing respiration within iWAT.  

We propose several possibilities to rationalize why we could not recapitulate this 

finding. First, it is possible that the modality of stimulation used to develop beige 

adipose tissue is a contributing factor. In contrast to the original report which utilized 

cold exposure [15], we alternatively opted to use the pharmacological β3-AR agonist CL 

316, 243, as it is thought that browning of WAT through cold-exposure is mediated 

primarily by β3-ARs [130], [131]. Despite an inability to drive respiration with creatine, 

CL was effective at eliciting canonical characteristics of browning including 

multilocularity of lipid droplets, a marked increase in UCP1 (within iWAT) and markers 

of mitochondrial biogenesis and function within both WAT depots. It is therefore 

possible that other pathways specific to cold exposure may be critical in mediating 
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creatine-dependent NST, beyond the β3-AR. This is substantiated by recent findings 

that cold and β3-ARs activate distinct populations of beige adipocytes within WAT [220], 

[221]. However, creatine stimulated respiration after 10 days of CL (1 mg-1kg-1) 

administration in isolated mitochondria in a more recent report [213], suggesting that 

further stimulation (higher dosage and/or longer duration) beyond what is required to 

classify canonical beige adipose tissue, may be required to mediate adaptive changes 

for creatine-driven NST. Furthermore, young animals (5-7 weeks of age) were utilized 

previously, in contrast to ~15 weeks of age in our study, and since adipose tissue 

browning regresses with ageing [222], this may have contributed to the inability to 

detect an effect of creatine. Combined, these data suggest that creatine-driven NST in 

beige adipose tissue may require highly robust stimulation, beyond what is 

conventionally required to classify beige adipocytes, in order to mediate a marginal 

difference in respiration. This raises questions about the translatability of the FCC to 

humans, if especially dosage (of activator), duration and age are limiting factors. 

Additionally, these previous reports do not adhere to traditional convention for 

isolated mitochondria. Specifically, respiration is expressed as total oxygen 

consumption rather than a rate, and P/O ratios which would indicate ‘recycling’, are not 

reported. Therefore, whether true ‘recycling’ occurred is unclear. Furthermore, there are 

inconsistencies between papers on creatine cycling. For instance, Kazak et al. (2015) 

report that only iWAT mitochondria responded with an increase in respiration to 

creatine, and not gWAT or BAT, whereas subsequent papers demonstrate that these 
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tissues do respond [195], [213]. These discrepancies raise questions about the 

reproducibility of this finding. 

Pharmacological adrenergic stimulation with CL is employed to acutely induce 

NST, and this technique has implicated creatine (via β-GPA), and several proteins (e.g. 

GATM, CrT, CKB and TNAP) as contributors to EE [15], [16], [181], [182], [195]. 

Importantly, our experiments demonstrate that while EE and heat production are 

significantly elevated after CL injection, this response is unaffected by Ckmt1 ablation. 

This finding provides evidence that CKMT1 is not required to elicit acute adrenergic-

induced NST, and therefore does not appear to be a key player in the FCC. It is 

important to acknowledge that given Ckmt1 expression is up-regulated in response to 

chronic cold-exposure [15], it is possible that an adaptation is required as a prerequisite 

to detect a potentially subtle difference between genotypes. While we did not directly 

explore this concept at the whole-body level, the ablation of Ckmt1 did not alter iWAT or 

gWAT respiration after chronic CL administration, suggesting that even after adrenergic-

induced adaptation, CKMT1 is not an important determinant of energy expenditure in 

beige adipose tissue. Nonetheless, we provide evidence that CKMT1 is not a mediator 

of NST under basal conditions, or within iWAT or gWAT following prolonged 

pharmacological adrenergic activation. 

A compensatory relationship has been suggested between UCP1-mediated and 

creatine-dependent NST. Interestingly, in our study we found that while UCP1 protein 

content was markedly enhanced in response to pharmacological adrenergic stimulation 

within iWAT, ablation of Ckmt1 had no impact on UCP1 content in this depot. 
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Furthermore, CKB, which has recently been suggested to be an central mediator of the 

FCC in BAT [195], was not upregulated by CL administration in iWAT or gWAT. The 

importance of this finding is two-fold: first, CKB can be ruled out as compensating for 

the loss of CKMT1 within iWAT and secondly, since CKB is not pharmacologically 

inducible in beige adipocytes, its importance in thermogenic adipose tissue appears to 

be limited to BAT. Previous literature investigating the compensatory relationship 

between CKMT1 and UCP1 specifically has been limited to gene expression. Silencing 

of Ckmt1 resulted in a compensatory increase of Ucp1 expression in human brown 

adipocytes, and Ckmt1 gene expression was elevated to a greater degree in iWAT of 

cold-exposed Ucp1 KO mice compared to WT animals [15]. In combination with these 

findings from the literature, our data suggest that the compensatory changes in gene 

expression between Ucp1 and Ckmt1 are not reflected in protein content in response to 

pharmacological adrenergic activation. It is possible however, that this relationship is 

specific to cold stimulus and is therefore mediated by a pathway independent of β3-ARs 

and this concept should be explored in future studies. 

It was initially hypothesized that CKMT1 was an important player in the FCC, and 

therefore Ckmt1 KO animals would demonstrate a heightened state of obesity in 

response to a HFD. Our data demonstrate that body weight, EE, glucose tolerance and 

insulin resistance were unaltered by the ablation of Ckmt1 in HFD-fed animals, and 

neither sex nor housing temperature altered these responses. Furthermore, adipocyte 

hypertrophy and both basal and maximal respiration in iWAT and gWAT followed 

anticipated changes in response to the cellular stress of a HFD, however these indices 
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were unaffected by genotype. These findings are in contrast to other KO models (e.g. 

UCP1, TNAP, CrT and CKB) which exhibit pathological changes of metabolic 

parameters associated with obesity and insulin resistance [16], [181], [195], [217]. 

Taken together, as we could not detect any alterations in key metabolic parameters 

associated with HFD-feeding in Ckmt1 KO animals in a variety of contexts, we provide 

concrete evidence that this isoform of creatine kinase is not a primary contributor to 

creatine-driven NST as it pertains to obesity.  

 

4.1 Limitations 

 A limitation of the current study is the lack of specificity afforded by the CKMT1 

and CKB primary antibodies, which inhibited our ability to accurately assess changes in 

CKMT1 content. Our genetic Ckmt1 KO is confirmed by genotyping and western blotting 

in skeletal muscle; however, a faint non-specific band is observed in WAT and brain of 

KO animals just beneath 47 kDa. The presence of this non-specific band is not 

surprising considering that 1) the vast majority of proteins within cells are found at ~40 

kDa [223], 2) there is close homology between creatine kinase isoforms and 3) CKB, 

which is known to be expressed in the brain and adipose tissue, is found at ~43 kDa. 

Importantly, this limitation is not shared by proteomic methodologies, which has 

demonstrated that human adipose tissue expresses both CKMT1 and CKB [193], [224], 

[225]. 
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While our permeabilized adipose tissue preparation maintains in vivo cellular 

structure, it should be acknowledged that adipose tissue consists of multiple cell types 

within the SVF which may contribute to the measurements of mitochondrial respiration. 

Furthermore, in contrast to isolated mitochondria, a caveat of a permeabilized 

preparation is that endogenous substrates may persist within the tissue and therefore it 

is conceivable that endogenous creatine concentrations already saturate the respiratory 

system. This possible ex vivo limitation of endogenous creatine does not however 

discount the in vivo observations that ablating Ckmt1 does not influence whole-body 

responses to diverse metabolic stressors. In addition, within WAT the ‘result’ of 

creatine-meditated futile cycling is the production of ADP, however [ADP] are estimated 

to be ~100 fold greater than total creatine (510 mM [226] vs 4 μM [214]: 10% cellular 

weight is H2O) challenging the biological importance of PCr/Cr cycling within this tissue. 

This is in stark contrast to skeletal muscle which exhibits a reverse proportion of ~9.5 

μM ADP and ~31 mM of creatine [227]. Furthermore, unlike skeletal muscle the 

[ATP/ADP] in WAT is nearly 1 [226], [227], suggesting that ADP is not limiting 

biologically within this tissue. Together, these data advocate for the minimal biological 

capacity for creatine to stimulate respiration within adipose tissue, in alignment with our 

findings. 

4.2 Future Directions 

While we studied the biological importance of CKMT1 in the context of chronic 

obesity within multiple conditions, one concept which remains unexplored is whether 

acute diet-induced thermogenesis itself is altered in Ckmt1 KO mice. Therefore, to 
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characterize the role of CKMT1 at the onset of obesity, a future experiment may seek 

examine whether the increases in EE at the onset of HFD-feeding (e.g. days 0-5) are 

altered with the ablation of Ckmt1.  

Furthermore, our study focused on CKMT1 in response to pharmacological 

adrenergic activation. Although, as mentioned previously, it is of particular interest to 

study the role of CKMT1 in the context of cold challenges, in order to rule out the 

potential involvement of other non-β3-AR pathways in creatine-dependent 

thermogenesis. Specifically, future studies should seek to examine the thermoregulatory 

capacity of Ckmt1 KO mice during acute-cold challenges and whether EE and UCP1 

protein content are altered in these animals after chronic adaptation to cold.  

Our findings largely contradict current literature supporting the presence of a 

creatine-driven substrate cycling in the mitochondria of thermogenic adipose tissue. It is 

our contention that the reduction of cellular creatine within adipocytes may influence 

mitochondria in a manner unrelated to creatine cycling. Creatine has been shown to act 

as compatible osmolyte to protect against hypertonic stress and creatine transporter 

expression is up-regulated under these conditions [228]. Similarly, creatine 

monohydrate supplementation increases expression of a multitude of genes involved in 

osmoregulation [229]. Since isolated mitochondria are highly sensitive to changes in 

osmotic pressure [230]–[232], and compatible osmolytes have been shown to impact 

function of the mitochondria [233], the alterations in respiration may be secondary to 

this fluctuation in osmotic pressure within adipocytes. Therefore, it is possible that the 

differences in function observed in models used in the literature to study the importance 
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creatine (e.g. CrT and GATM KO models, and the creatine analog β-GPA) are artificially 

induced by osmolarity, under the guise of changes in the FCC. While speculative in 

nature, the concept of osmolarity should be explored in future studies, to rule out this 

potential confounding variable which may be influencing findings in the literature. 

 

4.3 Conclusions 

The current thesis contributes to the field of knowledge on creatine-dependent 

NST. Despite our supposition that CKMT1 would be principally involved as a creatine 

kinase in the FCC, our data suggests that CKMT1 is not a primary contributor of this 

molecular pathway in beige adipose tissue, at least in the context of pharmacological 

β3-AR stimulation and obesity. This is the first study to our knowledge that investigated 

mitochondrial respiration ex vivo in adipose tissue of Ckmt1 KO animals. Importantly, in 

these experiments we could not confirm the direct stimulatory nature of mitochondrial 

respiration by creatine, which is supported by a recent study in humans whereby the 

combination of creatine-monohydrate supplementation and cold exposure had no effect 

on EE or detectable changes in activation of BAT [185]. Despite preliminarily promising 

work on this novel effector of NST, these data challenge the applicability of this 

mechanism beyond in vitro and rodent models. Nevertheless, with the ultimate goal of 

treating obesity and related diseases in humans, future work in this area should seek to 

reconcile the underlying reason for the conflicting evidence and continue to clarify the 

proteins involved in the FCC.  
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APPENDICES 

Appendix A: Mitochondrial Respiration Experiments 
Protocol 1: Isolated Red Gastrocnemius Mitochondria 
Substrate [Stock] Volume (μL) [Final] 
Pyruvate 2 M 5 5 mM 
Malate 0.8 M 5 2 mM 
ADP 50 mM 4 100 μM 

50 mM 4 200 μM 
50 mM 4 300 μM 

ADP 500 mM 20 5300 μM 
Glutamate 2 M 10 10 mM 
Succinate 1 M 20 10 mM 

 
 
Protocol 2: Isolated White Adipose Tissue Mitochondria (+/- Cr) 
Substrate [Stock] Volume (μL) [Final] 
Pyruvate 2 M 5 5 mM 
Malate 0.8 M 5 2 mM 

*Creatine 10 mM 10 0.05 mM 
ADP 50 mM 2 50 μM 

50 mM 2 100 μM 
ADP 500 mM 20 5100 μM 

Glutamate 2 M 10 10 mM 
Succinate 1 M 20 10 mM 

*1 chamber run with the addition of Creatine, and 1 chamber run without 
 
 
Protocol 3: ADP Titration (+/- Cr) in Permeabilized Muscle Fibers (PMFs)  

Substrate [Stock] Volume (μL) [Final] 
Blebbistatin 2 mM 5 5 μM 
*Creatine 

 
 

2 M 20 20 mM 
Pyruvate 2 M 5 5 mM 
Malate 0.8 M 5 2 mM 
ADP 

 
50 mM 1 25 μM 
50 mM 3 100 μM 
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50 mM 3 175 μM 
50 mM 3 250 μM 
50 mM 10 500 μM 

ADP 
 

500 mM 2 1000 μM 
500 mM 4 2000 μM 
500 mM 8 4000 μM 
500 mM 8 6000 μM 
500 mM 8 8000 μM 
500 mM 8 10000 μM 

Glutamate 2 M 10 10 mM 
Succinate 1 M 20 10 mM 

Cyto C 4 mM 5 10 μM 
*2 chambers run with the addition of Creatine, and 2 chambers run without 
 
 
Protocol 4: Cr Titration in iWAT and gWAT  
Substrate [Stock] Volume 

(μL) 
[Final] 

Saponin 10 mg·mL-1 10 50 μg·mL-1 

Pyruvate 2 M 5 5 mM 
Malate 0.8 M 5 2 mM 
ADP 50 mM 4 10 μM 

Creatine 
 

10 mM 2 0.01 mM 
10 mM 8 0.05 mM 
10 mM 10 0.1 mM 
10 mM 20 0.2 mM 

Glutamate 2 M 10 10 mM 
Succinate 1 M 20 10 mM 

Cyto C 4 mM 5 10 μM 
 
 
Protocol 5: Submaximal and Maximal Respiration (+/-Cr) in iWAT and gWAT 
Substrate [Stock] Volume (μL) [Final] 
Saponin 10 mg·mL-1 10 50 μg·mL-1 

Pyruvate 2 M 5 5 mM 
Malate 0.8 M 5 2 mM 

*Creatine 10 mM 2 0.01 mM 
 50 mM 4 100 μM 
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ADP 50 mM 8 300 μM 
50 mM 20 800 μM 
50 mM 20 1300 μM 

Glutamate 2 M 10 10 mM 
Succinate 1 M 20 10 mM 

Cyto C 4 mM 5 10 μM 
*2 chambers run with the addition of Creatine, and 2 chambers run without 
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Appendix B: Supplementary Figure 

 

Supplementary Figure 1: Ckmt1 KO mice exhibit comparable morphological 
changes in interscapular brown adipose tissue after 4 days of CL 316, 243 
administration. Representative images of BAT stained with hematoxylin-and-eosin 
(H&E) from SAL and CL-treated mice imaged at x40 magnification from male Ckmt1 WT 
and KO animals. Scale bars are 43 μm.  
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