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ABSTRACT 
 
Adaptive thermogenesis is a cellular process that accelerates energy expenditure while 

increasing heat production in response to prolonged cold exposure or caloric excess. The 

prevalence of obesity along with its comorbidities is continually rising. Obesity is a result 

of energy intake superseding energy expenditure, however, a balance between energy 

intake versus energy expenditure is key in weight maintenance. Therefore, enhancing 

adaptive thermogenesis may be relevant in combatting diet-induced obesity. Skeletal 

muscle via sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) uncoupling and 

brown/beige adipose via mitochondrial uncoupling are the two sites for adaptive 

thermogenesis in mammals. Recent evidence has shown that glycogen synthase kinase 3 

(GSK3) negatively regulates adipose-based thermogenesis by repressing uncoupling 

protein-1 expression in brown adipocytes. However, to our knowledge, no studies have 

examined whether GSK3 also negatively regulates muscle-based thermogenesis via 

SERCA uncoupling. The SERCA pump catalyzes the active transport of 2 Ca2+ ions into 

the sarcoplasmic reticulum per 1 ATP hydrolyzed under optimal conditions. Sarcolipin 

(SLN), an uncoupler of SERCA makes Ca2+ transport less efficient by reducing SERCA 

coupling ratio. The objective of this thesis was to determine whether GSK3 inhibition with 

low dose lithium (Li) supplementation can increase SLN expression and promote SERCA 

uncoupling in both C2C12 cells and in murine soleus muscle. Our results show that in 

C2C12 cells, 0.5mM LiCl promotes GSK3 inhibition and SERCA uncoupling via an 

increase in ryanodine receptor (RYR) but not SLN. In contrast, soleus muscles from chow-

fed and lithium supplemented mice did not result in any notable changes in SERCA 

coupling ratio or the content of SERCA associated proteins. We next determined whether 
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this would differ under an added stress of a high-fat diet. Our results show that soleus 

homogenates of HFD+Li supplemented mice have significant reductions in SERCA 

coupling ratio compared with HFD alone, which was presumably due to an increase in 

SERCA uncoupling proteins SLN and NNAT. Altogether these data suggest the potential 

role of GSK3 inhibition via low dose lithium supplementation in activating muscle-based 

thermogenesis, particularly under the stress of a HFD.  
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1.0 LITERATURE REVIEW   

1.1 Obesity 
Obesity and overweightness have become a growing health concern across the globe. 

Since 1980 the global prevalence of obesity has doubled [1] and as of 2015 

approximately one third of the global population has been reported as overweight or 

obese [2]. Obesity, commonly defined as a body mass index of  >30kg/m2,[3] is a 

complex, multifactorial disease and individuals with obesity have an increased risk of 

developing comorbidities including type 2 diabetes mellitus, cardiovascular disease, 

hypertension, musculoskeletal disorders, cognitive impairment, certain types of cancer, 

and poor mental health [4]. Obesity together with its comorbidities increases mortality 

and negatively affects quality of life of individuals [5]. Due to the impact of obesity on 

mortality and the negative effects on several bodily systems, obesity poses a threat to 

public health and the economic costs of healthcare.  The estimated economic burden of 

obesity is thought to be greater than $7 billion CAD annually taking into account both 

direct (for example, hospital care, pharmaceuticals, and physician care) and indirect 

(premature death and disability) costs in the health care system [6, 7]. With the steadily 

increasing rates of obesity, it is expected that the economic burden of obesity will 

continue to rise. While proper nutrition and regular exercise can certainly offset/prevent 

obesity [8], often times, maintaining adequate physical activity levels and proper nutrition 

for individuals can be a challenge. According to a recent report from Stats Canada, only 2 

of every 10 Canadian adults meet the recommended physical activity guidelines of 150 

min per week in bouts of 10 minutes or more [9]. Thus, in an attempt to combat the rising 

obesity epidemic, it is critical to identify potential therapeutics that target cellular 

pathways which may aid in mitigating the development of obesity and its comorbidities.   
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1.2 Thermogenesis 

1.2.1Adaptive thermogenesis and obesity  

Obesity and increased adiposity results from a chronic imbalance between total 

caloric intake and total energy expenditure, where caloric intake far exceeds total expended 

energy [10, 11]. Cellular mechanisms that enhance total energy expenditure could be 

advantageous for targeting the energy imbalance seen in obesity.  Adaptive thermogenesis 

is the cellular process in which during prolonged cold exposure or caloric excess, energy 

expenditure and heat production is increased resulting in a greater combustion of metabolic 

substrates [12]. Promoting increased energy expenditure through adaptive thermogenic 

mechanisms may be a beneficial strategy for obesity. In mammals, there are two primary 

locations for adaptive thermogenesis that pose as potential targets for combatting obesity 

including: 1) brown/beige adipose tissue and 2) skeletal muscle [12].  

1.2.2 Adipose based thermogenesis 

There are two main types of adipose tissue, white adipose tissue (WAT) and brown 

adipose tissue (BAT). However, a third intermediate type of adipose, beige adipose, 

represents a culmination of converted white adipocytes with brown-like morphology.  

Activation of dormant beige adipocytes found within white adipose tissue through cold 

exposure generates beige adipocytes that resemble a brown phenotype [13].  These beige 

adipocytes have also been recently suggested to arise from their own lineage[14, 15], thus 

mechanisms to enhance browning or the production of beige adipose is of interest. Adipose 

based thermogenesis occurs solely in brown and beige adipose tissue and is stimulated by 

cold exposure or caloric excess [16]. Brown and beige adipocytes are characterized by high 

uncoupling protein-1 (UCP-1) content as well as an abundance of mitochondria [17]. BAT 
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and beige thermogenesis occurs primarily via UCP-1, which promotes proton leak through 

the inner mitochondrial membrane thereby uncoupling respiration from ATP production 

[16].  This proton leak results in greater heat dissipation and fatty acid oxidation in order 

to maintain the proton chemical gradient and mitochondrial membrane potential [16, 18]. 

Other known mechanisms of adipose based thermogenesis independent of UCP-1 include 

creatine and calcium futile cycling allowing for excess energy expenditure [19, 20]. 

Together, the thermogenic capability of brown and beige adipose tissue makes them 

attractive targets for increasing energy expenditure and combatting obesity. However, it is 

well-known that humans possess relatively little amounts of BAT compared with WAT, 

and thus, promoting the beige phenotype is of particular interest.  

1.2.3 Muscle thermogenesis 

Skeletal muscle comprises ~40-50% of the mammalian body and largely 

contributes to energy expenditure during physical activity and at rest [21]. Throughout the 

contraction and relaxation cycles that enable locomotion, there are 3 main ATP consumers: 

1) myosin ATPase; 2) the sarco(endo)plasmic Ca2+-ATPase (SERCA) pump; and 3) the 

Na+/K+-ATPase. The increased energy consumption of these ATP consumers makes 

muscle contraction and relaxation an energetically costly process. Furthermore, skeletal 

muscle also contributes to 20-30% of resting metabolism [21, 22] – the energy consumed 

in a basal state. At least half of this is accounted for by futile Ca2+ cycling via the SERCA 

pump [23, 24] (described below). Altogether, the energetic nature of skeletal muscle (and 

the SERCA pump) makes it a viable therapeutic target when combatting obesity.  
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1.3 ECC in skeletal muscle 

Excitation contraction coupling (ECC) in skeletal muscle is the physiological 

sequence of events from the generation of an action potential to sarcomere shortening and 

muscle contraction [25].  This sequence of events is mediated by interactions between 

mechanisms initiating voltage change resulting in changes in myoplasmic Ca2+ levels [26]. 

The ECC is a fast signal transduction event coupled with the depolarization of the 

sarcolemma and release of Ca2+ from the sarcoplasmic reticulum (SR) [26].  The ECC 

begins with the initiation of an action potential from the motoneuron generating a chemical 

to electrical impulse initiating membrane depolarization. This depolarization causes the 

resting membrane potential to shift to a more positive value through the release of sodium 

ions (Na+) through the Na+/K+ channels. The action potential will propagate longitudinally 

along the muscle fiber sarcolemma and transversely along the T-tubule system. The T-

tubules conduct action potential stimuli to the dyhidropyridine receptors (DHPR) located 

within the t-tubular membrane [27]. The DHPR is in close juxtaposition with the ryanodine 

receptors located in the terminal cisternae of the sarcoplasmic reticulum [28]. The action 

potential depolarization activates the DHPR initiating a conformational change that results 

in opening of the RYR channels in a coordinated manner. This opening of the RYR 

channels allows for an outflow of Ca2+ from the SR storage site into the myoplasm [29]. 

Further, proteins including calsequestrin, triadin and junction, located within the SR, 

facilitate the release of Ca2+ into the myoplasm through buffering systems to maintain Ca2+ 

levels within the SR during release [30]. The increase in Ca2+ within the myoplasm 

following release from the SR initiates muscle contraction at the level of the myofilaments 

through ATP hydrolysis at the myosin head [31-33]. To allow for muscle relaxation, the 
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myoplasmic Ca2+ levels must be decreased in order to reduce the number of forming cross 

bridges. The SERCA pumps are responsible for the re-uptake of Ca2+ ions into the SR 

following muscle contraction [34]. The active re-uptake of Ca2+ ions by SERCA allows for 

muscle relaxation and is critical for consecutive ECC cycles to occur [35].  Following 

muscle relaxation, membrane potential is restored through Na+ and K+ ion trafficking 

through the Na+/K+ pump.  Altogether, ECC and muscle relaxation consumes a 

considerable amount of energy. ATP consumption during the ECC is mainly attributed to 

the Na+/K+ pump, myosin motor, and the SERCA pump.  Although it was previously 

thought that myosin ATP use was the predominant source of ATPase activity in muscle, it 

has been identified that SERCA ATPase activity also contributes a large proportion of 

energy expenditure in skeletal muscle [36].  

1.4 SERCA  

The SERCA pumps are P-type ATPases that allow for ATP dependent transport of 

Ca2+  ions across the SR membrane against their concentration gradient [34]. The amount 

of Ca2+ in the SR (1 mM) is approximately 10000x more than resting myoplasmic Ca2+ 

(100 nM) [37]. Structurally, the SERCA pumps are ~100 kDa integral SR membrane 

proteins containing a cytoplasmic domain (phosphorylation, nucleotide binding and 

actuator) and a transmembrane domain of 10 helical segments containing two Ca2+ binding 

sites  [38-40]. SERCA is encoded by three genes, SERCA1, SERCA2, and SERCA3 which 

generates 11 isoforms through alternative splicing [41-44]. In the striated muscle tissue, 

SERCA1a and SERCA2a are the main isoforms present [34]. SERCA1a is the predominant 

isoform expressed in fast twitch muscle fibres whereas in slow twitch fibres and cardiac 
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muscle fibres SERCA2a is the main isoform [45, 46]. However, both SERCA1a and 

SERCA2a can be found in fast twitch and slow twitch skeletal muscle fibres.  

1.4.1 Catalytic cycle and coupling ratio 

To allow for the transport of Ca2+ into the SR the SERCA pump undergoes a 

sequence of conformational changes and transitions states. SERCA exists momentarily in 

either the E1 or E2 confirmation. The E1 and E2 conformations of SERCA have different 

affinities for Ca2+. The E1 conformation exhibits high Ca2+ affinity and the E2 state has 

low affinity [23, 37, 47]. During the E1 state the Ca2+ binding sites face the cytosol to 

permit Ca2+ binding and to initiate uptake into the SR lumen [37, 48]. Following muscle 

contraction, cytosolic Ca2+ levels are high resulting in cooperative Ca2+ binding to SERCA. 

Ca2+ binding initiates autophosphorylation of SERCA by ATP resulting in the formation 

of a high energy E1P intermediate state [37, 48]. During the transition from the high energy 

E1P state to the low energy E2P state, Ca2+ is released into the SR lumen [37, 39]. 

Following the release of Ca2+, SERCA transitions back to the E1 state through the exchange 

of Pi with H2O completing the catalytic cycle [37]. Based on the binding capacity of 2 Ca2+ 

and 1 ATP, the optimal transport efficiency or maximal coupling ratio of SERCA is 2 Ca2+ 

ions for every 1 ATP hydrolyzed although under physiological conditions this is not the 

case. Numerous deviations in the catalytic cycle between intermediate states can cause the 

SERCA pumps to be less efficient where the optimal ratio of 2:1 is reduced.  High luminal 

SR Ca2+ levels lead to Ca2+ binding to SERCA in its E2 state which then results in passive 

leak of Ca2+ ions back into the cytosol during the transition back into the E1 state [49] 

(Figure 1). Furthermore, high luminal Ca2+ results in maintaining the E1P-Ca2+ state and 

release of Pi prior to Ca2+ translocation into the SR (Figure 1). This results in uncoupled 
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ATPase activity. Slippage of the SERCA pump occurs when SERCA in the E1P-Ca2+ state, 

after ATP has already been hydrolyzed, releases Ca2+ ions into the cytoplasm rather than 

into the SR lumen side (Figure 1). Together these alterations to SERCA’s catalytic cycle 

will result in greater ATP consumption in order to maintain proper calcium homeostasis 

therefore increasing energy expenditure and altering metabolic rate.  

 

Figure 1.1: Graphic of SERCA catalytic cycle and uncoupling conditions. Under 
optimal conditions SERCA transports 2 calcium into the SR per 1 ATP hydrolyzed (Black). 
High luminal SR Ca2+ levels lead to passive leak of Ca2+ ions back into the cytosol during 
the transition back into the E1 state (Red). Slippage of the SERCA pump occurs when 
SERCA in the E1P-Ca2+ state (after ATP has already been hydrolyzed) releases Ca2+ ions 
into the cytoplasm rather than into the SR lumen side. (Blue). High luminal Ca2+ increases 
E1P-Ca2+ state, leading to cleavage of Pi prior to Ca2+ transport, known as uncoupled 
ATPase activity (Green) 
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1.4.2 Role in Metabolism  

Due to the ATP dependent role of SERCA in muscle relaxation and maintaining 

resting levels of intracellular Ca2+, SERCA is thought to contribute significantly to muscle 

resting metabolic rate and overall metabolism.  One experimental and indirect approach to 

determining the contribution of SERCA to metabolic rate is through RYR inhibition. The 

RYR channels are a significant source of Ca2+ release and leak from the SR even in the 

rested state. Therefore, RYR channel blockers such as Mg2+ inhibits Ca2+ release from the 

SR into the cytosol dampening the requirement for SERCA-mediated Ca2+ uptake [50].  

Metabolic rate can be quantified through indirect calorimetry which measures oxygen 

consumption at the level of cellular energy expenditure [51]. By comparing the oxygen 

consumption from a sample with blocked RYR channels to a sample with unblocked RYR 

channels (ie. with and without MgCl2), the contribution of SERCA to skeletal muscle 

metabolic rate can be distinguished [50].  Using this technique, it has been determined that 

SERCA alone contributes to 40-50% of resting metabolic rate in skeletal muscle [50]. 

Skeletal muscle accounts for 40% of total body weight [22], and thus SERCA in skeletal 

muscle may be a significant contributor to overall energy expenditure in the body. In fact, 

it has been estimated that SERCA ATPase activity within skeletal muscle accounts for 15-

20% of total daily energy expenditure [50]. In disease states such as overweightness and 

obesity, the underlying cause is energy imbalance where caloric intake supersedes energy 

expenditure. Therefore, increasing SERCA energy expenditure may be an attractive 

strategy for mitigating obesity.  
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1.5 SERCA regulatory proteins  
 

The SERCA pumps in both the skeletal and cardiac muscle are primarily 

regulated through the actions of two proteins known as sarcolipin (SLN) and 

phospholamban (PLN) [52, 53]. PLN regulation of SERCA depends on its 

phosphorylation state, where when unphosphorylated at residues Ser16 and Thr17, PLN 

can physically bind to SERCA reducing its apparent affinity for Ca2+ [54]. Conversely, 

when PLN is phosphorylated by protein kinase A (Ser16) and Ca2+/calmodulin dependent 

kinase II (Thr17), it dissociates from SERCA thereby restoring the pumps affinity for 

Ca2+ [54]. Importantly, while PLN is capable of affecting SERCA’s affinity for Ca2+ 

binding, it is unable to uncouple Ca2+ transport from ATP hydrolysis like the regulator 

SLN.  As discussed below, SLN can uncouple the SERCA pump, but is also a well-

known regulator of SERCA, that may also reduce SERCA’s apparent affinity for Ca2+. 

Both PLN and SLN are expressed in cardiac and skeletal muscle and can regulate both 

SERCA1a and SERCA2a isoforms. With respect to muscle type expression, in rodent 

muscle both PLN and SLN appears to be highly expressed in muscles such as the soleus 

that are dominated by type I fibres that inherently have more SERCA2a ([55-57]R. 

Recently, our lab has recently uncovered another SERCA regulator in the murine soleus 

called neuronatin (NNAT). However, unlike SLN and PLN, NNAT can also be found in 

fast type muscles such as the extensor digitorum longus (EDL). Furthermore, and as 

described below, recent work from our lab shows that NNAT may also act to uncouple 

the SERCA pump.  
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1.6 Sarcolipin and SERCA coupling ratio 

Under optimal conditions, SERCA’s coupling ratio has a maximum value of 2 Ca2+ 

ions transported into the SR for every 1 ATP hydrolyzed [58]. In vivo, SERCA transport is 

much less efficient with a coupling ratio far below 2 [56, 59].  Several factors such as the 

presence of SLN and changes to SR membrane lipids can reduce SERCA Ca2+ transport 

efficiency, therefore increasing ATP consumption/energy expenditure. SLN is a small 31 

amino acid protein that has been shown to interact with SERCA in its E1 and E2 states 

both bound and unbound to Ca2+ [53, 60].  By interacting within SERCA’s transmembrane 

helices (M2, M4, M6 and M9), specifically near the Ca2+ binding sites [61], SLN reduces 

SERCA’s affinity for Ca2+ while also promoting uncoupling. That is, SLN causes Ca2+ 

slippage from the SERCA pump and back out to the cytoplasm while in its E1-Ca2+-P state 

[61]. In turn, the energy harnessed from ATP hydrolysis is simply released as heat rather 

than being used for pumping Ca2+ into the SR.  

Within the last decade, research has shown that SLN, with its ability to promote 

SERCA uncoupling, acts as a critical regulator of muscle based thermogenesis [56, 62, 

63]]. SLN knockout (KO) mice under acute cold exposure (4°C for 8 hours) are unable to 

maintain optimal core temperature [64]. Furthermore, SLN KO mice fed a high-fat diet 

(42% kcal from fat) experience more weight gain and are less glucose tolerant compared 

with their wild-type (WT) littermates [56, 64]. Conversely, mice that overexpress (OE) 

SLN are protected from high-fat diet induced obesity and glucose intolerance [65]. 

Moreover, pair-feeding with high fat diet experiments have also shown that SLN KO mice 

have increased weight gain when compared to SLN OE mice who experienced weight loss 

[65]. Together these studies reveal the importance of SLN in mediating muscle-based 
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thermogenesis, increasing energy expenditure, and reducing adiposity in the face of a high-

fat diet. As such SLN has become a “hot” topic in the fight against obesity. 

1.7 Calcineurin and SLN expression 
 

With its ability to combat diet-induced obesity, current research efforts are 

examining how SLN expression can be increased to promote SERCA uncoupling and 

muscle-based thermogenesis. One of the potential upstream regulators of SLN expression 

is calcineurin.  Calcineurin is a Ca2+ dependent protein phosphatase which maintains the 

slow oxidative phenotype of skeletal muscle [66-69]. Calcineurin acts by 

dephosphorylating the transcription factor nuclear factor of activated T-cells (NFAT) 

allowing NFAT entry into the nucleus to promote oxidative gene expression [70]. 

Calcineurin and NFAT nuclear entry increase the expression of proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1a), the master regulator of mitochondrial 

biogenesis, which allows for enhanced fatigue resistance and promotion of the slow 

oxidative phenotype [71]. Recently, it has been shown that calcineurin activation can 

potentially increase the expression of SLN through NFAT nuclear entry thereby activating 

muscle-based thermogenesis [68]. The connection between NFAT and SLN expression is 

possibly explained through MEF2. SLN has a highly conserved site within its promoter 

region for MEF2, a transcription factor known to be regulated by calcineurin activity [72]. 

Further supporting the role of calcineurin in SLN expression, a recent study identified that 

genetic deletion of regulator of calcineurin 1 (RCAN1), a known calcineurin inhibitor, 

resulted in enhanced calcineurin signaling along with increased PGC-1a and SLN 

expression in muscle. Moreover, RCAN1 KO mice had signs of adipose browning with 

elevated UCP-1 expression in WAT. As a result, RCAN1 KO mice were resistant to high-
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fat diet-induced weight gain and glucose intolerance [68]. Thus, although there is no 

substantial evidence to date, other findings within the literature suggest that activating 

calcineurin in mice enhances both muscle-based and adipose-based thermogenesis and can 

fight off diet-induced obesity and glucose intolerance. However, enhancing calcineurin 

signaling through transgenic approaches may not be applicable to the human population 

and alternative approaches should be investigated.  

1.8 Glycogen Synthase Kinase 3 (GSK3) 
 

GSK3 is a serine/threonine kinase which exists as two isoforms: GSK3α and 

GSK3β, the latter being the predominant isoform in skeletal muscle [73, 74]. GSK3 in 

skeletal muscle was primarily identified for its role in regulating glycogen synthase [75]. 

GSK3 inactivates glycogen synthase through phosphorylation of serine residues thus 

inhibiting the production of glycogen [76]. GSK3 is constantly active in cells and its 

inactivation occurs through phosphorylation of  Ser21 and Ser9 in GSK-3α and GSK-3β, 

respectively [77]. Growth factor and insulin activation of phosphoinositide 3-kinase (PI3K) 

and subsequent protein kinase B (Akt) activation results in inhibitory serine 

phosphorylation of GSK3, which ultimately prevents GSK3 substrate recognition [78].   

GSK3 activation has been implicated in a number of diseases including 

Alzheimer’s, inflammatory diseases, type II diabetes and cancer among several others [73]. 

In muscle specifically, GSK3 has been implicated in glucose regulation and whole-body 

metabolism. GSK3 expression and activity in muscle are elevated in those living with type 

II diabetes [79]; and muscle specific knockdown of GSK3 in mice improves glucose 

tolerance in chow fed mice [78]. Conversely, muscle specific overexpression of GSK3 

leads to increased body and fat mass while reducing glucose tolerance in male mice fed a 
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standard chow diet [79]. Therefore, GSK3 in muscle may have a negative role in obesity 

and diabetes. Furthermore, GSK3 is a known inhibitor of calcineurin signalling [80, 81].  

While calcineurin promotes the nuclear transport of NFAT through dephosphorylation, 

GSK3 promotes cytoplasmic accumulation of NFAT through phosphorylation [81] (Figure 

2). Thus, by inhibiting calcineurin signalling, GSK3 has the potential to reduce muscle-

based thermogenesis through lowering SLN expression and SERCA uncoupling. 

Seemingly to date, no studies have examined the influence of GSK3 inhibition on SLN 

expression and SERCA uncoupling in muscle and was therefore the major focus of my 

thesis. 

 

 

Figure 1.2: Illustration of the role of GSK3 and Calcineurin in NFAT signalling. 
Calcineurin dephosphorylates NFAT promoting entry into the nucleus and transcription of 
oxidative genes. GSK3 opposes the act of calcineurin through phosphorylation of NFAT 
preventing nuclear entry and increasing cytoplasmic accumulation of NFAT.  
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1.9 Lithium  
 

Lithium is a monovalent cation and well-known GSK3 inhibitor [82, 83] that can 

inhibit  GSK3 both directly and indirectly. First, lithium can compete with Mg2+, which 

GSK3 uses as a cofactor for its kinase activity. Like all kinases, GSK3 transfers a phosphate 

from an ATP molecule onto its substrate, however, this is done with the assistance of the 

Mg2+ co-factor[84]. Second, lithium can inhibit GSK3 indirectly by promoting Akt 

mediated serine phosphorylation, which again limits substrate recognition of GSK3. 

Lithium is conventionally used for the treatment of bipolar disorder [85]; however, 

psychiatric use of lithium requires a dose high enough (~0.8 mM serum lithium) to 

penetrate the blood brain barrier and to exert benefits on mental health [86]. Unfortunately, 

these high doses, when taken for a long period of time, can lead to toxic effects to peripheral 

organs such as the kidney, thyroid, and gastrointestinal tract [87-90].  For this reason, 

lithium is used within a narrow therapeutic range (0.5-1.0 mM) [83, 90]. Importantly, 

avoiding these toxic effects of lithium requires frequent clinician follow-up and monitoring 

of serum lithium levels allowing for proper management [91]. In the context of mood 

stabilizing agents, lithium has developed a poor reputation, often labeled as a “toxic drug” 

although is now accepted as a first tier mood stabilizing agent in the treatment of bipolar 

disorder [92]. Furthermore and in the context of obesity, some have shown that patients 

undergoing lithium therapy have increased risk of developing obesity, primarily due to an 

increase in appetite [93]. However, it is important to note that not all patients taking lithium 

experience weight gain, and those with bipolar disorder are already at risk of obesity, 

independent of any medication [94]. It is possible that known adverse effects of high dose 
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lithium therapy have prompted an under appreciation for the benefits of low dose or trace 

lithium consumption.   

In contrast with high dose lithium therapy, low levels of lithium may provide some 

health benefits. By definition, this thesis considers a low dose of lithium to be < 0.5 mM. 

The low end of the therapeutic dose of lithium in the clinical setting is 0.5 mM (serum 

lithium concentration) and is below the concentration associated with toxic effects. In 

addition to lithium therapy, lithium can also be obtained naturally through the consumption 

of tap water. Though we suspect that this source of lithium would produce a serum lithium 

concentration well below 0.5 mM, previous population data has identified a negative 

association between trace levels of lithium in tap water with suicide rates, criminal behavior 

and low dose consumption has even been linked to a longer lifespan [95-97].  A recent 

study examining trace levels of lithium in Texas determined their trace levels of lithium 

found in tap water is negatively correlated with the presence of Alzheimer’s disease, type 

2 diabetes and obesity. This finding supports that low levels of lithium, in contrast to higher 

doses could aid in combatting obesity. In support of this hypothesis, Choi and colleagues 

(2010) showed that mice receiving low dose lithium supplementation (10 mg/kg/day) 

attenuated high-fat diet induced obesity and atherosclerosis [98]. With this same low dose, 

we have shown that 6-weeks of lithium supplementation leads to a serum lithium 

concentration of 0.02 mM, which again is well below 0.5 mM, and can improve 

musculoskeletal and cardiac health/function [71, 99, 100]. Others have also shown that low 

dose lithium supplementation can attenuate streptozotocin induced type 1 diabetes in 

rodents – protecting the pancreatic cells against oxidative stress [86, 101].  Altogether, the 

adverse effects presenting with chronic use of high dose lithium therapy, have likely led to 
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an underappreciation of the benefits of low dose lithium supplementation on metabolic and 

overall health. 

In murine skeletal muscle C2C12 cells, we have shown that 0.5 mM lithium inhibits 

GSK3 and can augment myoblast differentiation and fusion [102]. Myoblast differentiation 

and fusion are critical steps in muscle development and repair, and thus low levels of 

lithium may act to improve muscle health and function. Aside from this, and in 

collaboration with Dr. Jeff Stuart (Brock University), previous unpublished work from our 

lab has also shown that 0.5 mM lithium treatment increases cellular respiration and 

SERCA’s contribution to resting energy expenditure (Figure 3). Specifically, 0.5 mM 

lithium in the form of lithium chloride (LiCl) increased basal metabolic rate (Figure 3A). 

Measuring respiration in the presence of 10 mM MgCl2 to inhibit RyR and indirectly 

dampen SERCA activity, revealed a relatively large and significant drop in oxygen 

consumption (Figure 3B). Calculating SERCA’s contribution as the difference in 

respiration with and without MgCl2, revealed a near two-fold increase with LiCl treatment. 

This suggests that in cells, lithium stimulates muscle-based thermogenesis; however, if this 

can be due (at least partly) to an increase in SLN expression and SERCA uncoupling 

remains unknown and was the first aim of my thesis.  

1.10 Alternative futile Ca2+ cycling pathways 

 Apart from SLN, there are alternative pathways that can induce futile Ca2+ cycling. 

First, increased RyR Ca2+ leak can induce a futile Ca2+ cycle with the SERCA pump to 

increase heat production and energy expenditure. A good example of this is in cases of 

malignant hyperthermia, where mutations in the RYR1 gene causes excessive Ca2+ leak 

when under general anesthetic [103-105]. If not treated immediately with dantrolene – an 
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RyR inhibitor – the hypermetabolic state can be lethal. In addition, RyR-SERCA Ca2+ futile 

cycling is the known mechanism that allows for the heater organ of billfish to regulate 

cranial temperatures [106]. This heater organ, like skeletal muscle can become depolarized 

to release Ca2+ from the endoplasmic reticulum (ER); however, unlike skeletal muscle, the 

heater organ does not have actin and myosin filaments, and the Ca2+ is simply recycled 

back into the ER via SERCA. Recently, the RyR-SERCA Ca2+ futile cycle has been shown 

to have implications in diet-induced obesity. In the absence of UCP-1, increasing RyR-

SERCA futile Ca2+ cycling provides a robust compensatory thermogenic mechanism in 

beige adipocytes that can provide resistance against diet induced obesity and glucose 

intolerance [107]. Thus, in addition to SLN, it will be of interest to determine whether 

GSK3 inhibition via lithium can also augment this pathway of futile Ca2+ cycling in muscle.  

 In a recent hypothesis paper, our lab highlighted the potential role for neuronatin 

(NNAT) in promoting SERCA uncoupling [108]. NNAT is an 81 amino acid protein 

critical for brain development but also found in other tissues including iWAT, BAT, and 

more recently, skeletal muscle [108]. Further, our sequence alignment analyses shows that 

NNAT shares significant homology with SLN in its transmembrane domain that binds to 

SERCA and its cytoplasmic domain that functions to uncouple the pump. Importantly, in 

line with our hypothesis, our lab has recently shown in cell culture that NNAT is a potent 

inhibitor and uncoupler of SERCA (Braun et al., under review FEBS Letters R1). 

Furthermore, in response to high fat feeding, NNAT expression is downregulated in the 

soleus, but upregulated in other muscles such as the extensor digitorum longus (EDL), red- 

and white gastrocnemius (RG and WG). Since SLN is upregulated 3-5 fold [64, 109] in the 

soleus after high fat feeding, the reduction in NNAT content in this muscle may 
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accommodate this upregulation in SLN. Conversely, our lab has never detected SLN in the 

EDL, RG or WG, and thus the upregulation of NNAT in muscles absent in SLN could 

highlight its thermogenic role. Together, this shows that NNAT and SLN may work 

together to stimulate muscle-based thermogenesis in the face of a high fat diet, and thus 

the role of NNAT, if any, with GSK3 inhibition should also be examined. 

 

 

Figure 1.3: Low-dose lithium supplementation increases resting metabolic rate and 
SERCA’s contribution to resting metabolic rate in C2C12 cells.  A) Resting metabolic 
rate increased with low dose lithium treatment. *Significantly different from control, using 
Student’s t-test at each time point, p<0.05 (n=6 per group) (B).  (B) Basal respiration is 
reduced with acute MgCl2 treatment. (C)The percent reduction in basal respiration provides 
an estimate of SERCA’s contribution to resting metabolic rate, which is increased with low 
dose lithium treatment. *Significantly different from without MgCl2 or Control, using a 
Student’s t-test, p < 0.05 (n = 6 per group).  

 

 The second aim of this thesis examines whether these results in cell culture can 

translate to the in vivo rodent model. In this model, we use the same low dose of 10 

mg/kg/day of LiCl that resulted in less weight gained in mice after high-fat feeding when 
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compared to their non-treated counterparts [98]. As mentioned previously, we have found 

that feeding mice this same dose of 10 mg/kg/day of lithium results in a serum 

concentration of 0.02 mM that is well below the therapeutic range [99, 102]. This is 25x 

lower than the dose used in C2C12 cells, however, unpublished work from our lab has 

shown that as little as 0.05 mM LiCl had no effect on GSK3 activation in C2C12 cells (data 

not shown). In contrast, in mice fed 10 mg/kg/day LiCl for 6 weeks, we have found 

significant GSK3 inhibition in extracted bone, cardiac, and skeletal muscle [71, 99, 110]. 

In skeletal muscle specifically, it was found that low dose lithium supplementation 

inhibited GSK3 leading to lowered NFAT phosphorylation and increased PGC-1a 

expression [71]. This suggests that low dose lithium supplementation in mice may relieve 

GSK3’s opposition of calcineurin signalling in muscle and could therefore potentially 

enhance SLN expression, SERCA uncoupling, and daily energy expenditure (Figure 1.4). 

In support of this, unpublished data from Dr. MacPherson’s laboratory (Rachel Fenech 

MSc Thesis 2020, Brock University) has shown that this same dose of lithium reduces 

metabolic efficiency (grams of weight gained per kcal consumed) in mice placed on a high 

fat diet, suggesting that lithium must somehow increase energy expenditure. Whether this 

can be attributed, at least in part, to an increase in SERCA uncoupling in muscle was 

investigated in this thesis.  
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Figure 1.4: Proposed effect of Lithium altering muscle based non-shivering 
thermogenesis.    Low dose lithium supplementation in mice inhibits GSK3, and therefore 
may relieve GSK3’s opposition of calcineurin signalling in muscle and thus could 
potentially enhance SLN expression, SERCA uncoupling, and daily energy expenditure 

 

2.0 Statement of the Problem 

SLN has been identified as a critical regulator of muscle-based thermogenesis by 

promoting SERCA uncoupling. For this, SLN has become an attractive target in the fight 

against obesity. Recent studies have shown that calcineurin signaling in muscle can 

augment SLN, and that GSK3 inhibition via low dose lithium supplementation can activate 

calcineurin. However, to my knowledge there have been no studies examining whether 

inhibiting GSK3 in muscle can increase SLN expression and promote SERCA uncoupling. 

In addition to SLN, recent evidence has implicated alternative futile Ca2+ cycling pathways 

that could be relevant in the fight against obesity. This includes RyR-SERCA Ca2+ cycling 

and NNAT – a novel SERCA uncoupler.  Whether GSK3 inhibition in muscle can alter 

these alternative pathways also remain unknown. Altogether, filling these knowledge gaps 

is important as it would reveal GSK3 as a negative regulator of adaptive thermogenesis in 

muscle. 
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3.0 PURPOSE  
 
 The purpose of the proposed study is to examine the effects of GSK3 inhibition via 

low-dose lithium supplementation on SERCA coupling ratio and Ca2+ futile cycling as a 

potential mechanism for muscle-based thermogenesis in both C2C12 cells and murine 

soleus and EDL muscle under chow fed and high fat diet conditions.  

4.0 HYPOTHESES 
 
The overall hypotheses of this thesis are:  

1) GSK3 inhibition via low dose lithium supplementation will increase SERCA 

uncoupling in C2C12 cells by increasing SLN expression; 

2) GSK3 inhibition via low dose lithium supplementation will reduce SERCA 

coupling ratio through increased SLN expression in murine skeletal muscle 

resulting in elevated whole-body energy expenditure under chow-fed conditions. 

However, it is hypothesized that this effect would be most prominent in the soleus 

where SLN is expressed.  

3) GSK3 inhibition via low dose lithium supplementation will reduce SERCA 

coupling ratio in murine soleus muscle under high-fat diet fed conditions.  
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5.0 METHODS  
 

5.1 Cell culture  
 

C2C12 cells  (passage #5-10), obtained in collaboration with Dr. Jeff Stuart, were 

propagated and differentiated for 7 days. Day 7 differentiated C2C12 cells were treated 

with a low therapeutic dose of lithium (0.5 mM LiCl) or left untreated (control). Cells were 

grown in physiological 5% O2 levels as opposed to traditional 18% O2. This not only better 

represents what happens in vivo, but also reduces the production of reactive oxygen species 

[111] and the ensuing damage to the SR membrane and SERCA pump. Pelleted cells were 

then stored at -80°C to be used for coupling ratio and Western blot analyses. 

5.2 In vivo lithium feeding: chow 
 

Thirty-four adult male wild-type C57BL/6J mice (3-6 months old) were randomly 

divided to a control or lithium fed (LiCl) group. The LiCl group was provided 10 

mg/kg/day of LiCl via their drinking water for a total of 6 weeks whereas the control group 

was given the same type of water bottles without LiCl supplementation. Water 

consumption, food and body weight was recorded twice weekly for both control and LiCl 

supplemented groups. Both groups were provided with a standard chow, and access to 

drinking water will be ad libitum for both control and LiCl groups. All protocols have been 

approved by Brock University’s Animal Care Committee and are consistent with the 

guidelines set by the Canadian Council on Animal Care (see Appendix I). 

5.3 In vivo lithium feeding: high-fat diet 

 Similar to the chow-fed experiment, another experiment was conducted by Dr. 

Rebecca MacPherson’s lab where thirty-six adult 3–6-month male wild type C57BL/6J 
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mice were randomly separated resulting in these groups: chow vs HFD vs HFD+Li (n=12 

per group). Control mice were fed a standard chow while HFD mice were provided a HFD 

with 60% kcal from fat (lard) and 6.8%. sucrose. Similarly, the HFD+Li group was given 

a HFD although drinking water was supplemented with 10mg/kg/day of LiCl for a duration 

of 12 weeks.  Access to food and drinking water was ad libitum for all groups. All protocols 

have been approved by Brock University’s Animal Care Committee and are consistent with 

the guidelines set by the Canadian Council on Animal Care (see Appendix I). 

5.3 Metabolic caging  
 

To examine the effects of GSK3 inhibition via low dose lithium supplementation 

on daily whole-body energy expenditure the Promethion Metabolic Cage system was 

utilized. At the 4th and 6th week of lithium treatment, mice were housed in the metabolic 

cages for a period of 48h. Daily energy expenditure was measured using indirect 

calorimetry using O2 consumption levels in active-dark and inactive-light periods 

normalized to body mass. The Promethion system software also uses the Weir equation to 

calculate daily energy expenditure in kcal/hr units and this was used in both active-dark 

and inactive-light periods normalized to body mass. In addition to daily energy 

expenditure, fuel utilization was estimated by calculating the respiratory exchange ratio 

(VCO2/VO2). Food intake (g/day), water intake (ml/day) and cage activity were also 

measured. The Promethion metabolic cages are equipped with XYZ infrared beams that 

can be used to estimate total physical activity counts (“all meters”) and total ambulation 

(“pedmeters”).  According to the Promethion manual, pedmeters is the sum of all directed 

ambulatory locomotion within the beam break system, excluding all wheel locomotion, in 
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meters (m). Since the Promethion system was obtained after the high-fat diet study, there 

is no metabolic cage data for that cohort.  

5.4 Whole Body Composition 

In order to examine whole body composition, fat mass and lean body mass (absolute 

and percentage), the InSIGHT small animal DXA system (Scintica, Osteosys) was used 

during the 6-week LiCl feeding study. At the 4th and 6th week of lithium treatment, mice 

were placed into the DXA system for analysis of whole-body composition. The 4th week 

mice measurement was the earliest time in which we could scan the mice, as the DXA 

scanner did not arrive at Brock University until that time. The 6th week whole-body and 

lean body mass was used to normalize energy expenditure obtained through the Promethion 

metabolic cages. 

5.5 Sample collection  

After the 6-week (chow) and 12-week (HFD) treatment period, mice were 

euthanized under general anaesthetic (vaporized isoflurane (chow) or sodium pentobarbital 

(HFD)). Soleus and EDL muscles were isolated and homogenized in homogenizing buffer 

(250 mM sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2% NaN3; pH 7.5) and frozen in liquid 

nitrogen to be stored at -80 degrees C for SERCA coupling ratio and Western blot analyses. 

5.6 Ca2+ uptake  
 

Calcium uptake was measured in C2C12 lysates and muscle homogenates using an 

Indo-1 coupled spectrofluorometric assay. Indo-1 is a ratioable and impermeable Ca2+ 

fluorescent indicator with single excitation (355 nm) and dual emission (405nm and 485 

nm) wavelengths. When Indo-1 is bound to Ca2+ its optimal emission wavelength is 405 
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nm, whereas when Indo-1 is free from Ca2+ its optimal emission wavelength is 485 nm. As 

Ca2+ uptake occurs in the sample, the amount of Indo-1 bound to Ca2+ is reduced because 

Indo-1 cannot enter the SR membrane. Conversely, the amount of Indo-1 free from Ca2+ is 

increased. Thus, the ratio of Ca2+ bound Indo-1/free Indo-1 will decrease as uptake 

continues. The ratio of bound:free Indo1 will be used to calculate free Ca2+ in each sample 

using the Kd of 250 nM and the following equation.  
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Formula 1: Free Calcium Concentration: Kd refers to the dissociation constant of Indo-1 
(250nM). Rmin represents the ratio of bound:free Indo-1 in the EGTA portion. Rmax 

represents the ratio of bound:free Indo-1 in the high Ca2+ portion. Sf2 is the fluorescence 
emission at 485nm (Ca2+-free Indo-1) in the EGTA portion and Sb2 is the fluorescence 
emission at 485nm in the high Ca2+ portion.  

 

A Spectrofluoremeter (Ratiomaster system, Photon Technology International, 

Birmingham, NJ) equipped with with a monochromator to control the excitation 

wavelength (355 nm) and two photomultiplier tubes to detect emitted light (405 and 485 

nm) was used for this experiment. Briefly, 60 µL of C2C12 lysates or 200 µL soleus 

homogenates were added into 1.2 mL of uptake buffer (200Mm KCl, 20mM HEPES, 

10mM NaN3, 5uM TPEN, 5mM Oxalate, 15mM MgCl2) within the cuvette held in a heated 

jacket at 37 degrees C. Indo-1 was then be added (2 ul of 2 mM solution) followed by 40uL 

of ATP (250 mM). Upon completion, a 2-point calibration system was used to calculate 

free intracellular Ca2+ levels. This was done by adding 145uL of EGTA (5 mM – zero Ca2+ 

bound to Indo-1 point) followed by adding 40 uL of high Ca2+ (1 M CaCl2) – Ca2+ saturated 

Indo-1 point).  This calibration was completed for all samples. The rate of Ca2+ uptake was 
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determined using the built-in Felix32 software that will calculate the slopes of uptake at 

free Ca2+ concentrations of 500, 1000, 1500, and 2000 nM.  All rates were normalized to 

total protein as determined using BCA protein assay and were expressed as µmol of Ca2+ / 

g of protein / minute. While this thesis was underway, the Ca2+ uptake assay was fitted onto 

a 96-well plate that could be read on a Molecular Devices M2 plate reader. This assay was 

developed to circumvent technical and analytical limitations to the original cuvette assay 

including: leaks in the jacketed bath system, inconsistent stirring, and large sample 

requirement negating replicate runs (200 µL vs 80 µL that was run in duplicate). The 96-

well plate assay was used for all HFD and chow-fed EDL samples. Briefly, rates of Ca2+ 

uptake were measured by adding EDL and HFD soleus homogenates to reaction buffer 

(200 mM KCl, 20 mM HEPES, 10 mM NaN3, 5 µM TPEN, 15 mM MgCl2, pH 7.0). 

Samples were plated and Ca2+ uptake was initiated through the addition of ATP. The 

Molecular Devices M2 plate reader measures fluorescence of Ca2+-bound Indo-1 (405nm 

emission) and Ca2+-free Indo-1 (485nm emission) upon excitation at 355nm at 37°C. The 

ratio of Ca2+-bound to Ca2+-free Indo-1 (405/485nm) followed by the known dissociation 

constant of 250 nM was used to calculate free calcium concentration. The rates of Ca2+ 

uptake were then measured as the tangent at [Ca2+]free of 1500 nM with all rates then 

normalized to total protein content. 

5.7 SERCA Activity  
 

SERCA activity was measured using an ionophore supported spectrophotometric 

assay. This is an enzyme-linked assay that measures the rate ATP hydrolysis indirectly 

through quantifying the rate of NADH disappearance. ATPase activity was measured 

across a range of Ca2+ concentrations (pCa 5-7). The addition of the SERCA specific 



 37 

inhibitor cyclopiazonic acid (1 uL 40 mM CPA) allowed for the measurement of SERCA-

specific ATPase activity by providing a baseline value that is subtracted from all other 

values. The master mix was prepared as follows: 10 uL of C2C12 lysate or soleus 

homogenate, 5 mL ATPase reaction buffer (100mM KCl, 20mM HEPES, 10 mM NaN3, 

1mM EGTA, 10 mM MgCl2, 5mM ATP and 10mM phosphoneol pyruvate; ph 7.0), lactate 

dehydrogenase (18 U�ml-1), pyruvate kinase (18 U�ml-1) and 10.5uL ionophore (1 mg/ml), 

which was then divided into 16 microcentrifuge tubes (300 uL into each) containing 

various additions of 10 mM CaCl2. From each of the 16 microcentrifuge tubes, 100uL was 

added to a 96-well plate in duplicates. Furthermore, 4 uL of (18%, w/v) NADH was added 

to each well. The plate was then read at 340nm for 30 minutes at 37 degrees C using an 

M2 Molecular Devices Spectrophotometric Plate Reader. All rates of SERCA activity were 

normalized to protein (g) measured using a BCA assay and were expressed as µmol of ATP 

/ g of protein / minute. Maximal SERCA activity was obtained from the raw data. Free 

intracellular Ca2+ concentrations across the 16 microcentrifuge tubes was measured using 

Indo-1 and the M2 Molecular Devices Spectrophotometric Plate Reader. A SERCA-

activity pCa curve was then be generated by fitting the activity data and measured pCa onto 

a sigmoidal dose-response curve using GraphPad Prism to calculate the pCa50, which 

provides a measure of SERCA’s affinity for Ca2+. It represents the Ca2+ concentration in 

pCa (negative logarithm) units required to elicit ½ Vmax.   

5.8 Coupling ratio  
 

SERCA coupling ratio was determined by combining the results obtained from 

the SERCA activity assay and Ca2+ uptake assay (Ca2+ uptake/SERCA ATPase activity). 

For C2C12 lysates and soleus muscle homogenates from the chow study, the coupling 
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ratio was measured at 5000 nM, whereas coupling ratio was measured at 1000 nM for the 

chow-fed EDL samples and 1500 nM for the HFD soleus samples. The differences were 

due to differences in Ca2+ uptake, where we were unable to assess coupling ratio at 1000 

nM using the 2 mL cuvette assay (C2C12 and chow study). 

5.9 Western blotting 
 
Western blotting was performed to determine SERCA2a, SERCA1a, phosphorylated (p)-

GSK3a/b, total (t)-GSK3a/b, PGC-1a, SLN, RYR1 and NNAT content. Antibodies for 

SERCA2a (MA3-919), SERCA1a (MA3-912), and RYR1 (MA3-925) were obtained from 

ThermoFisher (Waltham, MA, USA), whereas primary antibodies from pGSK3a/b (8452 

and 9336) and tGSK3-a/b (4337 and 9315) were obtained from Cell Signaling Technology 

(Danvers, MA, USA). The primary antibody for SLN was kindly donated by Dr. Russell 

Tupling (University of Waterloo). The primary antibody for PGC-1a (ST1204) was 

obtained from Millipore (Burlington, MA, USA). Finally, the primary antibody for NNAT 

was obtained from Proteintech (26905-1AP). All Western blots apart from those for SLN, 

PGC-1a and RYR were done using BioRad TGX gels (4-15% gradient) and PVDF 

membranes. A homemade tricine-based gel system was used to detect SLN in C2C12 

lysates and soleus homogenates [57]. A homemade glycine gel system was used to detect 

PGC-1a and RYR in both cell lysates and soleus homogenate.  Samples were prepped and 

loaded equally for gel electrophoresis (see Table 5.1 for protein amounts). Gel transfer was 

done using the BioRad Transblot Turbo or wet-transfer system. Following transfer, 

membranes were blocked in 5% milk in TBST for 60 minutes. Following blocking, the 

according primary antibody was added and incubated overnight at 4 degrees C. Once 

primary incubation had finished, membranes were washed 3 times for 5-minute durations 
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with TBST and were then incubated for 60 minutes with the corresponding secondary anti-

mouse or anti- rabbit antibody both conjugated to horseradish peroxidase. Following the 

secondary incubation membranes were washed another 3 times with TBST in 5-minute 

intervals. For detection, Millipore Immobilon (WBKLS0500) or ThermoFisher 

Supersignal Femto West (PI34096) chemiluminescent substrate was added and then 

visualized using a BioRad ChemiDoc MP. A ponceau stain or GAPDH probe was also 

analyzed to enable total protein normalization. 

 

Table 5.1. Specific Western Blotting methods used.  

Protein Amount 

Loaded  

Membrane 
Type 

Gel Type Transfer 

Type 

Cells      
pGSK3a/pGSK3b 8ug PVDF BIORAD TGX Wet Transfer 
tGSK3a/tGSK3b 8ug PVDF BIORAD TGX Transblot 

Turbo 
PGC-1a 8ug PVDF Homemade Glycine Wet Transfer 
SERCA1aSERCA2a 8ug PVDF BIORAD TGX Transblot 

Turbo 
SLN 50ug Nitrocellulose Homemade Tricine Wet transfer 
RYR 25ug PVDF Homemade Glycine Transblot 

Turbo (14min) 
NNAT 50ug PVDF BIORAD TGX Transblot 

Turbo 
Soleus     
pGSK3a/pGSK3b 8ug PVDF BIORAD TGX Transblot 

Turbo 
tGSK3a/tGSK3b 8ug PVDF BIORAD TGX Transblot 

Turbo 
PGC-1a 10ug PVDF Homemade Glycine  Transblot 

Turbo 
SERCA1aSERCA2a 8ug PVDF BIORAD TGX Transblot 

Turbo 
SLN 25ug Nitrocellulose Homemade Tricine Wet Transfer 
RYR 25ug PVDF Homemade Glycine Transblot 

Turbo (14min) 
NNAT 20ug PVDF BIORAD TGX Transblot 

Turbo 
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5.10 Statistical analysis 

Comparisons between control and lithium treated groups were conducted using a 

students unpaired t-test. A one-way ANOVA was used to compare chow vs HFD vs 

HFD+Li. All data is presented as mean +/- standard error. Statistical tests were conducted 

through GraphPad Prism 8 Software using a p < 0.05 to determine statistical significance 

and a p < 0.10 to denote a statistical trend.  

6.0 RESULTS  

Part 1: C2C12  

6.1 GSK3 Activation 

In order to determine the effects of LiCl on GSK3 inactivation in C2C12 cells, 

Western blot analysis was performed to identify GSK3 inhibitory serine phosphorylation 

status. No significant changes were detected in total GSK3a nor GSK3b content between 

groups (Figure 6.1.1A,B).  However, inhibitory GSK3b Ser9 phosphorylation was 

significantly increased in LiCl treated cells compared to untreated controls (Figure 

6.1.1A,C). Additionally, phosphorylation of Ser9 relative to total GSK3b content was 

significantly increased in LiCl cells compared to controls (Figure 6.1.1D). Finally, 

phosphorylation status of GSK3a Ser21 relative to control and total GSK3a content 

showed no significant differences between control and LiCl groups (Figure 6.1.1C,D). 

PGC-1a content, a downstream marker of calcineurin signalling and thereby GSK3 

inhibition, was examined to further investigate the effects of LiCl treatment on cellular 

respiration. Western blot analysis revealed a significant increase in PGC-1a content in LiCl 

treated cells compared to control further supporting the inhibition of GSK3 via LiCl 

treatment (Figure 6.1.2.A,B).  
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Figure 6.1.1: GSK3 content and phosphorylation status in C2C12 cells. A) 
Representative blot images and corresponding ponceau stains. B) Total GSKa and GSK3β 
content relative to control in A.U. C) Phosphorylated GSK3a (Ser21) and GSK3β (Ser9) 
content relative to control in A.U. D) Ratio of phosphorylated GSK3a and GSK3β content 
to total GSK3 relative to control.  Data are presented as means ± SEM, * p<0.05, using a 
Student’s t-test, n = 6 per group. 

 

 

 
 

Figure 6.1.2: PGC-1a content in Control and LiCl treated C2C12 cells. A) 
representative blot images and B) PGC-1a content relative to control.  Data are presented 
as means ± SEM relative to control, * p<0.05, using a Student’s t-test, n = 6 per group. 
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6.2 SERCA Coupling Ratio 

To determine whether the stimulatory effect of LiCl on basal respiration and 

SERCA’s energetic contribution in C2C12 cells (Figure 3) was due to changes in SERCA-

mediated calcium cycling, coupling ratio was examined. Specifically, SERCA’s coupling 

ratio was determined by measuring Ca2+ uptake and ATPase activity in order to identify 

potential changes in Ca2+ transport efficiency in control versus LiCl treated C2C12 cells. 

Ca2+ uptake by SERCA was significantly reduced in LiCl cells compared to controls 

(Figure 6.2A and B). When examining SERCA ATPase activity however, there were no 

significant changes observed between control and LiCl groups (Figure 6.2C). As a result, 

SERCA’s apparent coupling ratio identified a significant reduction in coupling ratio in LiCl 

treated cells compared to non-treated controls (Figure 6.2D).   

 

Figure 6.2: Coupling ratio in Control and LiCl treated C2C12 cells. A) Representative 
Calcium uptake curve. B) Ca2+ uptake and C) SERCA activity results in Control vs LiCl 
treated C2C12 cells. D) SERCA coupling ratio in Control vs LiCl treated cells. Data are 
presented as means ± SEM, * p<0.05, using a Student’s t-test, n = 6 per group. 
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6.3 SERCA and calcium regulatory proteins 

 In order to determine if changes seen in coupling ratio were due to changes in 

SERCA isoform expression and calcium handling regulatory proteins, Western blot 

analysis was performed. There were no significant changes in SERCA1a, SERCA2a, SLN 

nor NNAT content between control and LiCl groups (Figure 6.3A-D). However, a 

significant increase in RYR1 content in LiCl treated cells compared to control was 

observed (Figure 6.3E). 
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Figure 6.3: SERCA isoform expression and Ca2+ regulatory protein content in 
Control vs LiCl treated C2C12 cells. A) SERCA1a content and B) SERCA2a content C) 
SLN content D) NNAT content and E) RYR content in lysates of control and LiCl treated 
C2C12 cells. Data are presented as means ± SEM relative to control, * p<0.05, using a 
Student’s t-test, SERCA isoforms n = 6 per group; SLN, NNAT and RYR n = 5 per group. 
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Part 2: In vivo lithium feeding 

6.4 Body weight, Food and Water Intake  

For the 6-week in vivo Li feeding study, food and water intake was measured twice 

weekly to examine potential changes between groups. Overall, there were no significant 

differences in average daily water intake (Control, 12.39 ± 1.588 mL/day; LiCl 13.04 ± 

1.781mL/day), consistent with our previous findings [99, 110]. There were also no 

differences in pre and post body mass; however, analyzing the change in body mass 

revealed a statistical trend with reduced weight gain in the LiCl group (Figure 6.4 A and 

B). This trend was observed despite the LiCl fed mice having significantly greater average 

daily food and total food consumption compared to controls (Figure 6.4 C and D). 

Metabolic efficiency, determined as g of body mass gained/kcal consumed, was 

significantly reduced in LiCl fed mice when compared to controls (Figure 6.4E).  

 

Figure 6.4: Food, Water and body mass results for control and LiCl fed mice A) Body 
Mass (g) and change in body mass (g) (B) in control and LiCl-fed mice.  C) daily food 
intake (g/day) and total food intake (g) (D). E) metabolic efficiency (g gained/kcal 
consumed) for control and LiCl supplemented mice using a conversion factor of 2.9 kcal/g 
of diet. Data are presented as means ± SEM, * p<0.05, using a Student’s t-test, control n = 
18; lithium n=16. 
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6.5 Metabolic Caging and DXA Measurements 

Utilizing the small animal DXA, measurements of fat mass and lean body mass 

were determined. It was found that LiCl fed mice had a reduced body fat percentage and 

higher lean mass percentage compared to their untreated counterparts, though not 

statistically significant (Figure 6.5 A-C). Energy expenditure was then measured using the 

Promethion metabolic caging system. A significant increase in daily relative VO2 energy 

expenditure when normalized to body mass with LiCl supplementation was found across 

light, dark, and total daily phases compared with control (Figure 6.5 D and F). Similarly, 

when normalized to lean mass, LiCl fed mice showed increased VO2 energy expenditure 

across light, dark, and total daily cycles compared with control (Figure 6.5 E and G). There 

were no significant changes in respiratory exchange ratio or cage activity and ambulation 

observed between control and LiCl groups (Figure 6.5 H and I).   
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Figure 6.5: Body composition and metabolic cage analyses in control and LiCl 
supplemented mice.  LiCl grouped mice were supplemented with 10mg/kg/day LiCl. A) 
Lean and Fat mass representative image B) Percent fat mass C) Percent lean mass 
D&F) VO2 consumption relative to body mass (ml/kg body mass/min ) in dark/light cycles 
E&G) VO2 consumption relative to fat-free  mass (ml/kg fat-free mass/min ) in dark/light 
cycles. H) Respiratory exchange ratio in dark/light and daily cycles I) Cage ambulation 
(meters/day) in dark/light and daily cycles. Data are presented as means ± SEM, * 
p<0.05,** p < 0.01 using a Student’s t-test, control n = 12, LiCl n=10. 

 

6.6 SERCA coupling ratio  

SERCA coupling ratio was next examined in soleus muscle homogenates by 

examining SERCA activity and Ca2+ uptake. There were no significant changes in maximal 

or submaximal SERCA activity between control and LiCl groups measured across pCa of 

6.5 to 5.5 (Figure 6.6A and B). Similarly, there was no difference in SERCA’s apparent 

affinity for Ca2+ measured as the pCa50 (Figure 6.6C). Furthermore, Ca2+ uptake was not 
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significantly different in control vs. LiCl treated groups, which resulted in no notable 

alterations in SERCA coupling ratio in control or LiCl mice (Figure 6.6D and E).  

 

Figure 6.6: Coupling ratio in Control and LiCl treated 6-week soleus homogenate. A) 
SERCA activity pCa curves in soleus homogenates from control and LiCl-fed mice. B) 
Maximal SERCA activity and pCa50 (C) in soleus homogenates from control and LiCl-fed 
mice.   D) Ca2+ uptake and E) coupling ratio were not altered with LiCl supplementation. 
Data are presented as means ± SEM, control n = 5 LiCl n=5.  

 

6.7 GSK3 inhibition and phosphorylation status  

Western blotting was done to confirm GSK3 inhibition in the soleus with LiCl 

supplementation. There were no significant changes in total GSK3a or GSK3b content 

between control and LiCl groups (Figure 6.7.1A and B). There were also no differences in 

pGSK3a Ser21 with LiCl. However, there was an increase in absolute and relative 

pGSK3b with LiCl treatment, albeit only trending towards statistical significance (Figure 
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6.7.1C and D). There were no significant changes in the downstream marker, PGC-1a 

identified between control and LiCl treated groups (Figure 6.7.2).  

 

Figure 6.7.1: GSK3 content and phosphorylation status in soleus. A) Representative 
Western blot images and ponceau stains. Total (B) and phosphorylated (C) GSK3a and 
GSK3β content. D) Ratio of phosphorylated GSK3a and GSK3β content to total GSK3.  
Data are expressed as relative to control, presented as means ± SEM, and comparisons 
using a Student’s t-test, n=6. 

 

 

 

Figure 6.7.2: PGC-1a content in soleus from control vs LiCl fed mice is not different. 
A) Representative blot images and quantification of PGC-1a (B). Data are presented as 
means ± SEM and expressed relative to control. 

 

 



 50 

6.8 SERCA isoform and Ca2+ regulatory protein content in soleus 

homogenate  

There were no significant changes in SERCA1a or SERCA2a content between 

control and LiCl treated groups (Figure 6.8A,B). Calcium regulatory proteins including 

SLN and NNAT also showed no significant changes upon lithium treatment (Figure 6.8 

C,D). Furthermore, no differences were observed in RYR content between control and LiCl 

groups (Figure 6.8 E).  
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Figure 6.8: SERCA and Ca2+ regulatory protein content in soleus of control and LiCl 
fed mice. (A) SERCA1a, SERCA2a (B), SLN (C), NNAT (D), and RYR1 (E) content in 
soleus homogenates of control vs LiCl fed mice. Data are presented as means ± SEM and 
expressed relative to control, n = 6. 
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6.9 EDL coupling ratio results 

To determine whether LiCl treatment would alter SERCA transport efficiency in 

another muscle, we examined coupling ratio in the EDL – a fast muscle type. Ca2+ uptake 

assays were run in duplicate using a 96-well fitted assay. Similar to the soleus, there were 

no significant changes in maximal SERCA activity, however pCa50 was significantly 

higher in the LiCl group compared with control (p<0.05, Figure 6.9A and B). When 

measuring SERCA activity at free [Ca2+] of 1000nM (i.e., pCa of 6.0), there were no 

significant differences between control and LiCl groups (Figure 6.9C).  When examining 

Ca2+ uptake at this free [Ca2+], there were no significant changes observed between control 

and LiCl groups (Figure 6.9D,E). Additionally, we observed no significant changes in 

SERCA coupling ratio between control and LiCl groups (Figure 6.9F).  
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Figure 6.9: SERCA Coupling ratio in Control and LiCl treated 6-week EDL 
homogenate.  SERCA activity pCa curve, maximal and submaximal SERCA activity (A-
C) in EDL homogenates.  D) Ca2+ uptake rates at 1000nM (E). SERCA coupling ratio at 
1000nM. Data are presented as means ± SEM.  

6.10 SERCA coupling ratio in high-fat fed, lithium supplemented mice 

 Finally, GSK3 activation and SERCA coupling ratio were analyzed in soleus 

muscles from high-fat fed mice with or without lithium supplementation since previous 

unpublished findings from Dr. MacPherson’s lab suggested a potential increase in energy 

expenditure with reduced metabolic efficiency in LiCl-supplemented mice. Western blot 

analyses revealed that high-fat feeding significantly reduced GSK3b phosphorylation but 

this was blunted with LiCl supplementation (Figure 6.10A and B). In addition, a trend 

towards elevated PGC-1a in the HFD-Li soleus was found compared with chow-fed 

control (Figure 6.10B).  Ca2+ uptake was then measured using the 96-well plate assay. Prior 
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to the development of this 96-well assay, soleus samples from 2-3 mice were pooled in 

order to load enough homogenate (i.e., 200 µL). For this HFD experiment, the samples 

were pooled before the development of the assay and thus the results are from n=3-4 with 

each n representing a pool of 3 muscles from 3 separate mice. The results show that Ca2+ 

uptake was significantly reduced with LiCl supplementation (Figure 6.10 A and B). 

Conversely, there were no effects on SERCA activity leading to a significant reduction in 

coupling ratio (Figure 6.10C and D). Along with this, there was a significant increase in 

SLN and NNAT content, respectively in HFD-Li soleus muscles compared with HFD alone 

(Figure 6.10E). 
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Figure 6.10: Results in HFD fed Control and LiCl supplemented 6-week soleus 
homogenate. (A) Western blot images of phosphorylated and total GSK3β and PGC-1a 
content.  B) Ca2+ uptake measurements, (C) SERCA activity and SERCA coupling ratio 
(D) in HFD and HFD + Li soleus homogenates. E) SLN and NNAT content in homogenates 
of HFD and HFD + Li soleus.  Data are expressed as relative to control and presented as 
means ± SEM. For (A) ** p < 0.01 using a one-way ANOVA and Tukey’s post-hoc test, n 
= 8-11. For (B-E),* p < 0.05, ***p < 0.001, using a Student’s t-test, n=6-8 (Western 
blotting); n = 3-4 (coupling ratio). 

 

7.0 DISCUSSION 

The overactivation of GSK3 has been implicated in weight gain and increased 

adiposity [112], however, underlying cellular mechanisms linking GSK3 and obesity have 

yet to be determined. Lithium is a well-known GSK3 inhibitor that can inhibit GSK3 both 

directly and indirectly in numerous tissues [82]. LiCl supplementation has been previously 

shown to increase GSK3 inhibitory phosphorylation in tissues including bone, heart, and 

muscle [71, 99, 110]. To this extent, we sought to examine whether low dose lithium 

supplementation as a GSK3 inhibitor would enhance muscle-based thermogenesis. 

Specifically, we examined whether lithium supplementation would enhance SERCA 
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uncoupling in skeletal muscle. As a result, this thesis was conducted in two parts, first 

utilizing a C2C12 cellular model, followed by an in vivo C57BL/6J male mouse model 

under both chow and high-fat diet fed conditions.  

7.1 C2C12  

In order to determine whether GSK3 inhibition using low dose lithium treatment 

would activate muscle-based thermogenesis via SERCA uncoupling we first conducted 

numerous experiments utilizing C2C12 cells. We have previously shown that a dose of 0.5 

mM LiCl was successfully able to inhibit GSK3 in C2C12 cells leading to a promotion of 

myogenic differentiation and myoblast fusion [102]. This inhibitory effect of 0.5 mM LiCl 

was confirmed in the present thesis with a significant increase in Ser9 phosphorylation of 

GSK3b (Figure 6.1.1). Interestingly, GSK3a was not sensitive to LiCl treatment as there 

were no changes in Ser21 phosphorylation, however, it is important to note that GSK3b is 

the most dominant isoform in skeletal muscle[113]. Furthermore, the inhibition of GSK3b 

in C2C12 cells found here coincided with a significant reduction in SERCA’s coupling 

ratio, which manifested through significantly reduced Ca2+ uptake and unaltered SERCA 

activity. Taken together, these findings extend previous work in collaboration with Dr. 

Stuart suggesting that the elevated basal metabolic rate and SERCA’s energetic 

contribution in C2C12 cells treated with 0.5 mM LiCl (Figure 3) may be attributed to 

alterations in SERCA’s Ca2+ transport efficiency.   

Additional Western blotting was performed to identify the cellular players 

potentially involved in elevated basal respiration and SERCA uncoupling. Our results 

identified a notable increase in PGC-1a in LiCl treated cells. It has been previously shown 

that GSK3b inactivation leads to the induction of PGC-1a expression [114]. Similarly, 



 57 

enhancing calcineurin signalling has been shown to increase PGC-1a in both brown and 

beige adipocytes [68]. Since GSK3 opposes the action of calcineurin, the inhibition seen 

with 0.5 mM LiCl treatment and subsequent increase in PGC-1a expression could suggest 

enhanced calcineurin signalling; however, we cannot rule out a possible GSK3-

independent effect of lithium on PGC-1a.  Furthermore, GSK3b has been directly 

implicated in the degradation of PGC-1a, and therefore its inhibition could promote 

increased expression by minimizing this pathway [115].  PGC-1a has been shown to 

stimulate mitochondrial biogenesis and cellular respiration, and in turn, the increase in 

PGC-1a expression could in part contribute to the increase in resting metabolic rate seen 

with LiCl treatment.  

The increase in cellular respiration could also be attributed to an increase (nearly 

2-fold) in SERCA’s energetic contribution seen with LiCl treatment. We did not identify 

any alterations in SERCA isoform expression, suggesting that this increase in SERCA 

energetic contribution was not simply due to an increase in SERCA content. Further, we 

did not see any notable changes in uncoupling proteins SLN or NNAT; however, we did 

observe a significant increase in RYR content in LiCl treated cells when compared to 

control. Calcium cycling through the SR is dependent upon Ca2+ efflux through the RYR 

channels and re-uptake back into the SR lumen by the SERCA pumps [116]. While 

membrane depolarization and subsequent changes in DHPR–RYR  structural interaction is 

essential for the release of Ca2+ out of the SR during ECC, RYR Ca2+ leak or passive leak 

at rest also contributes to the regulation of Ca2+ cycling and energy balance in skeletal 

muscle [117]. Rising cytosolic Ca2+ levels can contribute to increased energy expenditure 

due to SERCA’s attempt to restore intracellular Ca2+ levels, utilizing ATP in the process 
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[118]. Moreover, the increase in RYR content observed with LiCl treatment could also 

reduce Ca2+ uptake since the uptake protocol is reflective of a balance of Ca2+ uptake and 

leak – i.e., more leak during the uptake period would in effect slow the rate of uptake. Thus, 

even though Ca2+ leak was not measured, elevated RYR content can certainly contribute to 

the slower rates of Ca2+ uptake, which combined with unaltered SERCA activity, can 

reduce SERCA’s coupling ratio and transport efficiency. This futile Ca2+ cycling due to 

elevated RYR content could explain the increase in SERCA’s energy consumption when 

examining energy expenditure in C2C12 cells. Indeed, similar effects on SERCA energy 

expenditure and thermogenesis can be seen in other scenarios where RYR Ca2+ leak is 

enhanced. For example, the heater organ in billfish, a specialized thermogenic tissue,  

employs Ca2+ cycling for heat production. The heater organ is an ocular muscle although 

it  lacks actin and myosin contractile filaments. Therefore, Ca2+ release  through RYR and 

the active reuptake of Ca2+ by SERCA induces a futile cycle and heat generation though 

ATP hydrolysis [106].  In addition, malignant hyperthermia, caused by a mutation in the 

RYR1 gene, causes excessive Ca2+ leak from the SR. In this disease, a hypermetabolic state 

occurs due to a rapid depletion in ATP as a result of SERCA catalyzing Ca2+ uptake[119].  

Finally, in UCP-1 null mice, thermogenic capacity was maintained due to a compensatory 

elevation in RYR and SERCA2b in beige adipocytes[120]. This UCP-1 independent 

mechanism allows for  ATP dependent Ca2+ cycling through the RYR and SERCA2b [120]. 

In the absence of UCP1 this mechanism is responsible for heat generation in beige 

adipocytes thereby contributing to energy expenditure.    Overall, it appears as though 

reductions in SERCA coupling ratio observed in LiCl-treated C2C12 cells are a result of 

increased RYR and not through any change in the known uncoupler SLN.   
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7.2 In vivo results in mouse skeletal muscle  

 To test whether GSK3 inhibition with low-dose lithium supplementation could alter 

energy expenditure in vivo we conducted a 6-week LiCl feeding study in 3–6-month-old 

male C57BL/6J mice. It has been previously shown that a dose of 10 mg/kg/day of lithium  

for a duration of 6 weeks was able to mitigate the onset of diet induced obesity and protect 

against atherosclerosis in mice [98]. We have repeatedly shown that this dose results in a 

serum concentration of 0.02mM, which is well below the recommended therapeutic range 

[99, 102]. Likewise, our group has demonstrated that this 10 mg/kg/day dose successfully 

inhibits GSK3 in the soleus and contributes to promoting the oxidative phenotype [71]. 

Based on the apparent beneficial effects previously seen, we chose to utilize this same dose 

of LiCl for supplementation to study its effects on muscle-based thermogenesis and energy 

expenditure via SERCA uncoupling in 3–6-month-old male mice. Here, we identified that 

mice supplemented with LiCl had greater food intake than their non-treated counterparts. 

This is consistent with previous reports indicating that lithium therapy increases appetite 

[121, 122]. However, this increase in food consumption was not met with a significantly 

larger gain in body mass, ultimately leading to a significant reduction in metabolic 

efficiency (g of body mass gained/kcal consumed). Since weight maintenance requires a 

balance between energy intake and energy expenditure, this finding indicates that energy 

expenditure was elevated in LiCl fed mice when compared to controls.  Utilizing the 

Promethion Metabolic caging system, we were able to measure numerous variables related 

to energy expenditure including VO2 consumption, RER, cage activity, food, and water 

intake, etc. Following 6 weeks of LiCl supplementation, we observed a significant increase 

in VO2 consumption in LiCl mice compared to controls in both light and dark periods 
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resulting in greater overall daily energy expenditure. We saw no differences in cage 

ambulation confirming that this increase in energy expenditure was not simply a result of 

increased activity but rather underlying cellular mechanisms. Moreover, we observed a 

slight, albeit non-significant, increase in lean body mass with LiCl, suspecting this increase 

to be attributed to increased lean muscle mass. Muscle is a highly energetic tissue and 

skeletal muscle metabolism is a major contributor to resting and overall energy expenditure 

[22]. Utilizing the DXA, we collected measurements of fat mass and lean mass and were 

able to explore whether an increase in lean mass was leading to altered energy expenditure. 

Although an increase in lean muscle mass could raise energy expenditure, daily energy 

expenditure was still significantly higher when normalized to both total body mass and lean 

mass. This finding suggests that the increase in lean mass observed does not account for 

the increase in energy expenditure. Therefore, examining underlying cellular mechanisms 

could offer insight into the elevated energy expenditure observed with LiCl treatment.  

Unlike our results seen in cell culture, we did not see any alterations in SERCA 

uncoupling in the soleus homogenates; and only statistical trends of elevated inhibitory 

phosphorylation of GSK3b (but not GSK3a) were observed in the soleus homogenates. 

Supporting this, we found no changes in SERCA isoform expression or in calcium 

regulatory proteins RYR, SLN or NNAT. It is possible that GSK3 inhibition was not potent 

enough to stimulate muscle-based thermogenesis. In contrast with our recently published 

work [71], we did not observe a significant increase in PGC-1a after lithium feeding, which 

further suggests that the extent of GSK3 inhibition in this study was not strong enough to 

activate muscle-based thermogenesis. It is possible that differences in serum lithium levels 

between the present study and our previous work could account for these conflicting 
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findings. However, the serum lithium concentration was not measured and is noted here as 

a limitation. Notably, water intake was not different compared to our previous studies 

conducted suggesting similar LiCl intake in our cohort.   To further explore whether other 

muscles aside from the soleus may display signs of muscle-based thermogenesis, SERCA 

coupling ratio was also examined in the EDL. Like our results observed in soleus, we saw 

no alterations in SERCA’s apparent coupling ratio in EDL, a fast twitch muscle. 

Interestingly, pCa50 appeared to be significantly higher in the LiCl mice compared to 

controls, suggestive of improved Ca2+ affinity. While future studies should explore the 

underlying cellular mechanisms behind this effect, together with the data from the soleus, 

these findings indicate that muscle-based thermogenesis is not activated with LiCl 

supplementation under chow-fed conditions. Nevertheless, LiCl supplementation still 

reduced metabolic efficiency and raised daily energy expenditure, which suggests that 

alternative thermogenic mechanisms may be activated. GSK3 has been described as a 

negative regulator of the thermogenic program in brown adipocytes [74]. Data nearing 

submission has shown that GSK3 inhibition via low dose lithium supplementation elevated 

the expression of adipose based thermogenic genes including UCP-1 and PGC-1a [Chantal 

Ryan MSc thesis; Dr. MacPherson Laboratory]. This suggests that the increase in energy 

expenditure seen in vivo under chow-fed conditions may be more attributed to adipose 

based thermogenesis rather than muscle-based non-shivering thermogenesis.   

One possible reason that we did not see alterations in vivo in comparison to our 

cellular findings with LiCl could be dose and duration. Previous work utilizing the same 

dose of LiCl for a period of 14 weeks showed a strong significant inhibitory 

phosphorylation of GSK3 along with preventing the onset of the obese phenotype 
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following high fat feeding [98]. In addition, muscle-based thermogenesis may not be 

required under chow-fed conditions, and its effects may be more prominent under relatively 

‘more’ stressful conditions. For example, when housed at room temperature, SLN KO mice 

are able to maintain similar core temperatures compared with WT mice; however, when 

exposed to acute cold exposure (4°C), SLN KO mice are unable to maintain core 

temperature [123]. Similarly and more relevant to this thesis, SLN KO mice placed on a 

standard chow diet showed no notable alterations in daily energy expenditure nor body/fat 

mass compared with WT mice; however, when placed on a high fat diet, energy 

expenditure was lower and body/fat mass gained was higher in these mice vs WT mice [56, 

109]. This suggests that the stimulatory effect of LiCl and GSK3 inhibition on muscle-

based thermogenesis may be more prominent with an added stress such as HFD. Utilizing 

soleus homogenates collected from a previous study where C57BL/6J mice were fed a high 

fat diet (60% kcal from fat) for 12 weeks with or without LiCl, we observed prominent 

effects of LiCl on GSK3 phosphorylation status. After high fat feeding, we found that 

GSK3b was significantly reduced compared with the chow control, however this effect 

was blunted with low dose lithium supplementation. Soleus muscles from mice fed a HFD 

along with LiCl also displayed a trend towards greater levels of PGC-1a content, which 

could suggest enhanced oxidative metabolism in the face of a HFD. Further, a significant 

reduction in Ca2+ uptake with no alterations in SERCA activity was also observed in the 

HFD-Li group, which ultimately resulted in a significant reduction in SERCA coupling 

ratio compared to HFD alone. This reduction in coupling ratio was due to a significant 

elevation in NNAT and SLN in the HFD-Li group vs HFD. Altogether, this further supports 
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that the stress of a HFD is needed to observe lithium’s effects in activating muscle-based 

thermogenesis.  

As unpublished data using these HFD mice from Dr. MacPherson’s laboratory 

(Rachel Fenech MSc Thesis 2020, Brock University) also showed that lithium reduced 

metabolic efficiency in a high fat fed state, the results of reduced coupling ratio may 

provide a cellular explanation. That is, the reduction in SERCA coupling ratio in the HFD-

Li group can increase energy expenditure offsetting the excessive caloric intake. Though 

no differences in body mass were observed in Rachel Fenech’s thesis, the fact that the 

HFD-Li group consumed more calories throughout the 12 weeks yet gained the same 

weight could suggest that low dose lithium can protect against diet-induced obesity that 

when combined with caloric restriction or pair feeding could results in a less weight gained 

compared with the HFD group. This should be tested in the future along with the potential 

role of lithium in reversing obesity in mice pre-fed a HFD.  

 

8.0 STRENGTHS AND LIMITATIONS  
 
 This thesis aimed to highlight the effects of low dose lithium supplementation on 

GSK3 inhibition and the potential activation of muscle-based thermogenesis. Utilizing both 

a cellular and in vivo model made this study unique as it provided insight into the 

translatability of our findings. For example, our results in cell culture clearly depict 

alterations in SERCA coupling ratio attributed to increased RYR content, although in vivo 

these findings were not at all identified.  This suggests the complexity of assessing in vivo 

measures and invites us to explore alternative mechanisms of thermogenesis or energy 

expenditure. 
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Our chosen method of lithium administration for the in vivo experiments was also 

a noted strength of this study. Recent observations of lithium supplementation having 

promising effects in suicide reduction [95, 124] along with its benefits seen in numerous 

tissues including bone, heart and skeletal muscle, have brought about the discussion of 

fortifying water with trace amounts of lithium. Our method of Li administration was 

through drinking water for our in vivo chow and HFD experiments. Fortification of 

drinking water with trace lithium levels could be a non-invasive and strategic approach to 

reaching a large proportion of the population [124]. Globally, regions where trace levels of 

lithium are slightly elevated have shown negative correlations with the presence of 

Alzheimer’s, obesity, and suicide attempts. Lithium supplementation through water 

therefore not only has the potential to offset obesity but could potentially provide benefits 

to numerous other health conditions, although long term administration should be 

investigated further to identify both beneficial and potential adverse effects.  

Additionally, the use of the Promethion metabolic caging system, along with the 

InSIGHT small animal DXA system was an added strength of our study. Not only could 

we examine underlying cellular mechanisms of energy expense through the extraction of 

muscle homogenates, but these systems allowed for real time collection of numerous 

energy expenditure and anthropometric measures in vivo. Because of our big picture target 

of utilizing muscle-based thermogenesis to combat obesity, being able to examine aspects 

like energy expenditure, body mass, lean or fat percentages and metabolic efficiency on 

whole living mouse models is critical in developing connections and a full understanding 

of what is going on at the cellular level. Future studies examining the influence of a 
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thermoneutral environment on LiCl activated thermogenesis are also possible utilizing the 

Metabolic caging system.  

Importantly, there were some technical limitations to measuring SERCA coupling 

ratio with the PTI fluorometer assay in the chow fed soleus homogenates. Technical 

inconsistencies beyond our control including continuous stirring, calibration, and leakage 

of the jacketed bath system may have had impact on our ability to identify SERCA’s uptake 

ability accurately. Moreover, the addition of oxalate, a Ca2+ precipitating agent, to the 

buffer was needed to optimize calcium uptake visualization, although it is not 

physiologically found in the body. Further, due to large tissue requirements for the PTI 

calcium uptake assay, samples were pooled together to allow for adequate sample volumes 

for each following assay. This in turn gave us a small n for SERCA coupling ratio in the 

soleus homogenates which could have masked any potential differences with lithium 

supplementation. Contrary to the limitations with obtaining SERCA coupling ratio utilizing 

the PTI fluorometer, our study also utilized a newly developed Ca uptake assay fitted onto 

a 96 well plate to examine the EDL chow-fed and HFD fed soleus homogenates. This new 

assay negates the need for large volumes of sample, does not require buffer containing 

oxalate and appears to improve the reproducibility and consistency of results while 

examining calcium uptake.  
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9.0 CONCLUSION 

 In conclusion, the findings within this thesis demonstrate the ability of a low 

therapeutic (0.5 mM) dose of lithium to inhibit GSK3 in C2C12 cells and lower SERCA’s 

apparent coupling ratio. However, the effects of lithium supplementation in vitro are not 

as well carried over since strong inhibition of GSK3 and upregulated expression of 

uncoupling proteins was not observed in soleus and EDL muscles obtained from chow-fed 

mice. It is possible that other thermogenic mechanisms such as adipose-based 

thermogenesis is activated by LiCl supplementation, thus explaining the increase in energy 

expenditure observed. Only when under the stress of a HFD did LiCl appear to activate 

muscle-based thermogenesis which is consistent with previous studies in SLN KO mice, 

where the effects of SLN deletion on muscle-based thermogenesis were only observed 

under additional stress (i.e., HFD and cold exposure). Overall, this thesis demonstrates that 

LiCl stimulates food intake while also enhancing energy expenditure to offset weight gain 

in mice; and that the contributions from muscle-based thermogenesis may only be apparent 

under high-fat feeding conditions.  
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