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Abstract 
Duchenne muscular dystrophy (DMD) is an X-linked disorder caused by an 

absence of dystrophin that compromises membrane integrity, ultimately resulting 

in muscle weakness, wasting and premature death. There is currently no cure for 

DMD, however, promoting the slow oxidative fibre type and reducing inflammation 

in muscle has become a viable therapeutic strategy. In this thesis, the role of 

glycogen synthase kinase 3 (GSK3) in DMD pathology, as it relates to inflammation 

and muscle fibre type composition, was examined. Specifically, the purpose of this 

thesis was to first characterize GSK3 signalling in two mdx mouse models of DMD, 

the traditional C57BL/10 (BL10) mdx mouse and the more severe DBA/2J (D2) 

mdx mouse model. Next, it was examined whether inhibiting GSK3 with a clinically 

relevant drug called tideglusib would promote the slow oxidative fibre type, reduce 

inflammation and ultimately enhance muscle structure and function in the D2 mdx 

mouse. In the first objective of this thesis, it was found that total GSK3 was 

significantly higher in extensor digitorum longus (EDL) muscles from D2 mice 

compared with BL10 mice. Inhibitory serine9 phosphorylation of GSK3 was also 

significantly lower in D2 mice compared with BL10 mice, suggestive of a strain 

effect whereby D2 mice had more active GSK3. In the second objective of this 

thesis, it was found short-term (2-4 weeks) tideglusib treatment (10 mg/kg/day) 

increased EDL:body mass ratio and reduced serum creatine kinase levels 

compared with vehicle control. Tideglusib treatment also enhanced muscle 

function with a significant improvement in hangwire impulse, and EDL specific 

force production and fatigue resistance. In the EDL muscles, tideglusib treatment 



   

reduced total GSK3, a result that was associated with an increase in the proportion 

of oxidative type I and IIa fibres and elevated utrophin mRNA  expression. 

However, tideglusib treatment did not alter inflammatory cytokine expression of IL-

1b and TNF-a. Collectively, these results show that GSK3 activation may 

contribute to dystrophic pathology in the D2 mdx mouse and that short-term 

tideglusib treatment can inhibit GSK3 in these mice leading to a promotion of the 

oxidative fibres and an improvement in muscle form and function.  
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1.0 Introduction 
 
1.1 Skeletal muscle contraction  
 

Skeletal muscle comprises approximately 40-50% of the mammalian body and is 
essential for locomotion, metabolism and daily living. Skeletal muscle contraction occurs 
when thick filaments (myosin) and thin filaments (actin) interact causing cross-bridge 
formation and myofilament sliding (1). This process is governed by excitation-contraction 
coupling (Figure 1.1), whereby an action potential arising from the neuromuscular 
junction causes Ca2+ release from the sarcoplasmic reticulum (SR) through the 
ryanodine receptors (2). The resultant rise in free intracellular Ca2+ signals for muscle 
contraction by displacing tropomyosin allowing for myofilament interaction. Subsequently 
and to initiate muscle relaxation, the Ca2+ signal must be actively transported back into 
the SR by the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump (3). To 
maintain muscle integrity and structure in response to the frequent contraction and 
relaxation cycles, the sarcolemmal membrane which covers each and every individual 
muscle fibre contains the dystrophin-glycoprotein complex (DGC) (4). The DGC is a 
network of proteins including dystrophin that connects the extracellular matrix of the 
basement membrane to the cytoskeleton of muscle thereby protecting it from 
contraction-induced stress (5). Without these structural proteins, muscles would be 
susceptible to membrane tearing leading to eventual damage. 
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Figure 1.1: Excitation contraction coupling. 
In response to an action potential (1) travelling down the sarcolemma, the dihydropyridine 
receptors (DHPR) sense a change in membrane charge (2). Then, through a mechanical 
connection to ryanodine (RYR) receptors, this causes the RYR channels to open and release 
the calcium stores from within the sarcoplasmic reticulum (3). This calcium then binds to 
troponin, allowing for interaction between the thick and thin filaments of the sarcomere 
causing contraction (4). Calcium from the sarcoplasm (5) then begins to be reclaimed by the 
sarcoplasmic reticulum via SERCA, allowing for muscle relaxation to occur. Figure created 
on Biorender.com. 

 
1.2 Muscle fibre plasticity   

Skeletal muscle is a heterogenous tissue and is comprised of two main types of 
fibres, fast-twitch type II and slow-twitch type I. It is important to note that along with 
many other properties, perhaps one of the most apparent differences between the two 
main types of fibres is their metabolism- either glycolytic or oxidative. Fibres that rely on 
oxidative metabolism have more mitochondria, surrounding capillaries and more 
myoglobin, and finally, utilize more fats as energy stores than muscles that are 
characterized as glycolytic (6).  Further, type I fibres contract and relax slowly with less 
force, yet are relatively fatigue resistant due to their reliance on oxidative metabolism (7). 
Alternatively, the type II fibres are characterized by rapid contraction and relaxation 
rates, relatively greater force production, and with a reliance of glycolytic metabolism, a 
higher susceptibility to fatigue (7). Of note, the type II fibres can be further classified into 
2 or 3 subtypes; IIA, IIX, and IIB. Type IIA fibres are fast oxidative-glycolytic fibres that 
rely on both oxidative and glycolytic metabolism, whereas the type IIX fibres are the 
fastest fibres in human skeletal muscle relying on glycolytic metabolism (8). However, an 
additional fibre type, the IIB fibres are present in rodent skeletal muscle and they are the 
fastest fibre relying heavily on glycolytic metabolism (6). Identification of the various fibre 
types in muscle has primarily depended on the expression/quantification of the different 
myosin heavy chain (MHC) isoforms (8-11) where type I fibres contain MHC I and type 
IIA, IIX and IIB fibres contain MHC IIa, IIx and IIb, respectively. Though each fibre type 
largely expresses their ‘own’ MHC isoform there is considerable overlapping expression 
(12). Nonetheless, the MHC isoforms are strongly associated with the functional 
properties of the muscle such as contractile kinetics, force production and fatigability (7).  

Muscles are generally made up of a mix of fibre types; however, those dominated 
by type I and IIA fibres such as the soleus and red gastrocnemius are considered to be 
oxidative and resistant to fatigue. Conversely, muscles containing a relatively large 
proportion of type IIX and IIB fibres such as the extensor digitorum longus and white 
gastrocnemius are considered to be glycolytic and powerful; albeit highly susceptible to 
fatigue. This heterogeneity in muscle fibre type allows for different muscles to provide 
various roles from maintaining posture to enabling quick and forceful movements.  
 An interesting property of skeletal muscle is their plasticity, or their ability to 
transition from one fibre type to the next in response to their external and internal 
environments.  For example, a plantaris muscle that typically contains fast glycolytic IIX 
and IIB fibres can become overloaded via synergist ablation of the soleus and 
gastrocnemius (10,13). This causes the plantaris to grow in size and shift towards an 
oxidative fibre type (I and IIA) to meet the new energetic demands of maintaining 
posture in the absence of the soleus and gastrocnemius. Alternatively, muscles like the 
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soleus that are primarily composed of type I fibres will shift towards a more fast-glycolytic 
phenotype in response to unloading (10,13) or in the presence of muscle wasting 
diseases. Altogether, this plasticity of muscle provides them with metabolic and 
contractile flexibility in order to respond according to the physiological demands of 
placed upon that muscle. Importantly and as mentioned in the sections below, this 
plasticity can also be targeted to generate effective therapies against diseases such as 
Duchenne muscular dystrophy (DMD) (14,15). 
  
1.3 Muscle regeneration  
 

Along with the innate ability to alter its fibre type properties, healthy muscle has 
the ability to repair and regenerate in response to damage or injury. Upon an injurious 
event, inflammatory cells including neutrophils and macrophages are recruited to the site 
in order to clear out the damaged/necrotic tissue making room for new healthy muscle 
(16). In the later periods of muscle regeneration, the muscle inflammatory state polarizes 
from a pro-inflammatory phase to an anti-inflammatory phase, and this has been shown 
to be critical in orchestrating muscle repair (17). Satellite cells that are normally inactive, 
or quiescent become active in response to injury or damage causing them to proliferate, 
differentiate, and fuse with one another or previously injured myofibers to eventually 
repair the damaged site (Figure 1.2) (17-19). Upon fusion, the repaired or newly 
developed muscle fibre will histologically appear to have centrally located nuclei. As the 
myofibre matures and as more myofilmental proteins are produced, the nuclei are 
pushed to the periphery. Of note, a separate pool of satellite cells will proliferate but not 
differentiate into myoblasts or muscle cells for the sole purpose of restoring/preserving 
satellite cell numbers (17-19). This is important as depletion of the satellite cell pool, 
which normally accounts for 3-5% of total nuclei on a muscle fibre, will result in severely 
impaired muscle regeneration. Indeed, in chronic settings of muscle degeneration, as 
noted below with DMD, eventual satellite cell depletion impairs muscle regeneration and 
instead muscles are infiltrated with connective tissues that are incapable of contracting, 
thereby hindering the force generation of muscle (18). Furthermore, continual muscle 
degeneration can lead to chronic elevations in inflammation leading to further muscle 
damage and connective tissue infiltration (16).   
  



 4  

 

 
Figure 1.2: Satellite cell activation, proliferation and regeneration of damaged 
muscles. 
In response to muscle injury, quiescent satellite cells are activated to respond and 
proliferate. While the majority of the proliferated cells then differentiate into myocytes, a 
population of the newly generated cells repopulate the store of quiescent satellite cells for 
later use. From myocytes, the cells then undergo fusion to become myotubes and fuse to the 
damaged muscle fibre to complete the regeneration process and contribute to muscle growth 
and repair. Figure created on Biorender.com.  

 

1.4 Duchenne muscular dystrophy 
DMD is a severe X-linked disorder that affects approximately 1 in every 6,600 

males in Canada and 1 in 3500 males worldwide with symptoms that arise as early as 
the age of 3 (20). These symptoms of DMD include muscle bulk decrease, spinal 
scoliosis, decrease in exercise capabilities, weakness of the knees and hips, pseudo-
hypertrophy, and contractures of the calf muscles and joints (20). Eventually, the leg, 
arm and trunk muscles begin to deteriorate forcing DMD patients into wheelchairs often 
by their teenage years (21). While DMD is most known for its effect on skeletal muscles, 
90% of patients develop severe cardiomyopathy, presenting as dilated cardiomyopathy 
by the age of 18 (20). At younger ages, the cardiomyopathy typically remains subclinical 
as it appears to progress at a much slower rate than skeletal muscle atrophy (20). 
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Despite recent advances in respiratory care, the average lifespan for an individual with 
DMD ranges from 20-30 years (22).  

A single point mutation in the dystrophin gene leads to an absence of functional 
dystrophin, a structural protein that is integral to the membrane stability of muscles 
during contraction-relaxation cycles (20). Currently there are over 7000 known mutations 
that can occur and lead to the DMD phenotype (23). Dystrophin is part of the DGC that 
altogether acts as a ‘shock absorber’ for the muscle membrane offering membrane 
stability during muscular contraction and relaxation (Figure 1.3 and ref (24)). This 
absence of dystrophin causes DGC disorganization making the muscle fragile and 
susceptible to contraction-induced tearing and eventual necrosis (20). This degeneration 
normally results in the activation of muscle regeneration, largely due to satellite cells 
(25). However, in the chronic setting as with dystrophic muscles that undergo constant 
degeneration-regeneration cycling, the satellite cells deplete, severely impairing muscle 
regeneration and thus muscle function (26). 

 

 
Figure 1.3: Illustration of the DGC 
Mutations in the dystrophin gene leading to its complete absence as with DMD lead to a 
structural dis-organization of the DGC. Created using BioRender.com.  

 
 

Currently, there is no cure for DMD and paradoxically some of the current 
treatments available for DMD can in fact worsen DMD pathology over time. Specifically, 
glucocorticoids are the only FDA approved treatment for DMD, as they are utilized as an 
anti-inflammatory agent via inhibition of the transcription factor nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB) (27), which will be highlighted for its role 
in DMD later in this document. Unfortunately, research has shown that as a result of 
glucocorticoids, there are detrimental long-term side effects such as skeletal muscle 
atrophy, bone loss and lowered activation of satellite cells have been reported (28,29). In 
addition, glucocorticoids have been shown to reduce myoblast fusion – a critical step in 
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muscle repair (see Figure 1.2) (25,30). This highlights the need to develop novel 
therapeutic strategies and identify novel therapeutic targets for DMD.    
 
1.5 Murine models of DMD 
 

The mdx mouse model has done most of the ‘heavy-lifting’ enabling researchers 
to discover new mechanisms and test potential therapies for DMD. In the mid 1980s, 
C57BL/10 5th generation inbred mice were found to have a spontaneous mutation on an 
X chromosome linked to muscular dystrophy (31). Further, this mouse was found to have 
significant increases in pyruvate kinase as well as other muscle-specific isoenzymes in 
the blood compared to their wild-type (WT) counterparts, which is consistent with DMD in 
humans (31). A classic example is serum creatine kinase (CK), which is commonly used 
as a marker of muscle damage, as the plasma membrane of a muscle normally ‘traps’ 
CK in healthy conditions, but in the case of DMD and other conditions of muscle 
damage, CK is released out into circulation (32). Since its discovery, the C57BL/10 mdx 
(BL10-mdx) mouse has undoubtedly become the most widely used model in the field of 
DMD research.  

Though many studies have been done, the biggest limitation when using the 
BL10-mdx mice is that they present a much milder disease phenotype than what is 
typically seen with DMD patients (33).  The BL10-mdx mouse display only a slightly 
reduced lifespan (-25%), and infiltration of immune cells, active fibre necrosis, variation 
in fibre sizes, centrally nucleated regenerating fibres is really only evident at an older 
age or in the diaphragm muscle – the most affected muscle in the mdx model (18,34). 
Furthermore, muscles obtained from the BL10-mdx mouse are generally hypertrophic 
due to a hyper-regenerative response and do not show obvious signs of weakness until 
a later age (35). In fact, a previous study by Coley et al. found EDL specific force 
production was not detected in the BL10-mdx mouse until 28 weeks of age (34). Finally, 
the BL10-mdx mouse model does not present with cardiomyopathy until 38-52 weeks of 
age and progresses as time continues (34). Altogether, the mild dystrophic phenotype 
occurring at a later age in the BL10-mdx mouse limits its utility as a DMD preclinical 
model. 

A suggested reason for this discrepancy is the excellent regeneration capacity of 
satellite cells within BL10-mdx mice (18). In DMD, the muscle degeneration-regeneration 
process eventually depletes as muscles rapidly deteriorate. Interestingly, in the BL10-
mdx mice, it is reported that the satellite cells continue to respond efficiently to severe 
damage, supposedly protecting the model from the rapid disease progression that is 
seen in humans (18). However, eventually satellite cell stores do deplete, leaving 
muscles susceptible to further disease progression, particularly in the aged mdx mouse 
(>16 months) (34). Nevertheless, this prolonged protection from satellite cells is a 
limitation to the BL10-mdx model as it limits disease severity and thus the translational 
capacity of this model.   

In attempt to address this limitation, many researchers have used the mdx-
utrophin double knockout mouse that present a disease phenotype that more closely 
associated to DMD patients. That is, these mice experience many of the pathologies 
seen in human DMD such as marked myopathy, atrophy and variation in muscle fibre 
size, connective tissue infiltration, centralized nuclei, necrosis, weight loss, curvature of 
the spine, abnormal behaviour and a reduced lifespan of about 20 weeks (36,37). 
Utrophin is a dystrophin homolog that is upregulated in conditions of DMD to 



 7  

compensate for the lack of dystrophin, maintaining or preserving the structural integrity 
of muscles during contraction (38). Thus, knocking out utrophin in DKO mice severely 
worsens disease progression. It is however important to note that while these studies 
have shown the therapeutic power of some select strategies (39-41), the limitation when 
using this mouse model is the clinical translation. DMD patients still have their UTRN 
gene (gene encoding for utrophin) intact and in fact upregulating utrophin in DMD 
patients is one potential therapeutic strategy (42). Thus, the DKO mice do not 
genotypically represent the DMD condition. 

In addition to the DKO mouse model, the effects of genetic background on the 
mdx mouse has been more recently examined. In this respect, recent work has shown 
that when the mdx mice are backcrossed onto a DBA/2J background (D2-mdx), their 
skeletal muscles exhibit early onset (8-10 weeks) inflammation, muscle atrophy and 
weakness, as well as a reduced self-renewal of satellite cells (18,34). Moreover, the 
heart of D2-mdx mouse shows signs of fibrosis and weakness at 10-28 weeks of age 
(34). Thus, these mice display a more severe disease phenotype compared with BL10-
mdx mice and at a much earlier onset (ie. 8-12 weeks) making them a more suitable 
model when studying DMD pathology and potential therapeutic strategies (33). Further 
highlighting its utility, exploring the cellular mechanisms explaining the phenotypical 
divergence between the BL10-mdx and the D2-mdx mouse models, could reveal novel 
targets leading to new and promising therapies for DMD.  However, with the D2-mdx 
model still in its infancy, there is a clear knowledge gap in this respect.  One study has 
shown that transforming growth factor beta (TGF-b) is elevated at the onset of severe 
dystrophic pathologies (such as in the D2-mdx), but not in mild dystrophic pathologies 
(such as in the C57-mdx) (43). With an increase in TGF-b comes an increase in 
fibrocalcification in muscles and further, an inability to regenerate healthy fibres via 
myogenesis (43). However, other unidentified mechanisms may still be at play resulting 
in the variation in disease pathology between the murine models. This is the overarching 
goal of my thesis, which is to explore the pathological contribution of an enzyme called 
glycogen synthase kinase 3 (GSK3) in the pathology observed in the D2-mdx mouse.  
 
1.6 Glycogen synthase kinase 3  

GSK3 is a serine/threonine (Ser/Thr) kinase that was first identified for its role in 
regulating glycogen synthase in muscle (44), but is now known to phosphorylate more 
than 100 substrates (45). There are two paralogous isoforms, GSK3a and GSK3b, with 
GSK3b being the most expressed and active isoform found within skeletal muscle (44). 
Both isoforms are constitutively active and act on many pathways all over the body (45). 
GSK3 can be inhibited via Ser phosphorylation (Ser21 on GSK3a; and Ser9 on GSK3b), 
preventing binding with its downstream targets (45) (Figure 1.4). There are several 
pathways and kinases that can inhibit GSK3 via Ser phosphorylation including Akt, 
protein kinase A (PKA), and cyclic GMP-dependent kinase that is activated with elevated 
nitric oxide (NO)  (46-50). Akt becomes activated by phosphoinositide 3-kinase (PI3K), a 
kinase that responds to a wide range of signals, such as growth factors, insulin and 
cellular stress (48). Once PI3K becomes activated, Akt translocates to the membrane 
where it interacts with PI3K and undergoes conformational changes, allowing for 
exposure of phosphorylation sites for serine residues (48). In muscle, it is thought that 
insulin stimulates glycogen synthase by inactivating GSK3 via Akt activation, thereby 
dephosphorylating glycogen synthase and stimulating glycogen production (51). 
Alternatively, PKA becomes activated by high levels of cyclic-AMP (c-AMP) (52). When 
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cytosolic c-AMP levels rise, two c-AMP molecules bind to a PKA regulatory subunit, 
causing the regulator subunits to move out of the catalytic sites, thus allowing for 
interactions with proteins to phosphorylate Ser residues (52). C-GMP functions in a way 
very similar to c-AMP, but instead of activating PKA, elevated cGMP – occurring due to 
elevated NO - activates protein kinase G (PKG).  

GSK3 has two functional domains; a primed substrate binding domain that acts 
to recruit substrates to GSK3, and a kinase domain that acts to phosphorylate the 
recruited substrates (53). Substrates that are recruited to the binding domain are nearly 
all primed with prior phosphorylation on a separate site (45). Through serine 
phosphorylation, the N-terminal tail of GSK3 ‘mimics’ that of a pre-phosphorylated 
substrate, causing the tail of GSK3 to self-associate with the primed substrate binding 
pocket, preventing the phosphorylation of target substrates and effectively “turning off” 
GSK3 (45), as shown in Figure 1.4.   

 

 
 

Figure 1.4: GSK3b  binding site and inhibition via Ser9 phosphorylation. 
Adapted from Beurel et al., 2015 (45). (A) Representation of the GSK3b primed substrate 
binding domain and kinase domain based on a crystal structure (54). (B) Serine-9 becomes 
phosphorylated and acts as a pre-phosphorylated substrate, becoming bound to the primed 
substrate binding domain. (C) When phosphorylated serine-9 in the N-terminal tail is bound 
to the binding domain, this inhibits the association of other primed substrates with the primed 
substrate binding domain of GSK3b.  
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Apart from regulating glycogen levels, GSK3 has recently been implicated in 
other muscle wasting diseases such as myotonic dystrophy type 1 (DM1) and limb girdle 
muscular dystrophy (LGMD). In DM1, inhibition of GSK3b improved muscle strength and 
lowered myotonia by lowering levels of cyclin D3-dependent kinase 4 (CDK4), which is a 
translational protein abnormally upregulated in DM1 (55). Further, GSK3 inhibition via 
lithium treatment (a known GSK3 inhibitor) was also shown to improve muscle mass and 
strength in a mouse model of LGMD (56). Thus, GSK3 has already been shown to be a 
viable therapeutic target for muscular dystrophy, however, its role in DMD and mdx 
pathology specifically remains unknown. Interestingly, in the female BL10-mdx mouse as 
well as in a canine model of DMD, GSK3 activity/expression was found to be elevated in 
the affected muscles (57,58). Furthermore, reduced NO levels have been found in the 
BL10-mdx mouse which would likely contribute to heightened GSK3 activation (47,59). 

In line with this, GSK3 is a negative regulator of muscle differentiation and 
regeneration, which could also add to the dystrophic pathology in DMD patients and mdx 
mice. In C2C12 cells, we have recently shown that GSK3 inhibition with low doses of 
lithium (0.5 mM) augments muscle differentiation and fusion. Furthermore, others have 
shown that GSK3 inhibition can prevent glucocorticoid-induced depressions in 
differentiation in fusion, which could be important for DMD patients looking for 
combinatorial therapy. In vivo, a previous study found that the knockdown of GSK3b 
accelerated muscle regeneration after unloading hindlimbs (60). Collectively, these 
studies demonstrating a role for GSK3 in negatively regulating muscle mass along with 
its elevated activation/expression in preclinical animal models of DMD could suggest a 
role for GSK3 in DMD and mdx pathology.  Importantly and to my knowledge, GSK3 
activation and its pathological contribution to the D2-mdx model, which again presents 
with a more severe and perhaps clinically relevant phenotype (vs. BL10-mdx mice), 
remains unknown. Thus, leveraging the naturally occurring variances in disease severity 
between the BL10-mdx and the D2-mdx mice, the first part of my thesis will assess 
whether GSK3 activation can potentially account for at least some of these differences.  

 
1.7 Tideglusib - a GSK3 inhibitor  
 The second part of my thesis will investigate whether inhibiting GSK3 in D2-mdx 
mice will alleviate dystrophic pathology to improve muscle form and function. Aside from 
DM1, GSK3 is a well-established therapeutic target for many other human 
conditions/disorders including: diabetes, Alzheimer’s disease, autism, and bipolar 
disorder (61,62). This is important as it makes the discovery and characterization of 
novel GSK3 inhibitors an active field of research; and while many synthetic and natural 
GSK3 inhibitors have been identified (63), to date, tideglusib is the most clinically 
advanced (62). Tideglusib is a member of the thidiazolidinone family (TDZD; Figure 1.5) 
and is currently being used in Phase II clinical trials for Alzheimer’s disease, progressive 
supranuclear palsy, myotonic dystrophy, and autism spectrum disorders (62,63). 
Tideglusib and TDZD drugs are well tolerated and safe even when taken over a longer 
period of time (61). Collectively, this highlights the importance of testing tideglusib in the 
treatment of DMD, as it could be rapidly integrated into the clinical setting. 
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Figure 1.5: Chemical structure of tideglusib and the other TZDZ drug family members. 
Adapted from a review by I. Khan et al., 2016 (63).  

 Tideglusib, like other TDZD members, is a non-ATP (adenosine triphosphate) 
competitive GSK3 inhibitor. This means that tideglusib does not inhibit GSK3 by 
competing for a binding site with ATP, as like all kinases, GSK3 uses ATP as a 
phosphate donor when catalyzing its kinase activity. Given the vast abundance of ATP 
and plethora of kinases found in the muscle cell, being a non-ATP competitive GSK3 
inhibitor poses a significant advantage in terms of specificity and potency. That is, an 
ATP-competitive inhibitor could potentially bind to the ATP binding pocket of many other 
kinases, and the abundance of ATP in muscle (5-10 mM,(64)) could make a higher dose 
of drug/inhibitor a pre-requisite. Conversely, tideglusib is an allosteric inhibitor of GSK3, 
that provides specific and irreversible inhibition (65). Though the exact binding site and 
residues involved still need to be fully characterized, tideglusib is known to bind to a 
hydrophobic pocket of GSK3 that is only exposed in its inactive configuration (66). This 
suggests that tideglusib binding to GSK3 stabilizes the enzyme in an inactive 
configuration. 
 In addition to tideglusib, TDZD-8 – another member of the TDZD family, was 
shown to inhibit GSK3 and improve muscle function in a mouse model of myotonic 
dystrophy (55). Specifically, Jones et al. (2012) found that total GSK3 is upregulated in 
muscle biopsies from DM1 patients and from a mouse model of DM1. Furthermore, 
treating these mice with TDZD-8 (10 mg/kg/day for 2 days), reduced GSK3 levels, 
resulting in a 21% improvement in grip strength (55). This critical study provided the 
motivating stimulus to initiate clinical studies that would test the efficacy of tideglusib for 
the treatment of DM1, while also revealing another inhibitory mechanism for TDZDs (i.e. 
lowering GSK3 content). In a phase II clinical trial involving 16 subjects (13-34 years 
old), 12 weeks of either 400 or 1000 mg of tideglusib per day was found to be safe and 
well tolerated, with no discontinuation or dose adjustment events (67). Moreover, 
Horrigan et al. (2020) found that tideglusib treatment in DM1 patients manifested clinical 
improvements such as improved cognitive function, reductions in fatigue and an 
improved ability to perform daily functions compared with baseline. Thus, with its clinical 
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promise for DM1, it is important that the utility of tideglusib for DMD be examined. To my 
knowledge, this has yet to be studied, which highlights the novelty and significance of 
my thesis. In addition to muscle form and function, my thesis also investigates the 
effects of GSK3 inhibition on muscle fibre type and inflammation in the D2-mdx mouse, 
as tideglusib and GSK3 inhibition can directly impact these pathways.  
 
1.8 GSK3 inhibition promotes the oxidative fibre type 

The slow-oxidative muscles are known to be less susceptible to contraction 
induced damage that is associated with DMD, potentially due to reduced exertion of 
maximal force compared to their fast-glycolytic counterparts (7). It is also hypothesized 
that the rapid force production that is seen in fast-twitch fibres in conjunction with the 
high neuronal stimulation they receive in preparation to contraction may also add to their 
increased susceptibility to muscle degeneration (14). Moreover, slow-twitch muscles are 
known to express more utrophin, the dystrophin homolog that works to try to stabilize the 
muscle membrane in the absence of dystrophin (68).  As such, promoting the oxidative 
fibre type has been widely viewed as a viable therapeutic strategy for DMD 
(11,14,69,70). 

Calcineurin (CnA) is a Ca2+-dependent Ser/Thr phosphatase that promotes the 
slow-oxidative phenotype in skeletal muscle (71). While CnA has multiple substrates, its 
main cellular target is nuclear factor of activated T cells (NFAT) (72). By 
dephosphorylating NFAT, CnA allows NFAT to enter the nucleus and increase the 
expression of genes that are associated with the slow-oxidative phenotype such as MHC 
I, myoglobin, utrophin, slow troponin and peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC-1a) (72-74). This is important for mdx pathology, as 
many of these proteins including utrophin have been shown to alleviate DMD pathology 
(11,38,75-79). 

GSK3 opposes CnA as it re-phosphorylates and therefore deactivates NFAT, 
blocking its nuclear entry and lowering the expression of proteins associated with the 
slow-oxidative phenotype (68) and those required to combat dystrophic pathology. In WT 
mice, we have recently shown that GSK3 inhibition with low-dose lithium treatment (a 
natural GSK3 inhibitor) activated NFAT thereby increasing MHC I and PGC-1a 
expression in the murine soleus contributing to enhanced fatigue resistance (9). Thus, it 
is possible that inhibiting GSK3 in the D2-mdx mouse may activate the oxidative fibre 
phenotype, helping to alleviate dystrophic pathology; however, this has not yet been 
examined.  

 
1.9 GSK3 inhibition reduces inflammation 

In an acute setting, inflammation is an important part of muscle regeneration as it 
clears the necrotic debris from the damaged muscle, allowing for replacement with 
healthy muscle cells (68). However, in the chronic setting such as in cases of DMD, 
inflammation can lead to further degeneration of muscle by activating apoptosis and the 
ubiquitin-proteasomal degradation pathway (68) which largely leads to muscle 
weakness. (80). Inflammatory cytokines such as tumor necrosis factor alpha (TNF- a), 
interleukin 1 (IL-1) and interleukin 6 (IL-6) are chronically upregulated in affected 
muscles causing this heightened inflammatory status (80). Of interest and with respect 
to D2-mdx mice, affected muscles were all shown to have elevated inflammatory 
cytokine circulation compared to the BL10-mdx mouse as early as 6 weeks of age and 
as late as 52 weeks of age (34). This chronic state of inflammation eventually leads to 
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muscle protein degradation and exhaustion of the satellite cell regeneration cycle, 
leading to further degeneration of muscle and the replacement of muscle fibres with fatty 
infiltrates and connective tissue (80). This in turn largely contributed to the reduced 
contractility and strength, leading DMD patients to require wheelchairs by the time they 
are teenagers (20).  

NFkB, is a system of transcriptional regulation that is designed to respond to 
cellular stress to promote cell survival (81). The activation of NFkB via phosphorylation 
by the inhibitor of kappa B kinases (IkB) causes NFkB to translocate to the nucleus 
promoting the production and eventual release inflammatory cytokines (81). Importantly, 
NFkB activation contributes to and accelerates muscle degeneration in DMD and the 
BL10-mdx mouse (82). Previous findings have discovered that by inhibiting NFkB, mice 
experienced decreased necrosis and increased regeneration of hind limb and diaphragm 
muscles (82), suggesting that inhibition of NFkB could improve muscle structure and 
function in the mdx mice. GSK3 is known to play a major role in systemic inflammation 
(61), and in fact, a previous study has shown that GSK3 inhibition reduces muscle 
atrophy in pigs treated with lipopolysaccharide – a known pro-inflammatory agent (83). 
As GSK3 and NFkB both play such an important role in inflammation, it is no surprise 
that the two are interconnected. In a seminal study conducted in Dr. Jim Woodgett’s lab, 
it was shown that GSK3 is required for NFkB activation (61).  

Classically, NFkB is activated when cytokines such as TNF-a and IL-1b bind to a 
receptor found on the plasma membrane. This activates the IKK complex, which 
consists of the IKKa and IKKb kinases and a regulatory IKKg/NEMO subunit (84). This 
occurs when IKKb phosphorylates IkB, which is normally bound to NFkB. 
Phosphorylated IkB is then released from NFkB for ubiquination and degeneration. This 
allows NFKB to enter the nucleus where it can promote inflammation. Recently, it was 
found that knocking down GSK3 inhibited NFkB signalling through modulation of NFkB 
essential modulator (NEMO) phosphorylation (85).  By phosphorylating NEMO, GSK3 
stabiulizes the IKK complex allowing for phosphorylation of IkB. Thus, by inhibiting 
GSK3, IKKb is not able to phosphorylate IkB, and therefore cannot be released from 
NFkB, reducing the expression of inflammatory cytokines (85). Essentially, this means 
that it is possible that GSK3 activation may contribute to the chronic inflammation 
commonly observed in patients with DMD and mdx mice, and it would be of interest to 
determine what happens to inflammation in response to GSK3 inhibition.  
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2.0 Statement of the Problem  
 

DMD is a severe debilitating disease leading to early mortality. There is no cure 
for DMD, and the search for novel and applicable therapeutic strategies is an active filed 
of research. Recently, the D2-mdx mouse model was generated and previous literature 
shows that the dystrophic symptoms in these mice are more severe and appear at an 
earlier onset compared with the more traditional BL10-mdx mouse model. Leveraging 
the natural variances in disease severity and adopting a comparative physiological 
approach, determining the cellular mechanisms explaining the phenotypical divergence 
across the two mdx models may reveal a novel therapeutic target. GSK3 has been 
shown to be overactive in BL10-mdx mice and is a negative regulator of muscle mass 
that can potentially contribute to mdx pathology. However, whether GSK3 is more active 
in the more severe D2-mdx mouse; and whether GSK3 inhibition can mitigate disease 
pathology in these mice remains unknown. 

3.0 Purpose 
 
The purpose of my thesis is twofold. First, my thesis investigates whether GSK3 

activation differs between BL10 and D2-mdx models. Second, my thesis examines 
whether inhibiting GSK3 specifically in the D2-mdx mouse can improve muscle integrity 
and function, partly by enhancing the oxidative fibre type and attenuating muscle 
inflammation. 

4.0 Hypotheses  
 

It was hypothesized that along with a more severe dystrophic phenotype 
characterized by muscle atrophy and weakness, D2-mdx mice will display increased 
GSK3 activation compared with BL10-mdx mice. It was also hypothesized that inhibiting 
GSK3 would alleviate dystrophic pathology in these mice, improving muscle function by 
promoting the oxidative fibre type and attenuating muscle inflammation.  

5.0 Methods 
 
5.1 Animals  
 
 Male BL10-mdx (stock #013141), D2-mdx (stock #001801), BL10-WT (stock 
number 000476) and D2-WT (stock #000671) mice were purchased at the age of 6-7 
weeks from Jackson Laboratories (n = 12 per group). Mice were brought to Brock 
University to acclimate for one week before any investigations began. Mice were housed 
in standard 12:12 hour light:dark cycles and were allowed access to standard rodent chow 
and water. After acclimation, mice were subjected to a hangwire test. Thus mice were 
euthanized at 9-10 weeks of age. This age was decided because this is approximately 
equivalent to mid-late teenage years in humans, which is when skeletal muscles have 
undergone extensive degeneration and fat infiltration, and cardiorespiratory complications 
begin to arise. Additionally, at this age the BL10-mdx mice only express mild DMD 
pathology, while the disease severity intensifies at this age in the D2-mdx mice. By 
selecting this age group it allowed for us to investigate the cellular differences that underly 
the differing severities between the mdx models.   
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 A second cohort of mice were utilized for this study to determine the effect of 
inhibiting GSK3 utilizing tideglusib. For this study, 36 male D2-mdx (stock #001801) and 
12 D2-WT (stock #000671) mice were purchased at the age of 6-7 weeks from Jackson 
Laboratories. These mice were allowed to acclimate for one week prior to starting 
treatment. For this study there were three groups, a D2-WT healthy control group (n=12), 
a D2-mdx vehicle group (n=18) and a D2-mdx tideglusib group (n=18). All mice were 
housed in standard 12:12 hour light:dark cycles and were allowed access to standard 
rodent chow and water. Mice treated with tideglusib were given 10mg/kg/day of tideglusib 
via oral gavage, while the vehicle group was given 26% peg400, 15% Chremaphor EL and 
water (55) for 5 days of a week for 2-4 weeks. Oral gavaging was done by trained animal 
care staff and Research Technician, Sebastian Silvera. This dose was chosen to be 
consistent with the study conducted by Jones et al., that used 10 mg/kg/day of TDZD-8 to 
treat DM1 mice (55). Moreover, assuming a 50 kg teenage individual, this dose would 
equate to 500 mg/day which is within the range used in phase II clinical trials for DM1 
(400-1000 mg/day; (67)). Mice were treated for a period of 2-4 weeks, where all hangwire 
tests were conducted immediately after 2 weeks of treatment. A subset of mice were 
euthanized after 2 weeks to examine GSK3 activation, fibre type composition, and 
necrosis via histological staining (n= 4-5 D2-mdx vehicle and tideglusib mice). Another 
group of mice were treated for an additional two weeks to conduct other in vivo measures 
that are not part of this thesis. After completion, the total length of treatment was 4 weeks 
and the mice were then 11-12 weeks of age. At this point, all mice were euthanized and 
samples collected for analyses. Early throughout the oral gavage schedule, 4 mdx-
tideglusib and 1 mdx-vehicle mouse died due to aspiration. All animal protocols were 
approved by the Brock University Animal Care Committee (Appendix I: AUP 17-06-03). 
 
5.2 Hangwire test 
 
 After a one-week acclamation period, mice in the BL10 vs D2 study were 
subjected to a hangwire test. For the tideglusib portion of this thesis, hangwire testing 
was conducted after 2 weeks of vehicle or tideglusib treatment. All tests were conducted 
in accordance with the standard operating procedure from the Neuromuscular Network 
(86). The mice in the tideglusib study were subjected to the hangwire test immediately 
after two weeks of tideglusib treatment. The hangwire test was performed on an 
apparatus that had a single wire suspended roughly 12 inches from the base, on which 
mice were hung by their forelimbs. Mice were left suspended on the wire until they reach 
exhaustion and dropped from the wire to the base, and the time they remained 
suspended was recorded. This is repeated three times per mouse, with a 60 second 
recovery period between each trial. The three trial times were averaged for each mouse 
and used as the final score. This score was then multiplied by the weight of the mouse 
(in grams) to obtain an impulse value. Impulse negates the effect of body weight and can 
provide a measure of the amount of tension generated during the time in which the 
mouse was hanging, which will be used as the final measurement for this experiment. 
 
5.3 Tissue and sample collection  
 

Prior to euthanasia, blood was collected from each mouse to be utilized for 
serum CK analyses by using non-heparinized needles and serum was then extracted 
after centrifuging each sample (5 min at 8,000 g). Immediately following, mice were 



 15  

euthanized via exsanguination while under general anesthetic (vaporized isoflurane) and 
tissues were collected for further investigations. In DMD, fast fibres are the most highly 
affected muscles, therefore this study focused mostly on the fast-twitch extensor 
digitorum longus (EDL) and plantaris muscles. The EDL muscles from each hindlimb 
were harvested. In the BL10 vs D2 study, one EDL from each mouse was homogenized 
in homogenizing buffer (5 mM HEPES, 250 mM sucrose, 0.2 mM PMSF, 0.2% NaN3; pH 
7.5) at 10 times the weight of the muscle for Western blotting. In the tideglusib study, 
EDL muscles from one leg were harvested from the subset of mice euthanized after 2 
weeks of treatment for Western blotting. The contralateral EDL muscles were frozen in 
optimal cutting temperature (O.C.T., FisherScientific) compound in cooled isopentane (in 
liquid N2) for fibre type and histological analyses. Serum was also collected from all mice 
in the BL10 vs D2 mdx study and the 4-week vehicle treated, tideglusib treated and 
healthy WT control mice for serum CK analyses. All muscles and serum were then 
stored at -80°C until experiments were run.  
 
5.4 Ex-vivo EDL muscle contractility 
 After 4 weeks of tideglusib or vehicle treatment, EDL muscles from D2-mdx and 
D2-WT mice were carefully dissected and mounted onto an Aurora Scientific contractile 
apparatus (model 305B&701B) to assess muscle force production and fatigue as 
previously described (9).  Briefly, using 4–0 silk sutures, EDL muscles were mounted 
between two platinum electrodes at their optimal length with one end tied to the arm of a 
dual mode servomotor (model 305B Aurora Scientific) and the other end to a fixed post. 
Muscles were stimulated using a biphasic stimulator (Model 701B, Aurora Scientific, Inc.) 
with all data sampled at 1 kHz and saved to computer for further analysis (ASI 600a 
software). EDL muscles were subjected to a force‐frequency (1–150 Hz) and fatigue 
protocol comprising a 70 Hz volley every 2 s for 5 min with a sampling rate of 2000 Hz. 
For data analyses, peak isometric force amplitude (mN) were determined across the 
range of stimulation frequencies and throughout the fatigue protocol. Peak isometric 
force was then normalized to muscle cross‐sectional area (CSA), which was calculated 
using the following formula: CSA = m/l*d*(Lf/Lo), where m, muscle mass (mg); l, muscle 
length (mm); d, mammalian skeletal muscle density (1.06 mg/mm3) (87) Lf/Lo is the fiber 
length‐to‐muscle length ratio (0.44for the EDL) (88). For analyses of fatigue, the time 
required to reach 50% of initial force was recorded (89). After the contractile protocol, all 
EDL muscles were frozen in O.C.T. compound for future fibre type and histological 
analyses not included within this thesis. The contralateral EDL muscles from the 4-week 
treated mice were also snap-frozen in liquid N2 for GSK3 activation analysis via Western 
blotting analyses. 
 
 
5.4 Serum CK  
 

Blood collected from all mice and was centrifuged (8,000 g for 5 min) in the 
absence of anticoagulating heparin. The serum supernatant was then obtained to 
investigate serum CK activity using a commercially available assay kit (C7522, Pointe 
Scientific, Canton, MI, USA) along with a standard curve using purified creatine kinase 
(25998433, Roche Diagnostics, Mannheim, Germany) fitted onto a 96-well plate. 
Specifically, a standard curve was generated by utilizing a series of known 
concentrations of purified creatine kinase. The CK standard comes at a concentration of 
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800 IU/mg at 37°C, and 5mg of CK was added to 10 mL of imadizole, to result in a 
concentration of 400,000 IU/L. This was further diluted 10x by adding 10µL of the stock 
to 90µL of imadizole buffer. From here, a serial dilution was performed, resulting in the 
following concentrations: 40,000 IU/L, 20,000 IU/L, 10,000 IU/L, 5,000 IU/L, 2,500 IU/L, 
1,250 IU/L, 625 IU/L, 312.5 IU/L and 0 U/L. Next, 1µL of all standards with the exception 
of 40,000 U/L were plated in triplicate, in order from lowest to highest concentration. 
Samples were then plated using 1 µL of sample in triplicate. Once all standards and 
samples were plated, 100µL of the master mix comprised of Reagent 1, the buffer, and 
Reagent 2, the enzyme reagent from Pointe Scientific was added to each well. A M2 
Molecular Devices Multimode (Molecular Devices, San Jose, CA, USA) plate reader was 
utilized to calculate the amount of NADPH absorbance per minute at 340nm, as this 
value is directly proportionate the CK activity within a given sample. From here, the rates 
of absorbance at the known concentrations of the standards were used to form a 
standard curve, to which the absorbance of all unknown samples were compared to in 
order to determine serum CK concentration. For all mdx samples, a non-linear standard 
curve was used (agonist vs response; three parameters) and Graphpad Prism was used 
to interpolate Y-values (i.e., IU/L) with known X values (umol of NADP absorbed). For all 
WT a linear standard curve was used only including standard points up to 5000 IU/L as 
that WT samples never reached a value above this final standard curve point. Graphpad 
Prism was used to interpolate Y-values using the linear equation.   

 
5.5 Western blotting  
 

A bicinchoninic acid (BCA) assay was used to determine sample protein 
concentration from all EDL muscle homogenates using a M2 Molecular Devices Plate 
Reader (Molecular Devices, CA, USA). Western blotting was then performed to assess 
phosphorylated (p)-GSK3a (Ser 21), GSK3a, (p)-GSK3b (Ser9), GSK3b and b-catenin. 
All Western blots were performed utilizing TGX BioRad PreCast 4-15% gradient gels 
(4561086: BioRad, Hercules, CA, USA) and polyvinyldine difluoride (PVDF) membranes. 
All PVDF membranes were blocked with 3% (w/v) bovine serum albumin (BSA) in Tris-
buffered saline with Tween-20 (TBST) at room temperature for 1 hour. The membranes 
were then be incubated with primary antibodies (1:2000 dilution) overnight at 4°C. The 
primary antibodies for GSK3a (#4337S), p-GSK3a (#8452S), p-GSK3b (#9336), GSK3b 
(#9315), and NFATc1 (#8032) were obtained from Cell Signaling Technology (Danvers, 
MA, USA). Primary antibody for p-NFATc1 (ser172; #MAB5640) will be obtained from 
Novus Biologicals (Toronto, ON, CAN). After incubation with the appropriate primary 
antibodies overnight in the fridge, PVDF membranes were then incubated at room 
temperature with anti-rabbit (7074; Cell Signaling Technology; p-GSK3b, GSK3b, p-
GSK3a, GSK3a, and NFATc1) or anti-mouse (7076, Cell Signalling Technology for p-
NFATc1) secondary antibody (1:2000 dilution) for 1 hour. Finally, PVDF membranes 
were washed in TBST and then imaged after applying Millipore Immobilon 
Chemiluminescent HRP Substrate (#WBKLSO500, Millipore) on a BioRad Chemi Doc 
Imager. Membranes were then stripped and reprobed for GAPDH (60004-1-ig, Protein 
Tech, IL, USA) for normalization purposes. ImageLab (BioRad) was used to quantify 
optical densities that were then normalized to GAPDH.  



 17  

 
5.6 Fibre Typing  
 

Fibre typing was accomplished through via immunofluorescent staining of MHC 
isoforms in EDL muscles collected from mdx mice treated with tideglusib or vehicle for 
two weeks. Briefly, EDL muscles frozen in O.C.T. compound were sliced into 10 µm 
sections using a HM525NX Cryostat (ThermoFisher Scientific, MI, USA) and placed onto 
vectabonded microscope slides. Slides were stored in -80°C prior to staining. On the day 
of staining, slides were taken out and allowed to dry at room temperature for 10 minutes. 
Then all slides were blocked in 10% goat serum (5425, Cell Signalling; in phosphate-
buffer solution (PBS)) for 1 hour. After blocking, the slides were incubated overnight with 
a primary antibody cocktail (in 10% goat serum solution in PBS) targeting MHCI (1:50; 
BA-F8), MHCIIa (1:600; SC-71), and MHCIIb (1:100; BF-F3) (obtained from the 
Developmental Studies Hybridoma Bank (University of Iowa, Iowa, City, IA). On the next 
day, slides were washed 3x in PBS (5 min each), then blot dried prior to adding a 
cocktail of secondary antibodies which included: Alexa Fluor 350 (IgG2b for MHCI; A-
21140 ThermoFisher Scientific),  Alexa Fluor 488 (IgG1 for MHCIIa; A-21121 
ThermoFisher Scientific), and Alexa Fluor 555 (IgM for MHCIIb, A-21426 ThermoFisher 
Scientific,MI, USA) all at a 1:500 dilution in 10% goat serum solution in PBS. The slides 
were incubated in near total darkness in the secondary cocktail for 1 hour and then 
washed an additional 3x (5 min each) in PBS. Subsequently, Prolong Gold 
(ThermoFisher Scientific, MI, USA) antifade reagent (15 µl) was added to each slide and 
then a #1 glass coverslip in the dark. The corners of the cover slip were then secured 
with nail polish and imaged using a BioTek Cytation 5 Multimode Plate Reader. All 
images were acquired using 10x magnification using auto-exposure settings for three 
filters: DAPI, GFP and Texas Red. Images were then stitched, processed and saved 
using the Gen5 image processing functions, and then analyzed using imageJ (NIH) 
software to estimate fibre type composition and CSA. To measure CSA, 20 fibres of 
each type were randomly selected and the area of each fibre were then measured and 
averaged using the scale bar attached to each image. Notably, MHCIIx was not stained 
and thus MHCIIX fibres appear as black fibres. 
 
5.7 H&E staining  
 
 Necrosis was determined via performing Hematoxylin and Eosin (H&E) staining 
of samples from mdx mice that were treating with tideglusib or vehicle for two weeks. 
Briefly, EDL muscles frozen in O.C.T. compound were sliced into 10 µm sections using a 
HM525NX Cryostat (ThermoFisher) and placed onto vectabonded microscope slides. 
Slides were stored in -80°C prior to staining. On the day of staining, slides were removed 
from the -80°C and were left to air dry for 5-10 minutes. Once dry, ~1000µL of 
hematoxylin was added to the slides to cover all muscle slices on the slide and was left 
on for 1 minute. The hematoxylin stain is used to stain the nuclei within the muscle 
fibres. Next, the stain was washed off by dipping the slides into warm tap water 5 times, 
then excess water was tapped off. The rinsing stage was repeated two additional times 
to ensure all excess stain was removed. Next, ~1000µL of eosin stain was added to 
cover all samples on the slides to stain the myoplasm of each muscle fibre; this stain 
was left for 30 seconds. The slides were dehydrated by dipping in 70% ethanol 5 times, 
then 95% ethanol 5 times, and finally 100% ethanol 5 times. This progressive increase in 
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ethanol works to slowly dry the samples without damage. Next, the slides were dipped in 
xylene 5 times before finally being set to dry for 1 minute. Once slides were dry, a drop 
of Permount (Fisher Scientific, MI, USA) was added to the slide to adhere the coverslip 
to the slide. All slides were then imaged using a BioTek Cytation 5 Multimode Plate 
Reader. All images were acquired using 10x magnification using auto-exposure settings 
for the Colour Brightfield setting. Images were then saved and then analyzed using 
imageJ (NIH) software to estimate necrotic area. This was done by calculating the total 
surface area of the muscle, then calculating the sum of the area of all necrosis (areas 
occupied by collagen and immune cell infiltration) within the sample. This total necrosis 
was then divided by the total area of the sample.  
 
5.7 mRNA analyses  
 
 mRNA analyses for IL-1 (forward, TCATCTGGGATCCTCTCCAGCCA; reverse, 
AGGACAGCCCAGGTCAAAGGT), TNF-a (forward, TGAACTTCGGGGTGATCGGTCC; 
reverse, GCTGCTCCTCCACTTGGTGGTT), and utrophin (forward, 
GGGGAAGATGTGAGAGATTT; reverse, GTGTGGTGAGGAGATACGAT) were 
accomplished by homogenizing plantaris samples from the tideglusib study (n=10-12 per 
group) with 1mL of TRIzol to maintain RNA integrity. 200uL of chloroform was then 
added to each tube, and the supernatant was transferred to a spin column. A 
commercially available Qiagen RNeasy kit (Quiagen, Hilden, Germany, ID #74104) and 
a DNase Max kit (Quiagen, Hilden, Germany, D #15200-50) was then used to isolate 
RNA from the substrate of samples through a spin column utilizing a series of washes. 
This was then quantified using a NanoVue Plus spectrophotometer (Biochrom Ltd., 
Cambridge, UK), followed by the use of EcoDry RNA to cDNA (Takara Bio Inc., Kusatsu, 
Shiga, Japan, ID #639547) reaction tubes and a SimpliAmp Thermal Cylinder 
(ThermoFisher, MA, USA, ID #A24811) to facilitate the generation of cDNA. Diluted 
cDNA was then analyzed using a qPCR reaction 96-well plate and the StepOnePlus 
Real-Time PCR System (ThermoFisher, MA, USA, ID #4376600). For this component of 
my thesis, PhD Candidate, Colton Watson (Supervisor: Dr. Adam MacNeil), helped with 
optimizing primer sequences (see Appendix II), performing the run cycles, and analyzing 
the mRNA data. 
 
5.8 Statistical analyses  

For the BL10 vs D2-mdx study, most comparisons were made using a two-way 
ANOVA with a main effects of genotype (mdx) and strain as well as their interaction. 
Planned comparisons between BL10-mdx and D2-mdx were made using a Student’s t-
test. For the tideglusib study, most comparisons were made using a one-way ANOVA or 
a Student’s t-test. For the force-frequency analyses a two-way repeated ANOVA was 
used. Statistical outliers detected through a ROUT method (2%) were removed prior to 
analyses. Graphpad Prism 8 was used for all statistical analyses and statistical 
significance was set to p < 0.05 with p < 0.15 denoting a statistical trend. All data are 
presented as mean ± standard error. 
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7.0 Results 
 
7.1 BL10 vs D2: body weight, muscle weight, and serum CK 
 
 Figure 7.1A shows that, as expected, D2 mice were significantly smaller than 
their BL10 counterparts. Moreover, a significant interaction revealed that D2-mdx mice 
were smaller compared with D2-WT mice, whereas there was no differences between 
BL10-mdx and BL10-WT mice. When examining EDL muscle mass, a significant main 
effect of strain was also observed where D2 EDL muscles were smaller than BL10 
muscles (Figure 7.1B). A significant interaction between strain and mdx genotype shows 
that EDL muscles were significantly larger in the BL10-mdx vs. BL10-WT mice; however, 
this was not observed in D2 mice (Figure 7.1B). When normalized to body mass, a 
significant main effect of strain and mdx genotype were observed for EDL size (Figure 
7.1C). Finally, serum CK analyses revealed a significant main effect of mdx genotype 
showing elevated serum CK activity in BL10 and D2 mdx mice (Figure 7.1D).  
 

 

 

Figure 7.1: D2 mice are smaller in whole body and EDL muscle size at 9-10 weeks of 
age. (A) Body mass (g) of BL10 and D2 WT and mdx mice. EDL muscle mass in absolute 
(B) and relative-to-body mass (C) representation. D) Serum CK activity in BL10 and D2 WT 
and mdx mice. *p < 0.05, ****p < 0.0001 using a Two-way ANOVA and a Tukey’s post-hoc 
test, (n = 10-12 per group). 

 
 

BL10 D2
0

5

10

15

E
D

L 
m

us
cl

e 
m

as
s 

(m
g)

✱

strain, p < 0.0001
mdx, p = 0.14
strain x mdx, p = 0.05

BL10 D2
0.0

0.1

0.2

0.3

0.4

0.5

E
D

L:
bo

dy
 m

as
s 

ra
tio

 (m
g:

g)

strain, p = 0.0007
mdx, p = 0.006

BL10 D2
0

10

20

30

B
od

y 
m

as
s 

(g
)

strain, p < 0.0001
mdx, p < 0.0001
strain x mdx, p < 0.0001

✱✱✱✱

WT

mdx

A B C

BL10 D2
0

2000

4000

6000

S
er

um
 C

K
 (U

/L
)

mdx, p = 0.0004

D



 20  

7.2 BL10 vs D2: hangwire test 
 
 A hangwire test was conducted to examine muscle performance and fatigability. 
Absolute hangtime revealed a significant main effect of strain, where D2 mice were able 
to hang on the wire for a longer period of time compared with BL10 mice (Figure 7.2A). 
However, this may be due to the fact that they are smaller in mass, and according the 
Neuromuscular Network standard operating procedure DMD_M.2.1.004, hangwire time 
should be normalized to body mass by calculating the impulse (time * body mass). When 
calculating holding impulse, a significant main effect of mdx genotype was observed 
(Figure 7.2B). Furthermore, planned comparisons between BL10-mdx and D2-mdx mice 
show that D2-mdx mice tended to have less holding impulse compared with BL10-mdx 
mice (p = 0.06, Student’s t-test). 
 

 
 
Figure 7.2: D2 mice have increased hangtime (A), but when normalized to body mass 
mdx mice have less holding impulse (B) at 9-10 weeks of age. Comparisons were made 
using a two-way ANOVA, (n = 10-12 per group). 

 
 
7.3 BL10 vs D2: GSK3 activation 
 
 Next, GSK3 activation was examined in EDL muscles obtained from BL10 and 
D2 WT and mdx mice. Figure 7.3 revealed a significant main effect of strain, where D2 
mice had significantly more GSK3b compared with BL10 mice (Figure 7.3A and B). 
There were no differences in pGSK3b (Figure 7.3A and C); however, normalizing to total 
GSK3b revealed another significant main effect of strain suggestive of more active 
GSK3b in D2 mice (Figure 7.3D). Since GSK3 antagonizes calcineurin signaling by 
phosphorylating NFAT, NFAT phosphorylation status was next examined. Figure 7.4 
shows that there was a significant interaction between strain and mdx genotype, with 
only the D2-mdx mice having significantly elevated total and phosphorylated NFAT 
content compared with D2-WT mice (Figure 7.4A-C). Examining the phosphorylated 
NFAT:NFAT ratio revealed a trending main effect of strain (p = 0.12),where D2 mice had 
more phosphorylated NFAT compared with BL10 mice. 

A B

BL10 D2
0

50

100

150

H
an

gt
im

e 
(s

)

strain, p = 0.001

WT

mdx

BL10 D2
0

200

400

600

800

1000

Im
pu

ls
e 

(s
*g

)
mdx, p = 0.01



 21  

   

Figure 7.3: 9-10 week old D2 mice have more non-phosphorylated (serine9) GSK3 
compared to age matched BL10 mice. A) Representative Western blots of phosphorylated 
(p) GSK3, total (t) GSK3 and GAPDH. Densitometric analyses of tGSK3 (B) and pGSK3 (C), 
and ratio of pGSK3/tGSK3 (D) in EDL samples of BL10 and D2 mice. Comparisons were 
made using a 2-way ANOVA (n=9-12 per group). 
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Figure 7.4: D2 mdx mice have more phosphorylated (p) and total (t) NFATc1 compared 
with BL10 mdx mice. 
A) Representative western blots of pNFAT, tNFAT and GAPDH. Densitometric analyses of 
tNFAT (B) and pNFAT (C), and ratio of pNFAT/tNFAT (D) in EDL samples of 9-10 week old 
BL10 and D2 mice. Comparisons were made using a 2-way ANOVA (n=9-12 per group). 
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Figure 7.5: Tideglusib treated mdx mice have reductions in tGSK3, pGSK3 and 
pGSK3/tGSK3 ratios compared to vehicle treated mdx mice. Representative Western 
blot images and semi-quantitative analyses of GSK3 and phosphorylated (p) GSK3 after two 
(A and B) and four (C and D) weeks of tideglusib treatment.*p < 0.05, using a Student’s t-test 
(n = 4-6 per group). 
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both vehicle and tideglusib treated mdx mice had a significantly lower body mass and 
EDL mass, but there was no difference in masses between treatments (Figure 7.6 A-B). 
However, when comparing the ratio of EDL to body mass, the ratio for vehicle treated 
mdx mice was significantly lower than both WT and tideglusib treated mdx mice (Figure 
7.6 C). Serum CK analyses also revealed that while WT serum CK was significantly 
lower compared to both vehicle and tideglusib treated mdx mice, there was a significant 
decrease in serum CK activity in tideglusib treated mdx mice compared to vehicle 
(Figure 7.6 D). 

 
 
Figure 7.6: Tideglusib treatment increases EDL:body mass ratio and reduces serum 
CK activity after 4-weeks of treatment. A) Body mass (g) of WT, mdx-vehicle and mdx-
tideglusib mice. Absolute (B) and relative to body mass (C) EDL muscle mass. D) Serum CK 
activity in BL10 and D2 WT and mdx mice. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001, using a One-Way ANOVA and Tukey’s post-hoc test  (n = 10-12 per group). 
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WT mice. Moreover, when looking at EDL contractility, it was found that EDL muscles 
from WT mice produced significantly more specific force compared with vehicle and 
tideglusib-treated mdx mice across submaximal and maximal frequencies after 4 weeks 
of treatment (Figure 7.7B). However, at 100 and 150 Hz, tideglusib-treated mdx mice 
produced significantly more force compared with vehicle-treated mdx mice (Figure 7.7B). 
Furthermore, when examining time to 50% fatigue, it was found that only vehicle-treated 
mdx mice took significantly less time (vs. WT mice) to fatigue to 50% of initial force.  In 
contrast, fatigability was restored in mdx-tideglusib treated mice to the point that it was 
no longer statistically different from WT mice with 4 weeks of treatment (Figure 7.7C).  

 

 
 
Figure 7.7: Holding impulse, specific force production, and fatigue resistance are all 
improved in mdx mice after 2-4 weeks of tideglusib treatment. A) Impulse (s*g) of WT, 
mdx-vehicle and mdx-tideglusib treated mice after 2 weeks of treatment. B) Force frequency 
curve demonstrating maximal force production, and time to 50% rundown after 4 weeks of 
treatment (C). #### p < 0.0001 vs mdx-tide, **** p < 0.0001 vs mdx vehicle, • p < 0.05, **p < 
0.01, vs mdx vehicle, using a one-way ANOVA (A and C) and a two-way repeated ANOVA 
(B) with tukey’s post-hoc test. (n=10-12 for A, n=8-10 for B-C). 
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that tideglusib treatment significantly increased mRNA content of utrophin when 
compared to vehicle treated mice (Figure 7.8 D). 
 

  
 
 
Figure 7.8: Tideglusib promoted the oxidative fibre type and decreased necrotic area 
in EDL muscles. Representative immunofluorescent images for fibre type analysis of 
vehicle and tideglusib treated (2 weeks) mdx mice (scale bar set to 1000 mm). Percent 
composition of fibre types identified by MHC isoform (B) and % oxidative:glycolytic 
composition in vehicle and tideglusib treated (2 weeks) mdx mice (C). D) mRNA expression 
of utrophin in vehicle and tideglusib treated mdx mice (4 weeks).  E) Representative images 
of H&E staining of vehicle and tideglusib treated (2 weeks) mdx mice with the scale bar set 
to 200 mm. F) Amount of necrotic area in vehicle and tideglusib treated (2 weeks) mdx mice 
as a percentage of total muscle area. * p < 0.05, using a Student’s t-test (n=4-6 per group).  

 
7.8 Tideglusib treatment: mRNA analyses 
 
 After a 4-week treatment protocol, plantaris muscles were collected and were 
homogenized for mRNA analyses utilizing qPCR. Samples were tested for inflammatory 
cytokine IL-1b and TNF-a content, which revealed that there was no significant changes 
in cytokine expression in tideglusib treated versus vehicle treated mdx mice.  
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Figure 7. 9: Tideglusib treatment had no effect on mRNA of inflammatory cytokines in 
mdx mice after a 4-week treatment protocol. Comparisons of mRNA content of IL-1b  (A) 
and TNF-a (B) in vehicle and tideglusib treated mdx mice using a Student’s t-test (n=7-10). 
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8.0 Discussion 
 
 The overarching aim of this thesis was to investigate the potential contribution of 
GSK3 to mdx pathology in the D2-mdx mouse. First, it was examined whether GSK3 
activation would differ between BL10 and D2 mdx muscles. Subsequently, the effects of 
GSK3 inhibition via short-term tideglusib treatment on muscle form and function was 
assessed. The EDL was specifically chosen as it was a muscle that showed muscle 
weakness, necrosis and inflammation in D2 mdx mice (8-10 weeks) but not age-
matched BL10 mdx mice (34).  
8.1 BL10 vs D2 mdx study 
 

Corresponding well with previous literature, D2 mice were found to be 
significantly smaller than the BL10 mice. Also coherent with previous literature, we found 
the absolute EDL muscle mass was significantly higher in BL10 mdx mice compared 
with WT BL10 mice; but this was not observed in the D2 mice. This is consistent with the 
hyper-regenerative effect known to be present in the BL10 mdx model. However, when 
normalizing the body mass, both BL10 and D2 mdx mice had elevated EDL:body mass 
ratio. This is perhaps not consistent with previous literature demonstrating that EDL 
muscles from D2 mdx mice are smaller than D2 WT mice (at 4 weeks and 12 weeks of 
age (35)) and could be due to: 1) normalizing to a smaller body mass in D2 mdx mice; 
and 2) potential errors in isolating and weighing muscles. Nonetheless, serum CK 
analysis and holding impulse shows that both mdx groups had elevated serum CK and 
were weaker. Planned comparisons also demonstrated a statistical trend where D2 mdx 
mice had lower holding impulse compared with BL10 mdx mice, corresponding will with 
previous results showing that the D2 mdx phenotype is more severe than the BL10 mdx 
phenotype. Finally, and though not part of this thesis, previous work from our lab showed 
that D2 mdx mice are less ambulant in their cages compared with D2 WT mice at this 
age. In contrast, BL10 mdx mice are just as active as their BL10 WT counterparts, 
further showcasing the fact that D2 mdx mice at this age are weaker than D2 WT mice. 

When examining GSK3, no significant differences in the amount of pGSK3 or 
tGSK3 across strains or phenotypes were found, which is inconsistent with previous 
studies, as others have found that there is an increase in GSK3 content in mdx mice 
(57,58). Notably, there was a significant effect of strain for tGSK3, meaning that the 
expression of tGSK3 in the D2 model is significantly higher than in the BL10 model. 
Additionally, there was a significant main effect for strain when analyzing the 
pGSK3/tGSK3 ratio, which suggested that the D2 mice have increased GSK3 activation 
when compared to the BL10 mice. This is interesting as this would suggest that the D2 
mice have more total GSK3 with greater levels of activation compared with BL10 mice, 
which likely contributes to the worsened dystrophic pathology in the D2 mdx mice.  

GSK3 is known to phosphorylate NFAT preventing its entry into the nucleus. 
NFATc1 content and phosphorylation at Ser172 was examined because it is a dominant 
isoform in muscle and phosphorylation of Ser172 is important in determining NFAT 
compartmentalization (90). Specifically, alanine substitution experiments showed that 
replacing Ser172 with alanine led to increased NFATc1 nuclear localization. Moreover, 
NFAT phosphorylation at Ser172 is sensitive to GSK3 activation/inhibition. In a recent 
study conducted in our laboratory, we showed that lithium treated mice have less active 
GSK3 and less NFATc1 Ser172 phosphorylation in their soleus muscles compared with 
control (9). Here, analyses revealed a significant interaction effect between strain and 
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mdx genotype in both pNFAT and tNFAT Western blot analyses, which showed 
significantly higher p- and tNFAT in the D2 mdx EDL compared with D2 WT mice. In 
contrast, this difference was not observed between BL10 WT and mdx EDL. This is likely 
due to the increased inflammatory response and immune cell infiltrations that is known 
to occur in the D2 mdx mouse (34,35). That is, inflammatory cells likely have increased 
expression of NFAT, which could thus account for this significant interaction. 
Furthermore, and though a strain effect was not statistically significant (p = 0.12) the 
ratio of pNFAT/tNFAT appeared to be higher in the D2 mice compared with BL10 mice, 
which corresponds well with the greater activation of GSK3 found in D2 mice. 
 
8.2 Tideglusib study 
 
 After a treatment period of 2 weeks, there was a significant reduction in GSK3 
content when compared to the vehicle, however there was no change in the rate of 
phosphorylation. After 4 weeks, mdx mice that were treated with tideglusib had 
significantly lower tGSK3, and thereby increased the ratio of pGSK3/tGSK3 content 
when compared to mdx mice treated with the vehicle. This reduction in GSK3 content is 
consistent with previous studies that utilized TZDZ-8, a drug in the same family as 
tideglusib in DM1 (55). Although the reason that the two week treatment did not show 
the same results as 4 weeks is not concrete, it is possible that the effect on GSK3 
phosphorylation is duration-dependent. Nonetheless, the reduction in GSK3 content 
seen with tideglusib treatment was seen in D2 mice, which when taken with the strain 
effect seen in the BL10 vs D2 study, suggests that reducing GSK3 content in mice may 
alleviate the severity of DMD pathology. 
  4 week treatment of tideglusib had no effect on absolute body mass or EDL 
muscle mass compared to the vehicle treatment. However, D2 mdx mice had lower 
EDL:body mass ratio compared with WT mice, and this was attenuated with tideglusib 
treatment. This is interesting since we did not observe any changes in EDL:body mass 
ratio in the first part of this study comparing the C57 and D2 strains. This discrepancy 
could be due to possible errors/inconsistencies in muscle isolation and weighing. 
Nonetheless, this reduction in EDL:body mass ratio is consistent with the atrophic 
phenotype that is found in the D2 mdx mice and the fact that this was attenuated with 
tideglusib treatment showcases its therapeutic promise. Furthermore and in addition to 
muscle size, we observed the expected increase in oxidative fibres with tideglusib 
treatment. GSK3 is a negative regulator of the oxidative fibre type, which is important 
since these fibres are most resistant to dystrophic pathology (11,14,69,70). This is partly 
due to an increased presence of utrophin in these muscles (38) and not surprisingly we 
found that tideglusib treatment increased utrophin expression in the plantaris muscle 
from D2 mdx mice. 

The changes in muscle size and composition were also followed by a reduction in 
serum CK, suggesting a reduction in damage to the muscle membrane and therefore a 
reduction in muscle damage. This is consistent with a promotion of the oxidative fibre 
type and utrophin expression. However, it should be noted that although tideglusib 
treated mice had less serum CK than vehicle treated mice, both mdx strains exhibited 
increased serum CK when compared to WT mice, suggesting a partial recovery of 
membrane integrity with tideglusib treatment. Further, through H&E analyses it was 
observed that the vehicle treated mdx mice experienced significant immune cell 
infiltration and collagen deposition in EDL muscles, while tideglusib treated mice had 
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significantly less necrosis (11). However, this is not consistent with the inflammatory 
cytokine expression data, where TNF-a and IL-1b, where tideglusib treatment seemed to 
have no effect. Though the reasons for this discrepancy however remain unknown, it is 
possible that increased duration of treatment may lead to changes in inflammation.  
 Next, functional measures were conducted to determine whether changes in 
muscle mass and structure could translate to improved performance. Hangwire impulse 
was significantly lower in mdx-vehicle treated mice vs. WT mice; however, tideglusib 
treatment raised hangwire impulse to the point where it was no longer significantly 
different from WT mice. Further, when looking at contractility, though EDLs isolated from 
both mdx groups were significantly weaker compared with those isolated from WT mice, 
EDLs from tideglusib treated mdx mice had more specific force production at 100 and 
150 Hz compared with than vehicle treated mdx mice. Along with this increase in specific 
force production, tideglusib-treated mdx mice had elevated time to reach 50% of initial 
force when conducting a fatigue protocol that was no longer different from WT mice. 
Conversely, vehicle-treated mdx mice took significantly less time to reach 50% of initial 
force compared with WT mice. Together, the fatigue resistance shown with the holding 
impulse and time to 50% rundown can be, at least in part, attributed to a promotion of 
the oxidative fibre type. As seen in the fibre type analyses, tideglusib treatment resulted 
in a significant reduction in type IIb fibres, and an overall increase in oxidative fibre types 
(I + IIA). This result is not entirely surprising as it is consistent with the literature showing 
that GSK3 inhibition can promote the oxidative fibre type (9,47). However, again this is 
important as promoting the oxidative fibre type is a proven strategy in combatting DMD 
(11,14,69,70).  

Altogether, the results from this thesis showcase the therapeutic promise of 
inhibiting GSK3 via tideglusib for the treatment of muscular dystrophy in D2 mdx mice. 
That is, short-term (2-4 week) treatment reduced muscle necrosis, increased muscle 
size, promoted the oxidative fibre type and enhanced force production and fatigue 
resistance in the D2 mdx mouse.  
 
8.3 Limitations and Future directions 
 Though promising, the results of this study are limited as it only examined the 
short-term effects of tideglusib treatment. In future studies, researchers should aim to 
investigate the effects of long term treatment with tideglusib and any associated side 
effects. Thus far, tideglusib treatment has been proven to have few side effects in short-
term clinical trials (67). This may suggest minimal side effects in the long term use that 
would be necessary for DMD patients. At this point in time, tideglusib is the most 
clinically advanced GSK3 inhibitor, and completing this study in addition to the known 
absence of serious adverse side effects when used in short-term treatment (67) may 
motivate future clinical trials aimed at repurposing tideglusib for DMD. Further, as 
tideglusib is already in clinical trials for other muscular dystrophies, this could allow for 
more rapid clinical integration, potentially having a large impact on the lives of those 
living with DMD.  

In this study, oral gavage was utilized to deliver tideglusib, which would not be 
the most reliable route of delivery for a long term study due to aspiration and excessive 
handling of the animals that could increase stress, thereby potentially altering results. An 
alternative method of delivery that would be suitable for a long term study would be the 
use of ALZET Osmotic Pumps. These pumps can be implanted subcutaneously into 
mice, and work through osmosis to deliver the investigational products. Notably, these 
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pumps need to be replaced every 6 weeks, which can be accomplished with relative 
ease to enable long-term treatment. 

Another limitation of my study lies within the methods utilized to quantify IL-1b 
and TNF-a. In this study, I utilized mRNA analyses through qPCR. While this method 
does measure the amount of protein for each specific cytokine, it does not measure the 
true presence of each cytokine. Using methods such as multiplex ELISA or flow 
cytometry would have produced a more precise result, and potentially could have 
detected a difference in inflammation in the tideglusib treated mice. 
 Other future studies should investigate the specificity of tideglusib for GSK3. 
Though tideglusib has been marketed as a highly specific GSK3 inhibitor, recent studies 
have shown that it can also result in up to and over 40% inhibition in up to 50 other 
kinases such as several mitogen-activated protein kinases (MAPK), IKK-b, AMP-
activated protein kinases (AMPK) and many others (62). With these kinases having 
effects in a large variety of biological processes, highlighting the importance of further 
characterizing the specificity and mechanism of action of tideglusib. Therefore and to 
eliminate off-target effects of tideglusib, future studies should specifically investigate the 
role of GSK3 in D2 mdx mice by leveraging the muscle specific GSK3 knockout mice 
currently housed in our lab. By crossing these mice with D2 mdx mice, we can 
specifically tease out the role of GSK3 in mdx muscle, while also examining the effects 
of tideglusib treatment on a model where GSK3 is absent. This would determine whether 
the effects of tideglusib are completely mediated through GSK3 inhibition.  
 

9.0 Conclusion 
 

  This study determined that the D2 mice have more total and active GSK3 when 
compared to BL10 mice, which we believe contributes to the worsened dystrophic 
pathology in the D2 mdx mouse. In support of this, the results of this thesis show that 
inhibiting GSK3 in the D2 mdx mouse via short-term (2-4 week) tideglusib treatment 
increased muscle size, specific force production, fatigue resistance and the oxidative 
fibre type, while reducing muscle necrosis and serum CK levels. Altogether, this study 
highlights the therapeutic potential of targeting GSK3 for DMD, specifically with 
tideglusib. As tideglusib is currently being utilized in Phase II clinical trials for several 
other diseases, this could mean that tideglusib could be more rapidly integrated into the 
clinical setting for DMD when compared with other commercially available GSK3 
inhibitors. DMD is a debilitating disease that currently has no cure, and the results of this 
study could potentially and positively impact the lives of those living with this disease.  
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Appendix I: AUP 
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Appendix II: mRNA Primer Optimization  
mRNA primer optimization was carried out by Colton Watson, a PhD candidate within Dr. 
MacNeil’s lab.  

1. Candidate primer pairs (one forward, and one reverse) targeting the genes encoding 
cytokines or proteins of interest were designed using the NCBI Primer Blast software, 
and purchased from IDT.  

2. qPCR analysis was carried out using a serial dilution of representative cDNA, and 
the Threshold cycle (Ct) values analyzed to determine the amplification efficiency of 
each primer pair. If there are no satisfactory pairs identified the forward and reverse 
primers for an individual gene can be mixed and matched to try to optimize 
amplification efficiency.  

3. Along with the Ct analysis further quality control measures were also taken including 
melt curve analysis and DNA gel electrophoresis. The melt curve of each qPCR 
reaction are observed to ensure that there is only one peak per primer pair. One 
peak indicates only one product is being amplified, as all DNA strands are split at the 
same temperature.   

4. As a final test of primer specificity, each sample is stained with DNA loading dye and 
is loaded onto an agarose gel containing ethidium bromide. The ethidium bromide 
will cause the SYBR green in the Kappa master mix used for qPCR to fluoresce 
under UV light. If only one band is observed when visualizing the gel, this is further 
confirmation that only one product was amplified.  

5. Using the results generated from these three methods of optimization, an approved 
and fully optimized primer pair is selected and used for all qPCR assays carried out 
for that specific analyse of interest.  
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