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Abstract

Duchenne Muscular Dystrophy (DMD) is an x-linked neuromuscular disease
that is caused by an absence of dystrophin protein, rendering skeletal muscle more
susceptible to contraction-induced damage. One therapeutic strategy focuses on increasing
the expression of endogenous utrophin A, a dystrophin homologue. Interestingly, slow
muscle is more resistant to the dystrophic pathology and has increased utrophin A expression
(Webster 1998; Gramolini 2001b). These observations led researchers to explore the
therapeutic potential of stimulating the slow, oxidative myogenic program (SOMP) in the
mdx context. Beneficial adaptations were seen with pharmacological activation of PPARS
and AMPK. We treated mdx mice with resveratrol (~100mg/kg/day), a putative SIRT1
activator, for 6-7 weeks and evaluated the activity of phenotypic modifiers that are known to
influence the SOMP. SIRT1 activity and protein levels increased significantly, as well as
downstream PGC-1a activity. There was evidence of a fibre type conversion as the treated
mice had a higher proportion of the slow myosin heavy chain isoforms in both the EDL and
Soleus skeletal muscles. Utrophin A protein levels showed modest, but consistent increases
with resveratrol treatment. Finally, histological analysis revealed improvements in central
nucleation and fibre size variability. These findings were promising, but raised the question
of whether modifying the treatment regimen may result in greater therapeutic benefits.
Surprisingly, we discovered that an elevated dose of 500mg/kg/day was ineffective in its
promotion of the SOMP. SIRT1 was not activated and there was no change in utrophin A
levels with resveratrol treatment. Taken together, this study demonstrates that resveratrol

has the ability to promote the SOMP through SIRT1 and PGC-la activation. It also



highlights the importance of selecting an appropriate dose of resveratrol to maximize its

effectiveness.
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1: Introduction

1.1 Duchenne muscular dystrophy (DMD)

Duchenne Muscular dystrophy (DMD) is an X-linked, neuromuscular disease that
occurs in approximately 1 out of every 3500 live male births, making it the most common
lethal, genetic paediatric disorder (Moser 1984; Emery 1991; Anderson 1992). Although the
disease is present from birth, the affected patient usually does not display symptoms until
three to five years of age. Initial complaints often include leg weaknesses, which inevitably
lead to loss of ambulation by 12 years of age (Anderson 1992). The progressive loss of
muscle continues throughout adulthood with the proximal muscles affected first, followed by
the more distal muscles, with respiratory failure and death often occurring in the early

twenties (Jennekens 1991; Anderson 1992).

DMD is caused by mutations in the DMD/dystrophin gene, one of the largest known
genes in humans. Located on chromosome Xp21, the dystrophin gene spans approximately
2.4 megabases and consists of 79 exons (Blake 2002; Yiu 2008). Due to the presence of three
independent promoters, the dystrophin gene can be transcribed into three full-length
isoforms, with a spliced transcript size of 14 kb, distinguishable only by their unique amino-
terminal sequences (Ahn 1993; Muntoni 2003). The complexity of dystrophin is exacerbated
by the presence of internal promoters that give rise to truncated isoforms of dystrophin:
Dp260, Dp140, Dp16, Dp71 (Feener 1989; Byers 1993; D'Souza 1995) (Figure 1.1). Full
length dystrophin is restricted to the brain, as well as skeletal and cardiac muscles, whereas
the truncated isoforms are absent from adult muscle, but can be found in the brain, retina,

lungs, kidney, and liver (Byers 1993; Gramolini 1998). The severity of the pathology is



A)

DAP-binding Domain
Actin-binding domain Central Rod Domain Cysteine Rich Domain
| I
[ I

Tl b e el e

- Amino-terminus domain - EF, WW, and ZZ domains

I:l Hinge domains (4) - C-terminus domain

I:l Spectrin-like Repeats (24)

B)

427 kD - I__ Dystrophin
260 kD ( JC ) pp260
140 kD ( ) ppuao
116 kD (Y ) ppuis

71kD OC =) op7

. Actin-binding domain Cysteine-rich domain

Spectrin-like repeats . DAP binding domain

Figure 1.1 — Schematic representation of dystrophin isoforms

A) Structural illustration of dystrophin protein with its different functional domains. The amino-
terminus domain binds to actin and the C-terminus domain binds to the DAPC, providing a structural
link at the sarcolemma B) Different isoforms of dystrophin, named thus due to their different
molecular weights. Dp, dystrophin protein; kD, kiloDalton.



influenced by the nature of the mutation (Coffey 1992; Bushby 2010). Certain mutations that
result in a maintained open reading frame and consequent production of a truncated but
partly functional protein are characteristic of Becker muscular dystrophy (BMD), a milder
form of disease (Monaco 1988; Bushby 2010). However, in patients with DMD, the open
reading frame of the dystrophin gene is disrupted by deletions (~65%), duplications (~10%),
point mutations (~25%), or other smaller rearrangements that lead to an absence of
functional dystrophin (De la Porte 1987; Hoffman 1987; Morris 1993). Common indicators
of the DMD pathology are elevated levels of serum creatine kinase, centrally nucleated
myofibres, high variability in muscle fibre size/diameter, and an accumulation of necrotic

myofibres (Emery 1977; Anderson 1992; Yiu 2008).

Dystrophin is the 427 kDa protein that is the product of the gene defective in DMD
(Ahn 1993; Ervasti 2007). In normal human muscle fibres, dystrophin is located on the
cytoplasmic face of the sarcolemma, as well as along the troughs of the neuromuscular
junction (Blake 2002; Jasmin 2002; Ervasti 2007). Dystrophin is comprised of four major
domains: N-terminal domain, central rod domain, cysteine-rich domain and the C-terminal
domain (Ervasti 2007) (Figure 1.1). The amino terminal contains a functional actin binding
domain, which is responsible for anchoring dystrophin to cytoskeletal filamentous Y'-actin
(Straub 1992; Matsumura 1994; Lapidos 2004). The central rod domain helps maintain
flexibility of the sarcolemma, through its combination of spectrin-like repeats and four hinge
regions (Anderson 1992; Grum 1999). This central rod domain was initially considered to be
of low importance for overall dystrophin function, but recent evidence demonstrates that
destabilizing a single repeat (repeat 23) can contribute to a severe DMD phenotype

(Legardinier 2009). The cysteine-rich domain of dystrophin interacts with a membrane



protein, called B-dystroglycan (B-DG), while the C-terminus is involved in binding
a-dystrobrevin (a-DB) and a-Syntrophin (a-syn) (Straub 1992; Matsumura 1994; Lapidos
2004). This trans-membranous structure, which provides a link between the extracellular
matrix and the underlying filamentous actin network, is referred to as the dystrophin-
associated protein complex (DAPC) (Matsumura 1994; Lapidos 2004; Chakkalakal 2006)

(Figure 1.2).

Proper assembly of the DAPC requires the presence of a functional dystrophin
protein (Ervasti 1990). Its absence impairs recruitment of other members of the DAPC to the
sarcolemma and creates a pathophysiological cascade with numerous adverse downstream
events. One of the most significant is the loss of this structural linkage, leading to instability
of the sarcolemma (Lapidos 2004; Chakkalakal 2006). Consequently, the threshold for
contraction-induced muscle damage is lower, resulting in repetitive cycles of degeneration
and regeneration (Weller 1990; Cohn 2000; Rando 2001). The overloading of the muscle’s
regenerative capacity inevitably leads to muscle necrosis/wasting and replacement with
fibrous and adipose tissues (Petrof 1993). This sarcolemmal instability also leaves muscle
cells more susceptible to calcium accumulation through the leaky membranes (Alderton
2000). This is problematic because calcium regulates a number of signaling events involved

in proteolysis (Alderton 2000).
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Figure 1.2 — Dystrophin and its interaction with members of the dystrophin-associated protein
complex (DAPC) in healthy adult skeletal muscle fibres

Dystrophin provides a structural link between intracellular actin and the extracellular matrix through
its association with the DAPC. This protects the muscle from contraction-induced damage. It also
helps recruit other members of this complex, including B-DG. Localization of dystrophin in healthy
adult skeletal muscle is shown. It can be found along the sarcolemma and troughs of the
neuromuscular junction.



1.2 Animal models for DMD

In order to characterize the disease, as well as test the efficacy of different treatment
options, several animal models for DMD have been developed. These include canine models
(Kornegay 2012), fish models (Chambers 2001), drosophila (Mosqueira 2010), C. Elegans
(Wells 2005), and mouse models (De Luca 2012). The two models that are most well-studied
and translatable to humans are the Golden Retriever Muscular Dystrophy (GRMD) dog and
the mdx mouse. The GRMD species carries a splice site point mutation with skipping of exon
7, which results in a premature termination of the dystrophin transcript within its N-terminal
domain (Kornegay 2012). This model is a good representative of the human disease in terms
of the severity of the pathology. GRMD dogs exhibit stunted growth, a more stilted gait,
muscle atrophy, problems with bone development in the form of lordosis, and
cardiomyopathy (Kornegay 2012). They also demonstrate the characteristic cycles of muscle
degeneration and regeneration, eventually leading to muscle wasting/necrosis (Kornegay
2012). Much like humans with DMD, the GRMD dogs have significantly shorter lifespans,
often due to respiratory or cardiac complications (Kornegay 2012). Although, this model
carries critical similarities to the human pathology, the cost of maintaining and treating these
animals is often prohibitive. This is one of the main reasons why mice are used as suitable

models for the disease.

The most commonly used mouse strain is the C57BI/10ScSn (mdx) mouse (Bulfield
1984). The mdx mouse is dystrophin-deficient, due to a naturally occurring point mutation in
exon 23 of the dystrophin gene. This results in a premature transcriptional stop codon,
leading to the absence of functional dystrophin (Bulfield 1984). Despite being a genetic and
biochemical homologue of the disease, mdx mice exhibit a somewhat milder phenotype,

6



resulting in an almost normal lifespan (Collins 2003). The characteristic pathology of the
disease, including the presence of necrotic foci, centrally nucleated myofibres and elevated
levels of creatine kinase, is most evident between two and eight weeks of age. Furthermore,
different muscles seem to be affected more severely than others. For example, the
gastrocnemius and diaphragm are severely affected, whereas the masseter is relatively
unchanged when compared to wild-type mice (Collins 2003). Although the mdx model is not
a perfect representation of the human disease, it still provides a valuable tool to study

potential treatment options for patients with DMD.

1.3 Treatment of DMD

In 1974, Drachman and colleagues were the first to use steroids in a clinical study of
patients with DMD. After treating almost thirty patients with prednisone, it was discovered
that corticosteroids yielded beneficial outcomes with respect to motor power and muscular
activities, such as the ability to rise from a chair and climb stairs (Drachman 1974). As time
progressed, steroids, including deflazacort and predisone, became the primary therapeutic
treatment for patients with DMD, due to their ability to improve muscle strength and
function (Fenichel 1991; Angelini 1994). To this day, there is no cure for the disease and
glucocorticoids are the only clinically-vetted therapeutic available that prolongs ambulation
and slows the decline in skeletal muscle, cardiac, and pulmonary functions (Bushby 2010;
McMillan 2010). However, treatment remains symptomatic and administration of these
drugs can lead to several unwanted side effects, including weight gain (Bonifati 2000),
impairments in bone mineral density leading to vertebral fractures (Bothwell 2003),

cataracts, hypertension (Angelini 2012) and behavioural disorders (Pichavant 2011).



Due to these shortcomings, multiple approaches to treat DMD are currently under
investigation. These are generally divided into three sub-categories: cell-based therapy,

gene-based therapy, and pharmacological approaches.
1.3.1 Cell-based therapy

In healthy individuals, damaged muscles are physiologically repaired by proliferation
and fusion with satellite cells. However, in DMD patients, the repaired myofibres still lack
dystrophin, leaving them susceptible to further contraction-induced damage (Meregalli
2012). Eventually, the regenerative capacity is exhausted and this repair mechanism is
completely lost (Palmieri 2010; Meregalli 2012). This led researchers to experiment with
cell-based therapy, which is built around the idea of transplanting healthy skeletal muscle
precursor cells or stem cells into dystrophic muscle tissue. Partridge and colleagues were the
first to put this theory into practice in 1989. This research group fused healthy myoblasts
with regenerating mdx muscle fibres and were able to render many of these myofibres
dystrophin-positive (Partridge 1989).  However, early clinical trials implementing this
strategy produced weak results with very little evidence of an increase in dystrophin-positive
fibres from donor origin (Tremblay 1993). Over the years, myoblast transplantation methods
have been met with a variety of problems, including harsh immune responses (Hong 2002),
problems with delivery and migration (Meregalli 2012), and poor cell survival (Mouly
2005). Some of these issues can be circumvented though the use of stem cells, which are
capable of self-renewal and differentiation (Peault 2007; Meregalli 2010). Furthermore,
certain types of stem cells, namely those derived from bone marrow, have the ability to
circulate and reach all muscles, facilitating systemic delivery (Grounds 2007). To date, stem-

cell therapy has been used with success in models of muscular dystrophy. For example,



endothelial-derived stem cells, called mesoangioblasts, have been delivered intra-arterially to
a-sarcoglycan-null mice (a model for limb-girdle muscular dystrophy), resulting in
significant functional improvements of the dystrophic phenotype (Sampaolesi 2003). More
recently, mesenchymal stem cells were injected in the diaphragm of mdx mice, causing
beneficial changes in muscle remodelling (Lessa 2012). Furthermore, the systemic delivery
of adherent stem cells to dystrophic dogs has resulted in increased myofibre regeneration,
dystrophin expression, and satellite cell replenishment (Rouger 2011). More work is needed

to push these practices to the clinical setting but this area of research shows great promise.
1.3.2 Gene-based therapy

One primary area of gene-based therapy in DMD involves the introduction of a
functional copy of the DMD gene in an attempt to restore muscle function and sarcolemmal
integrity (Pichavant 2011). An advantage of this method is that it is not dependent on any
particular mutation in the patient’s gene (Goyenvalle 2011). However, identifying safe and
effective delivery methods has proved challenging. For example, one difficulty is that the
size of full-length dystrophin is often incongruent with the carrying capacity of viral-type
vehicles. To circumvent this problem, researchers have developed functional dystrophin

b

genes, called “mini-” and “micro-" dystrophin, with internally deleted regions (Sakamoto
2002). These truncated versions of DMD have proven effective in ameliorating the
dystrophic pathology in mdx mice (Wang 2000; Sakamoto 2002).

There are three main types of viral vectors that are under investigation in the DMD
context: lentiviral vectors, adenoviral, and adeno-associated viral (AAV) (Pichavant 2011).

Lentiviral vectors are categorized as a class of retroviral vectors that are capable of

integrating into the genomes of quiescent and non-quiescent cells (Kafri 1997; Kimura



2010). These vectors have low immunogenicity and have a fairly large carrying capacity
(~9kb) (Kafri 1997). However, they fail to attain widespread transduction of muscle tissues
in vivo. Thus, the efficiency of this method is too low to carry therapeutic value at this time
(Kafri 1997; Kimura 2010; Pichavant 2011).

Adenoviral vectors, on the other hand, do not integrate into the host genome and exist
as independent episomes, following infection (Goyenvalle 2011). They also have a large
carrying capacity (~30kb) and demonstrate excellent transduction levels in regenerating or
immature muscle tissue (Goyenvalle 2011). However, this method has the potential to trigger
an immune response that has proved fatal in the past, prohibiting its transition to clinical
trials for patients with DMD (Brunetti-Pierri 2004). The AAV vector is the most efficient for
local or systemic delivery to the skeletal muscle and heart, but its packing capacity can only
accommodate truncated forms of the dystrophin transgene (Pichavant 2011). Despite this
fact, the vector has been used in the mdx model, demonstrating an ability to significantly
elevate levels of dystrophin (Wang 2000). This success led to the initiation of a clinical trial,
using an AAV vector encoding for a functional micro-dystrophin (Bowles 2012). Although
the trials were safe, the virus was met with an immune response, which prevented any
significant changes with respect to dystrophin. Perhaps this T-cell response could be resolved
with transient immune suppression, but this carries risks as well.

Another gene-based therapy, which combines elements of drug-based therapy,
involves exon skipping with the use of antisense oligonucleotides (AOs) as a means to
restore the production of functional dystrophin (Foster 2012). AO’s are single-stranded DNA
or RNA molecules that target a complementary sequence of nucleotides. Through this
exclusion of targeted frame-shift exons, these AO’s can restore the reading frame of the

dystrophin gene and synthesize truncated, but functional, BMD-like dystrophin protein
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(Foster 2012). This method of AO-induced exon skipping to produce a functional dystrophin
protein was first used by Dunckley and colleagues in 1996, and later by several researchers
in animal models of DMD (Mann 2002; McClorey 2006). Promising results from these
studies, paved the way for clinical trials, which began in 2007. By skipping exon 51 with
local injection of AQO’s, the open reading frame was restored and functional dystrophin
expression was observed in patients with DMD (van Deutekom 2007; Kinali 2009). These
AQ’s showed no adverse effects, but functional improvements and increases in dystrophin-
positive fibres were modest (Foster 2012). One of the main issues with AO-induced
transcript editing is delivery of the AQ’s. If administered systemically, in the hope of
reaching whole-body musculature, the majority of the AO’s are taken up and cleared by the
liver and kidney (Foster 2012). Additionally, due to the fact that AO’s act on the transcript,
rather than the gene itself, their effects are ephemeral. Thus, a continual delivery of AO’s is

required to maintain a significant therapeutic effect (Foster 2012).
1.3.3 Pharmacological Approaches

Pharmacological therapies encompass the use of small molecules or pharmacological
agents in an effort to ameliorate the primary and secondary pathological features of DMD.
As discussed earlier, glucocorticoids are the only therapeutic option that is in common use
among patients with DMD, but alternatives are currently under investigation. Some of these
drugs aim to target the disease at the RNA level by correcting mutations in the dystrophin
gene. More specifically, they purpose to fix mutations that result in the formation of a
premature stop codon within the coding sequence of dystrophin (Barton-Davis 1999;
Chakkalakal 2005). Researchers have discovered that several antibiotics, such as gentamicin,

can suppress the stop codons, and replace them with alternative amino acids (Barton-Davis
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1999; Chakkalakal 2005). This method of stop codon read-through has been implemented
with success in mdx mice, leading to increased expression of dystrophin, improved
sarcolemmal stability and resistance to force drop following eccentric contractions (Barton-
Davis 1999).

These positive results sparked a transition to clinical trials, where DMD patients were
treated with gentamicin for six months (Malik 2010). Modest increases in dystrophin and
subtle improvements in muscle strength were encouraging, but the drawbacks of intravenous
administration, led researchers to explore other possibilities. More recently, Ataluren
(formerly known as PTC 124) was developed as an orally administered read-through agent
for stop-codon mutations (Welch 2007). Favourable results in mdx mice pushed the drug to
clinical trials, where preliminary tests revealed only modest improvements in the 6-minute
walking test (Malik 2012; http://www.clinicaltrials. gov/ct2/results?). Trials are ongoing and
determination of an optimum dose for the drug is of utmost importance.

Instead of increasing dystrophin or correcting mutations in dystrophin, other
strategies have focused on trying to treat the consequences of the dystrophic process (Malik
2012). For example, increasing muscle size and strength through inhibition of the myostatin
pathway, has been explored in the context of DMD (Bogdanovich 2002). Myostatin is a
protein that inhibits muscle differentiation and growth, so researchers have attempted to
arrest its function to improve muscle growth. Bogdanovich and colleagues set up a myostatin
blockade in mdx mice, which led to an increase in muscle mass/size/strength, and a reduction
in skeletal muscle degeneration and serum creatine kinase levels (Bogdanovich 2002).
Clinical trials, using myostatin inhibitors in patients with DMD, are still in the early stages

and no conclusive findings have been reported.
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Activation of insulin-like growth factor-1 (IGF-1) is viewed as another way of
potentially increasing muscle mass and strength in patients with DMD. Its overexpression in
mdx mice has already proved effective at increasing muscle mass of the extensor digitorum
longus (EDL) and diaphragm muscle, and reducing necrosis and fibrosis (Barton 2002;
Shaylakadze 2004). There are obvious issues with these strategies. Although, muscle
function and strength may improve, this effect is transient as the muscles still lack
dystrophin. However, increases in muscle functionality will undoubtedly improve the
quality of life for patients with DMD.

Aside from a drastic reduction in muscle strength and functionality, fibrosis and
inflammation are other major consequences of the dystrophic pathology (Malik 2012).
Several pre-clinical anti-fibrotic therapies focus on inhibiting cytokine signaling from the
transforming growth factor (TGF)-p pathway. These pharmaceuticals include losartan (Cohn
2007), pirfenidone (Gosselin 2007), halofuginone (Huebner 2008) and Suramin (Taniguti
2011) and they have been successful at diminishing fibrosis in pre-clinical trials.
Inflammation is also abnormally high in patients with DMD and this is partly due to chronic
activation of the NF-kB signaling pathway (Acharyya 2007). Researchers have attempted to
block this pathway through the use of inhibitors, including NEMO-binding domain (NBD)
peptide (Delfin 2011; Peterson 2011). In pre-clinical trials, the NBD peptide has reduced
skeletal muscle damage and improved muscle function in mdx mice (Delfin 2011; Peterson
2011).

Alternative therapeutic strategies disregard attempting to manipulate levels of
functional dystrophin and shift away from a focus on specific secondary pathological

features. Instead, through a combination of pharmaceuticals, gene- and cell-therapy,
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researchers aim to functionally compensate for the lack of dystrophin by increasing

endogenous levels of utrophin A protein.

1.3.4 Utrophin A upregulation

Many years ago, a gene was identified that encodes a large cytoskeletal protein with
extensive sequence identity to dystrophin (Love 1989; Jasmin 1990; Khurana 1990). This
gene, named utrophin, is located on chromosome 6q24, and is approximately 1 Mb in length,
containing 74 exons (Pearce 1993). Originally named dystrophin-related-protein, utrophin
was named thus due to its ubiquitous nature of expression. High levels of utrophin have
been observed in most tissues, including heart, lungs, skeletal and smooth muscle, kidney,
liver, nervous system and vascular endothelial cells (Khurana 1990). Like dystrophin,
utrophin has multiple promoters, A and B, which encode for two full-length isoforms:
utrophin A and utrophin B (Blake 2002). These proteins carry a molecular mass of
approximately 395 kDa, but differ in their localization (Blake 2002).Utrophin A is typically
expressed in peripheral nerves, vascular smooth muscle and at the crests of NMJ’s of skeletal
muscle, whereas utrophin B is mostly found in vascular endothelial cells (Burton 1999).
Expression levels of utrophin A in skeletal muscle change during development and
regeneration. In mature muscle fibres, utrophin A is largely limited to the cytoplasmic face
of the neuromuscular junction and myotendinous junctions (Tinsley 1998; Blake 2002;
Jasmin 2002) (Figure 1.3). In developing and regenerating muscle, it can be found along the

length of the sarcolemma.

The primary structure of utrophin is similar to dystrophin throughout its full length,
particularly the NH, and the COOH termini, where the actin binding domains and the
dystrophin-associated glycoprotein binding domains have 85% and 88% similarity,
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respectively (Pearce 1993; Fisher 2001; Blake 2002) (Figure 1.3). This level of similarity
translates to relatively analogous functions (Winder 1995; Muthu 2012). The central rod
domain of utrophin is the least conserved region, sharing approximately 35% of its sequence
identity with dystrophin (Winder 1995; Muthu 2012). It consists of twenty-two spectrin
repeats (24 for dystrophin), interspersed with two hinge regions (Muthu 2012). Despite this
seemingly large deviation in sequence similarity, the function of this domain in both proteins
is almost identical - the combination of spectrin repeats and hinge regions acts as spring units

by undergoing force-induced folding to provide membrane flexibility (Muthu 2012).

The structural similarity between the two proteins grants utrophin the potential to
compensate for a lack of dystrophin in patients suffering from DMD. Importantly, muscle
fibres from DMD patients express utrophin endogenously, eliminating any concerns about
immunogenicity. In fact, utrophin A expression is up-regulated in the skeletal muscle of
DMD patients (Mizuno 1993; Kleopa 2006) and mdx mice (De la Porte 1999), presumably as
a compensatory mechanism. Several studies, using mdx mice, have shown that by increasing
utrophin A through transgenic methods, the dystrophic pathology is almost completely
prevented (Tinsley 1996; Tinsley 1998; Gilbert 1999; Fisher 2001). Other methods have
emerged since, including adenoviral utrophin A gene transfer (Deol 2007; Odom 2008; Lin
2012), protein therapy (Sonnemann 2009; Amenta 2011; Call 2011), and pharmacological

interventions (Chaubourt 1999; Tinsley 2011).
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Figure 1.3 - Utrophin A and its interaction with members of the dystrophin-associated protein
complex (DAPC) in healthy adult skeletal muscle fibres

A) Structural illustration of utrophin A protein with its different functional domains. B) Utrophin A
provides a structural link between intracellular actin and the extracellular matrix through its
association with the DAPC. This protects the muscle from contraction-induced damage. It also helps
recruit other members of this complex, including B-DG. Localization of utrophin A in healthy adult
skeletal muscle is shown. It can be found at the crests of the neuromuscular junction.
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AAV vectors, harboring full-length or micro-utrophin transgenes, have been used to
treat adult mdx and dystrophin (-/-) / utrophin (-/-) double knockout mice, respectively (Deol
2007; Odom 2008). This has resulted in localization of utrophin A to the sarcolemma, as well
as restoration of the DAPC and improvements in the pathophysiological abnormalities
associated with these mouse models (Deol 2007; Odom 2008). One problem with this
method is that utrophin A expression does not persist indefinitely, suggesting that multiple

injections may be necessary to maintain these elevated levels of utrophin A (Deol 2007).

Protein therapy involves delivery of proteins that would otherwise be absent within
the muscle cells of DMD patients. Administration of recombinant full-length utrophin or
DeltaR4-21 “micro” utrophin and recombinant biglycan are examples of protein therapeutic
strategies designed for the DMD context (Sonnemann 2009; Call 2011; Amenta 2011). TAT-
mediated utrophin protein delivery to mdx mice resulted in a successful reduction in serum
levels of creatine kinase, centrally nucleated fibres, and percentage of force drop following
eccentric contractions (Sonnemann 2009; Call 2011). Biglycan is an extracellular matrix
protein that binds members of the DAPC, including a-dystroglycan and the sarcoglycans
(Amenta 2011). Systemically delivered recombinant human biglycan enhances the presence
of utrophin A at the sarcolemma, ameliorates the dystrophic pathology, and improves muscle

function (Amenta 2011).

Pharmacological interventions are also being implemented in an effort to stimulate
utrophin expression. Chaubourt and colleagues experimented with using L-arginine as a
means of achieving this goal. L-arginine is a precursor, necessary for NOS-induced NO

synthesis (Chaubourt 1999). NOS and utrophin A share similar patterns of localization in
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adults muscle, suggesting that NO helps utrophin A maintenance (Karpati 1993). Chaubourt
and colleagues discovered that L-arginine treatment leads to increased levels of utrophin A
and rearrangement to the sarcolemma in wild-type and mdx mice (Chaubourt 1999). Follow-
up studies demonstrated that L-arginine treatment in mdx mice reduces necrosis and creatine
kinase levels, relocalizes beta-dystroglycan and utrophin A to the membrane, increases
isometric tension in the diaphragm, and reduces the immune response (Voisin 2005; Archer
2006; Hnia 2008). Recently, a high-throughput transcription screen has identified a novel
drug, called SMTC1100, which increases utrophin A mRNA and protein significantly in
skeletal muscle (Tinsley 2011). This drug is currently proceeding to phase Il trials due to

pre-clinical success.

One of the primary challenges for utrophin-based therapy is to stimulate utrophin A
expression at high levels along the entire length of the sarcolemma, including synaptic and
extrasynaptic compartments of muscle fibres. Several factors are involved in regulating
utrophin A expression, including those involved in the development of the neuromuscular
junction and muscle fibre type. Studying the mechanisms involved in these processes is

critical to find targets that can be used to influence utrophin A expression and localization.

1.4 Utrophin A regulation

1.4.1 Neuromuscular junction (NMJ)

Utrophin A is primarily expressed at the NMJ of adult skeletal muscle fibres.
Understanding the role of the nerve and its surrounding factors is important for manipulating
utrophin A expression. The Jasmin lab was the first to reveal the importance of neuronal cues

that regulate utrophin A expression and localization at the NMJ (Gramolini 1997a). They
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showed that utrophin A mRNAs selectively accumulate within the post-synaptic sarcoplasm
of adults skeletal muscle fibres, and that nerve-derived factors regulate locally the
transcriptional activation of utrophin A (Gramolini 1997a-b). They also suggest that, given
the necessary neuronal cues, extra-synaptic regions have the capability to express utrophin A
(Gramolini 1997a-b). Agrin was identified as one such neuronal cue, as it triggered utrophin

A expression in cultured muscle cells via transcriptional activation (Gramolini 1998).

The nerve-derived trophic factor, heregulin, was also tested for its ability to stimulate
utrophin A expression via a transcriptional mechanism. Gramolini and colleagues
demonstrated that heregulin induces utrophin A transcription through GA binding protein
(GABP)’s interaction with a conserved N-Box motif, located within the utrophin A promoter
(Gramolini 1999). Khurana and colleagues confirmed this finding, cementing a role for the
heregulin signaling pathway in utrophin A regulation (Khurana 1999). Stimulating this
pathway in mdx mice has been studied more recently, where researchers found significant
increases in utrophin A expression, as well as improvements in muscle functionality,
evidenced by resistance to eccentric contraction-mediated damage (Krag 2004). These
studies highlight the importance of transcriptional regulation of utrophin A in its localisation
at the NMJ. Other factors also affect utrophin A regulation at the transcriptional and post-

transcriptional level, including skeletal muscle fibre type.

1.4.2 Slow vs. fast muscle

Mammalian skeletal muscle is composed of different fibre types, which have
historically been generalized into two main groups: slow-twitch and fast-twitch. Slow-twitch

muscles are characterized as rich in myoglobin and oxidative enzymes, resistant to fatigue,
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and red in appearance. Their fast-twitch counterparts rely on glycolytic metabolism, making
them well-suited for phasic activity and are white in appearance (Schiaffino 2011). In recent
years, this two-tiered classification system has been replaced with one which recognizes four
major skeletal muscle fibre types: type | (slow oxidative, MHC7), lla (fast oxidative,
MHC?2), lIx (fast glycolytic, MHC1), and Ilb (very fast glycolytic, MHC4) (Schiaffino
2011). In addition to myosin composition and energy metabolism, these fibre types are
defined by their unique biochemical and functional characteristics. These can be as diverse
as acetylcholinesterase (AChE) activity (Sketelj 1997), sodium (Na) channel density (Ruff
1992), myoglobin expression levels (Ordway 2004), and GLUT4 expression/translocation
(Schiaffino 2011). In general, slow-oxidative type | fibres are designed to sustain
continuous, low-intensity contractions for extended periods of time, whereas fast-glycolytic
type Ilb-x fibres are built for short, powerful bursts of contractile activity. This translates to

several adaptations at the subcellular level that are specific to each fibre type. (Figure 1.4)

At the NMJ, fast fibres demonstrate a significantly higher quantity of acetylcholine
(ACh) neurotransmitter release, a greater density of ACh receptors and a prevalence of
voltage-dependent sodium channels in the surrounding postsynaptic folds (Schiaffino 2011).
This excess of neurotransmitter release, receptors, and ion channels guarantees successful
neuromuscular transmission, but it cannot be maintained for long periods of time, which
results in a rapid depression (Schiaffino 2011). Predictably, slow, oxidative type I muscles
are capable of responding to continuous stimulation due to their characteristically low
synaptic depression. In terms of ion homeostasis, type | and type Il muscle fibres exhibit
some key differences. Fast, type Il fibres have significantly more sodium channels to

accommodate the high discharge rate of the motor neurons (Ruff 1993). However, this may
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contribute to their susceptibility to fatigue, as the large sodium influx can overwhelm the
Sodium-Potassium (Na/K)-ATPase pumps’ ability to maintain ionic homeostasis. Slow,
oxidative fibres need mechanisms in place to counteract the accumulation of ions that results
from long-lasting stimulations (Schiaffino 2011). One such adaptation is the increased

efficiency of the Na/K pump in response to prolonged activity (Everts 1992).

Another important area of deviation between type | and type Il skeletal muscle fibres
is their handling of calcium shuttling and sequestration within the cell. Calcium is a critical
messenger in skeletal muscle, carrying several functions, which include triggering
contractions via binding to troponin (Schiaffino 2011). As compared to slow, oxidative
muscle fibres, their fast, glycolytic counterparts have a lower cytosolic concentration of free
calcium. This is due, in part, to the superior buffering capabilities of the troponin C and
parvalbumin isoforms that are characteristic of this fibre type (Fuchtbauer 1991). In addition,
fast, glycolytic fibres have a greater abundance of calcium release channels, calcium pumps,
and a more developed sarcoplasmic reticulum (SR), which affords them the ability to release
and utilize larger amounts of calcium in less amount of time (Schiaffino 2011). In
conjunction with contractile machinery that can take advantage of these rapid calcium

transients, type Il fibres are capable of eliciting powerful bursts of activity.

Finally, in terms of energy metabolism, ATP regeneration based on oxidative
respiration is much more effective in slow than in fast fibres due to the greater mitochondrial
density and greater TCA cycle fuelling in type | fibres (Schiaffino 2011). Interestingly, once
mitochondrial respiration is activated in slow fibres, ATP consumption can be completely
balanced by ATP regeneration (Schiaffino 2011). This scenario is never realized in fast, type

I1b-x fibres, where anaerobic glycolysis is the main avenue of energy production.
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Figure 1.4 — Schematic representation of distinguishing characteristics of fast, glycolytic type Il
skeletal muscle (top panel) and slow, oxidative type | skeletal muscle (bottom panel)

Fast muscle has a number of characteristics that make them optimally-suited for rapid, phasic
activity. These include a larger motor end plate, a higher density of acetylcholine receptors, and
enhanced calcium buffer systems. Slow muscle is different in that it is designed for slow, continuous
activity. Oxidative metabolism, increased myoglobin concentration and enhanced glucose transport
systems allow these muscles to function under such conditions. SDH- succinate dehydrogenase,
COX- cytochrome ¢ oxidase, CS- citrate synthase, Mb- myoglobin, DHPR- dihydropyridine receptor,
RyR- ryanodine receptor, GLUTA4, glucose transporter type 4. Note: yellow circles represent glucose.
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Although these differences are evident among individual muscle fibres, skeletal
muscles are often laced with heterogeneity, which allows them to perform a variety of tasks,
ranging from continuous low-intensity activity (e.g., posture) to fast maximal contractions
(e.g., jumping) (Schiaffino 2011). In other words, skeletal muscles contain a continuous
spectrum of fast and slow fibres, rather than distinct fibre types, which have the ability to
change in response to hormonal and neural influences (Schiaffino 2011). Understanding
different mechanisms responsible for this muscle plasticity is important, as certain
phenotypes carry inherent benefits under the right context. For example, during fasting or
conditions of muscle wasting, including cancer cachexia, type Il glycolytic muscle fibres
demonstrate a higher degree of atrophy, compared to type | oxidative muscle fibres
(Matsakas 2009). In the context of DMD, the slower, more oxidative muscle fibres in
diseased patients are more resistant to the dystrophic pathology, as compared to the faster,
more glycolytic fibres (Webster 1988). This phenomenon also holds true in the mdx mouse

(Moens 1993).

Interestingly slow muscle contains higher amounts of structural proteins, including
dystrophin, and utrophin A (Gramolini 2001b; Miura 2006). Immunofluorescence indicates
that utrophin A can be found at low levels extrasynaptically along the sarcolemma in slow,
oxidative soleus muscles, whereas utrophin A expression is restricted to the NMJ in fast,
glycolytic extensor digitorum longus (EDL) muscles (Gramolini 2001a). Furthermore, the
expression of transcripts encoding synaptic proteins, including AChE, ColQ and utrophin A
is elevated and extended to extrasynaptic regions of slow muscle fibres (Gramolini 2001a).
This pattern of increased expression of utrophin A in slow-twitch muscle fibres translates to

reduced damage in both the mdx mouse and DMD patients (Webster 1988; Miura 2009).
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1.5 Promotion of the slow oxidative myogenic program (SOMP) as a
therapeutic strategy to increase utrophin A expression and protect
dystrophic muscle

1.5.1 Calcineurin/NFAT Pathway

The mechanisms responsible for the increase in sarcolemmal utrophin A expression,
observed in slow, oxidative skeletal muscle, have been under investigation in recent years.
Intracellular calcium levels are an element of distinction between slow type | and fast type 1l
muscle fibres that may help explain this phenomenon. Due to sustained activation patterns,
slow muscles demonstrate consistent elevations of intracellular calcium concentrations
(Schiaffino 2011). Calcium is an important signaling molecule that interacts with a number
of different pathways and proteins, including calcineurin. Interestingly, calcineurin is a
protein phosphatase that is implicated in the control of the SOMP by acting on nuclear factor
of activated T cells (NFAT) transcription factors (Chin 1998; Schiaffino 2007; Mallinson
2009). These observations led researchers to explore the ability of calcineurin to promote the
SOMP and stimulate utrophin A expression in pre-clinical trials. Constitutive activation of
calcineurin through transgenic means resulted in increased utrophin A expression in skeletal
muscles of mice (Chakkalakal 2003). Conversely, inhibition of this calcineurin pathway
through cyclosporine A (CsA) injection had the opposite effect, as mice showed an 80%
decrease in utrophin A mRNA levels (Chakkalakal 2003). NFAT binding sites, located in the
utrophin A promoter region suggest a possible mechanism for this calcineurin-induced
increase in utrophin A mRNA levels (Chakkalakal 2003). Indeed, constitutively active forms
of NFATcl and calcineurin trigger utrophin A promoter activity (Chakkalakal 2003).

Establishing this relationship allowed researchers to move to the diseased context.
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The Jasmin lab crossed mice carrying enhanced muscle calcineurin activity with mdx
mice to understand whether increased calcineurin activity had any therapeutic value in
ameliorating the dystrophic pathology (Chakkalakal 2004). Muscles from these mice showed
evidence of a fibre type shift towards the slower phenotype, as well as significant increases
in utrophin A expression. These changes were accompanied by reductions in centrally-
nucleated myofibres and fibre size variability (Chakkalakl 2004). Improvements in
sarcolemmal integrity were also evident, judging by IgM and Evans blue dye staining

(Chakkalakal 2004).

Stupka and colleagues took a different approach, electing to disrupt the calcineurin
pathway via CsA treatment in mdx mice. They found that inhibiting the calcineurin pathway
had a significant deleterious effect (Stupka 2004). CsA-treated mdx mice demonstrated
extensive collagen and connective tissue infiltration, as well as a significant decrease in force
production, when compared to vehicle-treated mdx mice (Stupka 2004). To solidify the role
of this calcineurin/NFAT pathway in mdx mice, Chakkalakal and colleagues also explored
the consequences of inhibiting its activity in skeletal muscle (Chakkalakal 2006). They
focused their attention on calcium and calmodulin (CaM), which are both upstream
regulators of calcineurin (Chakkalakal 2006). Ca®*/CaM play critical roles in the initiation of
calcineurin’s phosphatase activity, which then leads to the dephosphorylation, nuclear
translocation and binding of NFAT to target promoters, including utrophin A (Chakkalakal
2006). They generated an mdx mouse strain, expressing a transgene that encodes for a small
peptide inhibitor of CaM, called CaM-binding protein (CaMBP). By doing so, Chakkalakal
and colleagues were able to successfully disrupt the CN/NFAT pathway, reducing utrophin

A expression and exacerbating the dystrophic phenotype (Chakkalakal 2006). In addition to
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its influence on utrophin A promoter activity, calcineurin is also implicated in regulating
utrophin A mRNA stability through interactions with an AU-rich element (ARE) located in
the 3’UTR (Gramolini 2001a; Chakkalakal 2008). Therefore, there is clear evidence that
calcineurin is an important factor in maintaining utrophin A expression and protecting slow
muscle from the dystrophic pathology, operating at the transcriptional and post-

transcriptional levels.

1.5.2 PGC-1a

The transcriptional co-activator peroxisome proliferator-activated receptor (PPAR) Y
coactivator o (PGC-1a) is another key factor than can influence the formation of slow,
oxidative muscle fibres (Puigserver 1998; Lin 2002). PGC-1a has been described as the
master regulator of skeletal muscle phenotypic plasticity, and when it is expressed at
physiological levels in transgenic mice, a fibre type conversion is observed: muscles
originally rich in type 1l fibres become redder and activate genes of mitochondrial oxidative
metabolism (Lin 2002). The link between PGC-1a and utrophin A in skeletal muscle was
first established by the Jasmin lab (Angus 2005). They demonstrated that overexpression of
PGC-1a through transfection was sufficient to transcriptionally activate the utrophin A
promoter (Angus 2005). This induction was potentiated by co-expression of PGC-1a with
GABP, a transcription factor involved in the expression of NMJ and slow/oxidative genes.
This led researchers to explore the role of PGC-1a in the mdx context. Mdx mice were
crossed with muscle-specific PGC-lo overexpressing mice, resulting in significant
improvements in serum creatine kinase levels, myofibre damage/necrosis, and acute exercise
tolerance. (Handschin 2007). These changes were concomitant with an increase in utrophin

A mRNA content (Handschin 2007). More recently, Selsby and colleagues solidified this
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relationship between PGC-1a overexpression and utrophin A upregulation. They injected
madx mice with recombinant AAV, driving expression of PGC-1a (Selsby 2012). This genetic
intervention resulted in increased expression of utrophin A, type I myosin heavy chain, and
mitochondrial proteins (Selsby 2012). Functional improvements, including resistance to
contraction-induced damage and resistance to muscle fatigue, were also observed (Selsby
2012). The importance of PGC-1a in promoting the SOMP is undeniable. Manipulation of
this pathway through transgenic and physiological means has proved beneficial in
ameliorating the dystrophic pathology. It is interesting to note that PGC-1a expression is
inherently higher in mdx mice, compared to wild-type strains. Like utrophin A, this may

serve as a compensatory mechanism to counteract the debilitating effects of the disease.

Taken together, PGC-1a and calcineurin/NFAT are powerful factors that have the
ability to stimulate the SOMP. Activation of these molecules and their associative pathways
can remodel skeletal muscle and induce the expression of a number of structural proteins,
including utrophin A. In the mdx context, overexpression of PGC-la and calcineurin is
sufficient to yield significant improvements in the dystrophic pathology. These findings

highlight the importance of identifying other molecules or pathways that target the SOMP.

1.6 Molecules that target SOMP

1.6.1 PPARB/®

PPARs are ligand-dependent nuclear receptors that belong to a broad family of
nuclear transcription factors (Gervois 2007). PPARJ/d is one such transcription factor that
stimulates genes involved in lipid metabolism and oxidative respiration via PPAR-response
elements located in their promoter regions (Ehrenborg 2009). PPAR/S is the most abundant
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PPAR isoform in skeletal muscle (Muoio 2002; Ehrenborg 2009) and is more highly
expressed in oxidative type | muscle fibres compared with glycolytic type Il muscle fibres
(Wang 2004). In addition, transgenic mice engineered with targeted skeletal muscle
overexpression of PPARP/6 exhibit changes in muscle morphology that are consistent with
the slower, more oxidative phenotype (Luquet 2003; Wang 2004; Gaudel 2008; Gan 2011).
These changes include increased myoglobin, troponin, and GLUT4 protein levels,
mitochondrial biogenesis, angiogenesis, and improved exercise performance (Luquet 2003;
Wang 2004; Guadel 2008; Gan 2011). These changes are comparable to those seen in mice

overexpressing PGC-1a, insinuating that the pathways may overlap.

Recently, our lab administered GW501516, a PPARB/S agonist, to mdx mice, over a
six week period. (Miura 2009). Treatment resulted in attenuation of the dystrophic pathology
and increased utrophin A expression along the sarcolemma (Miura 2009). In addition, there
was evidence of a phenotypic shift in skeletal muscle fibres towards the slower, more
oxidative phenotype, including a significantly higher percentage of slow myosin heavy chain
isoforms in both the EDL and SOL (Miura 2009). Interestingly, the utrophin A promoter
contains PPAR response elements, which may be responsible for the observed changes in

utrophin A expression, following GW501516 treatment.

1.6.2 AMPK

AMP-activated protein kinase (AMPK) has emerged as a critical regulator of skeletal
muscle metabolism, transcription and phenotype. Activation of AMPK occurs in response to
increased cellular AMP concentrations, which arise during cellular metabolic stress.
AMPK’s involvement in promoting the slow myogenic program is due, in large part, to the

plethora of substrates which it acts upon, either directly or indirectly. These include the

28



PGC-1a, GLUT4, MEF2, Sirtuinl (SIRT1), and PPARP/d (Kramer 2005; Canto 2009; Canto
2010). The co-ordinated increase in expression of these regulators in response to AMPK
stimulation provides the cellular machinery required for skeletal muscle plasticity. Indeed,
several AMPK activators, including adenosine analogue 5-amino-4-imidazolecarboxamide
riboside (AICAR), have the ability to trigger phenotypic changes in skeletal muscle
morphology (Holmes 1999; Winder 2000). These alterations can include myosin isoform
shifts from type Ilb to lIx, mitochondrial biogenesis, augmented PGC-1a, PPARS and
GLUT4 expression, and improved insulin sensitivity (Jorgensen 2007; Narkar 2008; Leick
2010).

Recently, we administered AICAR to mdx mice in the hope of activating the SOMP
and, consequently, increasing utrophin A expression (Ljubicic 2011). Beneficial adaptations
were observed at the level of the mitochondria and contractile apparatus, including increased
utrophin A expression, which manifested as functional improvements, such as sarcolemmal
structural integrity during damaging eccentric muscle contractions (Ljubicic 2011).

Activation of AMPK and PPARP/S through the use of small molecules was effective
at increasing utrophin A expression and improving the dystrophic pathology in mdx mice.
These effects were comparable to those observed in studies using transgenic mice
overexpressing PGC-1a or calcineurin, which speaks to the potency of these drugs. It also
supports the idea that promotion of the SOMP is an effective therapeutic strategy in the
DMD context. Identifying other drugs that are capable of triggering the SOMP and inducing

utrophin A expression is of utmost importance.
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1.7 Does SIRT1 activation promote the SOMP?

SIRT1 is another important protein that plays a role in skeletal muscle plasticity and,
as a result, may affect utrophin A expression. It is a class Il histone deacetylase (HDAC),
whose activity is dependent on the presence of NAD+. SIRT1 acts as an energy sensor and
transcriptional regulator by manipulating the acetylation states of histones and non-histone
proteins alike (Imai 2000). Some of these non-histone targets include, nuclear factor kB
(NF-xB) (Salminen 2008), the forkhead box class O (FOXO) family members (Huang 2007),
p53 (Van Leeuwen 2009), peroxisome proliferator-activated receptor gamma (PPARY’), and
PGC-1a (Gurd 2011). This plethora of targets affords SIRTL1 the ability to modify the
expression of many different genes in a wide range of tissues, including skeletal muscle.
SIRT1 is almost ubiquitously expressed throughout the body, but the level of SIRT1
expression and/or activity can range between tissues, and even among different skeletal
muscle fibre types. Suwa et al. observed that SIRT1 protein content in Wistar rats is
significantly higher in the red, oxidative muscles, compared to their white, glycolytic
counterparts (Suwa 2008). A similar finding was shown in mice, where both SIRT1 mRNA
and protein levels were higher in the red gastrocnemius muscle, compared to the white
gastrocnemius muscle (White 2011). SIRT1 is believed to influence the slow, oxidative
myogenic program, predominantly, through its interaction with PGC-1a, which is considered
a master regulator of mitochondrial biogenesis (Lin 2002). Essentially, SIRT1 deacetylates
PGC-1a, thereby increasing its activity and function. Over-expression of SIRT1 in
hepatocytes and C2C12 myotubes leads to increases in PGC-lo deacetylation and the

expression of mitochondrial genes (Rodgers 2005; Gerhart-Hines 2007). Conversely, in
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SIRT1 knockout or SIRT1-ablated myotubes, PGC-1a activity is reduced and there is a

predictable decrease in PGC-1a target genes (Gerhart-Hines 2007; Amat 2009).

The relationship between SIRT1, PGC-1a and mitochondrial biogenesis in transgenic
mammalian models is more contentious. Some transgenic mouse models, overexpressing
SIRT1, have shown similar results to those found in vitro, including improved insulin
sensitivity, fatty acid oxidation, motor function, and increased deacetylation of PGC-1la
(Bordone 2007; Banks 2008; Gerhart-Hines 2011). However, there is also evidence that
SIRT1 negatively correlates with PGC-1a protein and markers for mitochondrial content in

skeletal muscle (Gurd 2009).

There is limited research on the role of SIRT1 in the DMD context and its influence
on utrophin A expression. Ljubicic and colleagues have observed that SIRT1 protein levels,
much like utrophin A and PGC-1a, are increased in mdx mice as compared to wild-type
groups (Ljubicic 2011). But, direct manipulation of SIRT1 through pharmacological or other

means has not been explored in great detail.

Discovering pharmacological agents that can interact with these proteins and activate
the slow, oxidative myogenic program is of great interest to researchers of muscular
dystrophy. The positive effects of skeletal muscle fibre type remodelling are evident in this
context. This has led us to explore the potential therapeutic value of the SIRT1 activator,
known as resveratrol, which interacts with several members known to be involved in

promoting the SOMP, including AMPK and PGC-1a.
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1.7.1 Resveratrol

Resveratrol is a polyphenolic compound that is found naturally in fruits and
vegetables, such as the skin of grapes and the roots of peanuts (Wenzel 2005). It began to
receive significant interest, following the discovery of its ability to potently activate SIRT1
and mimic the effects of caloric restriction in C. elegans (Howitz 2003). More recently, it has
been heralded for its apparent cancer chemo-preventive properties (Wenzel 2005), its ability
to act as an antioxidant (Jackson 2010), and its capacity to lower plasma glucose levels and
improve insulin sensitivity (Milne 2007). However, the ability of resveratrol to increase
mitochondrial biogenesis and oxidative capacity in skeletal muscle is most interesting
(Lagouge 2006). It has also been suggested that resveratrol is involved in converting muscle
fibres to the slower, more oxidative phenotype (Lagouge 2006). Lagouge and colleagues
have shown that mice on a high-fat diet, supplemented with resveratrol, had increased
mitochondrial DNA, citrate synthase activity, an overall improvement in mitochondrial
function, and a gene expression pattern characteristic of the SOMP (Lagouge 2006). Skeletal
muscle of resveratrol-treated mice had increased expression of PGC-1a, myoglobin, and
slow-type troponin I; as well as a reduction in the proportion of acetylated PGC-1a (Lagouge
2006). Resveratrol also shows a retentive effect of the slow, oxidative skeletal muscle
profile under conditions of muscle atrophy (Momken 2011). Rats subjected to prolonged
muscle disuse, were able to maintain normal slow MHC 1 expression, maximal force
contraction, mitochondrial oxidative capacity, and expression levels of SIRT1, PGC-1a and
COXI1V in the soleus muscle (Momken 2011). Therefore, it seems that resveratrol can

orchestrate myofibre remodeling, similar to that seen in exercise training, but in the absence
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of an increase in physical exertion. Obviously, this is of particular interest to patients with

DMD, who have significant restrictions when it comes to exercise.

The effects of resveratrol on human muscle metabolism have not been studied in
great depth. Some studies have shown resveratrol-induced improvements in measures of
insulin sensitivity and oxidative stress (Brasnyo 2011; Crandall 2012), but few have looked
at markers of skeletal muscle plasticity and the SOMP. Timmers and colleagues provided
some insight on this topic, after treating 11 healthy, obese men with 150mg/day resveratrol
for 30 days (Timmers 2011). Following treatment, human subjects demonstrated increased
SIRT1 and PGC-la protein content in skeletal muscle (Timmers 2011). This was
accompanied by increased citrate synthase activity, improved insulin sensitivity and
improvements in muscle fat oxidative capacity, suggesting that resveratrol enhances
mitochondrial efficiency in human subjects (Timmers 2011). Although the effects were
modest, they were consistent, and substantiate some of what has been found in animal

models.

The mechanisms or pathways of resveratrol action are not fully elucidated, but an
increase in the expression and/or activity of PGC-la is almost ubiquitously observed
(Lagouge 2006; Barger 2008; Um 2010). Resveratrol does not directly interact with PGC-1a;
instead, resveratrol influences its activity through two metabolic sensors, AMPK and SIRT1
(Canto 2010). SIRT1 is necessary for resveratrol to exert its effects on skeletal muscle
morphology. Evidence for this is found using SIRT1 knockout mouse embryonic fibroblasts
(MEFS), as the resveratrol-induced increases in PGC-1a expression are not observed in the
absence of SIRT1 (Lagouge 2006). Price and colleagues extended this to the in vivo context.

They implemented a tamoxifen-inducible system to delete SIRT1 in adult mice (Price 2012).
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This inducible strategy is significant because it circumvents many of the issues faced by
researchers using SIRT1 knockout mice, including impaired growth and developmental
abnormalities (Cheng 2003; Price 2012). Using this model, they discovered that the effects
of moderate doses of resveratrol on mitochondrial biogenesis, mitochondrial function,
AMPK activation and the NAD+/NADH ratio, were entirely dependent upon SIRT1 (Price
2012). In addition, overexpression of SIRT1 replicates the effects of resveratrol on

mitochondrial function and AMPK activation, reinforcing the importance of SIRT1

Activation of AMPK results in many of the same effects in skeletal muscle that are
seen following resveratrol treatment, including glucose uptake, fatty acid oxidation, and
mitochondrial biogenesis (Jorgensen 2006). Add this to the fact that AMPK can directly
influence PGC-1a activity through phosphorylation events (Jorgensen 2006), and it becomes
difficult to ignore the possible relationship between resveratrol and AMPK. Um and
colleagues examined this potential pathway in AMPK-deficient mice and AMPK knockout
MEFS (Um 2010). They discovered that resveratrol-induced increases in glucose tolerance,
endurance, PGC-1a expression, mitochondrial enzyme activity, and mtDNA content were
abolished in the knockout strains, suggesting that AMPK is required for resveratrol’s effects
on muscle physiology (Um 2010). This dependency of resveratrol action on the presence of
AMPK has been replicated in other studies as well (Canto 2010; Do 2012; Park 2012).

Thus, it appears that resveratrol can elicit changes in muscle morphology towards the
slower, more oxidative phenotype by activating PGC-1a through a pathway involving SIRT1
and AMPK activation. However, at the commencement of this study it was unknown
whether resveratrol could achieve this and induce utrophin A expression in animal models

for Duchenne muscular dystrophy.
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Figure 1.5 — Pharmacological-induced promotion of the SOMP and utrophin A expression in
skeletal muscle cell

GWH501516 (GW), resveratrol (RSV) and AICAR all carry the putative ability to activate genes
involved in regulating the SOMP. PGC-1a, often labeled the master regulator of the SOMP, is a
converging target of RSV and AICAR. GW acts as a PPARS agonist but also influences the energy
state of the cell. Each small molecule has a unique mechanism of action. However, there is
considerable cross-talk between the pathways.
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1.8 Statement of Problem

DMD is a lethal neuromuscular disease that is the result of a lack of functional
dystrophin. Although there is no cure, pre-clinical trials have demonstrated that utrophin A
has the ability to compensate for the absence of dystrophin in dystrophic muscle fibres
(Tinsley 1998; Blake 2002; Jasmin 2002). Thus, making a determination of the factors that
influence utrophin A expression patterns and localisation has been of utmost importance. In
recent years, several papers have emerged demonstrating that slow-twitch, oxidative
myofibres possess a greater utrophin A content, and enriched levels of utrophin A in extra-
synaptic regions, as compared to their faster, more glycolytic counterparts (Gramolini 2001b;
Chakkalakal 2003). Interestingly, these slower, more oxidative muscle fibres are also more
resistant to the dystrophic pathology (Webster 1988). In light of these findings, our lab has
made a focus of identifying clinically-approved small molecules capable of promoting the

SOMP and triggering utrophin A expression (Miura 2009; Ljubicic 2011).

1.9 Hypothesis

Based on previous findings that resveratrol-induced activation of SIRT1 and
downstream PGC-1a promotes the SOMP (Lagouge 2006; Um 2010; Timmers 2011; Price
2012), we hypothesize that chronic administration of resveratrol to mdx mice will prevent the

progression of the dystrophic pathology and trigger utrophin A expression.
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1.10 Objectives

1)

2)

3)

To this end, our main objectives are as follows:

Determine whether resveratrol activates key phenotypic modifiers of the SOMP, as
well as utrophin A expression in C2C12 cells.

Characterize the effects of chronic resveratrol treatment on the expression and
activity of phenotypic modifiers of the SOMP and utrophin A expression and
localization in mdx mice. Furthermore, evaluate whether there is evidence of a fibre-
type conversion with treatment and whether these changes translate to improvements
in central nucleation and fibre size variability.

Compare the effectiveness of an elevated dose of resveratrol to a moderate dose of

resveratrol
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2: Materials and Methods

2.1 Muscle cell culture treatment

Mouse C2C12 muscle cells (American Type Culture Collection, Manassas, VA) were
cultured as described previously (Ljubicic 2011). Briefly, cells were maintained in 6-well
culture dishes coated with Matrigel in DMEM, containing 10% fetal bovine serum and 1%
antibiotic/antimycotic (Invitrogen, Burlington, Canada). Cells were grown in a humidified
chamber at 37°C with 5% CO,.

Cells were treated for different time periods as myoblasts or myotubes. Myoblasts
were grown to 80-90% confluency before being treated with vehicle (DMSOQ) or resveratrol
at a concentration of 50 uM (Sigma-Aldrich, Missouri, USA). They were treated for 24 h
before being extracted for analyses. Myotubes were switched to DMEM, containing 5%
heat-inactivated horse serum and 1% antibiotic/antimycotic, at 80-90% confluency. They
were then treated for 24h, 48 h, and 72 h with DMSO or resveratrol at a concentration of 50
MM,

2.2 Animal treatment with resveratrol

All experimental protocols were approved by the University of Ottawa Institutional
Animal Care Committee and were in accordance with Canadian Council of Animal Care
guidelines. Six-to-seven-week-old male C57BL/10 and mdx mice (C57BL/10ScSn-
Dmd™™/J, Jackson Laboratory, Bar Harbor, USA) were maintained in the Animal Care and
Veterinary Service of the University of Ottawa, under a constant 12 h light/dark cycle. Mice
were housed separately and given free access to food and water. We conducted two animal
studies, which differed in the dose of resveratrol administered and the duration of the

treatment period. In the first study, treated mdx mice were given a standard chow diet
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(Harlan Research Models and Services, Wisconsin, USA), supplemented with 0.05%
resveratrol (~100 mg/kg/day), for a duration of six weeks (Sigma-Aldrich, Missouri,
USA).This is considered a moderate dose and short duration (MDSD). The control mice
groups were fed a standard control diet without resveratrol, but their food had undergone the
same process as the reconstituted chow, in order to maintain consistency. Following the six
week treatment period, the tissues were harvested, and immediately frozen in liquid nitrogen,
or in melting isopentane cooled with liquid nitrogen for histological and
immunofluorescence analyses. For the second treatment protocol, treated mdx mice were
given a standard control diet, supplemented with 0.375% resveratrol (~500 mg/kg/day), for a

duration of 12 weeks. This is considered a high dose and a long duration (HDLD).
2.3 mMRNA analysis

Total RNA was isolated from muscle and C2C12 cells using TRIzol reagent
(Invitrogen, Carlsbad, USA) and treated with DNAse | (Fermentas, Burlington, Canada) to
eliminate possible DNA contamination. Reverse transcription (RT) was performed using an
RT mixture containing 5 mM MgCl2, 1x PCR buffer, | mM dNTP, 1 U/ul RNase inhibitor,
5 U/ul MuLV reverse transcriptase, and 2.5 uM random hexamers (Applied Biosystems,
CA). Diethylpyrocarbonate (DEPC)-treated water was added to RT mix to act as a negative
control. RT reactions lacking MuLV reverse transcriptase were also carried out to confirm
that there was no DNA contamination. Endogenous mRNAs were measured by real-time
guantitative reverse transcription-polymerase chain reaction (Agilent Tech, Mississauga,
Canada), and the delta CT method was used to quantify the expression of utrophin A, SIRT1,
PPARS, COXVI and PGC-1a relative to glyceraldehyde (GAPDH) or 18S, as previously

described (Ljubicic 2011).
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2.4 Protein extraction and immunoblot analyses

Frozen muscle sections were ground to a powder with mortar and pestle on dry ice.
Proteins were extracted from powdered muscles by homogenization at 4°C in RIPA buffer
(Sigma-Aldrich, Missouri, USA), supplemented with cOmplete Mini Protease Inhibitor
Cocktail and PhosSTOP (Roche, Laval, Canada). Homogenates were centrifuged at 12,000 g
for 12 min at 4°C, and supernatants were collected and stored at -80°C. Protein concentration
was determined using the Bio-Rad DC Protein Assay kit. For Western blotting, 50-100 ug of
proteins were resolved by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (6-8%
polyacrylamide) and subsequently transferred to nitrocellulose membranes (Bio-Rad,
Mississauga, Canada). Equal gel loading was checked by staining membranes with Ponceau
S (Sigma-Aldrich). Membranes were subsequently washed with 1x TBST [Tris-buffered
saline Tween 20: 25 mM Tris—HCI (pH 7.5), 1 mM NaCl and 0.1% Tween 20] and blocked
(1 h) with a 5% skim milk in TBST solution. Blots were then incubated in blocking solution
with an antibody directed against utrophin A (Novocastra), PGC-1la (Abcam ab72230),
SIRT1 (Millipore 09-844, Temecula, USA), MHCI (Dr. Jean-Marc Renaud Laboratory,
University of Ottawa, Canada), AMPKa (New England Biolabs 2532, Pickering, Canada),
GAPDH (Advanced ImmunoChemical 2-RGM2 6C5, Long Beach, USA), B-actin (Santa
Cruz Biotechnology) overnight at 4°C with gentle agitation. After 3 x 5 min washes with
TBST, blots were incubated at room temperature (1 h) with the appropriate secondary
antibody coupled to horseradish peroxidase. Blots were then washed again 3 x 5 min with
TBST, followed by visualization with enhanced chemiluminescence (Western Lightning
ECL, PerkinElmer, Woodbridge, Canada). Films (CL-X Posure, Thermo Scientific,

Rockford, USA) were then scanned and analyzed using ImageJ (NIH).
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2.5 PGC-1a immunoprecipitation

Proteins extracted from the gastrocnemius muscle homogenates were incubated with
an anti-PGC-1 antibody (H-300, Santa Cruz) overnight at 4°C. Complexes were
immunoprecipitated using protein G Sepharose (Sigma Aldrich, St Louis, MO) for 4 hours at
4°C and then washed with RIPA buffer, supplemented with protease and phosphatase
inhibitors. Western blotting was then carried out using an acetyl-lysine antibody (Cell

Signaling, Massachusetts, USA) (Lagouge 2006).

2.6 SIRT1 activity

SIRT1 activity was measured using a SIRT1 fluorometric assay kit (BIOMOL,
Plymouth Meeting, Pennsylvania, USA) as described by the manufacturer. Briefly, 25 ug of
skeletal muscle protein homogenate was incubated with 15 pl of Fluor de Lys-SIRT1
substrate (100 uM) and NAD+ (100 uM) and assay buffer for 30 min at 37-C. The reaction
was then stopped by the addition of a mixture of 50 ml of developer reagent and
nicotinamide (2mM). The fluorescence was subsequently measured at 360 nm (excitation)

and 460 nm (emission).
2.7 Assessment of muscle fibre central nucleation and size

Cross-sections (10 um) of EDL and soleus muscles were stained with hematoxylin
and eosin, dehydrated through a series of alcohol solutions, cleared with xylene and mounted
using Permount (Fisher Scientific, Ottawa, Canada). The extent of central nucleation was
determined by counting the number of muscle fibres and those with centralized myonuclei
from four 10x cross-sectional views of myofibres from the mid-belly of the muscle,
facilitated by Northern Eclipse Software (NES; Empix Imaging, Mississauga, Canada).

CSA s for each individual fibre were also measured using NES.
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2.8 MHC immunofluorescence

Immunofluorescent fibre-type analysis was performed using undiluted antibodies to
detect MHC 1, MHC lla and MHC I1lb (Dr. Jean-Marc Renaud Laboratory, University of
Ottawa, Canada). Cross-sections (10 um) were double-stained with a polyclonal anti-laminin
antibody at 1:1000 dilution (Sigma-Aldrich, St Louis, USA) to permit identification of
individual fibre boundaries and detection of extracellular matrix surrounding the
sarcolemma. Secondary detection was performed using appropriate FITC-conjugated anti-
mouse antibodies and/or a TRITC-conjugated anti-rabbit antibody. High-resolution 10x
views of the cryosections were used for counting, and NES and ImageJ were used to quantify

the percentage of fibres that were MHC-positive.
2.9 Utrophin A immunofluorescence

For immunofluorescence analysis of utrophin A, images were acquired at 20x
magnification on a Zeiss Axioshop-2 microscope. Muscle cryosections were stained with
monoclonal utrophin A (Novocastra NCL-DRP2, Newcastle upon Tyne, UK).
Immunostaining was performed on the EDL, TA, and soleus muscles at the same time for all
experimental groups in order to minimize variability in background fluorescence intensity.
For each animal, three fields of view were analyzed per cross-section obtained from the
midbelly of the EDL and soleus muscles. Quantification of the fluorescence intensity was

performed using NES and ImageJ (NIH).
2.10 Ex vivo EC protocol

The EC protocol was performed on the EDL muscles from WT mice on a control
diet, mdx mice fed a control diet and mdx mice fed a diet supplement with resveratrol, as

described previously (Ljubicic 2011; Miura 2009). Essentially, one tendon was attached to a
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Cambridge ergometer (model 300, Aurora Scientific, Aurora, Canada), whereas the other
was affixed to a metal pin, and muscles were continuously superfused by physiological
saline solution containing 0.1% procion orange dye (Sigma-Aldrich) at 15 ml/min and
maintained at 25°C. Prior to the ECs, muscle length was adjusted to give maximum force
output, and subsequently muscles were allowed to equilibrate for 30 min. Following
equilibration, the EDL muscle was subjected to a set of five maximal twitch contractions (10
V, 0.3 ms square pulse) every 100 s for the determination of contractile kinetics. Next, an EC
protocol was employed consisting of 12 ECs applied at 1 min intervals. For each EC, force
was elicited with a 700 ms train duration of supramaximal 10 V, 0.3 ms square pulses at 200
Hz (model S88, Grass Technologies, West Warwick, USA) with a 10% lengthening at a
velocity of 0.5 Le/s applied during the last 200 ms. Force was recorded using a Keithley data
acquisition board (model KPCI-3104, Cleveland, USA) at a sample rate of 5 KHz throughout
the experiment. Following the contraction protocol, cross-sections from the mid-belly of
EDL muscles were examined at 10x magnification for intracellular green fluorescence,
indicative of procion orange dye infiltration into the core of the muscle. The fibres around
the periphery of the EDL section were omitted from this analysis due to the potential for
myofibre damage artifact caused by the muscle excision process.
2.11 Statistical analysis

The data were analyzed using paired and unpaired Student’s t-tests as appropriate.
Statistically significant distinctions between groups represented in the graphs depicted as
fold differences are computed using the raw data sets prior to conversion to the fold

difference values. Significance was accepted at P < 0.05.
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3: Results

3.1Utrophin A mRNA levels increase with resveratrol (RSV) treatment in
C2C12 cells

The first part of our study focused on characterizing the effects of resveratrol
treatment in C2C12 skeletal muscle cells. More specifically, we wanted to confirm the
beneficial changes on skeletal muscle plasticity that have been shown previously in different
contexts (Lagouge 2006; Um 2010). We decided to implement the C2C12 mouse cell line
due to the fact that it has been used with success in similar drug treatment studies and

translates well to the in vivo setting (Miura 2009; Ljubicic 2011).

C2C12 myoblasts and myotubes were treated with 50uM resveratrol for different
time periods so that we could monitor the changes in gene expression throughout muscle
differentiation. The concentration of resveratrol was selected based on previous studies (Park
2007; Liu 2010; Kaminski 2012). Myoblasts at 60-70% confluency were treated for 24
hours, whereas myotubes were for 24, 48, and 72 hours. Upon completion of the time
course, cells were extracted for protein and RNA analyses. Initial experiments, using gRT-
PCR, showed a 1.2-1.5 fold increase in utrophin A mRNA levels in the resveratrol-treated
group, as compared to the DMSO-treated cells (n=3-4, P < 0.05) (Figure 3.1). Similarly,
both SIRT1 and PPARS mRNA levels were also significantly increased in the resveratrol-
treated group (n=3-4, P < 0.05) (Figure 3.1). Changes in PGC-1o. mMRNA levels were less
consistent, but showed a slight, non-significant increase in expression (n=3-4, P > 0.05
(Figure 3.1). All of these genes are implicated in the slow, oxidative myogenic program and
their increased expression indicates that resveratrol may be driving changes that affect

skeletal muscle plasticity.
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Figure 3.1 — Expression of phenotypic modifiers following resveratrol treatment in C2C12 cells

Treatment of C2C12 cells with resveratrol induces a significant increase in utrophin A, SIRT1, and
PPARS mRNA levels as measured by quantitative RT-PCR. C2C12 myoblasts (MB) were treated for
24 h with 50 uM resveratrol or a DMSO control. C2C12 myotubes (MT) were also treated with the
same concentration of resveratrol for 24, 48, and 72 hours. Values were standardized to 18s mRNA
levels (n=3-4, * < 0.05) Mean + s.e.m. are shown.
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The protein levels of utrophin A and PGC-1a, a putative target of resveratrol, were
also evaluated by western blot. In all cases, resveratrol-treated cells had a ~40% elevation in
protein content when compared to the vehicle-treated cells, but this relationship was not

significant (n=3-4, P > 0.05) (Figure 3.2).

Together, the experiments in vitro demonstrate that resveratrol appears to be capable
of activating several phenotypic modifiers that are involved in converting skeletal muscle
from fast, glycolytic fibres, towards the slower, more oxidative phenotype. These pathways
have been shown to trigger utrophin A expression, which can provide significant benefits in
the DMD context. Based on these modest but consistent changes in mRNA and protein
levels, as well as emerging literature in this field (Hori 2011; Moorwood 2011), we decided

to expand the study to the in vivo context, specifically in mdx mice.
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Figure 3.2 — Protein levels of UTRA and PGC-1a following resveratrol treatment

Treatment of C2C12 cells with resveratrol induces an increase in utrophin A and PGC-1a protein
levels as measured by western blot analysis. C2C12 myoblasts (MB) were treated for 24 h with 50
UM resveratrol or a DMSO control. C2C12 myotubes (MT) were also treated with the same
concentration of resveratrol for 48, and 72 hours. Values were standardized to ponceau-stained blots
(n=3-4, * < 0.05) Mean + s.e.m. are shown.
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3.2 RSV-MDSD stimulates the SOMP in mdx mice

Male mice, 6-7 weeks of age, were divided into three groups based on genetic
background and diet: 1) C57BL/10 (wild-type) mice fed a standard control diet (WT-CTL),
2) mdx mice fed a standard control diet (mdx-CTL), and 3) mdx mice fed a diet supplemented
with 0.05% resveratrol (~100 mg/kg/day) (mdx-RSV). This dosage was chosen based on
previous studies (Baur 2006; Lagouge 2006; Ryan 2010). After a six-week treatment period,
the mice were euthanized and their tissues removed for analysis. In order to evaluate changes
in different muscle types, we focused our attention on the fast EDL muscle and the slow SOL
muscle. The next few sections (3.2.1 — 3.2.4) concentrate exclusively on the fast, EDL

muscle, unless stated otherwise.

3.2.1 RSV-MDSD activates SIRT1 and PGC-1a in fast skeletal muscle

fibres of mdx mice

Initial experiments sought to ensure that the drug was being well received by the
mice. We evaluated a number of positive controls for resveratrol, as well as phenotypic
modifiers that relate to skeletal muscle plasticity. These included SIRT1 protein levels and

activity, and PGC-1a protein levels and activity.

Resveratrol is considered an activator of SIRT1 (Smith 2009). The mechanism of
interaction between the two has not been fully elucidated, but resveratrol has been shown to
consistently upregulate SIRT1 expression and/or activity. Using western blot analysis, we
show that SIRT1 protein levels exhibit a ~2-fold increase in the EDL of mdx mice treated
with resveratrol, compared to mdx mice on the control diet (n=9, P < 0.05) (Figure 3.3A). In

addition, we evaluated SIRTL1 activity, using a SIRT1 fluorometric assay kit. The assay
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works by measuring the fluorescence emitted when a known SIRT1 substrate is deacetylated.
With this assay, we found a significant increase in SIRT1 activity in the EDL muscles of mdx
mice treated with resveratrol (n=4-5, P < 0.05) (Figure 3.3B). This increase in SIRT1
protein levels and activity provided us with a strong positive control for the treatment group,
indicating that the drug was having an effect on one of the desired phenotypic modifiers of

skeletal muscle.

PGC-1a is another regulator of the slow, oxidative myogenic program, and is a
downstream target of SIRT1 (Canto 2009). The activation of PGC-1a has been directly
linked to phenotypic changes in skeletal muscle that are characteristic of the slower, more
oxidative phenotype, including increased utrophin A expression (Lin 2002; Angus 2005;
Handschin 2009). PGC-1a is regulated at the posttranslational level, as modifications
including acetylation, can significantly impact its activity (Rodgers 2005). Furthermore,
SIRT1 is a deacetylase enzyme, which has been shown to target PGC-1a (Lagouge 2006;
Canto 2009). Therefore, we compared PGC-1a acetylation in the gastrocnemius muscle
between the three groups of mice (Figure 3.4A). The ratio of acetylated PGC-1a protein to
total PGC-1a protein was decreased 2-fold in the resveratrol-treated mdx mice, when
compared to the mdx mice fed a control diet (n=4, P < 0.05). This lower proportion of
acetylated PGC-1a in the treated group is suggestive of increased PGC-1a activity. We also
evaluated PGC-1a mRNA and protein levels (Figure 3.4B-C). Resveratrol did not increase
both mMRNA and protein levels of PGC-1a, as compared to the mdx mice fed a control diet (n
= 4-5, P > 0.05). This is consistent with what we observed in experiments with cultured

cells.
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Figure 3.3 — Effects of resveratrol treatment on the protein expression and activity of SIRT1 in
the EDL muscles of mdx mice

A) Representative SIRT1 and GAPDH western blots with quantification and B) SIRT1 activity,
measured as arbitrary fluorescence units (AFU). Muscle extracts isolated from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n =9, * P <0.05 versus MDX-CTL). Mean + s.e.m. are shown.
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Figure 3.4 — Effects of resveratrol treatment on protein expression, mMRNA expression and
activity of PGC-1a in mdx mice

A) Representative blots and quantification showing the relative amount of acetylated versus total
PGC-1q, for gastrocnemius muscle. PGC-1a was immunoprecipitated (IP) from muscle extracts and
then immunoblotted with either an antiacetylated lysine antibody to determine the extent of PGC-1a
acetylation (Ac-Lys) or a PGC-1a antibody to determine the total amount of PGC-la (n = 4, * P <
0.05 versus MDX-CTL) B) mRNA levels of PGC-1a from EDL muscles are shown, as measured by
guantitative RT-PCR. Values were standardized to 18s mRNA levels. (h=3-4, P > 0.05 versus
MDX-CTL). C) Representative PGC-1o and GAPDH western blots with quantification from EDL
muscles (n = 9, P > 0.05 versus MDX-CTL). Muscle extracts isolated from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV). Mean + s.e.m. are shown.
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3.2.2 RSV-MDSD treatment stimulates the SOMP in the EDL muscles of

madx mice

An increase in SIRT1 and PGC-1a activity generally correlates with muscle fibre-
type conversion towards the slower, more oxidative phenotype, and an increase in markers
for mitochondrial biogenesis. We wanted to evaluate if this was the case in our model as
well. COXIV, a downstream target of PGC-1a, is involved in oxidative phosphorylation and
is considered a marker for mitochondrial biogenesis (Lagouge 2006; Ljubicic 2011). The
MRNA levels of COXIV were significantly increased in the fast, glycolytic, EDL muscle
with resveratrol treatment (n=3-4, P < 0.05) (Figure 3.5). We also stained muscle sections
with antibodies that detect myosin heavy chain (MHC) type Ila and Ilb positive fibres. We
discovered that these muscle sections had a much higher proportion of the slow MHC lla
isoform in the resveratrol-treated mdx mice, as compared to the mdx mice fed a control diet
(n=3-4, P < 0.05) (Figure 3.6). There was also a tendency for a lowered percentage of the
fast, type Ilb MHC isoform in EDL muscle sections, although this difference was not

considered significant (n=3-4, P > 0.05) (Figure 3.6).
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Figure 3.5 — Resveratrol treatment stimulates expression of COXIV, which is involved in
promoting the slow, oxidative myogenic program, in EDL muscles of mdx mice

MRNA levels of COXIV are shown, as measured by quantitative RT-PCR. Values were standardized
to 18s mRNA levels. Muscle extracts isolated from wild-type mice on a control diet (WT-CTL), mdx
mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-RSV)
(n=3-4, * P < 0.05 versus MDX-CTL) Mean + s.e.m. are shown.
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Figure 3.6 - Resveratrol treatment increases the appearance of the slow isoform of MHC in the
EDL muscles of mdx mice

A) Representative micrographs of MHC Ila and MHC I1lIb immunofluorescence of EDL muscle
cryosections. Graphical summaries of the percentages of (B) MHC lla-positive fibres and (C) MHC
I1b-positive fibres (n = 3-4, * P < 0.05 versus MDX-CTL). Mean + s.e.m. are shown. Red = laminin.
Green = MHC-stained fibres.
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3.2.3 Utrophin A mRNA levels increase in the EDL muscle of mdx mice

treated with RSV-MDSD

Thus far, evidence suggests that resveratrol may be triggering a conversion in muscle
fibre type towards the slower, more oxidative phenotype. As mentioned previously, these
changes are often accompanied by increases in utrophin A expression, which is of great
importance in the DMD context. Although utrophin A mRNA levels increased significantly
with resveratrol treatment (n=3-4, P < 0.05), we observed a modest, non-significant increase
in overall protein levels (n=9, P > 0.05) (Figure 3.7A-B). This relationship is consistent with
what was found in cell culture. To further understand this relationship we employed utrophin
A immunofluorescence on serial cryosections of the EDL muscles. Utrophin A staining
appeared slightly higher in the resveratrol treated mice, which supported our western blot
analyses (n=3-4, P > 0.05) (Figure 3.7C-D). Therefore, there appears to be a tendency for

moderate increased utrophin A expression with resveratrol treatment in mdx mice.

3.2.4 Histological analysis of EDL muscle sections from mdx mice treated

with RSV-MDSD

We wanted to determine if the changes that we have observed in SIRT1 and PGC-1a
activity, SOMP, and utrophin A would translate to improvements in skeletal muscle
morphology in mdx mice. In terms of central nucleation, there was no observed difference
between the resveratrol-treated and untreated mdx mice (Figure 3.8A-B). A decrease in
central nucleation would indicate that the muscle fibres may be more protected from
continuous cycles of degeneration and regeneration, as a result of muscle damage. We also

measured the cross-sectional area (CSA) of individual fibres from the EDL muscles (Figure
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3.8C). The untreated mdx mice have a greater proportion of smaller fibres than resveratrol-
treated mdx mice. Furthermore, the resveratrol-treated mdx mice have a CSA profile that is
much more similar to the wild-type mice. Essentially, the treated mice have a more uniform
distribution of fibre size variability that closely resembles what one observes in healthy,
wild-type skeletal muscle sections. This is corroborated by their similar average myofibre

size and standard deviation.
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Figure 3.7 - Utrophin A expression increases with resveratrol treatment in EDL muscles of madx
mice

Arbitrary Fluorescence Units
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A) mRNA levels of utrophin A are shown, as measured by quantitative RT-PCR. Values were
standardized to 18s mRNA levels (n=4-5, *P < 0.05 versus MDX-CTL). B) Representative western
blots of utrophin A and GAPDH, and graphical summary of utrophin A protein content (n=9, P >
0.05). C) Typical micrographs of utrophin A immunostaining in EDL. D) Graphical summary of
utrophin A fluorescence. (n=4, P >0.05). Mean + s.e.m. are shown.
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Figure 3.8 — Histological analysis of EDL muscle sections from mdx mice

A) H&E staining demonstrating the appearance of centrally nucleated myofibres and B) graphical
representation of the percentage of fibres that exhibit central nucleation. C) Mean myofibre CSA,
expressed as a percentage of the total nhumber of fibres in EDL muscles from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n=4, P > 0.05). Mean + s.e.m. are shown. Average CSAs (Arbitrary
Units) with corresponding standard deviation of each muscle are displayed above the frequency
histograms.
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3.2.5 RSV-MDSD activates SIRT1 and PGC-1a in slow skeletal muscle

fibres of mdx mice

We also analysed the slow, oxidative SOL muscles in the same manner to see if there
were any changes in the activity of skeletal muscle phenotypic modifiers (3.2.5 — 3.2.8).
Consistent with findings in the EDL muscles, both SIRT1 protein and activity were
significantly increased with resveratrol treatment in the SOL muscles of mdx mice (n=9, * P
< 0.05) (Figure 3.9A-B). This increase was approximately 2-fold when compared to the mdx
mice fed a control diet (Figure 3.9A-B). Activation of SIRT1 often translates to
deacetylation of its downstream targets, including PGC-1a. This deacetylation effect was
shown previously in the gastrocnemius muscles of the resveratrol-treated mdx mice (n=4, * P
< 0.05) (Figure 3.4A). PGC-1a mRNA levels in the SOL also showed a significant increase
in the resveratrol-treated mdx mice, compared to the untreated mdx group (n=3-4, * P < 0.05)
(Figure 3.10A). However, PGC-1a protein levels showed no significant difference among all

three groups (n=9, * P > 0.05) (Figure 3.10B).
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Figure 3.9 —Effects of resveratrol treatment on the protein expression and activity of SIRT1 in
the SOL muscles of mdx mice

A) Representative SIRT1 and GAPDH western blots with quantification and B) SIRT1 activity,
measured as arbitrary fluorescence units (AFU). Muscle extracts isolated from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n =9, * P <0.05 versus MDX-CTL). Mean + s.e.m. are shown.
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Figure 3.10 — Effects of resveratrol treatment on the protein and mRNA expression of PGC-1a
in SOL muscles of mdx mice

A) mRNA levels of PGC-1a from SOL muscles are shown, as measured by quantitative RT-PCR.
Values were standardized to 18s mRNA levels. (n=3-4, P > 0.05 versus MDX-CTL). B)
Representative PGC-1a and GAPDH western blots with quantification from SOL muscles (n=9, P >
0.05 versus MDX-CTL). Muscle extracts isolated from wild-type mice on a control diet (WT-CTL),
mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-
RSV). Mean + s.e.m. are shown.
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3.2.6 RSV-MDSD treatment stimulates the SOMP in the SOL muscle of

madx mice

After observing an increase in the activity of SIRT1 and PGC-1a mRNA in the SOL
muscles of resveratrol-treated mdx mice, we analysed a number of markers that are
characteristic of the slow, oxidative phenotype. COXIV, a mitochondrial enzyme,
demonstrated a significant increase in mMRNA levels in the SOL muscles of resveratrol-
treated mdx mice, as measured by gRT-PCR (n=3-4, * P < 0.05) (Figure 3.11). To further
evaluate whether resveratrol promoted the slow, oxidative myofibre program in mdx mice,
we stained muscle sections with an antibody that detects myosin heavy chain (MHC) type |
positive fibres. Analysis of SOL muscles revealed a ~1.5-fold increase in the percentage of
slow, oxidative MHC type | fibres in the resveratrol-treated mdx mice compared with mdx
mice fed a control diet (n=3-4, * P < 0.05) (Figure 3.12A-B). Western blot analysis revealed
a similar trend in the MHC type | protein content. The resveratrol-treated mdx mice had
significantly more MHC type | protein than the vehicle-treated mdx mice (n=4-5, * P < 0.05)

(Figure 3.12C).
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Figure 3.11 - Resveratrol treatment stimulates expression of COXIV, which is involved in
promoting the slow, oxidative myogenic program, in SOL muscles of mdx mice

MRNA levels of COXIV are shown, as measured by quantitative RT-PCR. Values were standardized
to 18s mRNA levels. Muscle extracts isolated from wild-type mice on a control diet (WT-CTL), mdx
mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-RSV)
(n=3-4, * P < 0.05 versus MDX-CTL) Mean + s.e.m. are shown.
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Figure 3.12 - Resveratrol treatment increases the appearance of the slow isoform of MHC in
the SOL muscles of mdx mice

A) Representative micrographs of MHC | immunofluorescence of SOL muscle cryosections. B)
Graphical summary of the percentage of MHC I-positive fibres (n = 3-4, * P < 0.05 versus MDX-
CTL). C) Representative blots with quantification of MHCI normalized to ponceau staining. (n=4-5,
* P < 0.05 versus MDX-CTL )Mean + s.e.m. are shown.
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3.2.7 Utrophin A protein levels demonstrate a tendency to increase in the

SOL muscles of mdx mice treated with RSV-MDSD

We measured mRNA levels, protein content and localization of utrophin A. mRNA
levels exhibited no significant difference between all three mouse groups in the slow,
oxidative, SOL muscle (n=3-4, P > 0.05) (Figure 3.13A). Using western blot analysis, we
also observed that utrophin A protein levels were slightly higher in the SOL muscles of the
resveratrol-treated mdx mice as compared to the vehicle-treated mdx mice, but this difference
was not significant (n=9, P > 0.05) (Figure 3.13B). To further understand this relationship,
we employed utrophin A immunofluorescence on serial cryosections of the SOL muscles.
Utrophin A staining was slightly higher in the resveratrol treated mice, consistent with the

changes observed in utrophin A protein levels (n=3-4, P > 0.05) (Figure 3.13C-D).

3.2.8 Histological analysis of SOL muscle sections from mdx mice treated

with RSV-MDSD

Changes in phenotypic modifiers, specifically SIRT1, can result in morphological
benefits for skeletal muscle. We examined central nucleation, as well as CSA of individual
skeletal muscle fibres from the SOL muscles of mdx mice. This was used as a measure of the
ability of the SOL to resist contraction-induced damage. Central nucleation was significantly
reduced in the resveratrol-treated mdx mice as compared to the untreated group (n=4, P <
0.05) (Figure 3.14A-B). We also measured the CSA of individual fibres from the SOL
muscles (Figure 3.14C). However, there were no observed differences between the mdx

groups.
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Figure 3.13 - Utrophin A expression increases modestly with resveratrol treatment in SOL
muscles of mdx mice

A) mRNA levels of utrophin A are shown, as measured by quantitative RT-PCR. Values were
standardized to 18s mRNA levels (n=4-5). B) Representative western blots of utrophin A and
GAPDH, and graphical summary of utrophin A protein content (n=9). C) Typical micrographs of
utrophin A immunostaining in SOL. D) Graphical summary of utrophin A fluorescence. (n= 4).
Mean + s.e.m. are shown.
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Figure 3.14 - Histological analysis of SOL muscle sections from mdx mice

A) H&E staining demonstrating the appearance of centrally nucleated myofibres and B) graphical
representation of the percentage of fibres that exhibit central nucleation. C) Mean myofibre CSA,
expressed as a percentage of the total number of fibres in SOL muscles from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n=4). Mean + s.e.m. are shown. Average CSAs (Arbitrary Units)
with corresponding standard deviation of each muscle are displayed above the frequency histograms.

67



Overall, it appears that the resveratrol treatment at a moderate dosage for a short
duration (MDSD) is triggering a conversion in skeletal muscle towards the slower, more
oxidative phenotype. These changes seem to be mediated through PGC-1a, which may be
activated by the deacetylating action of the SIRT1 enzyme. Not only are SIRT1 protein
levels elevated in the SOL and EDL of resveratrol-treated mdx mice, but SIRT1 activity is
also significantly increased. PGC-1a protein levels demonstrate no significant change across
all three groups, but the ratio of acetylated PGC-la to total PGC-la is significantly
decreased in resveratrol-treated mdx mice, compared to vehicle-treated mdx mice. Activation
of these phenotypic modifiers translates to an upregulation of several markers that are
characteristic of the slow, oxidative skeletal muscle phenotype. The percentage of MHC type
I- and MHC type lla-positive fibres in the SOL and EDL, respectively, is significantly
increased in the treated groups. As well, there is an increase in markers for mitochondrial
biogenesis, such as COXIV expression. Utrophin A levels show a modest, but consistent
increase in both the EDL and SOL of resveratrol-treated mdx mice. These changes result in
significantly lower levels of central nucleation in the SOL and a pattern of CSA in the EDL
that resembles wild-type mice. Histological changes of this nature are of benefit in the DMD
context.

These results provide evidence for a resveratrol-induced conversion in skeletal
muscle morphology towards the slower, more oxidative phenotype. Due to these promising
results, we decided to perform an additional series of experiments and increase the dose of
the drug and the duration of the treatment in an effort to yield a stronger conversion in

muscle phenotype with greater benefit for muscle functionality.
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3.3 RSV-HDLD does not stimulate the slower, more oxidative phenotype in

madx mice

In a separate series of experiments, we increased the dosage of resveratrol and the
duration of the treatment. The dose was increased to ~500mg/kg/day, based on recently
published papers (Hori 2011; Moorwood 2011) and the duration was extended to twelve
weeks. Thus, male mice, 6-7 weeks of age, were divided into three groups based on genetic
background and diet: 1) C57BL/10 (wild-type) mice fed a standard control diet (WT-CTL),
2) mdx mice fed a standard control diet (mdx-CTL), and 3) mdx mice fed a diet supplemented
with 0.375% resveratrol (mdx-RSV). After a twelve week treatment period the mice were
euthanized and their tissues removed for analysis. In order to evaluate changes in different
muscle types, we focused our attention on the fast EDL and TA muscles, and the slow SOL
muscle. The next few sections (3.3.1 — 3.3.4) concentrate exclusively on the fast, EDL and
TA muscles, unless stated otherwise. The TA muscles were used for molecular analysis due

to the fact that the EDL muscles were relegated for electrophysiological experiments.

3.3.1 RSV-HDLD does not activate SIRT1 or PGC-1a in fast skeletal

muscle fibres of mdx mice

We evaluated SIRT1 protein levels and activity in the TA muscles of all three groups
of mice. We expected the higher dose of resveratrol to increase SIRT1 activity, based on past
studies (Lagouge 2006; Hori 2011) and our own data from the previous sections. However,
we observed no difference in both SIRT1 protein levels and SIRT1 activity between the
resveratrol-treated mdx group and the untreated mdx group (n=5-6, P > 0.05) (Figure 3.15A-

B). Based on these observations, one would surmise that PGC-1a activity may be unaffected

69



by resveratrol treatment as well because PGC-la is a target of SIRT1’s deacetylase
mechanism. To evaluate the activity of PGC-1a, we compared PGC-1a acetylation in the
gastrocnemius muscle between the three groups of mice (Figure 3.16A). The proportion of
deacetylated-PGC-1a over total-PGC-1a was almost identical in both the resveratrol-treated
and untreated groups, indicating that PGC-1a activity was not increased in the presence of a
high dose of resveratrol (n=4, P > 0.05) (Figure 3.16A). Despite no change in activity, PGC-
la protein levels were surprisingly increased in the mdx mice treated with resveratrol, as

compared to the mdx group fed a control diet (n=5-6, * P < 0.05) (Figure 3.16B).
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Figure 3.15 — Effects of resveratrol treatment on the protein expression and activity of SIRT1
in the TA muscles of mdx mice

A) Representative SIRT1 and B-actin western blots with quantification and B) SIRT1 activity,
measured as arbitrary fluorescence units (AFU). Muscle extracts isolated from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n =5-6, P > 0.05 versus MDX-CTL). Mean + s.e.m. are shown.
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Figure 3.16 — Effects of resveratrol treatment on protein expression and activity of PGC-1a in
mdx mice

A) Representative blots and quantification showing the relative amount of acetylated versus total
PGC-1a, for gastrocnemius muscle. PGC-1a was immunoprecipitated (IP) from muscle extracts and
then immunoblotted with either an antiacetylated lysine antibody to determine the extent of PGC-1a
acetylation (Ac-Lys) or a PGC-1a antibody to determine the total amount of PGC-1a (n = 4, P >
0.05) B) Representative PGC-1a and GAPDH western blots with quantification from TA muscles (n
=5-6, * P < 0.05 versus MDX-CTL). Muscle extracts isolated from wild-type mice on a control diet
(WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented
diet (MDX-RSV). Mean + s.e.m. are shown.
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3.3.2RSV-HDLD has modest effects on promoting the SOMP in the fast

TA muscles of mdx mice

We next examined some common markers that are characteristic of the slow,
oxidative skeletal muscle phenotype. COXIV mRNA levels in the TA muscles were
unchanged in the resveratrol-treated mdx group, when compared to the untreated mdx group
(n=3-4, p > 0.05) (Figure 3.17). We also stained TA muscle sections, using antibodies
designed for the detection of the slow MHC lla isoform and the fast MHC Ilb isoform
(Figure 3.18A). We observed that the resveratrol-treated mdx mice had, on average, TA
muscle sections with a higher proportion MHC lla-positively stained fibres , as compared to
the mdx mice fed a control diet (n=3-4, * P < 0.05) (Figure 3.18A-B).The treated mdx mice
had a lower proportion of MHC Ilb-positive fibres in the TA muscles, as compared to the
untreated mdx group, but this difference was not significant (n=3-4, P > 0.05) (Figure

3.18C).
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Figure 3.17 — A high dose of resveratrol does not stimulate expression of COXIV in TA muscles
of mdx mice

MRNA levels of COXIV are shown, as measured by quantitative RT-PCR. Values were standardized
to 18s mRNA levels. Muscle extracts isolated from wild-type mice on a control diet (WT-CTL), mdx
mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-RSV)
(n=3-4, P > 0.05) Mean + s.e.m. are shown.
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Figure 3.18 - Resveratrol treatment increases the appearance of the slow isoform of MHC in
the TA muscles of mdx mice

A) Representative micrographs of MHC lla and MHC IlIb immunofluorescence of TA muscle
cryosections. Graphical summaries of the percentage of (B) MHC lla-positive fibres and (C) MHC
I1b-positive fibres (n = 3-4, x P < 0.05 versus MDX-CTL). Mean + s.e.m. are shown.
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3.3.3 Utrophin A mRNA and protein levels do not to increase in the TA

muscles of mdx mice treated with RSV-HDLD

We analysed mRNA levels, protein content, and localization of utrophin A. Utrophin
A mRNA levels showed a slight, but non-significant increase in the resveratrol-treated group
as compared to the mdx mice on a control diet (n=4-5, P > 0.05) (Figure 3.19A). Using
western blot analysis, we also observed that utrophin A protein levels increased ~25% in the
TA muscles of the resveratrol-treated mdx mice as compared to the vehicle-treated mdx mice,
but this difference was also non-significant (n=5-6, P > 0.05) (Figure 3.19B). Utrophin A
staining increased by approximately 20% in the resveratrol treated mdx mice, reinforcing the

lack of change in utrophin A protein levels (n=3-4, P > 0.05) (Figure 3.19C-D).
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Figure 3.19 - Utrophin A expression increases modestly with resveratrol treatment in TA
muscles of mdx mice

A) mRNA levels of utrophin A are shown, as measured by quantitative RT-PCR. Values were
standardized to 18s mRNA levels (n=4-5, P > 0.05). B) Representative western blots of utrophin A
and ponceau, and graphical summary of utrophin A protein content (n=5-6). C) Typical micrographs
of utrophin A immunostaining in TA. D) Graphical summary of utrophin A fluorescence. (n= 4).
Mean + s.e.m. are shown.
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3.3.4 Fast, EDL muscles of mdx mice treated with RSV-HDLD

demonstrate modest improvements in function

Since we expected phenotypic improvement in mdx animals due to RSV-HDLD, we
tested EDL myofibre structural integrity during repetitive electrically stimulated eccentric
contractions (ECs) ex vivo. Force generation decreased to 53.51+6.0, 21.52+4.26, and
25.42+8.73% of initial tension in wild-type mice on a control diet, mdx mice fed a control
diet, and resveratrol-treated mdx animals, respectively, after 12 contractions (Figure 3.20A).
Therefore, resveratrol treatment did not have any effect on force maintenance in mdx mice.
We also measured the maximum force generated by each muscle, prior to the EC protocol, as
a measure of muscle strength. The resveratrol-treated mdx group showed a higher peak force
than the untreated mdx group, but this difference was not significant (n=4, P > 0.05) (Figure
3.20B). During the EC protocol, EDL muscles were bathed in 0.1% procion orange solution.
This dye infiltrates the cytosol of myocytes whose sarcolemma has been disrupted, allowing
for determination of the extent of cell membrane damage caused by the ECs. We found that
procion orange fluorescence intensity in EDL myofibres from resveratrol-treated animals
was approximately 40% lower than that measured in untreated mdx mice (n=3-4, * P < 0.05)

(Figure 3.21A-B).
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Figure 3.20 — Effects of resveratrol administration on ex vivo mdx skeletal muscle contractile
performance

A) Maximal force development of EDL muscles, expressed as a percentage of the initial contraction,
during twelve electrically stimulated eccentric contractions B) Graphical representation of mean peak
force of EDL muscles from wild-type mice on a control diet (WT-CTL), mdx mice on a control diet
(MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-RSV) (n=3-4, = P < 0.05
versus MDX-CTL) Mean + s.e.m. are shown.
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Figure 3.21 - Effects of resveratrol administration on sarcolemmal structural integrity

A) Typical procion orange staining of the EDL cryosections after undergoing eccentric contractions.
B) Graphical summary of the total intramuscular procion orange fluorescence from wild-type mice on
a control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n=3-4, * P < 0.05 versus MDX-CTL) Mean + s.e.m. are shown.
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3.3.5 RSV-HDLD does not significantly increase the activity of key

phenotypic modifiers in slow skeletal muscle fibres of mdx mice

We also analysed the slow, oxidative SOL muscles in a similar manner to see if there
were any changes in the activity of skeletal muscle phenotypic modifiers (3.3.5 — 3.3.7).
SIRT1 protein levels increased approximately 30% in the resveratrol treated group,
compared to the untreated mdx group (Figure 3.22A). However, this change was not
significant (n=5-6, P > 0.05). SIRT1 activity in the SOL muscles was unchanged between
the resveratrol-treated mdx group and the mdx mice fed a control diet (n=5-6, P > 0.05)
(Figure 3.22B). These findings were similar to what was observed in fast TA muscles after
HDLD. Furthermore, resveratrol treated mdx mice showed no change in PGC-1la protein
levels in the SOL muscles when compared to untreated mdx animals (n=5-6, P > 0.05)

(Figure 3.23).

3.3.6 RSV-HDLD does not stimulate the SOMP in the SOL muscle of mdx

mice

We examined several common markers that are characteristic of the slow, oxidative
skeletal muscle phenotype in the SOL muscles. COXIV mRNA levels of resveratrol-treated
madx mice show modest increases as compared to the mdx group fed a control diet, but this
relationship was not significant (n=3-4, P > 0.05) (Figure 3.24). In addition, we evaluated
the percentage of MHC I-stained fibres in SOL muscle cryosections from all three animal
groups. Again, we observed a slight increase of approximately 20% in MHCI-positive fibres
in the treated mdx mice group, but, this difference was not significant (n=3-4, P > 0.05)

(Figure 3.25A-B). Western blot analysis confirmed that resveratrol was not stimulating
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MHCI expression (Figure 3.25C). In fact, quantification of the blots demonstrated a modest
decrease in protein levels of MHCI in the resveratrol-treated group, compared to the

untreated mdx animals (Figure 3.25C)
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Figure 3.22 - Effects of resveratrol treatment on the protein expression and activity of SIRT1 in
the SOL muscles of mdx mice

A) Representative SIRT1 and B-actin western blots with quantification and B) SIRT1 activity,
measured as arbitrary fluorescence units (AFU). Muscle extracts isolated from wild-type mice on a
control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol
supplemented diet (MDX-RSV) (n =5-6, P > 0.05 versus MDX-CTL). Mean + s.e.m. are shown.
wild-type mice on a control diet (WT-CTL), mdx mice on a control diet (MDX-CTL) and mdx mice
on a resveratrol supplemented diet (MDX-RSV) (n =5-6,). Mean + s.e.m. are shown.
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Figure 3.23 — Effects of resveratrol treatment on the protein expression of PGC-1a in the SOL
muscles of mdx mice

Representative PGC-1a and GAPDH western blots with quantification from SOL muscles (n = 5-6, P
> 0.05 versus MDX-CTL). Muscle extracts isolated from wild-type mice on a control diet (WT-
CTL), mdx mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet
(MDX-RSV). Mean + s.e.m. are shown.
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Figure 3.24 - A high dose of resveratrol does not stimulate expression of COXIV in the SOL
muscles of mdx mice

MRNA levels of COXIV are shown, as measured by quantitative RT-PCR. Values were standardized
to 18s mRNA levels. Muscle extracts isolated from wild-type mice on a control diet (WT-CTL), mdx
mice on a control diet (MDX-CTL) and mdx mice on a resveratrol supplemented diet (MDX-RSV)
(n=3-4, P > 0.05 versus MDX-CTL) Mean + s.e.m. are shown.
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Figure 3.25 - Resveratrol treatment does not increase the appearance of the slow isoform of
MHC in the SOL muscles of mdx mice

A) Representative micrographs of MHC | immunofluorescence of SOL muscle cryosections. B)
Graphical summary of the percentage of MHC I-positive fibres (n = 3-4, P > 0.05). C) Representative
blots with quantification of MHCI normalized to ponceau staining. (n=4-5, P > 0.05) Mean + s.e.m.
are shown.
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3.3.7 Utrophin A mRNA and protein levels in the SOL muscle of mdx mice

are unaffected by treatment with RSV-HDLD

We analysed mRNA levels, protein content and localization of utrophin A. mRNA
levels exhibited no significant different between all three animal groups in the slow,
oxidative, SOL muscle (n=3-4, P > 0.05) (Figure 3.26A). Using western blot analysis, we
also observed that utrophin A protein levels in the SOL muscles of mdx mice did not change
in response to resveratrol treatment (Figure 3.26B). In fact, utrophin A levels decreased
slightly in the treated group, compared to the mdx mice fed a control diet (n=5-6, P > 0.05)
(Figure 3.26B). To evaluate utrophin A localization and expression, we stained SOL muscle
cryosections, using a utrophin A antibody (Figure 3.26C). Utrophin A fluorescence intensity
was slightly lower in the resveratrol treated mice, when compared to the mdx mice fed a

control diet (n=3-4, P > 0.05) (Figure 3.26C-D).
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Figure 3.26 - Utrophin A expression does not increase with resveratrol treatment in SOL
muscles of mdx mice

A) mRNA levels of utrophin A are shown, as measured by quantitative RT-PCR. Values were
standardized to 18s mRNA levels (n=3-4, P > 0.05). B) Representative western blots of utrophin A
and ponceau, and graphical summary of utrophin A protein content (n=5-6, P > 0.05). C) Typical
micrographs of utrophin A immunostaining in SOL. D) Graphical summary of utrophin A
fluorescence. (n=4, P >0.05). Mean + s.e.m. are shown.
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Taken together, the results indicate that the higher dose of resveratrol was not
effective in promoting the SOMP in the slow, oxidative SOL muscles of mdx mice. None of
the proteins that are typically activated by resveratrol were increased significantly, including
SIRT1 and PGC-la. There were no changes in the proportion of MHCI-positive stained
myofibres between the treated and untreated animals. In addition, there were no significant
changes in utrophin A expression with resveratrol treatment at this dosage in the SOL

muscle.

The fast, glycolytic EDL and TA muscles were also largely unaffected by RSV-
HDLD. There were no changes in SIRT1 protein levels and activity. Surprisingly, we did
observe an elevation in the percentage of MHCIla-stained fibres and a slight reduction in
MHCIIb-stained fibres. Utrophin A did not exhibit significant increases with RSV-HDLD
when compared to the untreated mdx group. Functional analysis revealed no improvements

in terms of percentage of force drop, following ECs.
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4: Discussion

In recent work, we have shown that promoting the slow, oxidative myogenic program
(SOMP), through the use of small molecules, can have an ameliorative effect on the DMD
pathology (Miura 2009; Ljubicic 2011). In the present study, we evaluated the therapeutic
potential of resveratrol, a putative activator of SIRT1 and AMPK (Lagouge 2006; Canto
2009; Um 2010; Park 2012). We discovered that resveratrol treatment can activate several
key signaling molecules, involved in skeletal muscle plasticity, both in vitro and in vivo.
More specifically, these resveratrol-induced changes led to a shift in skeletal muscle fibre
type in mdx mice towards the slower, more oxidative phenotype. We also learned that
resveratrol’s ability to remodel skeletal muscle in the mdx context is largely dose-dependent.
Overall, a moderate dose of resveratrol seems to be much more effective than a relatively
high dose of the drug. At the commencement of this study, there was no knowledge of the
interaction between resveratrol and dystrophic skeletal muscle. Although some papers have
emerged since (Hori 2011; Selsby 2012; Gordon 2013), they do not characterize the
conversion in muscle fibre type and/or limit their analyses to short treatment periods. Our
work is very timely, as it outlines a promising role for resveratrol in promoting the SOMP in

the diseased context and highlights the importance of optimizing the drug dose.
4.1 Resveratrol activates SOMP signaling molecules in C2C12 model

Our preliminary work focused on gaining an understanding of resveratrol’s ability to
activate SOMP signaling molecules in an in vitro skeletal muscle cell model. C2C12 cells

were used due to their predictable patterns of differentiation and their response to drug
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treatment has been shown to translate well to the mdx context (Xiong 2007; Miura 2009;
Seow 2010; Ljubicic 2011). We observed resveratrol-induced increases in the expression
levels of many key markers involved in skeletal muscle remodeling, including SIRT1, PGC-
la, and PPARS. In addition utrophin A mRNA increased in the resveratrol-treated group.
However, these significant changes in mMRNA levels resulted in only modest increases at the
protein level. This observation is not unusual, as several factors can cause discordance
between mMRNA and protein levels, including translational regulation, and protein
degradation (Gramolini 1999; Gygi 1999; Tian 2004; Miura 2009). Indeed, resveratrol has
been shown to act directly on SIRT1, which targets downstream proteins at the post-
translational level, affecting their stability and activity (Baur 2006; Lagouge 2006; Amat
2009). Nonetheless, these initial results were encouraging in terms of increasing the
expression of several important signaling molecules, thus we were interested in exploring the
effects of resveratrol in the mdx mouse model. Note that the interaction between resveratrol

and dystrophic muscle was completely unknown at this point of our study.
4.2 Resveratrol promotes elements of the SOMP in mdx mice

In experiments using pharmacological agents, it is often advised to implement the
lowest effective dose to reduce the possibility of off target effects. Toxicological studies
demonstrate that rodents can safely tolerate resveratrol at doses as high as 700mg/kg/day
(Williams 2009), but mice have been treated effectively at much lower doses (Barger 2008).
Targeting specific tissues adds complexity to the issue because the metabolic profile of
resveratrol varies across different tissues. For example, in rats fed low to moderate doses of
the drug, the greatest number of resveratrol metabolites was found in the liver and adipose

tissue, whereas the presence of these metabolites was significantly lower in muscle (Andres-
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Laceuva 2012). Thus, the context for which the drug is purposed can influence the optimal
dose. The majority of recent studies that evaluate the effect of resveratrol on skeletal muscle
use a dose in the range of ~50-400 mg/kg/day (Lagouge 2006; Um 2010; Park 2012; Price
2012; Menzies 2013). We initially implemented a dose of ~100mg/kg/day of resveratrol,
based on previous studies (Baur 2006; Lagouge 2006; Ryan 2010), and started treating mice
at six to seven weeks of age. At this point, the characteristic cycles of
degeneration/regeneration and necrosis are well under way (De Luca 2012). Thus, our aim
was to maintain the integrity of existing healthy fibres and/or prevent the progression of the
disease phenotype (De Luca 2012).

Following treatment, the mdx mice showed evidence of skeletal muscle remodelling
towards the SOMP, including a higher proportion of the slower MHC isoforms and an
increased expression of oxidative genes, including COXIV. This is important because
augmented mitochondrial biogenesis and promotion of the SOMP is associated with
increased fatigue resistance (Hood 2001), decreased metabolic abnormalities (Millay 2008),
improved insulin sensitivity (Leng 2004), and retention of muscle mass/function (Da Cruz
2012). In the context of DMD, the slower, more oxidative muscle fibres in diseased patients
are more resistant to the dystrophic pathology, as compared to the faster, more glycolytic
fibres (Webster 1988). This may be due, in part, to the fact that slow muscle contains higher
amounts of structural proteins, including dystrophin and utrophin A (Gramolini 2001b;
Miura 2006). Utrophin A localisation is also expanded to the extrasynaptic regions in slow,
oxidative muscle, whereas it is restricted to the NMJ’s in fast, glycolytic muscle (Gramolini
2001b, Chakkalakal 2003). Indeed, induction of the SOMP through functional muscle
overload or transgenic activation of calcineurin is accompanied by significant increases in

utrophin A expression (Chakkalakal 2003).
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4.3 Importance of triggering SOMP in skeletal muscle diseases

Promoting the SOMP is not only beneficial in the DMD context. There is evidence
that it helps patients with amylotrophic lateral sclerosis (ALS) (Da Cruz 2012), Huntington’s
disease (Johri 2012), cancer cachexia (Wang 2013), and diabetes (Stuart 2013), which speaks
to the therapeutic value of stimulating the SOMP under a variety of conditions that stress
muscle functionality. ALS and Huntington’s disease are neurodegenerative disorders that
result in muscle wasting, mitochondrial dysfunction, and motor neuron death (Da Cruz 2012;
Johri 2012). In mouse models of these diseases, activation of PGC-1a and promotion of the
SOMP results in significant improvements in mitochondrial function and biogenesis, as well
as muscle performance, including resistance to fatigue (Da Cruz 2012; Johri 2012).
Furthermore, the conversion in muscle fibre type towards the more oxidative phenotype
protects the animals from skeletal muscle atrophy and increases fatty acid oxidation (Da
Cruz 2012; Johri 2012). Under conditions of cancer cachexia, patients suffer from severe
skeletal muscle atrophy which is more pronounced in type Il, glycolytic myofibres, as
compared to type I, oxidative fibres (Wang 2013). This may be due, in part, to the lower
abundance of PGC-1a, which is characteristic of type 1B muscle fibres (Schiaffino 2011).
PGC-1a overexpression can delay the progression of skeletal muscle atrophy by inhibiting
the FoxO-dependent upregulation of ubiquitin liagases atrogin-1 and MuRF1 (Schiaffino
2011; Wang 2013). In the context of diabetes, the ability of skeletal muscles to act as a sink
for plasma glucose is critically important (Schiaffino 2011). A defect in the glucose uptake
process can lead to insulin resistance and hyperglycemia, which are characteristic features of
type Il diabetes (Schiaffino 2011). One of the main glucose transport proteins, GLUT4, is

differentially expressed in type | and type Il skeletal myofibres (Schiaffino 2011). Studies in
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rabbits reveal that GLUT4 expression is significantly higher in oxidative fibres (Kong 1994).
Furthermore, a direct relationship between insulin-triggered glucose uptake and the
proportion of type | myofibres has been shown in humans (Zierath 1996). More recently,
Stuart and colleagues have demonstrated that a lower proportion of type I muscle fibres
correlates with higher severity of insulin resistance (Stuart 2013). Thus, there appears to be a
clear benefit to promoting the SOMP in this disease context as it relates to glucose transport
and insulin sensitivity. It is with this in mind that several pharmacological agents, possessing
the ability to promote the SOMP, are currently being used in the treatment of diabetes. These
include AICAR (Koistinen 2003), metformin (Zhou 2001) and resveratrol (Chen 2011).
Taken together, these examples provide evidence for the benefits of inducing the SOMP

under conditions of muscle wasting or dysfunction.

4.4 SIRT1 and PGC-1a regulate a shift in skeletal muscle towards the

slower, more oxidative phenotype

The changes in skeletal muscle phenotype that we observed may have been mediated
through activation of SIRT1 and subsequent deacetylation of PGC-1a. Deacetylated PGC-1a
is considered the “active form”, facilitating its incorporation into protein complexes at
promoter regions and increasing the rates of transcription of several genes associated with
the SOMP (Rodgers 2005; Gerhart-Hines 2007). PGC-1a is a master regulator of phenotypic
plasticity, and its overexpression is sufficient to cause drastic changes in skeletal muscle
fibre type towards the slower, more oxidative phenotype (Lin 2002; Handschin 2007
Rasbach 2010). These changes in skeletal muscle morphology are often accompanied by
reorganization of the neuromuscular junction, including increased utrophin A expression

(Chakkalakal 2004; Angus 2005; Stupka 2006; Handschin 2007). Histological analyses
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revealed improvements in central nucleation and cross sectional area of myofibres. In
addition, utrophin A levels demonstrated modest increases of ~1.4-fold in the treated
animals. It is important to note that transgenic upregulation of utrophin A by only 2-fold is
sufficient to completely prevent the dystrophic pathology (Tinsley 1998). These findings
were promising, but the shift in skeletal muscle fibre type towards the slower, more oxidative
phenotype was not complete. This raised the question of whether modifying the treatment
regimen may result in a stronger effect on skeletal muscle plasticity and greater therapeutic
benefits.

Surprisingly, we discovered that the elevated dose of 500mg/kg/day was ineffective
in its promotion of the SOMP in both the fast, glycolytic muscle fibres, and the slow,
oxidative muscle fibres. SIRT1 was not activated and there was no change in utrophin A
levels with resveratrol treatment. Furthermore, the fast EDL muscles showed no significant
improvement in peak force generation or resistance to force drop following eccentric
contractions. It became evident that the dose of resveratrol plays a huge role in determining

the effectiveness of the drug in dystrophic skeletal muscle.
4.5 Does therapeutic benefit of resveratrol depend on dose?

The first group to treat mdx mice with resveratrol did so at a dose of 500mg/kg/day
for 32 weeks (Hori 2011). They observed a significant reduction in oxidative damage and
fibrosis, and improved retention of overall muscle mass in the biceps femoris of treated mdx
mice, when compared to the untreated group (Hori 2011). Although they focused on the
secondary pathological features of DMD, this study demonstrates that the drug is well-
tolerated at this elevated dose. More recently, two separate groups treated mdx mice with

resveratrol at a moderate dose of 100mg/kg/day and high dose of 400mg/kg/day (Selsby

95



2012; Gordon 2013). Selsby and colleagues unexpectedly observed a high mortality rate in
the mdx mice given the elevated dose of the drug and, consequently, focused their efforts on
the mice treated with 100mg/kg/day (Selsby 2012). These mice demonstrated a trend towards
increased utrophin A expression and showed an increased fatigue resistance in the soleus
muscles (Selsby 2012). Gordon and colleagues did not see any effect on mortality rate, but
did observe that only animals treated with the 100mg/kg/day exhibited increased expression
of SIRT1 and a reduction in macrophage infiltration in skeletal muscle (Gordon 2013). Mice
treated at the higher dose showed little to no improvements in the dystrophic pathology. A
similar trend in dose-response was observed during a drug-screen for natural compounds that
activate the utrophin A promoter (Moorwood 2011). Using a luciferase reporter promoter
assay in the C2C12 context, it was discovered that resveratrol can activate the utrophin A
promoter (Moorwood 2011). The maximum fold change in luciferase activity was seen at a
relatively low dose of 6.25uM. Taken together, these studies provide mounting evidence
that a low or moderate dose of resveratrol is much more effective at promoting the SOMP
and, potentially, stimulating utrophin A promoter activity. This dose-response effect mirrors
much of what we observed in our study.

Price and colleagues provide insight into the potential mechanism responsible for this
dose-dependent reaction (Price 2012). They treated adult-inducible SIRT1 knockout mice
with two doses of resveratrol, 30mg/kg/day and 230mg/kg/day, and evaluated their effects on
skeletal muscle plasticity and mitochondrial function/biogenesis (Price 2012). The lower
dose stimulated AMPK activity and promoted a conversion in skeletal muscle fibre type
towards the slower, more oxidative phenotype, evidenced by improved mitochondrial
respiration and increased expression of PGC-1a (Price 2012). These changes were entirely

dependent on the presence of SIRT1, highlighting the importance of this enzyme in
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resveratrol’s mechanism of action. This agrees with data from our own study, which
demonstrates clear increases in SIRT1 activity/protein and deacetylation of downstream
PGC-1a, following treatment with a moderate dose of resveratrol. At the higher dose, Price
and colleagues found that resveratrol had little effect on skeletal muscle morphology.
However, they did show AMPK activation, even in the absence of SIRT1. This finding was
replicated in their in vitro model, where they identified a potential toxic effect from the
elevated dose. In cultured cells, those treated with a high dose of resveratrol suffered from
impaired mitochondrial respiration and subsequent reductions in cellular ATP levels. By
altering the energy state of the cell and, more specifically, the ADP/ATP ratio, AMPK may
be activated, irrespective of SIRT1 (Hawley 2010; Price 2012). Bypassing SIRT1 and
inhibiting the oxidative machinery may explain why this dose is ineffective for improving
the skeletal muscle profile. Indeed, in our study we did not see any significant changes in
SIRT1 activity or protein in mdx mice treated with the higher dose. This translated to
minimal improvements in the dystrophic pathology and truly underscores the importance of

dose in drug treatment studies.

4.6 How does resveratrol compare to the contextually novel small

molecules, GW501516 and AICAR?

We were the first to demonstrate that promotion of the SOMP and, subsequent,
amelioration of the dystrophic pathology, can be achieved in mdx animals via the chronic
administration of a PPARS agonist (GW501516) (Miura 2009), or using an activator of
AMPK (AICAR) (Ljubicic 2011). In both cases, treatment of mdx animals with these
compounds resulted in a significant increase in utrophin A expression as well as in a clear

attenuation of the dystrophic phenotype (Miura 2009; Ljubicic 2011). Furthermore, both
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GW501516 and AICAR resulted in a phenotypic conversion in skeletal muscle fibre type
from fast type | to slow type Il fibres, and improvements in sarcolemmal integrity (Miura
2009; Ljubicic 2011). More recently, it has been shown that AICAR is effective at triggering
the autophagy-mitophagy pathway and eliminating defective mitochondria in skeletal
muscles of mdx mice (Pauly 2012). Furthermore, combining both AICAR and GW501516
improves muscle strength and oxidative capacity of mdx skeletal muscle cells (Bueno Junior
2012; Jahnke 2012). These results were significant because they demonstrated that the DMD
pathology could be partially rescued through the use of therapeutically relevant molecules.

In our current study, using a moderate dose of resveratrol, we observed similarities in
terms of promotion of the SOMP. However, there were also agonist-specific variations in all
three studies. Unlike GW501516 and AICAR, resveratrol was unable to induce a significant
increase in utrophin A expression in mdx mice, despite a consistent trend in the positive
direction. In addition, AICAR promoted phenotypic plasticity only in the fast, glycolytic
muscles, whereas GW501516 and a moderate dose of resveratrol elicited adaptations in both
fast EDL and slow SOL muscles (Miura 2009; Ljubicic 2011). Also, GW501516 improved
resistance to force drop during consecutive EC’s, whereas AICAR and resveratrol failed to
do so.

Despite areas of overlap, the pathways associated with each drug are unique, which
most likely contributes to the variation in the effects we have observed (Figure 4.1).
GW501516 demonstrates some interaction with AMPK and its upstream effectors, but its
relevance in the DMD context is largely based on its interaction with PPRE elements, located
within the utrophin A promoter (Tanaka 2003; Wang 2004; Terada 2006; Miura 2009).
AICAR is a synthetic compound that is phosphorylated to ZMP, following integration into

myocytes (Witczak 2008). ZMP is an AMP analogue that mimics its influence on AMPK
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activity, altering the energy state within the cell and encouraging transformations that are
characteristic of the slow, oxidative phenotype skeletal muscle phenotype (Holmes 1999;
Winder 2000; Narkar 2008; Witczak 2008; Friedrichsen 2013). Resveratrol is similar to
AICAR in that they both have the capability to activate three main phenotypic modifiers:
AMPK, SIRT1, PGC-1a (Holmes 1999; Winder 2000; Lin 2002; Ljubicic 2011; Suwa 2011;
Park 2012; Price 2012). However, resveratrol is unique in that its effects on skeletal muscle
plasticity and mitochondrial function are largely dependent on the presence of SIRT1
(Lagouge 2006; Chung 2010; Tennen 2012; Price 2012). By better defining the signaling
mechanisms as well as their impact, we can optimize treatment strategies for individual

patients and potentially combine different drugs to maximize their beneficial capabilities.
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Figure 4.1 - Signaling cascades triggered by select compounds that converge on the utrophin A

promoter, as well as other promoters for genes encoding the slow, oxidative myofibre program

The GW501516 (GW) compound targets the transcription factor (TF) PPARS, which binds PPRES in
upstream regions. Stimulated AMPK via AICAR treatment activates the transcriptional co-activator,
PGC-1a. Resveratrol (RSV) also induces PGC-1a activity through a deacetylation event, involving
SIRT1. PGC-1a interacts with TFs like GABP and PPARS to transactivate gene expression. The
activation of PPARS, AMPK, SIRT1 and PGC-1a via agonist treatment has been shown to evoke the
slow, oxidative phenotype resulting in numerous beneficial functional adaptations. This Figure has

been adopted from Ljubicic (Jasmin Lab).
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4.7 Combinatorial treatment strategies using transcriptional and post-

transcriptional activators of utrophin A

Combinatorial treatment in the context of DMD or other disorders involving skeletal
muscle is still in the very early stages of development. Recently, Bueno Junior and
colleagues published a study, evaluating the effectiveness of a combined GW501516 and
AICAR treatment in exercised mdx mice (Bueno Junior 2012). They observed instances of a
synergistic effect with respect to muscle functionality and oxidative metabolism when the
combinatorial treatment was coupled with exercise training (Bueno Junior 2012). Around
the same time, another group evaluated these two metabolic remodeling agents, separately
and in combination, in the mdx context (Jahnke 2012). There was no evidence of a
synergistic effect with the combination of GW501516 and AICAR, but all three treatment
groups managed to make significant improvements in the disease phenotype, including
increased muscle strength and mitochondrial biogenesis (Jahnke 2012).

Resveratrol has also been used in combination with metformin, an AMPK activator
commonly used for the treatment of diabetes, and hydroxymethylbutyrate, a leucine
metabolite, in C2C12 cells and a diabetic mouse model (Bruckbauer 2013). The
combination of these drugs is more effective at stimulating SIRT1 activity, improving insulin
sensitivity, and inducing fatty acid oxidation than each of them on their own (Bruckbauer
2013). These are examples of combining drugs that are putative transcriptional activators of
utrophin A.

It is interesting to speculate whether it would be more effective to couple
transcriptional activation with drugs that act at the post-transcriptional level. Evidence

suggests that utrophin A is subject to important post-transcriptional events that impact its
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MRNA stability in skeletal muscle cells (Gramolini 2001a; Chakkalakal 2008). AU-rich
clements (AREs), located within the 3’-untranslated region (UTR) of utrophin A, play a
critical role in this process through their interactions with AU-rich element-binding poteins
(AUBPs) (Gramolini 2001a; Chakkalakal 2008). Indeed, our lab has shown that stimulation
of calcineurin signaling can improve utrophin A mRNA stability through an ARE-dependent
mechanism (Chakkalakal 2008). Mutating the ARE sites abrogates the effect on mRNA
stability, highlighting the importance of these sites in regulating mMRNA steady-state levels
(Chakkalakal 2008). More recently, our lab has explored the possibility of implementing
small molecules to influence utrophin A mRNA stability at the post-transcriptional level.
Heparin, a P38 activator, has the ability to decrease the functional availability of KSRP, an
RNA-binding protein that can trigger the destabilization of ARE-containing transcripts,
including utrophin A (Amirouche 2013). Treatment of mdx mice with this drug for 10 days
was sufficient to significantly increase utrophin A expression in the diaphragm (Amirouche
2013). This was accompanied by an increase in p38 phosphorylation and a decrease in KSRP
protein levels. Furthermore, heparin-treated C2C12 cells showed a drastic increase in the
half-life of utrophin A mRNA, showing a stabilizing effect (Amirouche 2013). This paper
reveals the powerful therapeutic potential of pharmacological agents that can enhance
utrophin A expression at the post-transcriptional level through p38 activation. Other p38
activators that are already in clinical use may carry similar benefits in the DMD context,
including celebrex (Hsiao 2007; Park 2010) and calcitriol (Buitrago 2012). The next logical
step is to combine the transcriptional activators with post-transcriptional activators in an

effort to maximize utrophin A expression in the DMD context (Figure 4.2).
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Figure 4.2 — Combinatorial treatment with transcriptional and post-transcriptional activators

GW501516 (GW), AICAR, and resveratrol (RSV) are considered transcriptional activators of
utrophin A (UTRA) and other genes involved in the slow, oxidative myogenic program (SOMP).
Combining these transcriptional activators with putative post-transcriptional activators, including
heparin, celebrex and calcitriol, may yield synergistic effects on UTRA steady state mRNA levels.
The idea is that the transcriptional activators increase UTRA mRNA expression and the post-
transcriptional activators stabilize these transcripts. Many of these drugs have already been studied in
pre-clinical trials using mdx mice, but a combinatorial treatment regime should be considered a high
priority for future studies.
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4.8 Conclusion

In summary, this study shows that SIRT1 activation, via chronic resveratrol
administration, can promote the SOMP in both the fast EDL and slow SOL muscles of mdx
mice. Utrophin A protein levels demonstrated modest, but consistent increases with
resveratrol treatment and this may have contributed to improvements in myofibre central
nucleation and cross sectional area variability. Interestingly, we found a clear dose-
dependent response to resveratrol treatment. The moderate dose of resveratrol activated key
phenotypic modifiers, including SIRT1 and PGC-1a, as well as key components of the
SOMP, whereas the high dose resulted in minimal fibre type remodelling. Although the
resveratrol-induced changes are not as robust as those seen using other drug therapies (Miura
2009; Ljubicic 2011), it is important to understand the potential therapeutic value of SIRT1
stimulation in the DMD context. Furthermore, SIRTL is intimately linked to key signaling
molecules involved in utrophin A regulation, such as AMPK and PGC-1a (Lan 2008; Canto
2009/2010; Suwa 2011). It is also worth noting that there are several other activators of
SIRT1 in addition to resveratrol that are under investigation, such as SRT1720 and SRT2104
(Chauhan 2011; Minor 2011). These synthetic compounds boast more potent activation of
SIRT1 and some are under investigation in clinical trials (Libri 2012; Hoffmann 2013). It
would be interesting to evaluate their effectiveness in the mdx context relative to an optimal
dose of resveratrol. In conclusion, resveratrol shows promise as a therapeutic agent for

treatment of DMD.
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