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Abstract 

 

Duchenne muscular dystrophy (DMD) is a fatal muscle wasting condition resulting from the loss 

of the structural protein dystrophin. The disease is characterized by severe muscle wasting and 

weakness that results in early death due to cardiac and/or respiratory failure. Currently, there is 

no cure for DMD and current standard of care (glucocorticoid steroids) only addresses secondary 

pathologies, and is accompanied with a myriad of negative side effects. Previous work has 

established the mitochondria as a contributor to dystrophic pathology and a valid therapeutic 

target.  

The primary focus of this thesis was to examine novel therapies that modulate metabolism in 

DMD, to determine if secondary pathologies, including fibrosis, atrophy, weakness and 

mitochondrial stress are attenuated. Additionally, we aimed consider the effects of adenylates and 

creatine metabolism on  mitochondrial permeability transition (mtPT) in a permeabilized muscle 

fibre system. Our study findings reveal that ATP significantly attenuates mtPT and that both 

creatine and ADP should be considered in buffer composition for assessment of mtPT.  

Next, using the mitochondrial-enhancing compound, Olesoxime, we examined the effect of 

attenuating mitochondrial stress on dystrophic pathology. Unexpectedly, improvements to 

mitochondrial respiration and reactive oxygen species attenuation, were creatine-dependent, 

indicating that creatine sensitivity was preserved by Olesoxime treatment. These improvements 

to bioenergetics also happened in association with markers of muscle breakdown (serum creatine 

kinase), and improvement in muscle function (cage hand time and recovery of diaphragm force 

after fatigue). Finally, short-term treatment with the novel adiponectin receptor agonist, ALY688-

SR, mitigated aspects of mitochondrial stress in quadriceps, diaphragm and hippocampus, while 

improving markers of fibrosis and muscle atrophy in the diaphragm, and recognition memory.  

Overall, this thesis indicates that attenuating mitochondrial stress in dystrophic muscle and brain 

improves markers of muscle function and quality, while preserving cognitive function and 

warrants longer term treatment protocols.  
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Chapter 1: Introduction 

Duchenne muscular dystrophy (DMD) is a debilitating and fatal condition that affects more than 

800 boys and young men in Canada currently [1] and between 1 in 3,500 to 1 in 5,000 live male 

births [2]. DMD is the most common form of muscular dystrophy, a grouping of diseases that are 

characterized by muscle wasting and weakness. Symptom typically arise at approximately 2 years 

of age, with loss of ambulation by early teens and death by early 20s. Due to a mutation in the X-

linked gene encoding the structural protein dystrophin, repeated cycles of muscle degeneration and 

regeneration occur until muscle is replaced with fat and collagen. Currently there is no cure for 

DMD, however, the development of genetic therapies is ongoing with some success in human 

patients.  

Dystrophin, a 427kDa rod-like protein, is a critical structural protein that also maintains 

cytoskeleton protein arrangement in cardiac and skeletal muscle [3]. Its absence impairs the 

integrity of the sarcolemmal membrane, rendering it susceptible to mechanical damage during 

contraction. The result is tearing of the sarcolemma, resulting in an influx of extracellular calcium, 

Ca2+, that can activate a myriad of cell death pathways [4, 5] and bring about severe inflammation. 

Glucocorticoid steroids are the current standard of care for patients, with onset of treatment starting 

between the ages of 3 and 6, often before overt functional decline [6, 7]. This treatment which 

targets inflammation, has significantly improved lifespan and muscle function in patients [8]. 

Long-term treatment with glucocorticoids is associated with a multitude of negative side effects 

including excessive weight gain, hypertension, osteoporosis, impaired glucose metabolism, 

delayed puberty, behavioural changes, and cataracts [7]. Until such time that genetic therapies are 

easily accessible and affordable to patients, alternative treatments warrant further examination. 

Beyond the genetic mutations resulting in the loss of dystrophin, abnormal Ca2+ homeostasis has 

long been considered to contribute to DMD pathology, but the manner in which alterations in Ca2+ 

leads to skeletal muscle weakness is not well understood [9, 10]. Alterations in mitochondrial Ca2+ 

handling have been shown to precede alterations in handling in the cytosolic compartment in 

myotubes from mdx mice, a murine model of DMD. Additionally, altered metabolic markers have 

been observed in biopsies and serum collected from patients with muscular dystrophies as early as 

the 1950’s- prior to the understanding of the molecular basis of the disease (1986) [11-15]. Lowered 

mitochondrial oxygen consumption in DMD patients was first observed in 1967, and it was later 
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suggested that these alterations may be a secondary contributor to muscle weakness and 

histopathology [16]. Despite the precise cause of mitochondrial dysfunction in DMD being a topic 

of debate, mitochondrial therapeutics have had gained increasing attention [4]. Furthermore, 

understanding how non-mitochondrial targeting drugs that alter metabolism may further support 

the mitochondria as a contributor to muscle weakness and atrophy in DMD.  

Mitochondria are key organelles within the cell, primarily responsible for energy provision, 

production of reactive oxygen species (ROS) and regulation of cell death pathways through Ca2+ 

homeostasis. This triad of mitochondrial function are all highly dependent on the ability of the 

mitochondria to maintain membrane potential (Δψp) and each function can influence each other.  

Alterations in ATP production [17-20], ROS emission [21-24] and mitochondrial Ca2+ handling 

[25-27], have been identified in human DMD patients and murine models of DMD (mdx and 

D2.mdx mice). Oxidative stress has long been implicated in the pathogenesis of DMD as biopsies 

from patients reveal elevated lipid peroxidation [28-30], protein carbonylation [31, 32] and 

increased levels of total glutathione [21, 32, 33]. Previous work from our lab [23] has established 

that mitochondria are a key source of oxidative stress during oxidative phosphorylation in the 

D2.mdx mouse model. Coinciding with the increase in ROS emission, human and animal models 

also experience reduced ATP production [33-36] and can contribute to activation of mitochondrial 

derived cell death including programmed apoptosis and inflammation-induced necrosis [37-39]. 

Although there has been some debate in the literature concerning the role of mitochondria in 

dystrophic pathology, the use of mitochondrial-targeted therapies provides an opportunity to 

determine the contribution of this organelle to the pathogenesis of DMD.  
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Chapter 2: Literature Review  

2.1 Overview and Introduction to Bioenergetics  

2.1.1 General overview of muscle and mitochondria 

 

Skeletal muscle comprises 40% of adult body mass and contributes considerably to daily energy 

expenditure (roughly ~20 to 30% of whole body basal metabolic rate) [40, 41] while providing the 

ability of movement and the performance of daily activities. Additionally, skeletal muscle 

facilitates respiratory mechanics, maintains posture and balance, and provides protection to vital 

organs. Thus, alterations in skeletal muscle mass can have large implications for whole body 

metabolism and daily life. Diseases characterized by progressive muscle loss, termed atrophy, and 

weakness are associated with reduced lifespan and poor quality of life. The ultimate goal of this 

thesis is to provide further understanding of mitochondria as a possible contributor to muscle 

wasting and weakness.  

The mitochondria, although commonly referred to the powerhouse of the cell, is a critical organelle 

responsible for energy provision, but also has roles in the emission of reactive oxygen species 

(ROS), a necessary signaling molecule and the activation of cell death pathways. The role these 

functions play in the progression of the dystrophic phenotype is still being understood. A brief 

overview of mitochondrial bioenergetics is provided below.  

2.1.2 Oxidative phosphorylation and the provision of energy 

 

Shown to have developed over 1 billion years ago, primitive mitochondria and eukaryotes merged, 

forming the precursors to the modern-day cell. As the primary site of energy provision, 

mitochondria account for roughly 95% of the cells adenosine triphosphate (ATP) production [42]. 

Housed on the inner mitochondrial membrane (IMM), the electron transport chain (ETC) utilizes 

reducing equivalents, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2) produced from ingested nutrients, to facilitate the pumping of protons from the matrix 

into the intermembrane space (IMS) forming an electrochemical gradient (proton motive force; 

Δp). The resulting gradient provides the necessary energy to drive the final complex in the ETC, 

generating ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). Disruptions to  
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Δp can result in impairments to ATP cycling, alter the rate of reactive oxygen species (ROS) 

emission or initiate cell death mechanism (apoptosis).  

 

Figure 2-1: Schematic of oxidative phosphorylation and reactive oxygen species generation. 

The critical function of the mitochondria is to produce the cellular currency of adenosine 

triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate (Pi). Embedded 

in the inner mitochondrial membrane, the electron transport chain consists of five protein 

complexes (I-V) and supporting electron carriers (coenzyme Q and cytochrome C) that facilitates 

the transfer of electrons (dashed line) through a series of redox reactions that release free energy. 

This free energy facilitates the pumping of protons from the mitochondrial matrix into the inner 

membrane space (IMS) establishing the electrochemical gradient which then powers the 

phosphorylation of ADP into ATP at ATP synthase (complex V). The superoxide radical (O2
•-) can 

be formed as a natural by product of oxidative phosphorylation which can be quickly converted 

into hydrogen peroxide (mH2O2) by manganese superoxide dismutase (MnSOD) and can then 

leave the mitochondria. Made with BioRender. 

The movement of electrons through the ETC is facilitated by several redox reactions in proteins 

embedded on the IMM organized by redox potential. This mitochondrial respiratory chain is 

comprised of 5 complexes: complex I (NADH-UQ oxidoreductase), complex II (succinate 
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dehydrogenase), complex III (UQH2-cyt c oxidoreductase), complex IV (cytochrome c oxidase) 

and complex V (ATP synthase). The redox potential of a compound is determined by its ability to 

accept or donate an electron. Compounds that readily accept electrons, or are reduced, exhibit a 

higher redox potential than compounds that give up an electron (oxidized). The resulting 

organization of the ETC (Figure 2-1) allows electrons obtained from NADH at complex I, or 

FADH2 at complex II to be transferred down the chain, facilitating pumping of protons from the 

negatively charged matrix across the IMM at complex I, III and IV into the IMS. The resulting 

movement of protons into the IMS establishes Δp sufficient enough to push protons back into the 

matrix through Complex V (ATP synthase), synthesizing ATP from ADP and Pi [42]. This coupling 

of oxidation of reducing equivalents and phosphorylation of ADP is known as oxidative 

phosphorylation and is a key focus of study when ATP becomes limited during disease.  

There are two forms of energy transfer systems in the mitochondria that are key in maintaining 

cellular energy homeostasis (Figure 2-2). First, the creatine-dependent system, accounts for 

roughly 80% of energy transfer in the cell [43, 44] and utilizes a series of highly organized enzymes 

and protein channels to facilitate the transfer of Pi, from ATP to creatine (Cr) generating 

phosphocreatine (PCr), that can exit the mitochondria at a rate ~7x faster than ATP [45]. This 

process is facilitated by mitochondrial creatine kinase (mtCK), a mitochondrial specific isoform of 

creatine kinase that catalyzes the reversible transfer of Pi from ATP to Cr. mtCK is located in the 

IMS, bound to the phospholipid, cardiolipin, on the IMM and the voltage-dependent anion carrier 

(VDAC) on the OMM. Working in conjunction with the adenine nucleotide translocase (ANT) on 

the IMM, a functional substrate channel is formed allowing for efficient transport of PCr out of the 

mitochondria and Cr in [46-48]. Simply, ATP generated in the matrix is shuttled into the IMS 

through ANT, where mtCK facilitates the transfer of Pi onto Cr generating PCr. PCr then exits the 

mitochondria through VDAC where it can interact with cytosolic forms of CK (cCK). cCK then 

transfer the Pi from PCr onto ADP, quickly forming ATP which can be utilized by the working 

muscle [49]. The resultant Cr can then re-enter the mitochondria at a rate ~2000x faster than ADP 

[45] for rephosphorylation. This allows for ADP formed in the IMS to be recycled back into the 

matrix for ATP synthesis very swiftly. The remainder of energy transfer in the cell is dependent on 

ADP and ATP’s ability to freely diffuse through ANT and VDAC, known as the creatine-

independent pathway. 
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The creatine-dependent energy pathway illustrates a highly compartmentalized transfer system that 

overcomes diffusion limitations on substrates. In the presence of Cr, the concentration of ADP that 

elicits half the maximal activity of mtCK, known as Km, is significantly reduced [50]. Interestingly, 

this appears to be in a fibre type specific manner, whereby cardiac and slow twitch muscle fibres 

exhibit this sensitivity to Cr, while fast twitch muscle shows limited reductions in Km with Cr [51]. 

Despite this highly organized system, mtCK is highly susceptible to oxidative damage which has 

major implications for conditions characterized by oxidative stress, such as DMD [47].  
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Figure 2-2: Schematic representation of creatine dependent and independent control of 

oxidative phosphorylation and mH2O2. Creatine independent phosphate shuttling between 

mitochondrial and cytoplasmic compartments (left) occurs via ADP/ATP cycling across the 

voltage-dependent anion carrier (VDAC) on the outer mitochondria membrane and adenosine 

nucleotide translocase (ANT) on the inner membrane. Creatine dependent phosphate shuttling 

(right) was facilitated by mitochondrial creatine kinase (mtCK) whereby the transfer of phosphate 

from ATP to Cr in the intermembrane space produces phosphocreatine (PCr) and ADP. PCr is then 

exported through VDAC into the cytosol and ADP is shuttled back into the matrix via ANT. The 

relatively faster diffusion kinetics and higher cellular concentrations of PCr/Cr vs ATP/ADP 

combined with a reduction of diffusion distances for the latter allow for increased energy turnover. 

Electrons may slip and interact with nearby oxygen forming a superoxide radical (O2
•-). The 

relative size between the creatine-independent (left) and -dependent (right) refers to the increased 

production of superoxide in the absence of creatine. C, cytochrome C; Q, coenzyme Q. Figure 

based on discoveries reported in References [43-46, 52-54]. Figure was created with 

BioRender.com.  
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2.1.3 Reactive oxygen species and oxidative stress 

 

Reactive oxygen species (ROS) are a natural by-product of OXPHOS whereby electrons may slip 

off at several sites in the ETC prior to complex IV. After slippage, electrons may interact with 

oxygen forming the oxidant, superoxide (O2
•-). During state III respiration (when ADP is present 

in the matrix), the concentration of O2
•- is minimal as electron are efficiently transferred down the 

ETC to CIV, where water is formed. However, when ADP or Pi are absent and reducing equivalents 

still present (termed state II), ATP production is halted, Δp becomes elevated resulting in the 

premature slippage of electrons and formation of O2
•- being favoured [55, 56]. Multiple sites of 

O2
•- formation have been identified across the matrix, IMM [56-58] and OMM [59], can 

independently contribute to oxidant formation and disease pathology.  

O2
•-, despite being highly reactive, has an incredibly short half life and is impermeable to lipid 

membranes [60, 61], thus restricting its location and ability to interact with nearby proteins, lipids, 

and DNA. Within the mitochondria, O2
•- is converted into hydrogen peroxide (H2O2), by 

manganese superoxide dismutase (MnSOD) which can then be converted into water via catalase. 

H2O2 can also leave the mitochondria and is typically quenched with the cellular antioxidant 

systems, glutathione and thioredoxin [62]. Under healthy conditions. H2O2 can be readily 

scavenged mitigating any potential damage, but recent evidence has suggested that H2O2 is a 

necessary cellular signal and may be required for the activation of regenerative processes [63, 64]. 

Additionally, H2O2 has also been associated with in the activation of adaptive mechanism such as 

increased antioxidant content [65]. Under pathological conditions, H2O2 emission can become 

elevated and may not longer be matched by antioxidant systems, leaving cells vulnerable to 

oxidative stress. Oxidative stress has been implicated in the activation of a number of pathways 

including programmed cell death (apoptosis) and endoplasmic reticulum stress [57]. Within the 

mitochondria specifically, mitochondrial derived ROS can contribute to cell death pathways via 

the triggering of mitochondrial permeability transition (mtPT) [66] described in the following 

section.   

Similar to respiration, creatine also plays a role in mitigating ROS emission. As creatine improves 

ADP cycling resulting in elevation in matrix [ADP] and maintenance of a low membrane potential, 

the likelihood of electron slippage becomes reduced [43, 44, 67]. Interestingly, this appears to be 

substrate specific, whereby creatine enhances the ability of ADP to attenuate complex-I reverse 
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flow derived ROS [53]. Lastly, mtCK is highly susceptible to oxidative damage [68, 69] which can 

create a viscous cycle of impaired ADP cycling, and increased emission of mitochondrial oxidants 

and further damage to mtCK.  

2.1.4 Mitochondrial permeability transition (mtPT) and the initiation of apoptosis 

 

Ca2+ ions in skeletal muscle govern many physiological processes such as excitation-contraction 

[70] and operate as key second messengers [71]. Elevations of cytosolic Ca2+ are known to activate 

Ca2+ dependent proteases known as calpains and can trigger programmed cell death known as, 

apoptosis [72-74]. As such maintaining cytosolic Ca2+ concentrations are critical. Despite the 

sarcoplasmic reticulum being the primary site of Ca2+ storage, mitochondria act as a Ca2+ sink and 

participate in Ca2+ homeostasis [38].  

During state III respiration, the negatively charged matrix drives the uptake of Ca2+ from the 

cytosol through the mitochondrial calcium uniporter (MCU) located on the OMM [39]. To prevent 

overaccumulation of matrix Ca2+, the Na+-Ca2+ exchanger (NCLX) on the IMM moves Ca2+ out 

while drawing sodium (Na+) in [75]. However, when cytosolic Ca2+ becomes elevated, Ca2+ efflux 

can no longer match the increased Ca2+ influx and the mitochondria can become overloaded [75]. 

This results in the swelling of the organelle [76] which is a common feature of dysfunctional 

mitochondria and can result in subsequent activation of the mitochondrial-derived cell death 

pathways and the triggering mitochondrial permeability transition (mtPT) [20, 22, 23, 77-79].  

Mitochondria can participate in two cell death mechanisms: the programmed, apoptotic pathway, 

and the un-programmed, necrosis. During times of stress, matrix Ca2+ becomes elevated, upsetting 

membrane potential and triggering of the mitochondrial permeability transition pore (mtPTP) 

opening [80, 81]. This results in the typically impermeable IMM, to allow the free movement of 

molecules less than 1.5kDA in size [82, 83] across the IMM and into the matrix [84-86]. This 

increase in permeability leads to rises in osmotic pressure and swelling, resulting in the unfolding 

of the cristae which prevents the IMM from rupturing, but ultimately causes the OMM to break.  

Following this swelling, cytochrome c, a key component of the ETC that reside in the IMS, can be 

released into the cytosol (as depicted in Figure 2-3). This release results in the cleavage of apoptotic 

cell death signals, capase-9 and -3. Additionally, uncoupling of OXPHOS occurs as the IMM 

becomes completely permeable to protons [82]. Unless early mediation of mtPTP opening is 



10 
 

initiated, irreversible damage to the cell and apoptosis can occur. It is worthy to note that the 

concentration of Ca2+ required to elicit mtPTP opening varies in vivo and can be altered by other 

divalent captions, such as magnesium (Mg2+), as they compete for similar binding sites as Ca2+ 

[38]. 

Despite the constituents of the mtPTP being debated, it is well accepted that cyclophilin-D (CyPD) 

remains a critical component of this pore. ATP synthase (Complex V) has also been identified as 

a possible component of the mtPTP.  When Ca2+ replaces Mg2+ in the binding of ATP, the β-subunit 

of ATP synthase undergoes a conformational change of and can participate in mtPTP formation 

[87-89], Although Ca2+ is heavily implicated in mtPT, other several stressors can increase the 

probability of pore formation. Elevations in complex I-derived ROS can contribute to mtPT and 

may be prevented with complex I inhibitors such as rotenone [90]. Similarly, oxidation of pyridine 

nucleotides (NADH & NADPH) has been observed to promote mtPTP opening and can be 

mitigated using reducing agents and reductions of glutathione [66]. Lastly, changes to both matrix 

pH and Pi can induce mtPT [81, 91], highlighting that induction of mtPT may not be attributed to 

one stressor alone.  

2.1.4.1 Modeling in vivo parameters during in vitro assessments of mitochondrial permeability 

transition pore: a need for methodological advancement? 

 

 Previous quantification of mtPT often relied on indirect measures such as quantifying 

mitochondrial swelling and activation of downstream apoptotic proteins such as capsase-3 and -9. 

While these measures are somewhat useful, they do not directly assess if mtPT has been initiated. 

More direct measures of mtPT often employee in vitro fluorescent detection of mitochondrial Ca2+ 

uptake after a single bolus or multiple small titrations of Ca2+ and the subsequent release through 

mtPTP opening. While this direct methodology provides an indication of mtPTP opening, it is 

susceptible to a number of limitations. Firstly, the model selection (i.e., the use of isolated 

mitochondria or permeabilize tissues) may alter interpretation, as different models have different 

affinities for metabolites. Additionally, some models retain extra-mitochondrial enzymes that may 

alter metabolite concentrations and equilibriums. For example, permeabilized muscle fibre bundles 

retain ATP hydrolyzing proteins [50] compared to isolated mitochondria, thereby affecting the 

equilibrium of ADP to ATP. As this equilibrium may alter membrane potential, the initiation of 

mtPT may also be influenced.  
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In isolated mitochondria from murine heart, mPTP opening is triggered at micromolar 

concentrations of Ca2+, but partially attenuated by ADP and more firmly by ATP [92]. To directly 

assess the effect of ADP on mtPT, buffers was supplemented with hexokinase and 2-deoxyglucose, 

forming an ADP clamp, rendering [ADP] constant. In permeabilized tissues, ADP and ATP 

become equilibrated with each other as mitochondrially derived ATP can be hydrolyzed, which 

does not occur in isolated mitochondria. Despite this, it is currently unknown if adenylates attenuate 

mtPT in a permeabilized muscle fibre system as they do in isolated mitochondria.  

 

Figure 2-3: Schematic of mitochondrial permeability transition (mtPT) regulation in 

permeabilized skeletal muscle fibres. Triggering of the mitochondrial permeability transition 

pore (mtPTP) opening facilitates the release of calcium and cytochrome C from the inner 

membrane space (IMS), resulting in the activation of apoptotic signaling. The relative shape of the 

pore is reflective of potential constituents of the channel. Pore opening in permeabilize tissues may 

be regulated by adenylate concentration (ADP and ATP) and faster relative cycling facilated by 

the creatine-dependent energy transfer (depicted on the right). C, cytochrome C; mtPTP 

mitochondrial permeability transition pore; VDAC, voltage dependent anion carrier; ANT, 

adenosine nucleotide translocase; mtCK, mitochondrial creatine kinase; cCK, cytosolic creatine 

kinase. Figure was created with BioRender.com.  
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Measurements of mtPT are often made in the absence of creatine, which as described in section 

2.1.2, accelerates ADP cycling (allowing membrane potential to remain low) by overcoming the 

diffusion limitation of ADP and ATP, facilitated by mtCK. While mtCK is not directly thought to 

be a component of mtPTP [45], proteolipid complexes of mtCK and ANT (a known component of 

the mtPTP), exhibit direct protective effects on mtPT [93]. This effect is thought to be attributed 

to the enzymatic activity of mtCK and its localization in mitochondrial complexes [94]. When 

present, mtCK is able to maintain high matrix [ADP] that attenuates mtPTP opening. However, 

these experiments were performed in isolated mitochondria, so it is unknown if mtCK protective 

effect on mtPT, especially in the presence of mtCK substrates, extends to permeabilized muscle 

fibres.  

2.1.4.2 Mitochondrial initiation of apoptosis 

 

Apoptosis commonly occurs in development and is critical in tissue homeostasis and adaptations 

to cellular stressors [95, 96]. In development, apoptosis is used heavily in the formation of limbs 

and the neural tube (reviewed in [97]). In highly proliferative tissues, such as epithelial cells of the 

gastrointestinal system, the role of apoptosis is integral, yet in post-mitotic tissue such as skeletal 

muscle, its role is less clear. Despite this uncertainty, there are two pathways in which apoptosis is 

activated. First, the extrinsic pathway that facilitated by the binding of a ligand to a cell membrane 

bound death receptors can activate down stream apoptotic events. Second, the mitochondria can 

activate apoptosis through an intrinsic pathway through the release of pro-apoptotic factors, known 

as caspases.  Given the relation to mitochondria, the intrinsic pathway of apoptosis will be the focus 

of this review.   

Caspases are a family of cysteine proteases, responsible for cleaving cellular substrates and 

dismantling cellular components and are known regulators of apoptosis. They are also essential in 

the formation of membrane blebs and apoptotic bodies that carrying these substrates and 

components for removal [98, 99]. Caspases are separated into two categories, initiator (caspase-8, 

-9 and -10) and executioner (caspase-6, -3, -7). Upon an external (caspase-8) or intrinsic stimulus 

(caspase-9), the initiator caspases will cleave their downstream executioner which then induces 

apoptosis.  
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The anti-apoptotic protein B-cell lymphoma 2 (BCL-2) is situated on the OMM and is a regulator 

of apoptosis. BCL-2 prevents activation of apoptosis through its ability to heterodimerize with pro-

apoptotic proteins BCL-2 associated X protein (BAX) [100] and through direct interactions with 

BCL-2 antagonist/killer 1 (BAK) [101]. Upon a cellular stressor, BCL-2 becomes inactivated 

resulting in BAX and BAK promoting the permeabilization of the OMM. This allows for the 

release of cytochrome c from the intermembrane space allowing for the binding to Apoptotic 

Peptidase Activating Factor 1 (APAF-1) forming the apoptosome [102-105]. These apoptosomes 

then cleave the pro-caspase-9 rendering it functional and allows for further cleavage of pro-

caspase-3 into caspase-3. Caspase-3 initiates chromatin condensation, DNA fragmentation and 

degradation of cytoskeleton proteins [106]. To avoid contact and damage to neighbour cells, the 

apoptotic cell shrinks and the membrane blebs which can be removed by phagocytic cells, such as 

macrophages [107]. Interestingly, blebbing is thought to be dependent on actin-myosin ATPase 

activity and muscle contraction [108], which may implicate changes to apoptosis with declines in 

muscle activity.  

2.2 Duchenne muscular dystrophy 

2.2.1 Molecular genetics of Duchenne muscular dystrophy (DMD) 

 

Duchenne muscular dystrophy was first described in the first half of the 19th century but not 

formally characterized until 1865 by Guillaume Benjamin Amand Duchenne with prior 

contributions from Charles Bell, Gaetano Conte, L. Gioja, Richard Partridge, Edward Meryon and 

William Little across 1830-1851 (reviewed in [109]). The genetic nature of DMD was later 

revealed in the 1980’s with seminal work performed by Lou Kunkel’s laboratory including Eric 

Hoffman, whose work identified the protein product of the DMD gene and the first murine model 

of DMD [3, 110, 111]. It was with these discoveries that all work in DMD has been and will be 

possible.  

DMD is result of a mutation to the dystrophin gene resulting in the lack of the functional protein 

dystrophin (see Figure 2-4). The dystrophin gene is located at Xp21.2 and contains 79 exons [110] 

making it the largest known human gene, which creates some difficulty for genetic editing [112]. 

The majority of patient present with a deletion or duplication mutation which together account for 

over two thirds of all mutations leading to DMD and the milder Becker muscular dystrophy (BMD) 

[113-115]. Within Canada from 2000-2009, most mutations involved exons 45 to 53, while 
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duplications tended to involved exons 2, 2-7, 2-17, 3-7, 8-11, 10, 10-11, and 12 [116]. In terms of 

inheritance of the mutation, two thirds of patients inherit the mutation from their mother who often 

unknowingly carriers. The remainder of patients are believed have a de novo mutation [117, 118] 

and thus genetic counseling and screening alone may not be effective in eliminating DMD.  

Although incredible progress has been made in understanding the location and type of mutations 

experienced by DMD patients, a major problem still arises. The large size of the dystrophin gene 

and thus the cDNA that is utilized in viral vectors makes it difficult to transfect [119]. Alternative 

approaches such as the “micro-dystrophin” in adeno-associated viral (AAV) vectors and exon 

skipping using anti-sense oligonucleotides to induce alternative splicing that bypass mutated exons 

have been utilized and will be further discussed in section 2.7.2 Emerging genetic therapies.  

2.2.2 In-vivo models of DMD 

 

Preclinical models of DMD are critical for the understanding underlying mechanism of pathology 

and the development of novel therapies. In vitro models of DMD such as patient derived myoblasts 

and induced pluripotent stem cells are useful for assessing muscle specific improvements after 

genetic editing but do not provide necessary information about systemic responses and long-term 

outcomes. As such multiple in-vivo models of DMD have been identified or generated, but the 

degree at which these models recapitulate the human DMD phenotype varies, making it difficult 

to ascertain if treatments will have similar benefits in human patients. Zebrafish models of DMD 

are useful for high-throughput drug screening but have limited translatability to human physiology 

[120, 121]. Canine models of DMD offer a more closely mimetic phenotype to human patients but 

possess a considerable variation in phenotype and due to size have a much larger associated cost 

[122-124]. As a result, rodent models of DMD are the most widely used pre-clinical model, but 

also have several limitations to consider.  

2.2.2.1 C57Bl/10-mdx mice  

 

Discovered 1984, the mdx mouse arose due to spontaneous x-linked mutation arising in a C57Bl/10 

reference inbred line by Bulfield et al [125]. These animals possessed elevated plasma levels of 

muscle creatine kinase, a clinical marker of muscle breakdown, and histological characteristics 

(variation in fibre size, proliferation of sarcolemmal nuclei, and infiltration by phagocytes and 

connective tissue cell) consistent with DMD patients [125]. Unlike their human counterparts 
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however, mdx mice show much milder clinical symptoms in limb muscles and with limited effect 

on lifespan (~20-25% reduction [125-127]). Also absent in DMD patients, mdx exhibit a phase of 

mass muscle fibre degeneration at 3-4 weeks of age [128-130], that is followed by compensatory 

muscle regeneration which outpaces the degeneration [131-134]. Mdx mice also exhibit 

compensatory utrophin upregulation that likely contributes to the milder phenotype [135]. Severe 

dystrophic pathology is not exhibited in mdx mice until approximately 15 months of age [127, 136, 

137], which has resulted in the development of other murine models. Despite the limitations with 

this model, it is still the most used model of DMD today.  

2.2.2.2 mdx/utr-/- mice (dko) 

 

Utrophin, the structural homologue of dystrophin, is expressed at the neuromuscular junction in 

healthy muscle [138-140], with a preference to oxidative fibres. As mentioned previously, the 

milder phenotype observed in the mdx model may be attributed in part to an upregulation of 

utrophin. As such, to better recapitulate the human phenotype, utrophin-null (utr-/-) mice were bred 

with mdx mice leading to dko model. Despite dko mice not being an exact genocopy of the human 

disease, the deficiency of both utrophin and dystrophin better resembles the phenotype seen in 

DMD patients, including degeneration of limb and respiratory muscles, early-onset kyphosis and 

premature death [141].  

2.2.2.3 D2.mdx mice  

 

During recent years, the D2.mdx mouse model has become increasingly popular for understanding 

dystrophic pathology. The cross breeding of mdx mice onto the DBA/2J background, resulted in a 

closer phenocopy to DMD, including extensive degeneration and fibrosis in limb and respiratory 

muscles at early ages [142-144], which are absent in young mdx mice. This is a result of a 

polymorphism in the latent transforming growth factor β (LTBP) 4 gene which modifies activity 

of transforming growth factor (TGF)-β signaling and is associated with increased suppressor of 

Mothers against Decapentaplegic (SMAD) signaling and fibrosis [142]. Additionally, there is a 

dysfunction in the Anxa6 gene, which impairs satellite cell self-renewal ability, yielding 

impairments in muscles regeneration [142, 145, 146], which in mdx mice seemed to be enhanced 

leading to improved regeneration in this mode. In spite of limited time course studies having been 
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performed [147] in the D2.mdx model to understand the timing of disease progression, 

interventional studies in this model have already begun [148-150].  

2.2.2.4 Limitation of murine models 

 

Despite the popularity of murine models for the study of DMD and the progression made in genetic 

editing with them, there are still several limitations associated with these models that may make 

them inappropriate. Firstly, anatomical, and physiological differences between humans and mice, 

may limit the models from reflecting disease progression in humans. As mentioned previously, 

mdx mice show a much milder phenotype compared to human counterparts and do not show severe 

myopathy until 15 months of age [127, 136, 137]. Similarly, most murine models retain the ability 

to ambulate [136, 137, 143, 145, 147], while humans typically are wheelchair dependent by age 

10-14 [151, 152]. This simple fact makes it difficult to assess if therapeutics delay loss of 

ambulation which is a critical milestone in the progression of DMD pathology. Additionally, there 

are biomechanical differences between mice and human patients. Mice are non-cursorial 

(specifically adapted to run), employing more flexed hip and knee postures compared to humans 

[153, 154]. Examination of muscle fibre length changes (fibre excursions) in humans and mice, 

showed that mice hindlimb muscles have smaller fibre length changes compared to human lower 

limb muscles during walking [155]. Given that active muscle lengthening contributes to muscle 

damage observed in DMD [156, 157], humans may be more predisposed to contraction-induced 

damaged than mice.  

There are also species considerations when examining the ability of skeletal muscle to regenerate. 

In mdx mice, specifically limb muscle, a phase of mass degeneration (3-6 weeks of age) [128-130] 

is followed by a period of compensation wherein muscle often becomes hypertrophic [131, 133, 

158, 159], which then is followed by a plateau phase until 15 months of age [127, 136, 137]. During 

this period of compensation, skeletal muscle regeneration can exceed degeneration, likely due to 

an increase in proliferation and commitment of satellite cells compared to wildtype controls [160]. 

In human patients however, muscle regeneration is only elevated in the first months of life [161] 

and is not active in later ages [160, 162-164], thus muscle regeneration is limited in human DMD 

patients. Other murine models of DMD (dko, D2.mdx), display impairments in muscle regeneration 

[145, 165, 166] that present as earlier as 5-7 weeks but still exceed the impaired in regeneration 

observed in humans. Lastly, the overall size of mice has made it difficult for general 
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experimentation, such as tissue constraint and blood draw limitations [167]. As such, rat models of 

DMD have recently been established.  

2.2.2.5 Rat mdx model  

 

Laboratory rats have historically been a useful species for the development of therapeutics and the 

evaluation of pharmacological effects and toxicity. Compared to mice, their larger body size, ability 

to facilitate adequate blood and tissue collections and better assessment of behaviour [168], make 

them ideal for pharmaceutical intervention studies. However, their usefulness in the understanding 

of genetic diseases had been limited. In more recent years, genetic editing techniques such as 

CRISPR/Cas9 and transcription activator-like effector nucleases (TALENs) have been employed 

in rats [169-172] resulting in the generation to rat models of DMD, henceforth known as Dmd rat. 

Recently, Nakamura et al utilized CRISPR/Cas9 systems to target exon 3 and exon 16 to generate 

their model [173], while Larcher et al, utilized transcription activator-like effector nucleases 

(TALENs) to target exon 23 [174]. Collectively, both groups demonstrated generation of a DMD 

rat model was possible and that the Dmd rat has a more severe phenotype compared to the mdx 

murine model. Dmd rats also exhibit impaired ambulation and cardiac function that is absent in 

young to middle age mdx mice [173-175]. The Dmd rat offers a more cost-efficient model than 

canine and porcine models, while better recapitulating the human phenotype compared to murine 

models.  

2.3 Clinical outcomes measured in DMD 

2.3.1 Skeletal muscle weakness: the impact on ambulation 

 

As noted above, the primary deficiency in DMD is the absence of the structural protein dystrophin, 

that serves to stabilize the sarcolemma membrane during contraction [176]. In its absence, the 

plasma membrane becomes highly unstable causing damage and an influx of extracellular Ca2+. 

The damage and subsequent activation of calcium sensitive protease pathways, leads to repeated 

cycles of degeneration followed by regeneration until muscle specific stem cells, known as satellite 

cells, become exhausted [133, 134, 156, 177]. Following this exhaustion, non-contractive 

connective and adipose tissue replaces muscle leading to impairments in force generation as 

observed primarily in skeletal (limb and respiratory) and cardiac muscle [176]. Interestingly, it was 

impairments in ambulation that first garnered the attention of Dr. Edward Meryon, an English 



18 
 

physician who document DMD prior to Duchenne himself. He noted that patients experienced 

difficulties in walking from an early age that progressed into inabilities to climb stairs and finally 

being unable to walk at all [178]. Moving forward, clinicians have separated ambulatory decline 

into 5 phases[179]. 

At birth, DMD boys are clinically asymptomatic and are termed to be in the pre-symptomatic phase 

(birth to 2 years old). Late in this phase, parents typically report a delay in motor milestones, 

namely standing and walking, with most DMD boys walking by 18 months of age. In the Early 

Ambulatory phase (ages 2-6 years old), patients are capable of walking, but suffer from frequent 

falls. When rising from supine or sitting, patients utilize Gowers’ maneuver (also known as 

Gowers’ sign), to assume an upright position. To rise from the floor, a child assumes the hands-

and-knees position and then climbs to standing by "walking" his hands progressively up his shins, 

knees, and thighs until upright. Additionally, clinicians characterize this phase by having the ability 

to perform both a 10 metre walk test and to rise from supine [180]. In the next phase, Late 

Ambulatory (ages 6-11 years old), the speed at which loss of function is exhibited varies greatly 

among boys with DMD, but difficulties become progressive with age. Here, muscle strength 

declines, leading to inabilities to rise from the floor, with reliance on long leg braces for ambulation. 

By age of 11-13, boys with DMD rely on a wheelchair and enter the Early Non-Ambulatory phase.  

The Early Non-Ambulatory phase (ages 10-15 years old) is characterized by progressive muscle 

weakness, atrophy, and the development of contractures in lower and upper limbs. At this point 

scoliosis becomes apparent and impacts respiratory muscle strength and function, due to the 

positioning of the spine. Finally patients progress into the Late Non-Ambulatory (>15 years old), 

where they exhibit sever upper limb weakness combined with respiratory difficulty (including 

declining coughing abilities) and cardiomyopathy. Often during this phase patients succumb to 

respiratory failure often precipitated by respiratory infection or from cardiac failure (secondary to 

progressive cardiomyopathy).  

2.3.2 Declines in respiratory function 

 

The most compromised muscle in DMD patients and murine models is the diaphragm. As the main 

respiratory pump, diaphragm failure represents one of the leading causes of death in patients [181-

183]. Early signs of respiratory insufficiency in DMD patients are usually evident during sleep, as 
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a result of hyperventilation, leading to a variety of sleep disturbances [184, 185] and precede 

ventilatory failure during wakefulness. Around the age of 10 years old (during Early Non-

Ambulatory phase), reduction in critical ventilatory measures such as forced vital capacity (FVC) 

and tidal volume become evident [186, 187], leading to reduced wall and lung compliance, 

hypoventilation, hypercapnia (increase in partial pressure of carbon dioxide), and hypoxemia [188-

190]. Simply, structural damage to the diaphragm leads to reduced transdiaphragmatic pressure 

and reduced respiratory functions. As a result, strategies such as nocturnal home ventilation 

(typically instigated in the Late Ambulatory phase) and inspiratory muscle training (initiated during 

Late Ambulatory to Early Non-Ambulatory phases) have been used to varying degrees of success 

[190, 191]. Unfortunately, neither treatment can improve respiratory function at later ages of 

disease progression and patients ultimately succumb to their disease, but strides have been made 

in delaying this decline. 

2.3.3 Development of cardiomyopathy 

 

As respiratory failure in DMD patients has become better managed [191, 192], cardiac 

insufficiencies became more pronounced in patients, especially at later ages, and now are one of 

the major causes of death [193]. Cardiomyopathy develops in almost all DMD patients by the age 

of 18 years old with ECG abnormalities (defined as shorted PQ segment and prolonged QT 

intervals) being detected in patients as early as 6 years of age (26% of all DMD patients). As these 

patients age, the incidence of ECG abnormalities increases to roughly 61.5%. The observed 

cardiomyopathy is characterized by the thinning of the left ventricular wall, leading to progressive 

decline in ejection fraction [194]. At this point, roughly 26% of patients aged 10 to 14 years old 

and 45% of patients 14 to 18 years old are diagnosed with dilated cardiomyopathy [195]. 

Prophylactic treatment with angiotensin-converting enzyme (ACE) inhibitors has had promising 

result in clinical trials, increasing survival to 92.9% compared to the survival rate of 65.6% in 

patients who began ACE inhibitors later [196]. Interestingly, current standards of care for DMD, 

glucocorticoid steroids, do not display the same beneficial effects in cardiac muscle that is observed 

in limb and respiratory muscles [197]. In later stages of life (18+), 72% of patients will experience 

dilated cardiomyopathy with 60% exhibiting symptoms of heart failure [197-199]. In 40% of 

patients, heart failure will ultimately be the cause of death [200, 201].  
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2.3.4 Skeletal muscle atrophy 

 

The defining characteristic of DMD is the severe muscle atrophy clearly observed in limb and 

respiratory muscles. Dystrophin is ubiquitously expressed by all skeletal muscle fibres, but atrophy 

is more predominant in specific fibre types. Human skeletal muscle consists of 3 adult fibre types 

when classified by myosin heavy chain expression. These fibre types include type I (oxidative), 

type IIA (oxidative-glycolytic) and type IIX (glycolytic). In 1985, Watkins and Cullen showed that 

type II fibres were preferentially affected compared to type I [202] which was later supported by 

others [203, 204]. Several hypotheses have been generated to explain why type I fibres are spared 

compared to their glycolytic counterparts. One hypothesis is that utrophin, the functional 

homologue to dystrophin [205], is more heavily expressed in oxidative fibres [139, 206]. Indeed in 

DMD patients and mdx mice, utrophin extends beyond the neuromuscular junction where it can 

stabilize the sarcolemma membrane and limit contraction induced damage [135, 207]. Utrophin 

upregulation has been investigated as a therapeutic intervention in DMD, either through genetic 

therapy [208, 209] or through calcineurin activating drugs [210].  

While it is well known that the majority of DMD muscles undergo atrophy, there are select muscles 

that appear to undergo a paradoxical hypertrophy at early ages. In 1861, Duchenne originally 

described the disease as pseudo-hypertrophic muscular paralysis, as many of the boys exhibited 

hypertrophy of the gastrocnemius and in some reports, the vastus lateralis [211, 212]. Indeed, DMD 

patients exhibited larger calf circumferences than age matched healthy controls [213]. However, 

whether this hypertrophy was due to an increase in fibre number and size or due to an increase in 

non-contractile material such as fibrosis and adipose was later explored. It was established that 

hypertrophy in DMD is separated into two successive stages. In the first, patients exhibit true 

hypertrophy, involving both an increase in fibre number and size of both type I and II fibre types, 

which happens in young DMD patients (5-11 years old) [211]. This is followed by a pseudo-

hypertrophy phase, that is a result of infiltration of inflammatory cells, adipose and collagen in the 

place of skeletal muscle fibres. Reasoning for this hypertrophy could be due to postural constraints, 

whereby boys with DMD walk on their toes due to contractures of their gastrocnemius and soleus 

muscle in combination with increases in passive tension of the gastrocnemius muscles [211]. As 

patients age and ambulation declines, muscle fibre diameter plateaus, then progressively decreases 

and is replaced by adipose and fibrotic tissue until death.  
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Additionally, there are a few muscles that are spared in DMD which may provide insight on specific 

mechanisms that maybe become valid therapeutic targets. Extraocular muscles (EOM) are 

responsible for the complex control of eye movement and are morphologically and functionally 

spared in DMD [211, 214]. Interestingly, these muscles are typically comprised of a unique fibre 

type composition (some fibres including co-expression of fast isoforms of myosin heavy chain and 

developmental isoforms) [215] but are suggested to be amongst the fastest to contract and the most 

resist to fatigue [216]. One suggested reason for this unique fibre type distribution is due to 

different in developmental origins, whereby limb muscle arises from the somite (blocks of paraxial 

mesoderm) while EOM arise from prechordal and paraxial head mesoderm [217-219]. 

Additionally, it has been hypothesized that EOM muscles have an enhanced ability to maintain 

Ca2+ homeostasis and to scavenge free radicals [220], which may combat the dystrophic phenotype.  

2.3.5 Fibrosis 

 

Replacement of skeletal muscle with fibrotic tissue has profound effects on muscle function and 

has been associated with poor survival in several conditions including DMD [221-223]. Fibrosis is 

characterized by the excessive deposition of extracellular matrix (ECM) proteins (such as collagen 

and fibronectin) that can impair tissue function. In muscle, excessive fibrosis can have detrimental 

effects on contraction [223-225] and has been implicated in the pathogenesis of cardiac and 

respiratory failure in DMD [226-229]. Fibrosis is a prominent feature of skeletal muscle in DMD 

patients and murine models, and the underlying mechanism have been well documented.  

As ECM proteins are involved in skeletal muscle repair and development, it is likely that constant 

cycles of degeneration and regeneration leading to exhaustion of stem cell pools, provides the 

necessary queues for a pro-fibrotic environment. These queues involve growth factors and 

cytokines released by infiltrating immune cells which influence ECM-residing cell populations 

such as fibroblast and myofibroblasts [230]. One of the best known pro-fibrotic cytokines is 

transforming growth factor-β (TGF-β) commonly released by immune cells [231]. It has been 

shown TGF-β1 levels are significantly correlated with degree of pathology and clinical severity of 

DMD [232] and that down-regulation of TGF-β signalling is preventative for fibrosis in dystrophic 

models [233, 234]. The extent of fibrosis, interestingly, may limit the effectiveness of therapy, and 

should be a consideration on when to initiate treatment. First, replacement of muscle fibres by 

fibrotic tissue, results in limited available tissue for therapies to function on, which has large 
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implications for the timing of genetic therapies [235]. Next, fibrosis acts as a physical barrier for 

the access of therapeutics to the diseased regions of the muscle, specifically for hydrophilic drugs 

such as osphorodiamidate morpholino oligomers including the promising Eteplirsen [236, 237]. 

Progression of fibrosis should be a key factor on when deciding to initiate treatment especially 

genetic therapies.  

Unfortunately, anti-fibrotic treatments that are promising in animal models have not always yielded 

the same results in humans. Currently, there is no effective pharmacotherapy to attenuate muscle 

fibrosis in DMD patient [228]. One such reasoning is the selection of murine model as described 

in 2.2.2 In-vivo models of DMD. In murine models of DMD, specifically the mdx mouse, limb 

fibrosis is quite minimal until later ages, unlike in human patients that exhibit fibrosis as young as 

4 years old [238]. The use of the D2.mdx model, which shows more extensive fibrosis may be a 

more suitable model for examining the anti-fibrotic therapeutics. Table 2.1 summarizes the current 

literature on the D2.mdx model and histological analysis of fibrosis, given the use of D2.mdx mice 

in this dissertation. Despite fibrosis being a main feature of the dystrophin phenotype and histology 

being performed, not all studies undertake quantifying the extent of fibrosis. 
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Table 2-1: Progression of fibrosis (%) in various muscles of the D2.mdx model  

 Muscle 

Age 

(months) 

Diaphragm Tibialis 

Anterior 

Quadriceps Gastrocnemius Soleus Triceps Heart  

<1      Performed not 

analyzed [239] 

 

1-2 12-13 [23] 

2 [150] 

22-23† [147] 

9 (Chapter 6) 

9-10† [147]  

1-1.5 (Chapter 

6) 

Performed not 

analyzed [146] 

15-17 [23] 

5 [150] 

25-26† [147] 

20-21 [23] 

18-19† [147] 

 Performed not 

analyzed [239] 

20† [147] 

3 [147]  

3-4 32  [240] 

30-31 [144] 

35 [241] 

  10 [240] 

25 [149] 

19-20 [144] 

  Performed not 

analyzed [242] 

5-6 32-33 [144] 4-5 [145] 

Performed not 

analyzed  

[146] 

10-11 [145] 8-9 [145] 

20-21[144] 

   

7-12 20-21† [147] 8-9 [145] 

24-25† [147] 

Performed not 

analyzed [146] 

18-19 [145] 10-11 [145] 

18-19†[147] 

13-14 

[148] 

20†[147]  

>12 30 [144] Performed not 

analyzed [146] 

 30[144]    

†study quantified fibrosis as “unhealthy” tissue  
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2.4 Cellular Stressors in DMD 

2.4.1 Impaired Ca2+ homeostasis 

 

The lack of dystrophin in DMD causes severe membrane leading to the influx of extracellular Ca2+ 

and increased ion permeability, contributing to cytosolic Ca2+ overload [10, 243, 244]. 

Additionally, contraction-induced “micro-tears” in the plasma membrane that leads to the insertion 

of Ca2+ leak channels reinforcing a high cytosolic Ca2+ load [244-246]. High intracellular Ca2+ 

concentrations have cytotoxic effects that can initiate proteolytic enzymes such as calpains and 

caspases. Elevations in both these proteolytic enzymes have been observed in DMD and mdx 

muscle, which can contribute to the degeneration of limb and respiratory muscles and the 

progression of the dystrophic phenotype [4, 245-247].  

Cytosolic levels of Ca2+ are dictated by the release of Ca2+ from the sarcoplasmic reticulum (SR) 

or from the the reuptake in the SR. Release of SR stored Ca2+ is facilitated by the ryanodine receptor 

(RYR) which physically opens to release Ca2+ to facilitate contraction. Reuptake of Ca2+ into the 

SR is enabled by the sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA). Both impaired RYR 

and SERCA function has been document in mdx and D2.mdx mice [248, 249], including functional 

alterations due to oxidative damage (discussed below). Improving Ca2+ handling either through the 

overexpression of SERCA [250, 251] or through expression of the chaperone protein Hsp72 [252, 

253], has attenuated the dystrophic phenotype in mdx mice, thus highlighting that importance of 

Ca2+ homeostasis in DMD.   

The mitochondria also participate in maintaining Ca2+ levels. In dystrophin-deficient muscle, 

mitochondrial swelling due to elevations in matrix Ca2+ has been previously document [254]. This 

is thought to increase the potential for the initiation of mtPT [255] yet there have been inconsistent 

findings in mdx muscle, as discussed in our recent review [256]. Beyond the initiation of the mtPT, 

unregulated mitochondrial uptake of Ca2+ can impair oxidative phosphorylation and increase ROS 

formation [257] while contributing to defective mitochondrial dynamics [258]. Collectively, this 

indicates that the loss of dystrophin impairs Ca2+ homeostasis across compartments of the muscle 

cell.   
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2.4.2 Oxidative stress and sources of ROS 

 

Despite ROS being a natural by-product of OXPHOS, in conditions where increased levels cannot 

be properly mitigated oxidative stress can accumulate and initiate cell death mechanisms. As 

described in 2.1.3 Reactive oxygen species and oxidative stress, O2
•- and H2O2 can cause 

irreversible damage to the cell via protein carbonylation, lipid peroxidation and DNA oxidation. In 

an attempt to limit irreversible damage, the muscle employs several antioxidant enzymes including 

superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), glutathione peroxidase (GPX), 

glutathione reductase (GR) and thioredoxin reductase (TRX), to quench ROS or transform it into 

a more manageable form. Identifying the source of ROS during disease progression is essential, as 

conventional antioxidant treatments may not be able to access specific compartments, such as the 

mitochondria.  

Elevated oxidative stress has been postulated to contribute to pathology in DMD since the 1970’s 

[29] and has been supported numerous groups [29, 32, 259-264]. Biopsies from DMD patients and 

D2.mdx mice show an elevation in protein carbonylation [23, 31] and lipid peroxidation [265] 

which represent irreversible oxidative damage. In support, rodent models of DMD show an 

increase in GPX activity, levels of total GSH and antioxidant enzymes [21, 29, 266, 267], 

suggesting that some adaptation to quench ROS occurs during disease progression. Despite these 

adaptions, dystrophic muscle is more susceptible to ROS-induced damage compared to healthy 

controls [268]. Interestingly, treatment with the antioxidant N-acetyl cysteine (NAC) and ascorbic 

acid, can prevent contraction induced membrane damage in EDL from mdx mice [269, 270], 

suggesting contraction induced oxidative stress may be involved in the dystrophic phenotype. 

These results however do not implicate the source of ROS in DMD. One suggested source of ROS 

is the NADPH Oxidase (NOX), specifically NOX2, which resides on the plasma membrane [271]. 

In dystrophic tissue, both increased NOX expression and activity has been observed [272-274] and 

use of NOX inhibitors results in the improved force production and decreased Ca2+ influx [275].  

Interestingly, treatment with global antioxidants like NAC, prevent contraction induced damage, 

but do not fully restore muscle function [276], suggesting some impairments still exist. In recent 

years, more attention has focused on the mitochondria as a source of ROS in DMD and will be 

discussed further in 2.5 Mitochondrial stress in DMD.  



26 
 

2.4.3 The role of apoptosis and necroptosis in dystrophic pathology 

 

As described in section 2.1.5, apoptosis is a form of programmed cell death that is utilized in 

development and tissue homeostasis [95, 96] and can be activated intrinsically via the 

mitochondria. Although necrosis has long be associated with myofibre death in DMD, work in the 

mdx mouse has suggested that during the acute phase of muscle degeneration, apoptosis may 

precede necrosis [277]. In subpopulations of regenerating fibres in 8-week-old mdx mice, single-

strand DNA breaks, an inducer of apoptosis, have been observed [278]. The occurrence of 

apoptosis in skeletal muscle has also been observed in adult mdx mice [277, 279, 280], although it 

remains inconclusive if apoptosis occurs in human patients. In some reports, the presence of 

apoptotic cells is observed in the interstitium and not inside myofibres [281], yet others have 

documented the opposite where apoptosis is occurring in damaged fibres [279, 282]. Furthermore, 

identification of DNA fragmentation or apoptotic myonuclei, does not indicate by which pathway 

apoptosis has been activated. Activation of the extrinsic pathway of apoptosis involves the 

transmembrane receptors of the death receptor family [283]. In this pathway, Fas ligand (FasL) can 

induce apoptosis through its interaction with its receptor Fas, also known as CD95, and recruit 

caspase 8 which cleaves caspase-3 to initiate apoptosis. Increased expression of Fas was previously 

observed in human DMD muscle compared to controls [283, 284].  

Alternatively, a genetically controlled form of necrosis known as necroptosis has been implicated 

in dystrophic pathology and partially overlaps with extrinsic apoptosis. TNF-α can trigger caspase-

independent cell death by activating receptor interacting protein kinase-3 (RIPK3) mixed lineage 

kinase domain like pseudokinase (MLKL) [285]. In both mdx mice and DMD muscle, necroptosis 

is activated and may contribute more to the peak degeneration phase in mdx pathology [286]. 

Collectively, multiple forms of cell death may be initiated in DMD patients and independently 

contribute to the dystrophic phenotype.  

2.4.4 Inflammation & necrosis  

 

DMD is associated with a profound inflammatory cell presence that contributes to cell death in the 

form of necrosis. Necrosis is an energy-independent process that can induce an inflammatory 

response which in healthy tissue is used for clearance and repair. Necrosis evokes cellular swelling 

and can impair membrane integrity, resulting in the release of cytoplasmic contents, the further 
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recruitment of inflammatory cells such as neutrophils and macrophages and subsequent damage to 

neighbouring cells.  

In DMD, damaged myofibers release Danger Associated Molecular Patterns (DAMPs) which serve 

as ligands for Toll-like receptor family (TLR), a key component of the innate immune system.  This 

is activated through the induction of nuclear factor kappa beta (NF-κβ) pro-inflammatory pathways 

[287], whereby NF-κβ translocates to the nucleus and regulates the expression of pro-inflammatory 

cytokines including TNF-α and IL-1β. Independent of DAMPs, high concentration of ROS 

enhances membrane permeability through peroxidation of the plasma membrane, resulting in 

further exacerbation of cytosolic Ca2+ influx and perpetuating the necrotic signal. This results in a 

vicious cycle that induces further muscular necrosis and cannot be sufficiently mediated by 

endogenous anti-inflammatory immune cells and cytokines [287, 288].  

Several immune cell types have been examined in the necrotic response in DMD including 

neutrophils, macrophages, eosinophils, and mast cells [288]. Neutrophils are responsible for 

removal of debris from the damaged myofibre and secrete necessary cytokines (TNF-α) and 

proteins (myeloperoxidase), that activate pro-inflammatory macrophages and aid in further 

recruitment of other inflammatory cells. Mast cells may further support muscle necrosis by the 

additional release of TNF-α [289]. In tissue, macrophages exist in a spectrum and take on specific 

phenotypes based on environmental queues. Pro-inflammatory signals guide macrophages to 

damaged myofibres, where they take on a pro-inflammatory phenotype and can boost the secretion 

of TNF-α and Receptor-Interacting Protein Kinase 3 (RIPK3) [290]. T regulatory cells (Treg) aid 

in the transition of pro-inflammatory macrophages into anti-inflammatory phenotypes, through 

TGF-β secretion [291].  

In DMD, elevations in TGF-β are also involved in activating fibrogenic adipoprogenitor (FAP) 

cells that can worsen the dystrophic phenotype [292]. During the hyper-regenerative period in mdx 

mice, eosinophils are observed to be elevated which elicits IL-4 secretion. IL-4 promotes the 

transition of FAP into fibroblasts which may contribute to the fibrotic phenotype in DMD [293]. 

Although IL-4 seems to have a negative role in this context, it is important to note that IL-4 aids in 

myogenic differentiation [290, 294],which may have implications for muscle repair in lowered. 

Collectively, the innate immune system plays a large role in the necrotic response in DMD and 
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reductions in these cell types and cytokines have had promising results in attenuating the dystrophic 

phenotype [290, 293, 295-301].  

2.5 Mitochondrial stress in DMD 

2.5.1 Skeletal muscle mitochondrial stresses 

 

Altered metabolic function has been observed in skeletal muscle biopsies from DMD patients since 

the 1950s, with further analysis showing lower mitochondrial oxygen consumption under 

phosphorylating conditions [11-14]. Interestingly, this was unique to DMD muscle as other forms 

of muscular dystrophy did not exhibit a similar defect [15]. Although the dystrophic phenotype is 

not caused by mitochondrial dysfunction perse, mitochondrial alterations may be a secondary 

contributor to muscle weakness and atrophy observed in both humans and murine models of DMD. 

2.5.1.1 Attenuations oxidative phosphorylation  

  

There are numerous reports of impaired ATP synthesis in DMD patients, either through direct 

measurements of ATP synthesis or indirect measures such as oxygen consumption, ETC complex 

activity assays, or decreased mitochondrial content [11-16, 18, 19, 36, 302]. Similar patterns are 

also observed in the various murine models of DMD [17, 20-27, 35, 36, 79, 258, 303-315]. 

However, there are still some inconsistencies within the literature concerning whether ATP 

concentrations and maximal mitochondrial enzyme activities are lowered in dystrophic tissue. This 

heterogeneity could be a result of inconsistent model use (C57Bl/10.mdx vs D2.mdx), age (young 

vs old) and muscle selection (oxidative vs glycolytic) [256], that may independently account for 

these discrepancies.  

Additionally, other metabolic deficits in dystrophic muscle have been observed. This includes 

decreased activities of TCA cycle enzymes (succinic CoA synthetase, aconitase, malate 

dehydrogenase and isocitrate dehydrogenase) and glycolysis [21, 256, 301, 310], especially at later 

stages of disease progression. Reduced oxidation rates of glucose, pyruvate, malate, and glutamate 

have also been documented in DMD patients and mdx mice [18, 20, 21, 23, 24, 256, 301, 306, 308, 

310]. This further supports an impaired ability to form ATP in dystrophic muscle, as lower 

quantities of reducing equivalents would be available to the ETC, combined with an impaired 

ability to use those equivalents.    
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OXPHOS is heavily affected by PCr and Cr levels which play a critical role in maintaining energy 

homeostasis, as described in section 2.1.2 Oxidative phosphorylation and the provision of energy. 

As previously mentioned, mtCK is extremely susceptible to modifications by oxidative stress 

resulting in functional impairments that could reduce energy transfer in the mitochondria [46-48]. 

To date, few studies have examined mtCK function in dystrophic muscle [23] but Cr 

supplementation has had positive effects in mdx mice and DMD patients [312, 316-320]. In the 

presence of saturating levels of Cr, oxidative muscles from mdx and D2.mdx mice exhibit reduced 

mitochondrial sensitivity to ADP [23, 321], indicating a potential failure in creatine-dependent 

energy transfer due to mtCK damage. Impairments in mtCK function also have implications for 

the attenuation of ROS and the activation of mtPT, thus protecting mtCK from oxidation in DMD 

may hold therapeutic value.  

2.5.1.2 Mitochondrial reactive oxygen species emission 

 

Despite oxidative stress being implicated in disease progression of DMD for over 40 years, the 

mitochondria have only recently begun to be examined as a source of ROS [21, 28-33, 266]. In an 

examination of basal ROS levels in the flexor digitorum brevis (FDB) fibres from mdx mice, the 

generation of ROS seems to be NOX specific [275]. However, when stimulated with osmotic 

shock, which occurs in dystrophic tissue, mitochondrial Ca2+ accumulation and mitochondrial ROS 

production was observed [322]. It is key to note that this study utilizes a mitochondrial-specific 

fluorescent probe (MitoSOX), that produces two fluorescent products, ethidium and 2-

hydroxyethidium (2-OH-E+), a specific adduct of O2•-. Debate concerning if mitochondrial ROS 

is elevated in dystrophic muscle arose as the fluorescent spectra of these compounds overlap and 

when detected using confocal microscopy and is increasingly difficult to accurately measure only 

2-OH-E+
 [323].  

Similarly, direct measurement of mitochondrial ROS emission rates in skeletal muscle, using 

Amplex Red, has yielded diverging results. First, the work performed by Godin et al in the tibialis 

anterior from 6-week-old mdx mice, found no increase in H2O2 emission rates and a significant 

increase in H2O2 scavenging capabilities [27]. Likewise, no increase in H2O2 emissions in cardiac 

muscle from 12-week-old mdx mice was found [25]. However, work from our group in young 

D2.mdx mice, showed elevated H2O2 emission in both skeletal and cardiac muscles [22-24]. As 

previously mentioned, the D2.mdx mouse model better recapitulates the human condition 
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compared to the conventional mdx model. As such, the elevation observed in the D2.mdx mouse 

model may better recapitulate mitochondrial ROS in DMD patients and serve as a better model for 

therapies targeting mitochondrial ROS.  

Although controversial as a mitochondrial-specific antioxidant, Idebenone, a synthetic analog to 

coenzyme Q10, improved cardiac and respiratory function in clinical trials in DMD patients. 

Idebenone may improve oxidative phosphorylation and reduce oxidative stress in these patients, as 

seen previously in rat and canine brain [324, 325]. Collectively, this supports the mitochondria as 

a contributor to dystrophic pathology through the generation of ROS and oxidative stress, and thus 

warrants further examination using mitochondria-specific antioxidants.  

2.5.1.3 The involvement of mitochondrial permeability transition pore and apoptosis 

 

The mtPTP can occur in response to excess Ca2+ stress which is a hallmark of the dystrophic 

phenotype [257]. Indeed, matrix Ca2+ influx is elevated in dystrophin-deficient muscle [255] which 

lead to further examination of mtPTP opening in DMD. The permeabilization of both the inner and 

outer mitochondrial membrane, allows for pro-apoptotic factors such as cytochrome c, to be 

released into the cytosol, initiating apoptosis through caspase-9 and -3 [257, 326, 327]. Although 

the precise components of the mtPTP are not fully resolved, there appears to be more than one 

combination of protein complexes [254, 328]. Nonetheless, Ca2+-induced mitochondrial swelling 

is well known to trigger the collapse of membrane potential resulting in pore opening. The 

combination of impaired OXPHOS and elevated ROS emissions are thought to mediate Ca2+-

induced mtPTP [254, 257]. This is supported by evidence showing that depletion of adenine 

nucleotides (reduced OXPHOS) and presence of mitochondrial ROS, can trigger mtPTP through 

post-translational modifications of ANT [329, 330], however the impact of adenine nucleotides on 

mtPT have not been fully resolved in dystrophic muscle in permeabilized skeletal muscle fibres 

(see Chapter 4). However, given that dystrophic muscle exhibits impaired OXPHOS, increased 

ROS emission and high levels of cell death, it is likely that mtPT contributes to the dystrophic 

phenotype.  

Interestingly, there have been inconsistent finding on whether mtPTP opening is altered in mdx 

muscle. Various studies have reported that there is increased mtPTP opening in mdx muscle [23, 

25, 27, 79] while others report no change [22-24]. It is likely that these discrepancies may be a 
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result of inconsistent methodology used to assess mtPTP. Currently, no single study appears to 

compare multiple muscle types across multiple ages, to definitively ascertain the role of mtPT in 

the progression of the dystrophic phenotype. In support, pharmacological compounds known to 

inhibit mtPT (cyclosporin A) have improved muscle function in mdx mice and people with DMD, 

but it is likely that they exerted these effects through immunosuppression [331-334]. Interestingly, 

the glucocorticoid steroid, deflazacort, also increases mtPTP opening in mdx skeletal muscle while 

normalizing ATP levels to that of WT controls. Researchers attributed this to increases in content 

of complexes III, IV and V, with complex V being a constituent of the mtPTP. While speculative, 

this increase susceptibility, may result in better clearance of poor quality mitochondria [335]. 

Deflazacort is currently the first FDA drug approved for management of DMD in patients under 

the age of 2. While the majority of benefits of deflazacort are attributed to the anti-inflammatory 

properties, it is plausible that these mitochondrial effects, specifically the clearance of potentially 

poor-quality mitochondria, may contribute to the observed improvement in muscle function.   

Lastly, opening of mtPTP facilitates the release of pro-apoptotic proteins such as cytochrome c. 

Often, assessments of mtPTP are often coupled with measurements of downstream apoptotic 

pathways, such as caspases. Activation of caspase-9 and -3 are believed to be linked to mtPTP and 

as such can be used to identify mitochondrial-facilitated apoptosis [336, 337]. In many of the 

studies that reported elevated mtPTP opening, a concomitant increase of caspase-9 and -3 activities 

are also observed [23, 25, 27]. Coupling measures of mtPT and caspase activity does provide more 

comprehensive evidence of the contribution of mtPT to apoptotic cell death and disease progression 

in DMD.  

As the evidence above indicates how mtPT may contribute to cell death in DMD, the degree to 

which mtPT and apoptosis contribute to secondary pathologies in DMD is unknown. In some 

reports, cytokines controlling fibrosis can also elicit apoptosis in culture myoblasts [338] and 

satellite cells [339]. In combination with dystrophic muscle, dystrophic fibroblasts and FAP cells 

are resistant to apoptosis [340-342], thus potentially exacerbating fibrosis in dystrophic skeletal 

muscle. Similarly, proinflammatory cytokines such as TNF-α and IL-6 have been shown to 

decreased mitochondrial OXPHOS and increase mitochondrial ROS in other cell types [343-348]. 

Given the relationship between these two functions, mtPTP opening and apoptosis could in theory 

be altered as a result to circulating factors. In support, TNF-α specifically, has been shown to 
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require mtPTP opening to induce apoptosis in primary rat hepatocytes [349]. Given this 

relationship, it is plausible that TNF-α, which is chronically elevated in DMD [350-352], may 

trigger mtPTP opening and initiate apoptosis.  
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Figure 2-4: Schematic representation of physiological changes to muscle fibers in Duchenne 

muscular dystrophy. In healthy muscle, dystrophin provides structural support to the sarcolemma 

preventing excess extracellular calcium from entering the cytosol and mitochondria and provides 

an anchor point for microtubules and actin cytoskeleton. Dystrophin mutations destabilize the 

sarcolemma leading to injury during contractions. Cellular degeneration is thought to be caused by 

excess calcium influx that may be linked, in part, to calcium stress in mitochondria in addition to 

microtubule disorganization. Excess calcium influx is thought to occur through the damaged 

sarcolemma and through reverse flux of the sodium-calcium exchanger that is driven by excess 

sodium influx (not shown) [353]. Increased mitochondrial calcium uptake has been shown to occur 

through the mitochondrial calcium uniporter (“M” in figure [18]). Repeated cycles of tissue damage 

triggers inflammation and releases cytokines known to modulate mitochondrial bioenergetics, but 

the degree to which this causes mitochondrial stress remains uncertain. Increased extracellular 

matrix proteins have been reported including collagens, laminin, and others not displayed (e.g., 

fibronectin) [354, 355]. Furthermore, the degree to which these mechanisms contribute to 

mitochondrial stress across muscle types and throughout disease progression remains unresolved. 

ATP, adenosine triphosphate; C, cytochrome c; mH2O2, mitochondrial hydrogen peroxide 

emission; mtPTP, mitochondrial permeability transition pore; M, mitochondrial calcium uniporter; 

NCX, sodium-calcium exchanger. Figure was created with BioRender. Figure taken with 

permission from [256]. 

 

2.6 Cognitive and Behavioral Impairments in DMD 

 

While dystrophin expression is predominant in skeletal and cardiac muscle, other tissues are also 

being affected in DMD, either through the direct loss of dystrophin, such as in brain [179, 356-

360] and smooth muscle [179] or an indirect effect, such as in bone (through glucocorticoid 

treatment) [179], kidney and liver (through excessive burden of damaged muscle) [361, 362]. For 

the purpose of this literature review, only brain will be discussed.  

In addition to the pronounced muscle atrophy and weakness observed in DMD, increasing attention 

is being paid to cognitive and behaviours deficits observed in boys with DMD and murine models 

[356, 357, 363-368]. The presence of these impairments is thought to result from the lack of 

dystrophin within the central nervous system (CNS), where it is normally located in the 

hippocampus, prefrontal cortex and the cerebellum [369]. Full length dystrophin, known as Dp427, 

is localized primarily to the post-synaptic neurons, while shorter length isoforms are associated to 

microvascular glia cells and neurons [370]. Within the CNS, dystrophin plays an important role in 

the clustering of neurotransmitter receptors and ion channels [371, 372].  
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Although first debated, cognitive impairments are now common observations in DMD patients. 

Several studies report an overall reduction of IQ in boys with DMD and about 30% of patients 

having cognitive impairments [356, 373, 374]. Additionally, other neurodivergences, such as 

attention-deficit hyperactivity disorder and autistic spectrum disorder, are also exhibited by 50% 

and 33% of patients respectively [357, 359, 375]. Deficits in linguistic functions and short- and 

long-term memory are also common in patients [376, 377], even when patients have normal IQ 

levels [378]. The varying degrees of memory impairments have been attributed to the loss of 

dystrophin in brain structures involved in cognition, including the cerebellum and hippocampus 

[363].  

Examination of cognitive and behaviour function in mouse and rat models of DMD have also been 

undertaken. In the mdx mouse, long-term object recognition memory [367, 368] and memory 

consolidation [367] are also impaired, but task acquisition, spatial memory and procedural memory 

remains intact [367, 368, 379, 380]. In recent years, cognitive function of D2.mdx mice have also 

been examined, showing similar impairments to recognition memory when faced with a novel 

object recognition (NOR) task. These impairments were observed in association with higher 

soluble amyloid precursor protein β and APP in the prefrontal cortex, with lower soluble APPα in 

the hippocampus. Collectively this was suggestive of a shift toward a formation of amyloid plaques 

creating Alzheimer’s disease-like phenotype in D2.mdx mice [381]. The biological basis of the 

cognitive deficits remains unclear, although it has been suggested that that altered metabolism and 

impaired mitochondrial function in the brain could play a role.  

2.6.1 Altered mitochondrial bioenergetics in DMD brain 

 

Altered metabolism in the brain of DMD patients has been documented as early as 1995 with work 

performed by Tracey et al showing increased Pi to ATP levels and Pi to PCr levels [382] which 

may be explained by mitochondrial abnormalities. This was supported by work in mdx mice that 

showed similar increases in Pi to PCr levels and reduced Cr concentrations [383], although other 

studies have reported no changes in Cr concentrations when measured with 1H MRS [384, 385]. In 

support of altered metabolism in DMD, increased intracellular brain pH, impaired metabolism of 

glucose and abnormal GABAA receptors clustering have been obsrved in mdx mice [383]. GABA 

receptors are the major inhibitory neurotransmitter in the CNS which has later implication for 

signal transduction, while elevations in brain pH may be indicative of developmental delays. 
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Interestingly, no significant changes in key mitochondrial enzymes such as citrate synthase, 

succinate cytochrome reductase and cytochrome oxidase, were observed in mdx mice compared to 

controls [383]. This may be suggestive of an intrinsic impairment in mitochondrial function, 

instead of a reduction of mitochondrial content.  

Mitochondrial respiratory chain activity has also been examined in brain from 3-month-old mdx 

mice. Here, complex I activity was severely reduced in the hippocampus, prefrontal cortex, cortex, 

striatum and cerebellum, with complex IV activity only being reduced in prefrontal cortex and 

striatum [386]. As these areas are involved in memory processing it is likely that the lack of 

dystrophin and reduced metabolism plays a role in memory impairments. In this same study, an 

increase in creatine kinase activity was found in all areas of the brain examined, which the authors 

suggested could explained by increases in mitochondrial creatine kinase activity resulting in 

decreases in ATP concentrations which may be protective to the brain [386].  

Similar to the observations in skeletal muscle, both Ca2+ homeostasis and oxidative stress are also 

altered in mdx brain. A reduction in lipid and protein peroxidation were observed in the cerebellum, 

prefrontal cortex and striatum of 3-month-old mdx mice [387], which may be due to increased 

superoxide dismutase activity in these structures, representing a period of compensation in the 

brain. As only one age was examined in this study, it is unknown whether this ability to attenuate 

oxidative stress in the brain is maintained throughout the lifespan.  

Ca2+ homeostasis in brain may also be affected in dystrophic brain. In mdx and D2.mdx mice 

SERCA activity was reduced in the hippocampus and prefrontal cortex despite no changes in 

SERCA expression. This may be a result of oxidative stress as heat shock protein 70 (HSP70) 

content was reduced [388]. HSP70 binds to SERCA1a and SERCA2a preventing inactivation in 

times of cellular stress [389] and has been shown to be neuroprotective [390]. Although SERCA 

activity and SR Ca2+ uptake are not direct measures of mitochondrial Ca2+ homeostasis, elevated 

cytosolic Ca2+ is known to increase mitochondrial Ca2+ uptake, which can initiate apoptosis. An 

increase in intracellular Ca2+ in cerebellar cells, but not glial cells, has been observed in mdx mice 

[391], making is plausible that Ca2+-induced mitochondrial stress is observed in mdx brain. 

However, it is unknown whether mitochondrial Ca2+ homeostasis and mitochondrial-activated 

apoptosis in brain is associated with cognitive impairments in DMD. Considering the interplay of 

mitochondrial respiration, Ca2+ homeostasis and oxidative stress, it is likely that these factors do 
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contribute to metabolic and cognitive impairments in DMD but warrants further investigation 

(Chapter 7). 

2.7 Therapeutics in DMD  

2.7.1 Current standard of care: glucocorticoid steroids  

 

While the underlying pathology of DMD is genetic, current standard of care for DMD targets 

inflammation.  Glucocorticoid steroids, namely prednisone, were first used in the treatment of 

DMD in 1974 by Drachman et al., where walking speed, distance tolerated, and muscle strength 

were improved [392]. Later studies supported that long term treatment with prednisone delays loss 

of mobility, extends life span and increases lung function (forced vital capacity) [393-395]. 

Deflazacort, a derivative of prednisone, has been more recently introduced for its limited side 

effects and ability to improve physical milestones (stair climbing) compared to prednisone [396-

398]. It currently has FDA approval for use in DMD patients as young as 2 years old. However, 

due to the myriad of detrimental side effects with glucocorticoids, such as cushingoid, weight gain, 

osteopenia, diminished stature, and behavioural issues, treatment plans among patients vary greatly 

[399]. Glucocorticoids have also been observed to disrupt expression of genes involved in muscle 

degradation and regeneration, which can lead to chronic myopathies [400], muscle weakness and 

atrophy [401-403], which may limit long term use.  

Alternatives or adjuvant therapies have been considered in the treatment of patients and are 

undergoing clinical testing. Tadalafil, a vasodilator, is currently being examined (NCT05195775) 

to counter sympathetic vasoconstriction as an adjuvant therapy to glucocorticoids. Similarly, 

aerobic exercise and strength training in combination with standard care, are both being 

investigated in clinical trials (NCT03963453, NCT03319030, NCT04322357 & NCT02421523), 

with increasing evidence that exercise is safe and may slow the functional decline in DMD [404-

406].  

2.7.2 Emerging genetic therapies 

 

In recent years, treatment of the underlying pathology, the genetic disruption of dystrophin, has 

been examined. The use of viral and non viral approaches facilitates the production of shorter 

dystrophin (mini or micro) isoforms that result in a milder Becker muscular dystrophy (BMD)-like 

pathology [407-410]. Of specific note are Food and Drug Administration (FDA) approved 
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antisense oligonucleotides (AON) that utilize morpholino chemistry that target exon 51 (ExonDys-

51(Eteplirsen &Drisapersen), exon 53 (VyonDys-53 (Golodirsen & Viltolarsen) and exon 45 

(AmonDys-45) (reviewed in [411]). The utilization of exon skipping therapies is mutation 

dependent and individual exon skipping therapies are only applicable to small subsets of DMD 

patients that possess the corresponding mutation. For example, skipping exon 51 applies to only 

13-14% of patients [412, 413], the largest percentage of DMD patients. However, corresponding 

treatment, Eteplirsen, costs patients $300,000-400,000 (USD) per year per patient, leaving many 

patients unable to afford access to this drug without insurance coverage [414]. Additionally, AONs 

tend to have poor delivery and uptake to large tissues such as the heart and require repeated 

treatments [414, 415]. In Eteplirsen treated patients, a large variation in recovery of dystrophin 

expression is observed, with 8% to roughly 55% recovery of dystrophin (compared to healthy 

controls) in the biceps brachii [416]. The recovery of dystrophin expression is highly dependent on 

the dosage used and the amount of muscle retaining in the patient [414, 416, 417]. 

Lastly, oligonucleotide treatment is not curative but instead produces a milder phenotype and may 

delay the progression of symptoms. Opportunities to correct the underlying mutations have arisen 

with the development of CRISPR-Cas9 technology. CRISPR-Cas9 system consists of two main 

components: the CRISPR-associated (Cas) endonuclease and a single guide RNA, which guides 

the Cas9 to the complementary sequence in the genome. When at the appropriate sequence, the 

Cas9 endonuclease creates a targeted double-stranded DNA break. An exogenous DNA template 

may be used in homology-directed repair but is not feasible for use in post-mitotic cells such as 

skeletal muscle [418, 419]. In the absence of a DNA template, nonhomologous end joining (NHEJ) 

is utilized resulting in imprecise DNA repair [420]. Another limitation with CRISPR/Cas9 

technology in its current form, is the large size of the Cas9 system (~4kb). Currently, adeno-

associated viruses (AAVs) are used to deliver the Casp9 and RNA guide in two separate AAV. In 

addition to sizing issues, AAVs may also cause immune response, forcing this system to be 

administered in a single tolerable dose [419, 421]. Overall, the development of the CRISPR/Cas9 

system does hold promise a therapeutic option for DMD, but many challenges remain before this 

therapeutic is available to patients.   
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2.7.3 Mitochondrial therapeutics  

 

With more attention being drawn to genetic therapies, some considerations should be undertaken, 

such as potential off-target effects with genetic editing, muscle heterogeneity in receiving the 

genetic editing system and variable dystrophin expression across muscles. Additionally, it is 

unknown whether genetic editing will fully correct secondary pathologies, such as mitochondrial 

dysfunction.  

Mitochondrial deficiencies were specifically noted in DMD as early as 1967 [15]. In our recent 

review [256], we highlight that mitochondrial stresses response in DMD may represent adaptive 

reprogramming, especially early into the disease progression, but later stages may require 

mitochondrial targeting compounds to improve OXPHOS, attenuation of ROS and inhibition of 

mtPT. Table 2-2 summarizes the current mitochondrial therapeutics being examine in pre-clinical 

models and DMD patients. 
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Table 2-2: Mitochondrial therapeutics in the treatment of DMD 

Compound Mechanism of Action  Model  Outcome Reference 

Idebenone • Synthetic analog to 

coenzyme Q10,  

Improve mitochondrial 

oxidative phosphorylation and 

reduce oxidative stress  

mdx mice 

 
• Corrected cardiac 

diastolic dysfunction  

• Prevented mortality 

from cardiac pump 

failure  

• Reduced 

inflammation and 

fibrosis 

• Improved VWR 

[422] 

DMD patients • Increased peaked 

expiratory flow, FVC 

and peak cough flow 

• Increased peak 

systolic radial strain 

(when combined with 

glucocorticoid 

steroids)  

[423-426] 

Cyclosporine A • Immunosuppressive, 

Mitochondrial permeability 

pore inhibitor 

mdx mice • Reduced plasma 

creatine kinase and 

degenerating area 

 

[331] 

DMD patients  • Increased tetanic 

force and MVC 

[427] 
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However, it is unknown how mitochondrial targeting compounds would interact with 

glucocorticoid therapies as it is unlikely that they would operate as a stand-alone treatment.  

2.7.4 Repurposing therapeutics towards DMD: potential candidates 

 

Clearly, limited pharmacological interventions targeting the mitochondria have been examined in 

the context of DMD despite a clear knowledge that mitochondria are impaired in this disease. As 

a result, repurposing other mitochondrial therapeutics from different diseases may provide new 

options to act as an adjuvant therapy to current standards of care. 

2.7.4.1 Olesoxime  

 

Olesoxime (cholest-4-en-3-one oxime, or TRO1966) is a cholesterol-like molecule, as depicted in 

Figure 2-5, that accumulates at the mitochondria. Olesoxime is thought to bind to the voltage 

dependent anion channel (VDAC), and translocator protein (TSPO) located on the outer 

mitochondrial membrane. In previous work it has been shown to promote motor neuron survival, 

improves motor performance and extend lifespan in models of amyotrophic lateral sclerosis (ALS) 

[428, 429]. Olesoxime has shown to have anti-mtPT effects in cultured motor neurons, [428], rat 

models of Huntington’s [430] and cardiomyocytes [431]. Additionally, olesoxime has been 

observed to improve mitochondrial respiration in preclinical models of Alzheimer’s and 

Huntington’s [430, 432]. Olesoxime was already proved safe in humans as phase I clinical trials 

were completed [433] and progressed into phase IB [434] and phase II/III (NCT00868166) trials 

in ALS. Additionally, Olesoxime was used in clinical trials for spinal muscular atrophy 

(NCT01302600, NCT02628743), multiple sclerosis (NCT01808885), peripheral neuropathy 

(NCT00876538, NCT00496457) and non-alcoholic steatohepatitis (NCT00666016). Collectively, 

this suggests that olesoxime is safe for humans, while also improving mitochondrial respiration 
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and inhibiting mtPTP pore opening. This gives olesoxime merit to be examined in other conditions, 

such as DMD, that are characterized by poor mitochondrial function.  

 

 

Figure 2-5: Structure of cholest-4-en-3-one oxime or Olesoxime; C27H45NO [435] 

 
2.7.4.2 The adiponectin receptor agonist ALY688-SR 

 

Certain compounds may reprogram mitochondria as part of a more global umbrella of mechanisms. 

As glucocorticoid steroids come with a myriad of negative side-effects, alternative therapeutic 

options have been examined. Adiponectin (Apn), discovered in 1995, was initially thought to be 

an adipokine but now is known to be expressed by multiple tissues including skeletal muscle [436]. 

In plasma, adiponectin exists as a low molecular weight trimer that can associate with other trimers, 

forming a middle and high weight hexamer, each with their own biological effects [437]. 

Additionally, Apn can undergo proteolytic cleavage to form the functionally distinct globular Apn 

(gApn) [438, 439]. Lastly, Apn undergoes extensive post-translational modifications including 

disulfide bond formation, hydroxylation, glycosylation and which aid in the formation of the 

multimeric complexes [440, 441]. Apn is one of the most abundant adipokines in the plasma, 

circulating in the range of approximately 5 to 30 μg/mL [442]. Its most well-known role is in 

metabolism whereby it activates AMP-activated protein kinase (AMPK) and peroxisome 
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proliferator activated receptor (PPAR)-α [442-445], where it supports the production of an 

oxidative phenotype in muscle. It has also been examined in its influence on Ca2+ handling [446], 

muscle maintenance (including growth and repair) [439, 447-450], and the attenuation of 

inflammation by repressing pro-inflammatory cytokine secretion and increasing anti-inflammatory 

responses [451-455].  

Given this influence in muscle, Apn has more thoroughly examined as a possible treatment for 

DMD. Initially, mice lacking Apn mice were crossed with mdx mice, resulting in a worsened 

myopathy, indicating a potential role of Apn in the dystrophic phenotype. mdx/Apn-null mice 

showed reduced contractile force, higher markers of muscle damage (including plasma creatine 

kinase and infiltrating Evans Blue Dye) and markers of oxidative stress compared to mdx mice 

[456]. Electro-transfer of the Apn gene into these mice resulted in mitigation of inflammation, 

oxidative stress and increased myogenic factors [456]. Likewise, genetic overexpression of Apn in 

mdx mice (mdx/ApnOE), resulted in similar improvements to the dystrophic phenotype [457]. This 

highlights the potential therapeutic value of Apn in DMD, however, production of biologically 

active Apn or recombinant Apn proves difficult given ability of Apn to form multimeric complexes 

and undergo extensive posttranslational modifications. Additionally, the C-terminal globular 

domain and larger peptide fragments of Apn remain extremely insoluble, thus limiting the ability 

to use full length Apn as a therapy [458]. As such Apn receptor agonism has been examined for its 

treatment in disease, specifically AdipoRon and ALY688 (previously known as ADP355).  

AdipoRon is an orally active synthetic small molecule Apn agonist (Figure 2-6A), which was 

originally proposed for the treatment of obesity related conditions [459]. AdipoRon binds to both 

Apn receptor (AdipoR) isoforms, with AdipoR1 activating AMPK and PGC-1α pathways and 

AdipoR2 activating PPAR-α, although there is greater expression of AdipoR1 in skeletal muscle 
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[460, 461]. AdipoRon was originally studied for its use in metabolic diseases, whereby treatment 

with AdipoRon corrects metabolic dysfunction in db/db mice, a genetic murine model of obesity 

[462]. Likewise in aged mice, a model of sarcopenia, AdipoRon treatment significantly improved 

indices of insulin sensitivity and demonstrated a transition to an oxidative phenotype in glycolytic 

muscles. Force production at the end of a fatigue protocol was enhanced in the EDL muscle but 

not the soleus during ex vivo contractility experiments in both old and young mice treated with 

AdipoRon [463].  

 

 

Figure 2-6: Chemical structure of AdipoRon (A) and ALY688 (ADP355) (B). Chemical 

structure of slow-release formation of ALY688 (ALY688-SR) was unavailable.  

In a pivotal study by Abou-Samra et al, 8 weeks of AdipoRon treatment in mdx mice mitigated 

oxidative stress, inflammation and improved markers of muscle breakdown, regeneration, and 

increased muscle force [464]. Despite these benefits, it is unknown if AdipoRon treatment 

improves other aspects of the dystrophic phenotype including fibrosis and mitochondrial 

dysfunction. More importantly, it is unknown if AdipoRon treatment improves cardiac and 

respiratory function as assessments were only performed in skeletal muscle, specifically the tibialis 

anterior. Interestingly, it was recently shown that AdipoRon impaired complex I activity, induces 

A B 
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rapid mitochondrial Ca2+ overload and superoxide production, while activating necroptosis, a form 

of cell death with hallmarks of both apoptosis and necrosis, in pancreatic cancer cells. Although 

highly speculative, it is probable that AdipoRon treatment could induce the same impairments in 

mitochondrial function in other tissues, thus limiting its use.  

ALY688, originally under the name ADP355, is another Apn-mimetic that is composed of non-

natural amino acids (H-DAsn-Ile-Pro-Nva-Leu-Tyr-DSer-Phe-Ala-DSer-NH2) and was initially 

developed for cancer treatment [458, 465]. Similar to AdipoRon, ALY688 is activates the AMPK 

pathway through AdipoR1 [458] but has improved specificity to AdipoR1 and AdipoR2. In rodent 

models of liver fibrosis, ALY688 was shown to attenuate fibrosis by mitigating inflammation [466, 

467]. These effects were associated with suppression of necroinflammation by inhibiting 

macrophage activation and promoting signal transducer and activator of transcription 3 (STAT3 

signaling). STAT3 is involved in diverse biological processes such as proliferation, differentiation, 

anti-apoptosis and inflammation [468]. ALY688 reduced the activation of macrophages while 

supressing fibrotic TGF-β1/SMAD2 signaling. In brain, ALY688 was shown to mitigate HIV 

protease inhibitor-induced damage by preserving CNS physiology and mitigating metabolic 

dysfunction [469]. A slow-release formulation of ALY688 has been created, termed ALY688-SR, 

and has passed Phase I clinical trials in dry eye disease, showing low toxicity in humans (NCT 

04201574). The effect of ALY688-SR on dystrophic muscle and brain is unknown and will be 

investigated in Chapters 5 and 6.  
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Chapter 3: Objectives and Hypotheses 

3.1 Overview of Thesis 

 

The overall purpose of this thesis was to examine how altering metabolism may improve muscle 

weakness and atrophy in a model of Duchenne muscular dystrophy (DMD). The specific objectives 

and hypotheses for each study are outlined below.  

3.2 Objective and Hypotheses for Study 1 (CHAPTER 4) 

 

Calcium-induced mitochondrial permeability transition pore (mPTP) opening is thought to be 

elevated in the muscle of DMD contributing to muscle fibre loss, but the literature is quite 

controversial. One explanation may be the variety of modalities and buffers used in assessing 

calcium-induced mPTP opening. These varying buffer compositions alter the environment in 

which mitochondria are exposed to and may alter adenylate concentrations, energy cycling and 

finally mPTP opening. The first purpose of this study was to compare mPTP assessments from 

permeabilized fibre bundles with and without adenylates. Next, we determined if increasing 

ADP/ATP cycling through the addition of creatine alters Ca2+-induced mPTP opening. Lastly, we 

applied this to a biological context by comparing mPTP opening from permeabilized fibre bundles 

from D2.mdx mice and health controls under conditions explored in the first aim.  

Hypotheses 

1. The presence of adenylates (through addition of ADP and equilibration with ATP) will 

attenuate mPTP, marked by increased Ca2+ uptake in healthy skeletal muscle permeabilized 

fiber bundles. The presence of ADP and or ATP will increase Ca2+ uptake and decrease 

likelihood of mtPTP opening. Depleting ATP (by recycling ATP into ADP) will reduce 

Ca2+ uptake and increase likelihood of mtPTP opening. 
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2. The addition of creatine will further reduce susceptibility of mPTP (increased Ca2+ uptake), 

due to enhanced ADP/ATP cycling, compare to trials performed in the absence of creatine.  

3. Permeabilized fibres from left ventricle of D2.mdx will have increased triggering of mPTP 

than wildtype controls.  

3.3 Objective and Hypotheses for Study 2 (CHAPTER 5) 

 

Previous work from our lab and others have identified the mitochondria to be impaired early in the 

disease progression of D2.mdx mice and suggests that mitochondria contribute to the dystrophic 

phenotype. Here, we aimed to examine the effect of the mitochondrial-enhancing drug Olesoxime 

in the D2.mdx model of DMD on fibrosis, muscle weakness and atrophy and the contribution of 

mitochondrial stress to DMD pathology.  

Hypotheses 

1. Short-term treatment with the mitochondrial-enhancing drug, Olesoxime in the D2.mdx 

mouse, will reduce susceptibility to Ca2+-induced permeability transition pore opening, 

improve mitochondrial respiration and attenuation of reactive oxygen species emission 

compared to vehicle controls. 

2. Corresponding improvements in bioenergetics will be associated with improvements to 

muscle weakness, atrophy, and fibrosis compared to vehicle controls.  

3.4 Objective and Hypotheses for Study 3 (CHAPTER 6) 

 

Altered metabolism including mitochondrial stress is well documented in DMD patients and rodent 

models of DMD and may contribute to overall pathology. As adiponectin receptor agonism has 

previously been shown to alter metabolism and improve dystrophic pathology, we examined the 
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effect of the novel adiponectin receptor agonist, ALY688-SR, in the D2.mdx mouse model. 

Specifically, we examined if short-term treatment with ALY688-SR attenuates inflammation, 

fibrosis, atrophy muscle weakness and mitochondrial stress in D2.mdx mice.  

Hypotheses 

1. 21 days of treatment with ALY688-SR will attenuate inflammation and fibrosis in the limb 

and respiratory muscles in young D2.mdx mice. 

2. This improvement with inflammation and fibrosis will be associated with improvements in 

muscle weakness and atrophy compared to D2.mdx saline controls.  

3. ALY688-SR treatment will attenuate mitochondrial stress compared to saline controls, in 

association with improvements to dystrophic phenotype.  

3.5 Objective and Hypotheses for Study 4 (CHAPTER 7) 

 

Although predominantly expressed in skeletal and cardiac tissue, dystrophin is expressed in the 

central nervous system where its specific function is not well understood. DMD patients exhibit 

cognitive impairments including reduced short- and long-term memory and behavioural 

impairments that may be exacerbated by current standard of care. Currently, no treatments target 

these dysfunctions. The focus of this study was to examine the effect of adiponectin-receptor 

agonist, ALY688-SR, on cognitive function in D2.mdx mice and metabolic function specifically in 

the hippocampus.  

Hypotheses 

1. 21 days of treatment with ALY688-SR will improve short term recognition memory 

compared to vehicle controls, as measured by novel object recognition.  

2. The improvement in object recognition will be associated with an attenuation of 

mitochondrial stress (an increase in mitochondrial respiration) in D2.mdx mice.  
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3.6 Additional Scientific Contributions 

 

The following work lists the additional contributions made throughout my PhD that are not 

included in my dissertation: 

First Author -Published 

 

Bellissimo CA, Garibotti MC, Perry CGR. Mitochondrial stress responses in Duchenne muscular 

dystrophy: metabolic dysfunction or adaptive reprogramming? Am J Physiol Cell Physiol. 2022 

Sep 1;323(3):C718-C730. doi: 10.1152/ajpcell.00249.2022. Epub 2022 Jul 11. PMID: 35816642. 

Bellissimo CA, Perry CGR. Sex differences in the regulation of hepatic mitochondrial turnover 

following physical activity: do males need more quality control than females? J Physiol. 2018 

Dec;596(24):6125-6126. doi: 10.1113/JP276896. Epub 2018 Oct 28. PMID: 30284737; PMCID: 

PMC6292818. 

Bellissimo, CA, Perry CGR. Regulation of skeletal muscle reactive oxygen species during 

exercise. In Tiidus P, LeBlanc P, Macpherson R, Josse A (Eds.) The Routledge Handbook on 

Biochemistry of Exercise: 1st edition. UK: Routledge, Ch. 4, 2021. 

Co-Author- Published 

 

Delfinis LJ, Bellissimo CA, Gandhi S, DiBenedetto SN, Garibotti MC, Thuhan AK, Tsitkanou S, 

Rosa-Caldwell ME, Rahman FA, Cheng AJ, Wiggs MP, Schlattner U, Quadrilatero J, Greene NP, 

Perry CG. Muscle weakness precedes atrophy during cancer cachexia and is linked to muscle-

specific mitochondrial stress. JCI Insight. 2022 Nov 8:e155147. doi: 10.1172/jci.insight.155147. 

Epub ahead of print. PMID: 36346680. 

Monaco CMF, Bellissimo CA, Hughes MC, Ramos SV, Laham R, Perry CGR, Hawke TJ. Sexual 

dimorphism in human skeletal muscle mitochondrial bioenergetics in response to type 1 diabetes. 

Am J Physiol Endocrinol Metab. 2020 Jan 1;318(1):E44-E51. doi: 10.1152/ajpendo.00411.2019. 

Epub 2019 Dec 3. PMID: 31794260; PMCID: PMC6985789. 

Young LV, Morrison W, Campbell C, Moore EC, Arsenault MG, Dial AG, Ng S, Bellissimo CA, 

Perry CGR, Ljubicic V, Johnston AP. Loss of dystrophin expression in skeletal muscle is 

associated with senescence of macrophages and endothelial cells. Am J Physiol Cell Physiol. 2021 

Jul 1;321(1):C94-C103. doi: 10.1152/ajpcell.00397.2020. Epub 2021 May 12. PMID: 33979211. 

Co-Author- In Progress 

 

Hughes MC, Ramos SV, Bellissimo CA, Dial AG, Tin E, Turnbull PC, Tadi P, Schlatter U, Hawke 

TJ, Perry CGR. The mitochondrial targeted peptide SBT-20 improves diaphragm and skeletal 

muscle pathophysiology in dystrophin-deficient mice. (In Preparation) 

Gandhi S, Delfinis LJ, Garibotti, MC, Bellissimo CA, Castellani LN, Yakobov S, Edgett BA, Bacx 

PH, Simpson JA, Perry CGR. Adiponectin-receptor agonism mitigates chamber-specific cardiac 
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fibrosis and mitochondrial stress responses in the D2.mdx Duchenne muscular dystrophy mouse 

model. (In Preparation). 
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Chapter 4: The influence of adenylate cycling on mitochondrial calcium-

induced permeability transition in permeabilized skeletal muscle fibers 

 

This chapter is an original published article currently in submission. It is presented in its 

published form. 

The influence of adenylate cycling on mitochondrial calcium-induced permeability transition 

pore in permeabilized skeletal muscle fibres. CA Bellissimo, S Sondergaard, MC Hughes, SV 

Ramos, S Larsen, CGR Perry. Bioenerg Commun. DOI: 10.26124/bec2023-0001 

Author Contributions: The majority of the experiments for this study were performed by 

Catherine A Bellissimo (CAB). CAB maintained the breeding colony required for this project as 

well as subsequent studies (Chapters 5-7) after being established by MCH. CAB and SVR 

separated all muscle fibres used in experiments. CAB and SS performed calcium retention 

capacity assays and subsequent analysis. CAB and CGRP wrote the manuscript with all co-

authors aiding in revision. 

 

 

NOTE: Following this study, the protocol established for Calcium Retention Capacity was 

utilized in chapters 5 and 6.  
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Graphical Abstract 

Summary 

In isolated mitochondria, calcium-induced mitochondrial permeability transition pore (mPTP) 

opening is thought to be regulated by adenylates but the relative effects of adenylate cycling in 

permeabilized tissues is less explored. To determine the effect of adenylates on calcium retention 

capacity (CRC) as an index of mPTP in permeabilized muscle fibres, separate in vitro 

assessments of CRC were compared in media that did not contain ADP or received exogenous 

ADP that naturally equilibrated with ATP through endogenous ATP-dependent pathways 

(presence of both ADP and ATP). Comparisons were made to a hexokinase 2-deoxyglucose 

system that recycles ATP to ADP (depletion of ATP). In permeabilized mouse quadriceps fibres, 

we found that CRC was increased by ADP suggesting endogenous ADP-ATP equilibria attenuate 

mPTP. Supplementing ADP with the hexokinase ATP recycling clamp lowered CRC relative to 

ADP alone but had no effect relative to the absence of adenylates. This finding suggests ADP 

does not alter calcium-induced mPTP and that its regulation by adenylates is specific to ATP in 
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permeabilized mouse quadriceps fibres. Accelerating matrix ADP/ATP cycling with creatine had 

no effect on CRC when combined with 5mM ADP but more than doubled CRC (desensitized 

mPTP) when the hexokinase clamp was included. These results demonstrate the importance of 

considering adenylate equilibria during the design of in vitro assessments of calcium-induced 

mPTP in permeabilized muscle fibres. 

 

Keywords – Permeability transition pore; Apoptosis; Metabolism; Bioenergetics; Skeletal 

muscle; Permeabilized muscle fibres 
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Introduction 

Evidence suggests that mitochondria can trigger apoptosis and necrosis through formation of 

the permeability transition pore mPTP [470]. This event is increasingly linked to numerous cellular 

processes and pathologies [254, 470, 471]. mPTP is often assessed by in vitro fluorescent-based 

detection of mitochondrial calcium uptake in response to calcium titrations followed by eventual 

release through the mPTP once calcium retention capacity (CRC) is exceeded. As calcium-induced 

mPTP is influenced by adenylates [92, 94, 472-474] controlling [ADP], [ATP] and their 

equilibrium during in vitro assessments may influence mPTP measurements. Thus, comparing 

mPTP assessments with and without adenylates may reveal how the regulation of mPTP by ADP 

and/or ATP is altered in a given investigation and highlights the importance of careful 

consideration of in vitro assay conditions when assessing mPTP.  

In isolated heart mitochondria, micromolar calcium triggers mPTP but this event is partially 

attenuated by ADP and strongly attenuated by ATP [92]. In these experiments, the addition of ADP 

was supplemented with hexokinase and glucose to recycle mitochondrially-derived ATP to 

maintain a fixed [ADP] and prevent its depletion. However, in permeabilized tissues or cells, 

exogenously added ADP creates an equilibrium with ATP because mitochondrially-derived ATP 

is hydrolyzed by extra-mitochondrial ATPases and other ATP-dependent proteins which does not 

exist in isolated mitochondria [50]. Thus, the addition of a fixed concentration of ADP to 

permeabilized samples results in the presence of both adenylates albeit in an unknown ADP:ATP 

equilibrium. Given calcium-induced mPTP is robustly attenuated by ATP and partially attenuated 

by ADP in isolated heart mitochondria [92], permitting a natural equilibria between both adenylates 

may offer the advantage of retaining the distinct effects of each albeit without control of the actual 

concentrations.  

As ATP was shown to be a more potent suppressor of calcium-induced mPTP in isolated 

mitochondria [92], it is possible that combining ADP with a hexokinase system that recycles ATP 

to ADP would result in a greater mitochondrial sensitivity to calcium-induced mPTP due to 

depletion of ATP. In contrast, including ADP without a hexokinase clamp could lower the 

probability of mPTP in response to calcium due to natural equilibration with ATP in permeabilized 

muscle fibres. To our knowledge, these comparisons in permeabilized muscle fibres have not been 

performed in the literature. 
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Mitochondrial adenylate cycling is also sensitive to creatine [45]. By including creatine in assay 

media, mitochondrial creatine kinase-dependent phosphate shuttling becomes activated which 

ultimately accelerates matrix cycling of ADP/ATP (Figure 4-2A). Prior literature has shown that 

creatine combined with ADP can desensitize mitochondria to calcium-induced mPTP [94]. Other 

literature also supports a role for mitochondrial creatine kinase in regulating mPTP [475]. Thus, 

comparing the relative impact of creatine-independent and -dependent control of adenylate cycling 

could also provide additional insight into how mPTP is altered. The implications of in vitro assay 

design could be considerable given mPTP is altered in a growing list of diseases, stressors and 

biological contexts. 

As the role of mitochondrial stress in contributing to muscle disorders is becoming increasingly 

popular, there is uncertainty over whether the influence of adenylates and creatine on mPTP is 

consistent across muscle types, particularly when using permeabilized muscle fibres. Furthermore, 

it is also unknown if altering adenylates and creatine will lead to unique conclusions of how mPTP 

responds in models of muscle dysfunction.  

The first purpose of this investigation was to compare approaches that modulate ADP and 

creatine when assessing calcium-induced mPTP. Three major conditions were considered and 

tested in wildtype mouse muscle: (i) the absence of ADP, (ii) the inclusion of ADP (triggering 

equilibration with ATP), and (iii) an ATP recycling clamp using hexokinase and 2-deoxyglucose 

to maintain exogenously added ADP concentrations. All conditions were compared with and 

without creatine to accelerate matrix ADP/ATP cycling and shift the equilibrium towards ATP. 

The 2nd purpose of the investigation was to determine whether including ADP and creatine as 

physiologically relevant regulators altered the interpretation of calcium-induced mPTP events in 

an example biological context by comparing the D2.mdx mouse model of Duchenne muscular 

dystrophy [256] to wildtype mice.  

 

Materials and Methods 

Animal Care  

Male 4–8-week-old CD1 mice were utilized from an in-house colony established at York 

University (Toronto, Ontario) for the first purpose. For the second purpose, 3 week-old DBA/2J 

WT mice were ordered directly from Jackson Laboratories (Bar Harbor, USA) due to breeding 
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challenges [127] and allowed to acclimate for 7 days. These mice were compared to male 4 week-

old dystrophin-deficient D2.mdx mice were utilized from an in-house colony established at York 

University (Toronto, Ontario) and sourced from Jackson Laboratories. All animals were 

maintained on a 12:12-h light-dark cycle while being provided access to standard chow and water 

ad libitum. All experiments and procedures were approved by the Animal Care Committee at York 

University (AUP Approval Number 2016‐18) in accordance with the Canadian Council on Animal 

Care. 

Preparation of permeabilized muscle fibre bundles 

 

This technique was adapted from previous methods described elsewhere [23]. Muscles were 

excised carefully from mice while under heavy sedation with 5% isoflurane mixed with medical 

air at 2.0 l/min flow followed by removal of the heart. Muscles were immediately placed into ice-

cold BIOPS containing (in mM) 50 MES Hydrate, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 

0.5 dithiothreitol, 20 taurine, 5.77 ATP, 15 PCr, and 6.56 MgCl2·6 H2O (pH 7.1). Muscles were 

trimmed of connective tissue and fat and separated into small bundle sizes approximately 1.0-

2.5mg wet weight in size. Bundles were separated along the longitudinal axis to avoid membrane 

damage. Once separated and weighed, bundles were permeabilized with 40µg/uL saponin (Sigma 

Aldrich; Mississauga, ON) in BIOPS on a platform rotor for 30 minutes at 4°C. After 

permeabilization, bundles were placed in Buffer Y containing (in mM) 250 sucrose, 10 tris–HCl, 

20 tris‐base, 10 KH2PO4, and 0.5 mg/mL BSA, supplemented with 4mM EGTA and washed on a 

rotor at 4°C for 10 min. Fibres were then placed in a second wash of Buffer Y with 10 µM 

blebbistatin (Cayman Chemicals) to prevent rigor [476] until substrate titrations were initiated. 

Mitochondrial calcium retention capacity 

Mitochondrial calcium retention capacity was performed according to protocols described 

previously [23, 477] with modifications outlined in section 3 Results and Discussion.  Briefly, 

membrane impermeable Calcium Green-5N (Invitrogen) fluorescence was measured 

spectrofluorometrically (QuantaMaster 80, HORIBA Scientific) in a cuvette with 300 µL assay 

buffer containing 1 μM Calcium Green‐5N (Invitrogen), 2 μM thapsigargin, 5 μM blebbistatin, and 

40 μM EGTA while maintained at 37°C with continuous stirring. Prior to the start of each 

experiment, the cuvette was placed on a stir plate with 500 µL of water with 10 mM EGTA for a 
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minimum of 10 minutes. The water was then aspirated from the cuvette and replaced with assay 

buffer, chelating any residual Ca2+. 5 mM glutamate, 2 mM malate and varying concentrations of 

ADP outlined in section 3 were added to the assay buffer and minimum florescence was recorded. 

Calcium uptake by the mitochondria was initiated by a pulse of 8 nmol CaCl2 to overcome EGTA. 

Additional pulses of 4 nmol of CaCl2 are added until the mitochondrial permeability transition pore 

(mPTP) opening was observed as a spontaneous increase in fluorescence. Two pulses of 0.5 mM 

CaCl2 were then added to saturate the fluorophore, establishing maximum saturation of the probe 

(Fmax). Changes in free Ca2+ during mitochondrial Ca2+ uptake was then calculated using the known 

Kd for Calcium Green-5N and equations established for calculating free ion concentration [478]. 

Fibres are then lyophilized in a freeze‐dryer (Labconco, Kansas City, MO, USA) for ≥4 h and 

weighed on a microbalance (Sartorius Cubis Microbalance, Gottingen, Germany). Calcium 

retention was then normalized to fibre dry weight in mg. 

Statistics  

Results are expressed as means ± SD with the level of significance established as P < 0.05 for 

all statistics. Prior to statistical analyses, outliers were omitted in accordance with ROUT testing 

(Q=0.5%) and then tested for normality using a D'Agostino–Pearson omnibus normality test 

(GraphPad Prism 7 Software, La Jolla, CA, USA). All data was found to be normally distributed. 

To assess statistical differences on the effect of adenylates, a one-way ANOVA was utilized 

followed by a two-stage step-up method of Benjamini, Krieger and Yekutieli for controlling False 

Discovery rate (FDR) for multiple-group comparisons. To assess the effect of creatine on CRC, a 

two-way ANOVA was used followed by a two-stage step-up method of Benjamini, Krieger and 

Yekutieli for controlling False Discovery rate (FDR) in multiple-group comparisons. Lastly, 

unpaired t-tests were used to assess differences between the effect of the combination of ADP and 

creatine on CRC.  

 

Results and Discussion 

We first examined the effect of ADP on calcium-induced mPTP. This event was assessed by 

titrating calcium until mitochondrial calcium retention capacity (CRC) was exceeded and mPTP 

opening was triggered thereby releasing calcium into the assay buffer (Figure 4-1A). Using 

permeabilized muscle fibres from mouse quadriceps, exogenous additions of 5mM ADP increased 
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CRC (Figure 4-1B) which reflects an attenuation in mPTP. This finding is consistent with a 

previous report in isolated heart mitochondria [92]. Notably, this addition of ADP also increased 

variability in CRC which may be due to the unknown degree of ADP:ATP equilibration dependent 

upon endogenous ATP-hydrolyzing proteins in permeabilized muscle fibres [50]. We then repeated 

the CRC assay in the presence of hexokinase and the glucose analogue 2-deoxyglucose. In this 

system, ATP synthesized by mitochondria in response to exogenous additions of ADP are 

immediately reconverted back to ADP (Figure 4-1C). As shown in Figure 4-1B, this hexokinase 

ATP recycling clamp (causing ATP depletion) led to a robust reduction in CRC compared to ADP 

alone (ADP:ATP equilibria) which reflects a greater propensity for calcium-induced mPTP. These 

results in permeabilized muscle fibres are consistent with isolated mitochondria from heart 

whereby ATP attenuated calcium-induced mPTP albeit using exogenous additions of ATP [92]. 

However, this study demonstrated only a small attenuation of mPTP when ADP was combined 

with the hexokinase clamp to deplete ATP suggesting ADP is much less effective than ATP at 

attenuating mPTP. In Figure 4-1B, we show no effect of ADP in the absence of ATP (ADP + 

hexokinase clamp) suggesting only ATP is effective at attenuating mPTP in permeabilized muscle 

fibres as noted above when ADP and ATP were permitted to equilibrate. 
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Figure 4-1. The effect of adenylates on mitochondrial calcium retention capacity in mouse permeabilized quadriceps muscle fibre 

bundles. (A) Representative trace of calcium titrations prior to induction of mitochondrial permeability transition pore (mPTP) opening. 

(B) CRC experiments were repeated in separate permeabilized fibre bundles including 5mM ADP with or without hexokinase and 2-

deoxyglucose to recycle endogenously synthesized ATP from mitochondria back to ADP. (C) Addition of 2-deoxyglucose (2-DOG) and 

hexokinase (HK) to the media recycles ATP synthesized and exported by mitochondria (oval) using ADP that was added exogenously. 

Results represent mean  SD; * P<0.05; N=4-8. 
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To further explore the effects of adenylate cycling on CRC, we next compared the effect of 

creatine on accelerating matrix ADP/ATP. In this system, mitochondrial creatine kinase utilizes 

mitochondrial ATP synthesized by exogenous additions of ADP, to phosphorylate creatine to 

phosphocreatine that is then exported for recycling by extramitochondrial creatine kinases (Figure 

4-2A). This creatine-dependent phosphate shuttle shortens the distance required for the slower 

diffusing adenylates between matrix-inter membrane space domains, thereby accelerating matrix 

ADP/ATP cycling and shifting the equilibrium towards ATP. Creatine attenuated mPTP (increased 

CRC) in the presence of 5mM ADP fixed by the hexokinase ATP recycling clamp (depletion of 

ATP; Figure 4-2B). This observation is consistent with a prior report showing the combination of 

creatine and ADP attenuated mPTP albeit in the absence of the hexokinase clamp [94]. We then 

determined whether the presence of the hexokinase clamp altered the effect of creatine. By re-

analyzing the data in Figure 4-1B with a separate experiment of creatine and ADP in the absence 

of the hexokinase clamp, we no longer observed an effect of creatine on CRC (Figure 4-2C). Thus, 

the ability of creatine and ADP to attenuate mPTP was observed only in the presence of the 

hexokinase ATP recycling clamp. While speculative, this finding suggests that creatine’s influence 

on matrix ADP/ATP cycling is accelerated with exogenous hexokinase which might be facilitated 

by the higher extramitochondrial [ADP], perhaps by increasing ADP diffusion back to the 

mitochondria. The precise manner by which adenylate cycling achieves a balance between both 

kinases is unclear and could be explored in future experiments. 



62 
 

 

Figure 4-2. The effect of creatine on mitochondrial calcium retention capacity in mouse 

permeabilized quadriceps muscle fibre bundles. (A) The regulation of mitochondrial phosphate 

shuttling. In this system, matrix ATP is exported to the inner membrane space and 

dephosphorylated by mtCK. The phosphocreatine product is exported to the cytoplasm and 

recycled by cytosolic creatine kinases back to ATP. As creatine/phosphocreatine diffuses much 

faster than ADP/ATP, the system minimizes the diffusion distance of the more slowly diffusing 

adenylates to matrix-inner membrane space compartments and theoretically at local ATP-

dependent proteins outside of the mitochondria (ATPases are depicted as only one example). The 

result is an accelerated turnover of matrix ADP/ATP and a higher rate of oxidative phosphorylation 

compared to the direct cycling of ADP and ATP between mitochondrial and cytoplasmic 

compartments as occurs in the absence of creatine in assay media. The experimental evidence for 
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this system is described previously [43-46, 53, 54, 479]. V, Complex V; mtCK, mitochondrial 

creatine kinase; ANT, adenine nucleotide translocase; VDAC, voltage-dependent anion carrier; 

cCK, cytosolic creatine kinase. Made with BioRender. (B) Mitochondrial calcium retention 

capacity was assessed in mouse quadriceps with creatine and ADP in assay media. All data was 

collected in the presence of the hexokinase 2-deoxyglucose clamp to eliminate ATP and maintain 

fixed concentrations of ADP. Creatine accelerates mitochondrial ADP/ATP turnover. (C) The 

effect of creatine on mitochondrial calcium retention capacity in the presence of ADP. 

Mitochondrial calcium retention capacity in the presence of ADP from Figure 4-1B was compared 

to a separate experiment including both ADP and creatine. Results represent mean  SD; * P<0.05; 

n=4-6.  

Thus, while the attenuation of mPTP by creatine in permeabilized fibres is similar to a 

previous report in isolated mitochondria [94], the requirement of the hexokinase clamp is difficult 

to explain and the discrepancy between both studies in the absence of the clamp is not apparent. It 

is unclear if these differences are related to the tissue source of isolated mitochondria wherein 

expression levels of mitochondrial creatine kinase might be higher in the livers that were 

genetically modified to express mitochondrial creatine kinase [94] as compared to quadriceps in 

this study, but such comparisons have not been performed. The assay conditions from this prior 

study also included 1mM ATP which would result in very low ADP. As creatine increases 

mitochondrial respiratory sensitivity to sub-maximal ADP concentrations in particular [46], future 

experiments could compare the effect of creatine with and without the hexokinase clamp at an even 

greater range of ADP concentrations used in the present study. Nevertheless, the results from 

Figure 4-1B and 4-1C suggest creatine attenuates CRC in permeabilized muscle fibre bundles from 

wildtype quadriceps when the hexokinase clamp is present.  

One corollary of these findings is that the design of in vitro assessments of CRC might reveal 

distinct aspects of mPTP responses to a given biological stressor or context. For example, repeating 

CRC assessments with or without adenylates and/or creatine could give insight into whether their 

regulatory influence on mPTP is altered. To test this possibility, we compared CRC in the D2.mdx 

model of Duchenne muscular dystrophy to wildtype mice using permeabilized cardiac left ventricle 

fibres (Figure 4-3A-C). Previously, we demonstrated no difference between D2.mdx and wildtype 

CRC in this muscle, but the assay design did not combine ADP and creatine during in vitro 

assessments [22]. As this report also showed mitochondrial insensitivity to ADP and creatine 

during respiration and H2O2 emission, an outstanding question from this work is whether such 

insensitivity also applies to the regulation of mPTP. To test this possibility, we performed new 
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experiments in D2.mdx and wildtype mouse permeabilized left ventricle fibres. We excluded the 

hexokinase clamp to permit a natural equilibration of ADP and ATP given the results from Figure 

4-1B demonstrated that an equilibrium of both adenylates is more effective at regulating CRC vs 

the presence of ADP alone. As shown in Figure 4-3, there were no differences between D2.mdx 

and wildtype CRC whether it was assessed with ADP with or without creatine. This suggests that 

the prior discovery that mitochondrial creatine insensitivity occurs during respiration and H2O2 

emission [23] does not manifest as a loss of creatine control of mPTP, at least at this young stage 

of disease (4 weeks of age), in left ventricle, and when creatine is combined with high ADP 

concentrations (5mM). While we chose a high ADP concentration for the current experiment, we 

did not rule out whether creatine would have a different effect at low ADP concentrations in 

D2.mdx mice which is plausible given creatine sensitizes mitochondria to sub-maximal ADP 

concentrations [46]. Nevertheless, the similar results with either in vitro protocol strengthens the 

prior conclusion [22] that calcium-induced mPTP is not altered in the left ventricle at an early stage 

of myopathy in dystrophin deficient mice. In so doing, there is clear value in comparing multiple 

assay conditions when assessing CRC. Lastly, while we reached a similar conclusion with either 

in vitro assay design, our choice of model and muscle type is only one of many biological contexts 

that could be considered. In this light, the clear influence of ADP and creatine on CRC in 

quadriceps (Figures 4-1 and 4-2) demonstrates the potential opportunity of identifying unique 

conclusions of how CRC is regulated by adenylates and creatine when designing investigations 

focused on a variety of biological contexts.
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Figure 4-3. The effects of creatine and ADP on mitochondrial calcium retention capacity in mouse permeabilized left ventricle 

fibre bundles from D2.mdx mice. Mitochondrial creatine retention capacity was assessed in permeabilized fibres from 4-week-old D2A 

wildtype and D2.mdx mice. First, CRC was assessed in the absence of both ADP and creatine (A). Next, CRC was assessed in the 

presence of 5mM ADP and the absence (B) or presence of creatine (C). The hexokinase 2-deoxyglucose clamp was eliminated to ensure 

the presence of both ADP and ATP through natural equilibrium pathways endogenous to permeabilized muscle fibres. N=10-13.  
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Perspectives, Limitations and Conclusions 

These results demonstrate that in vitro assessments of calcium-induced mPTP in permeabilized 

muscle fibres are influenced by adenylates. Specifically, calcium-induced mPTP is suppressed by 

exogenous additions of ADP compared to ADP combined with a hexokinase 2-deoxyglucose 

system of recycling ATP to ADP. As ADP equilibrates with ATP in permeabilized muscle fibres, 

this finding indicates that the suppression of mPTP by exogenous ADP is due to the presence and 

cycling of both ADP and ATP. In quadriceps muscle, combining creatine with ADP also suppresses 

mPTP but only when the hexokinase clamp is present. This finding warrants similar considerations 

for future experiments in permeabilized systems across cell types and species and using a range of 

ADP and creatine concentrations. Likewise, consideration of other exogenously added adenylate 

recycling systems could be considered including the ADP to ATP recycling clamp created by 

pyruvate kinase and phosphoenol pyruvate [480] or clamping ADP and ATP at calculated ratios 

[481]. 

For perspective, while the hexokinase ATP to ADP recycling system would eliminate extra-

mitochondrial ATP, it is unlikely to completely eliminate matrix ATP as adenylates will continue 

to cycle. However, it seems likely that an attenuation of ATP occurs in the matrix which is thought 

to be the location where adenylates regulate mPTP. However, one study suggested there may also 

be an adenylate regulatory site of the mPTP outside of the matrix [474]. Overall, it seems plausible 

that the hexokinase clamp reduces the net exposure of mPTP to ATP as intended. 

Collectively, these results demonstrate the impact of modeling adenylate cycling on calcium 

retention capacity-based assessments of mPTP in permeabilized muscle fibres. Careful 

consideration of the relevance of adenylate cycling to a given experimental question could 

influence the design of in vitro assessments in permeabilized muscle fibres with the aim of gaining 

greater insight into the regulation of mPTP in various biological contexts. 

 

Abbreviations 
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H2O2 

 

Calcium retention capacity 

Hydrogen peroxide 

mPTP Mitochondrial permeability 
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Chapter 5: Mitochondrial creatine sensitivity is lost in the D2.mdx model of 

Duchenne muscular dystrophy and rescued by the mitochondrial-enhancing 

compound Olesoxime 

 

This chapter is an original published article. It is presented in its published form.  

Mitochondrial creatine sensitivity is lost in the D2.mdx model of Duchenne muscular dystrophy 

and rescued by the mitochondrial-enhancing compound Olesoxime. CA Bellissimo, LJ Delfinis, 

MC Hughes, PC Turnbull, S Gandhi, SN DiBenedetto, FA Rahman, P Tadi, C Amaral, A Dehghani, 

JN Cobley, J Quadrilatero, U Schlattner, and CGR Perry. American Journal of Physiology- Cell 

Physiology. DOI: 10.1152/ajpcell.00377.2022 

 

Assay Development Prior to the Start of Project 1: 

1. Six Minute Voluntary Movement Tracker  

2. Cryosection of OCT Embedded Tissue 

3. Hematoxilyn and Eosin,Picrosirius Red Staining and Immunofluorescent determination of 

myosin heavy chain 

a. This method adapted for in house use and was utilized in again in chapters 5  and 6. 

Further, this technique benefited the collaborative aspect of my PhD where I 

instructed laboratory members in proper cryosection and histological techniques 

that was utilized in Delfinis et al (2022), Chapter 6 and other projects underway. I 

additionally established the in-house protocol for immunofluorescent detection of 

myosin heavy chain that was similarly performed in this study by collaborators and 

utilized in Chapter 6.  

4. Reduced thiol detection of mtCK 

Author Contributions: The majority of the experiments for this study were performed by 

Catherine A Bellissimo (CAB). CAB maintained the breeding colony required for this project as 

well as subsequent studies (Chapters 5-7) after being established by MCH. CAB and LJD 

performed oral gavages and all whole body muscle function test (cage hang time, grip strength, 

voluntary running wheel). CA completed all voluntary movement tracking after training from 
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CAB. CAB completed µCT scans with PT completing analysis. CAB completed in vitro diaphragm 

force assessments and analysis. Tissue harvests were performed by CAB with LJD, AD and SND 

aiding in tissue processing after collection. CAB separated all muscle fibres bundles. CAB and 

LJD performed all mitochondrial bioenergetic assays (respiration, mH2O2 emission and calcium 

retention capacity) with CAB and SG performing analysis. Due to the nature of bioenergetic 

assessments, two people are required to perform these assays efficiently on fresh viable tissue. PCT 

performed all glutathione measurements with assistance from CAB on tissue preparation. CAB and 

SND performed all immunohistochemistry staining and analysis. FAR performed 

immunofluorescent detection of skeletal muscle fibre type and analysis. CAB performed all serum 

CK, western blotting, reduced thiol detection of mtCK, caspase assays, subsequent analyses and 

statistical testing. CAB and CGRP wrote the manuscript with all co-authors aiding in revision.  
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Graphical Abstract 

 

Abstract 

Duchenne muscular dystrophy (DMD) is associated with distinct mitochondrial stress responses. 

Here, we aimed to determine whether the prospective mitochondrial-enhancing compound 

Olesoxime prevents early-stage mitochondrial stress in limb and respiratory muscle from D2.mdx 

mice using a proof-of-concept short-term regimen spanning 10-28 days of age. As mitochondrial-

cytoplasmic energy transfer occurs via ATP- or phosphocreatine-dependent phosphate shuttling, 

we assessed bioenergetics with or without creatine in vitro. We observed that disruptions in 

Complex I-supported respiration and H2O2 emission in D2.mdx quadriceps and diaphragm were 

amplified by creatine demonstrating mitochondrial creatine insensitivity manifests ubiquitously 

and early in this model. Olesoxime selectively rescued or maintained creatine sensitivity in both 

muscles, independent of the abundance of respiration-related mitochondrial proteins or 

mitochondrial creatine kinase cysteine oxidation in quadriceps. Mitochondrial calcium retention 

capacity and glutathione were altered in a muscle-specific manner in D2.mdx but were generally 

unchanged by Olesoxime. Treatment reduced serum creatine kinase (muscle damage) and 

preserved cage hang-time, microCT-based volumes of lean compartments including whole body, 
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hindlimb and bone, recovery of diaphragm force after fatigue, and cross-sectional area of 

diaphragm type IIX fibre, but reduced type I fibres in quadriceps. Grip strength, voluntary wheel-

running and fibrosis were unaltered by Olesoxime. In summary, locomotor and respiratory muscle 

mitochondrial creatine sensitivities are lost during early stages in D2.mdx mice but are preserved 

by short-term treatment with Olesoxime in association with specific indices of muscle quality 

suggesting early myopathy in this model is at least partially attributed to mitochondrial stress. 

 

Introduction 

Duchenne muscular dystrophy (DMD) is a debilitating and progressive muscle wasting disease 

resulting from a mutation in the gene encoding the protein dystrophin [111, 482]. By connecting 

the cytoskeleton to the sarcolemma, dystrophin promotes membrane stability during muscle 

contraction and is a key component of the dystroglycan complex that cross-links the cytoskeleton 

to the extracellular matrix. The absence of dystrophin results in cell membrane instability and 

muscle fibre tearing during contraction [483]. Constant cycles of fibre degeneration are associated 

with considerable inflammation as well as many intracellular stressors including elevated cytosolic 

calcium, cytoskeletal disorganization, and both redox and metabolic abnormalities. Each of these 

disruptions have been associated with mitochondrial stress responses [256], but the degree to which 

mitochondria contribute to muscle weakness in DMD remains to be determined. 

The emergence of mitochondrial enhancing therapeutics provides an opportunity to revisit the role 

of mitochondrial stress in a variety of diseases. However, in some cases, the potential clinical 

efficacy of the compounds somewhat outpaces the discovery of their mechanisms of action. For 

example, the cholesterol-based compound Olesoxime (cholest-4-en-3-one oxime, or TRO1966) 

promoted motor neuron survival, improved motor performance, and extended lifespan using in 

vitro and in vivo models of amyotrophic lateral sclerosis (ALS) [429]. While mitochondrial 

assessments were not performed in these models, separate experiments in a variety of brain-derived 

cell lines found that Olesoxime accumulated in mitochondria [428] and interacted with the voltage 

dependent anion channel (VDAC) [429]. This protein was considered to be a putative component 

of the pro-apoptotic mitochondrial permeability transition pore (mPTP), and several effects 

attributed to mPTP inhibition were reported. These include reduced mitochondrial-linked apoptosis 

in cultured motor neurons [429], in a rat model of Huntington’s [430] and camptothecin 
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chemotherapy exposure [431], as well as other anti-mPTP effects in HeLa cells [428] and in 

cardiomyocytes exposed to doxorubicin chemotherapy [428]. These lines of evidence suggest a 

potential to treat other conditions that present with dysregulated mPTP. However, the effect of 

Olesoxime on other mitochondrial bioenergetic functions in conditions causing mitochondrial 

stress remains unclear.  

The degree to which Olesoxime may benefit muscle-weakness disorders remains uncertain. 

Clinical trials of spinal muscle atrophy yielded mixed results [25, 27, 484-486], while some studies 

in mouse models of DMD reported increased mPTP [23, 25, 27].  Thus, further investigation into 

the potential for Olesoxime to treat muscle weakness in mdx mice seems warranted, especially one 

with an expanded assessment of bioenergetic functions relevant to muscle weakness including 

oxidative phosphorylation and reactive oxygen species generation. We also assessed the ability of 

calcium stress to trigger mPTP given the excess cytosolic calcium in dystrophic fibres are thought 

to contribute to fibre degeneration, and Olesoxime’s effects on calcium as a specific trigger of 

mPTP is less studied. As Olesoxime passed Phase I clinical trials for safety [433, 434], any 

potential benefit of this drug in other disorders could be translated to clinical applications more 

rapidly. 

In this study, we employed a short-term treatment protocol as a proof-of-principle design that 

targets the early stages of myopathy in the D2.mdx mouse model of DMD given we have previously 

characterized several relationships between muscle dysfunction and mitochondrial stress, including 

mPTP, at 4 weeks of age in this model [22-24]. Here, we report a novel effect by which Olesoxime 

protects mitochondrial bioenergetics by preserving mitochondrial function of creatine. This effect 

was found in both locomotor and respiratory muscles, suggesting a ubiquitous mechanism. This 

improved mitochondrial creatine sensitivity was generally linked to preserving oxidative 

phosphorylation and attenuating increased mitochondrial hydrogen peroxide emission (mH2O2), 

but surprisingly not calcium-induced mPTP. This short-term treatment protocol at early stages of 

the disease led to a robust reduction in the muscle damage marker serum creatine kinase as well as 

modest benefits to various indices of muscle quality. The findings indicate attenuated 

mitochondrial creatine functions may be one component of the stressors influencing early stages 

of myopathy during dystrophin deficiency which warrants longer term investigations. 
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Materials and Methods  

Animal Care 

Male D2.mdx mice were bred from an in-house colony established at York University (Toronto, 

Ontario). Mice were housed with littermates until sacrifice (28 day) and then were separated for 

functional testing commencing 48 hours prior to sacrifice. 3 week-old DBA/2J WT mice were 

ordered directly from Jackson Laboratories (Bar Harbor, USA) due to low breeding performance 

experienced in-house as reported previously [487] and allowed to acclimatize for 7 days prior to 

sacrifice. Mice were maintained on a 12:12-h light-dark cycle while being provided access to 

standard chow and water ad libitum. All experiments and procedures were approved by the Animal 

Care Committee at York University (AUP Approval Number 2016‐18) in accordance with the 

Canadian Council on Animal Care. 

Olesoxime Treatment 

D2.mdx mice were treated with Olesoxime (30mg/kg body weight/day) dissolved in corn oil [429, 

435, 488] or corn oil alone via oral gavage adapted for young pups [489]. Treatment lasted from 

10 days of age to 28 days (up to 30 days of age).    

Body Composition and Functional Assays 

In vivo computed tomography was assessed as previously described [23] with threshold for fat free 

mass set to 39-50 and normalized to body weight in grams. Voluntary wheel running, cage hang 

time and forelimb grip strength were assessed as described previously [23].  

6 Minute Voluntary Movement Tracker 

Voluntary ambulation was monitored according to the protocol established by Gibbs et al. [490]. 

Animals were placed in an open field container and movement was recorded for 6 minutes and 

analyzed using Kinovea software (kinovea.org). The cumulative distance moved in centimeters 

over the 6-minute period was recorded.  

Serum Creatine Kinase 

Serum creatine kinase activity (U/L) was assessed spectrofluorometrically (QuantaMaster 80, 

HORIBA; emission 450nm) using the Pointe Scientific Serum Creatine Kinase Kit (Pointe 
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Scientific, Canton, MI, USA) and calculated from the rate of NADPH production applied to a 

standard curve performed under the same conditions and volume dilution as samples.  

In-Vitro Diaphragm Force 

Assessment of in-vitro diaphragm force has been partially adapted from [491, 492]. Briefly, the 

entire diaphragm was excised and placed in ice cold Ringer solution containing (in mM) 121 NaCl, 

5 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaHPO4, 24 NaHCO3, 5.5 glucose and 0.1 EDTA; pH 7.3. A 

diaphragm strip, no more then 3-4mm in width, from the lateral costal hemidiaphragm was cut with 

adjacent sections of the rib and part of the central tendon as demonstrated in [493]. Silk suture was 

attached to the central tendons and the ribs and secured in a bath with oxygenated Ringers solution 

(95% O2/5% CO2) maintained at 25°C with ribs secured to the force transducer with an s hook and 

central tendon to the lever arm. The diaphragm was positioned between two platinum electrodes 

driven by a biphasic stimulator (Model 305C; Aurora Scientific, Inc., Aurora, ON, Canada) and 

allowed to acclimatize for 30 minutes. Optimal resting length (L0) was found using single twitches 

until maximal force was attained. A force-frequency curve was performed (1,10,20,40,60,80, 100, 

120, 140Hz) with 1 minute of rest between contractions with a final 5- minute rest period provided 

before a fatiguing protocol was performed (70Hz for 350ms every 2 seconds for 5 minutes). 

Recovery from fatigue was assessed at 5-, 10- and 15-minutes post fatigue at the frequency that 

elicited maximum force in the force-frequency protocol. Force production was analyzed using 

Dynamic Muscle Control Data Acquisition software (Aurora Scientific, Inc) and normalized to 

cross sectional area (CSA) of the muscle strip (m/l*d) where m is the mass of the strip devoid of 

the central tendon and ribs, l is the length (from the point of insert on the ribs to the myotendinous 

junction of the central tendon) and d is the mammalian skeletal muscle density (1.06g/mm3) [494]. 

Preparation of permeabilized muscle fibre bundles 

This technique was adapted from previous methods as described elsewhere [23, 495]. Quadriceps 

and diaphragm muscles were excised carefully from mice while under heavy sedation using 

isoflurane. A piece of the non-stimulated quadriceps or diaphragm was removed and placed 

immediately into ice-cold BIOPS containing (in mM) 50 MES Hydrate, 7.23 K2EGTA, 2.77 

CaK2EGTA, 20 imidazole, 0.5 dithiothreitol, 20 taurine, 5.77 ATP, 15 PCr, and 6.56 MgCl2·6 H2O 

(pH 7.1). Both muscles were trimmed of connective tissue and fat and separated along the 

longitudinal axis into small bundles weighing approximately 1.0-2.5mg wet weight for respiration 
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and mH2O2 and 0.5-1.4mg wet weight for calcium retention capacity. Bundles were permeabilized 

with 40µg/µL saponin (Sigma Aldrich; St. Louis, MI, USA) in BIOPS on a platform rotor for 30 

minutes at 4°C. The permeabilized bundles were then transferred to wash buffers to remove 

saponin as follows: MiRO5 for mitochondrial respiration, Buffer Z for mitochondrial H2O2 

emission (mH2O2), and Buffer Y for calcium retention capacity. The composition of each buffer 

has been described previously [23]. Fibres prepared for complex I-supported mitochondrial H2O2 

emission (mH2O2) were permeabilized in the presence of 35µM 2,4-dinitrochlorobenzene (CDNB) 

to deplete glutathione and allow for detectable rates of mH2O2 [496]. All bioenergetic assays were 

performed within 4 hours of washing to maintain fibre viability.  

Mitochondrial respiration 

Mitochondrial respiration was performed as described in [23, 495]. High resolution oxygen 

consumption was performed in 2mL of MiRO5 supplemented with (creatine-dependent) or without 

(creatine independent) 20mM creatine to saturate mitochondrial creatine kinase activity [495, 497] 

to permit assessments of mitochondrial creatine sensitivity. O2 consumption was measured using 

the Oroboros Oxygraph-2K (Oroboros Instruments, Corp., Innsbruck, Austria) while stirring at 

37°C in the presence of 5µM blebbistatin to prevent spontaneous muscle fibre contraction in 

response to ADP [495]. Each chamber was oxygenated with 100% pure O2 to an initial 

concentration of ~350 μM and experiments were completed before chamber [O2] reached 150 μM 

[498, 499]. Prior to permeabilization, fibre bundles were gently and quickly blotted, weighed in 

~1.5 mL of tared cold BIOPS (ATP‐containing relaxing media) to ensure fibres remained relaxed. 

Respiration was normalized to bundle wet weight. Complex I-supported respiration was stimulated 

using 5mM pyruvate and 2mM malate (NADH) followed by a titration of ADP concentrations from 

physiological ranges (25, 100) to supraphysiological (500) and saturating to stimulate maximal 

coupled respiration (5000 µM). An addition of 10µM cytochrome c was added to test mitochondrial 

outer membrane integrity. Experiments with low ADP-stimulated respiration (bundles that did not 

respire in response to ADP stimulus) or high cytochrome c responses (>15% increase in respiration) 

were removed (17 out of 192 bundles). Lastly, 20mM succinate (FADH2) was added to support 

complex-II respiration.  

Mitochondrial H2O2 Emission (mH2O2) 
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mH2O2 emission was performed as described [23]. mH2O2 was determined spectrofluorometrically 

(QuantaMaster 40, HORIBA Scientific, Irvine, CA, USA) utilizing Buffer Z containing 10µM 

Amplex Ultra Red (Life Technologies; Carlsbad, CA, USA), 1U/mL horseradish peroxidase, 1mM 

EGTA, 40U/mL Cu/Zn SOD1, 5µM blebbistatin and 20mM Cr. Complex I-supported mH2O2 was 

initiated through the addition of 10mM pyruvate and 2mM malate (NADH; forward electron flow) 

and separately with 10mM succinate (FADH2; reverse electron flow from Complex II to I). The 

ability of ADP to suppress mH2O2 was assessed with a titration of physiological concentrations 

(25, 100) and saturating for oxidant generation (500µM). All protocols were repeated without 

creatine in the assay buffer to permit comparisons with the creatine condition, thereby allowing 

assessments of mitochondrial creatine sensitivity. Bundles were lyophilized in a freeze‐dryer 

(Labconco, Kansas City, MO, USA) for >4 h and weighed on a microbalance (Sartorius Cubis 

Microbalance, Gottingen, Germany).  

The rate of mH2O2 emission was calculated and converted to [mH2O2] using a standard curve under 

the same assay conditions and then normalized to fibre bundle dry weight.  

Mitochondrial calcium retention capacity  

Mitochondrial calcium retention capacity was performed as previously described but with 

modifications [23, 477]. This assay was measured spectrofluorometrically (QuantaMaster 80, 

HORIBA Scientific) in a cuvette with 300µL assay buffer containing 1 μM Calcium Green‐5N 

(Invitrogen), 2 μM thapsigargin, 5 μM blebbistatin, and 40 μM EGTA while maintained at 37°C 

with continuous stirring. 5mM glutamate, 2mM malate, 5mM ADP and 20mM creatine were added 

to the assay buffer and minimum fluorescence was recorded. 4nmol pulses of CaCl2 were added 

until the mitochondrial permeability transition pore (mPTP) opening was observed as an increase 

in fluorescence corresponding to net mitochondrial calcium release, at which point saturating 

pulses of CaCl2 were used to establish maximum fluorescence. Changes in free Ca2+ during 

mitochondrial Ca2+ uptake were then calculated using the known Kd for Calcium Green-5N and 

equations established for calculating free ion concentration [478]. Calcium retention was then 

normalized to fibre bundle dry weight. 

Histochemical & Immunofluorescent Staining 
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Excised quadriceps and diaphragm were mounted for histology and immunofluorescence in Tissue 

Plus Optimal Cutting Temperature compound (OCT; Fisher Healthcare), frozen in isopentane 

chilled in liquid nitrogen and stored at -80°C. Sample collected were cut into 10µm thick serial 

cross sections with a cryostat (Thermo Fisher Scientific; Kalamazoo, MI, United States;) 

maintained at -20°C on Fisherbrand Superfrost Plus slides (Thermo Fisher Scientific). 

Hematoxylin and eosin (H&E) and picrosirius red (PSR) staining was used to assess muscle health 

and fibrosis as previously described [23]. Centralized nuclei, a marker of regenerating fibres, was 

analyzed by selecting five evenly spaced images throughout the muscle and averaging the result. 

Areas of necrosis (fibres with fragmented sarcoplasm and immune cell infiltration) were expressed 

as a percentage of the entire muscle section. PSR staining was used to assess fibrotic regions and 

was expressed as a percentage of whole muscle section. Images were taken using EVOS M7000 

imager (Thermo Fisher Scientific) using 20X magnification and analyzed using ImageJ 

(http://imagej.nih.gov/ij/). Immunofluorescent analysis of myosin heavy chain expression was 

previously described [500]. Images were taken with EVOS M7000 equipped with standard red, 

green, blue filters cubes. Fibres that were not positively stained were considered IIX fibres. These 

images were then analyzed with ImageJ for fibre type distribution and cross-sectional area (CSA).  

Caspase Activity 

The enzymatic activities of caspase 3, 8 and 9 were measured spectrofluorometrically using 

substrates Ac‐DVED‐AMC, AC-IETD-AMC and Ac‐LEHD‐AMC (Enzo Life Sciences, 

Farmingdale, NY) respectively, as described elsewhere [501, 502]. Samples were homogenized in 

ice cold lysis buffer without protease inhibitors and pipetted into a 96 well plate where they were 

incubated with appropriate substrate. Fluorescence was read for 1 hour and maximal activity was 

recorded and normalized to the total protein content.  

Glutathione 

Reduced glutathione (GSH) and oxidized glutathione (GSSG) were assessed by UV-HPLC and 

fluorescent HPLC respectively using the Shimadzu Nexera X2 UHPLC system (Mandel Scientific 

Company Inc. Guelph, Canada). Quadriceps and diaphragm muscles were prepared according to 

[503] in tris buffer (50 mmol/L Tris (hydroxymethyl) amino methane buffer containing 20 mmol/L 

Boric acid, 2 mmol/L L-serine, 20 μmol/L Acivicin, and 5 mmol/L N-ethylmaleimide (NEM)) and 

acidified using TCA and PCA for GSH and GSSG, respectively. Separation was achieved using a 
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Zorbax C18 column (Agilent Technologies, Mississauga, ON, Canada). GSH was measured under 

isocratic conditions by monitoring NEM-GSH using a 0.25% glacial acetic acid mobile phase with 

6% acetonitrile at 1.05ml/min flow rate detected at 265nm. GSSG was measured using GS-o-

pthalymide (0.1%) conjugate excited at 350nm and detected at 420nm emission using 

HPLC/UHPLC fluorescence detector (Mandel Scientific). GSSG samples were diluted in 0.5M 

NaOH and run using 25mM Na2HPO4 in HPLC-grade H2O with 15% methanol mobile phase at a 

0.5mL/min flow rate. Distinct standard curves were applied to both GSH and GSSG and all samples 

were normalized to protein content measured using bicinchoninic acid protocols (Life 

Technologies, Carlsbad, CA, USA).  

Western Blotting 

Western blotting was performed to determine expression levels of VDAC, adenine nucleotide 

translocase (ANT), electron transport chain proteins (OXPHOS) and mitochondrial creatine kinase 

(mtCK) using standard SDS-PAGE procedures. Frozen sections of quadriceps and diaphragm from 

each muscle (approximately 10-30mg in size) were homogenized using a plastic microcentrifuge 

tube with tapered Teflon pestle in ice-cold buffer containing (in mM) 40 Hepes, 120 NaCl, 1 

EDTA, 10 NaHP2O7·10H2O pyrophosphate, 10 β‐glycerophosphate, 10 NaF, and 0.3% CHAPS 

detergent (pH 7.1 adjusted using KOH) supplemented with protease inhibitor (1:200) and 

phosphatase 2/3 inhibitors (1:100). A 10% acrylamide gel was used for mtCK while all other 

proteins were resolved using a 12% acrylamide gel.  All gels were transferred onto 0.2µm low 

fluorescence PVDF membrane (Bio-Rad, Mississauga, Canada) and blocked with Li-COR 

Odyssey Blocking Buffer (LI‐COR, Lincoln NE, USA) for 1 hour. Membranes were then incubated 

with specific primary antibodies (listed below) overnight at 4°C. A commercially available 

monoclonal rodent OXPHOS Cocktail (ab110413; Abcam, Cambridge, UK, 1:250 dilution) 

including V‐ATP5A (55 kDa), III‐UQCRC2 (48 kDa), IV‐MTCO1 (40 kDa), II‐SDHB (30 kDa), 

and I‐NDUFB8 (20 kDa) were used to detect electron transport chain proteins. Commercially 

available polyclonal antibodies were used to detect VDAC 2 (32059, 33 kDa; Santa‐Cruz, 1:1000) 

and ANT 1 (ab180715, 32 kDa; Abcam, 1:1000). The primary antibody for mtCK was a polyclonal 

serum based primary antibody kindly provided by Dr Uwe Schlattner (Grenoble, France; 42 kDa, 

1:1000) and has been previously validated [504]t. After overnight primary antibody incubation, 

membranes were washed three times (5 minutes each time) in TBS-T and incubated at room 
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temperature with appropriate fluorescent secondary antibody (LI-COR). Prior to detection, 

membranes were washed in TBS-T three times for 5 minutes and then imaged using infrared 

imaging (LI‐COR CLx; LI‐COR, Lincoln, NE, USA) and quantified by densitometry (ImageJ, 

http://imagej.nih.gov/ij/). All images were normalized total protein assessed between 25-75kDa 

from the same membrane stained using Amido Black total protein-stained membrane (A8181, 

Sigma). Western blots were at times performed on tissues from separate mice than those used for 

mitochondrial bioenergetics and histology given the very small muscles at this young age, 

particularly in the D2.mdx groups, were insufficient for all analyses in this study. As such, 

bioenergetics data were not normalized to western blot markers of the mitochondrial proteins 

outlined above. 

Reduced thiol detection of mtCK 

The redox state of mtCK thiols was assessed by labeling free thiol using IR-Dye 800CW-maleimide 

(LiCor Biotechnology, Lincoln, NE, USA) as described previously but with slight modifications 

[505, 506]. Briefly, quadriceps tissue was homogenized in lysis buffer (25 mM Tris-HCl pH 7.2, 

150 mM NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol supplemented with a fresh protease 

inhibitor tablet). Samples were incubated overnight at 4°C with IR-Dye 800CW at 100nM/200µg 

total protein. Samples were then spun through Zeba desalting columns (Exclusion size: 7 kDa MW 

cutoff; Thermo Fisher Scientific) twice, to remove excess dye and small free thiols that could 

sequester the dye, and a protein concentration was determined using a BCA assay. 1mg of Protein 

G SureBeads (Bio-Rad) were incubated with 1µg s-mtCK (Santa Cruz Biotechnology) for 10 

minutes at room temperature followed by 600µg of IR-Dye 800CW-labelled proteins, incubating 

overnight at room temperature. Bound proteins were then eluted with 20mM glycine (pH 2.0) and 

were subjected to 10% SDS-PAGE. The gels were scanned using infrared imaging (LI-COR CLx) 

and quantified by densitometry (ImageJ). In this assay (essentially macroscale ALISA [507]), 

target-specific redox state is calculated as (IR-MAL/Total target), with total mtCK being 

determined via immunoblot. An increase in reversible cysteine oxidation would manifest as a loss 

of IR-MAL signal. 

Statistics 

Results are expressed as means ± SD with the level of significance established as P < 0.05 for all 

statistics. Prior to statistical analyses, outliers were omitted in accordance with ROUT testing 



81 
 

(Q=0.5%) and then tested for normality using a D'Agostino–Pearson omnibus normality test 

(GraphPad Prism Software, La Jolla, CA, USA). State III respiration and mH2O2 were analyzed 

using a two‐way ANOVA followed by uncorrected Fisher LSD post hoc testing when appropriate 

given the risk for false discovery rate is very low with a 3-group design [508, 509]. For all other 

data, statistical differences were analyzed using a one-way ANOVA (or Kruskal-Wallis for non-

parametric results) between all 3 groups followed by uncorrected Fisher LSD or uncorrected 

Dunn’s test (when non-parametric) post hoc analyses where appropriate. To assess creatine 

sensitivity in bioenergetic measurements, a two-way ANOVA within groups was applied to data 

collected at 100 and 500µM ADP were examined given that 25µM and 5mM ADP are less sensitive 

to creatine. 

Results  

Olesoxime preserves mitochondrial bioenergetics in a creatine-dependent manner 

To study the effect of Olesoxime on mitochondrial bioenergetics, we determined mitochondrial 

respiration (a measure of oxidative phosphorylation) and H2O2 generation (a product of electron 

slip from the electron transport chain) in permeabilized fibre bundles of three experimental groups: 

wildtype mice (WT), D2.mdx mice (D2.mdx), and D2.mdx mice treated with Olesoxime for 18 d 

(Olesoxime). We designed in vitro assays that distinguish two different pathways of energy transfer 

between mitochondria and cytoplasm (Figure 5-1): respiratory stimulation by either ADP alone or 

a combination of ADP and creatine. The latter creatine-stimulated respiration accelerates 

intramitochondrial recycling of ADP and export of phosphocreatine, an energy-rich intermediate 

that is more highly concentrated and diffusible as compared to ADP [43-46, 53, 54, 479]. As the 

effect of creatine and mitochondrial respiration in general depend on ADP concentration, the 

primary signal of cellular energy turnover, we also analyzed a range of ADP concentrations.  



82 
 

 

Figure 5-1. Schematic representation of creatine dependent and independent control of 

oxidative phosphorylation and mH2O2. Creatine independent phosphate shuttling between 

mitochondrial and cytoplasmic compartments (left) occurs via ADP/ATP cycling across the 

voltage-dependent anion carrier (VDAC) on the outer mitochondria membrane and adenosine 

nucleotide translocase (ANT) on the inner membrane. Creatine dependent phosphate shuttling 

(right) was facilitated by mitochondrial creatine kinase (mtCK) whereby the transfer of phosphate 

from ATP to Cr in the intermembrane space produces phosphocreatine (PCr) and ADP. PCr is then 

exported through VDAC into the cytosol and ADP is shuttled back into the matrix via ANT. The 

relatively faster diffusion kinetics and higher cellular concentrations of PCr/Cr vs ATP/ADP 

combined with a reduction of diffusion distances for the latter allow for increased energy turnover. 

Electrons may slip and interact with nearby oxygen forming a superoxide radical (O2
•-). The 

relative size between the creatine-independent (left) and -dependent (right) refers to the increase 

production of superoxide in the absence of creatine. Figure adapted from [43-46, 53, 54, 479]. C, 

cytochrome C; Q, coenzyme Q. Made with BioRender.  
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Figure 5-2. In quadriceps, Olesoxime preserves creatine sensitivity of mitochondrial 

respiration and mitochondrial H2O2 emission. (A,B) Complex I-supported respiration 

stimulated by NADH generation through 5mM pyruvate and 2mM malate (NADH) in 

permeabilized muscle fibres across a range of ADP concentrations that represent increasing states 

of metabolic demand: 25μM (resting muscle [497]); 100μM ( high intensity exercise [510]) and 

500μM (supramaximal) in both the absence and presence of 20mM creatine. (C- E) Mitochondrial 
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respiratory sensitivity to creatine (data replotted from A,B) at ADP concentrations that are subject 

to control by creatine [45] as done previously [22, 23]. (F-J) Similar analyses were performed to 

assess the ability of creatine to enhance ADP’s effect on attenuating mH2O2 supported by 10mM 

succinate (FADH2). Note that this stimulates Complex II, but also leads to reverse electron flow 

through Complex I known to generate reactive oxygen species. * p<0.05 WT vs D2.mdx-VEH; # 

p<0.05 WT vs D2.mdx-OLX; $ p<0.05 D2.mdx-VEH vs D2.mdx-OLX. § p<0.05 Cr vs No Cr 

condition. Data are shown as means ± SD, n=10-14.  

 

In quadriceps from D2.mdx mice (Figure 5-2), ADP-stimulated respiration driven by pyruvate 

/malate (NADH, Complex I) was attenuated in both creatine-independent (p=0.053) and -

dependent conditions (p<0.05) (Figures 5-2A, B) when assessed between groups. Improvements 

to creatine-dependent respiration were still noted after additional respiratory stimulation with 

20mM succinate (representing Complex I+II, Supplemental Figure 5-1A, B). Olesoxime partially 

preserved respiration, but only in creatine-dependent conditions (p<0.05) (Figure 5-2B; 

Supplemental Figure 5-1B). We then directly compared the creatine-independent and -dependent 

condition in each experimental group (statistics assessed between these two conditions), a 

parameter defined here as creatine sensitivity. Such creatine sensitivity (i.e. increased respiration 

with creatine) was detected in WT (p<0.05) (Figure 5-2C), lost in D2.mdx (Figure 5-2D) but 

partially restored by addition of Olesoxime (p<0.05) (Figure 5-2E).  

We then analyzed mH2O2 generation in quadriceps with succinate as substrate (allowing for reverse 

electron transfer through Complex I). No differences occurred between D2.mdx and WT (Figure 

5-2F, G), whereas Olesoxime in creatine-independent conditions increased mH2O2 relative to WT. 

However, the pattern of creatine sensitivity was similar as with mitochondrial respiration: 

attenuation of mH2O2 generation by creatine [53] in WT (p<0.05) (Figure 5-2H) was lost in D2.mdx 

(Figure 5-2I) but rescued by Olesoxime (p<0.05) (Figure 5-2J). When using pyruvate/malate as 

substrates (forward electron flow through Complex I), mH2O2 generation increased in D2.mdx 

compared to WT (p<0.05) (Supplemental Figure 5-2 A, B), and this increase was partially 

attenuated by Olesoxime (p<0.05), but only in presence of creatine.  

We then repeated the same analyses for diaphragm muscle (Figure 5-3). As in quadriceps, D2.mdx 

diaphragm showed attenuated ADP-stimulated respiration in both creatine-independent and -

dependent conditions (p<0.05) (Figure 5-3A, B) which was rescued by Olesoxime only in the 
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presence of creatine (p<0.05) (Figure 5-3B). This pattern seen with pyruvate/malate as substrate 

did not reach significance when including additional succinate (Supplemental Figure 5-1C, D). 

However, creatine nonetheless stimulated respiration in all groups as measured by the creatine 

sensitivity index (p<0.05) (Figure 5-3C-E). Generation of mH2O2 in diaphragm was similar to 

quadriceps. Specifically, in either creatine condition, there was no difference between experimental 

groups with succinate as substrate (Figure 5-3F, G), while there was an increase in D2.mdx and 

Olesoxime groups with pyruvate/malate as substrates (p<0.05) (Supplemental Figure 5-2C, D). 

Importantly, the pattern of creatine sensitivity was again the same as in quadriceps: attenuation of 

mH2O2 generation by creatine in WT (p<0.05) (Figure 5-3H) was lost in D2.mdx (Figure 3I) but 

rescued by Olesoxime (p<0.05) (Figure 5-3). 
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Figure 5-3. In diaphragm, Olesoxime preserves mitochondrial creatine-dependent 

respiration and preserves creatine sensitivity during mitochondrial H2O2 emission. (A, B) As 

in Figure 2, complex I-supported respiration stimulated by NADH generation through 5mM 

pyruvate and 2mM malate in permeabilized muscle fibres across a range of ADP concentrations 

that represent increasing states of metabolic demand: 25μM (resting muscle [497]); 100μM ( high 

intensity exercise [510]) and 500μM (supramaximal) in both the absence and presence of 20mM 
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creatine. (C- E) Mitochondrial respiratory sensitivity to creatine (data replotted from A,B) at ADP 

concentrations that are subject to control by creatine [45] as done previously [22, 23]. (G-K) 

Similar analyses were performed to assess the ability of creatine to enhance ADP’s effect on 

attenuating mH2O2 supported by 10mM succinate (FADH2). Note that this stimulates Complex II, 

but also leads to reverse electron flow through Complex I known to generate reactive oxygen 

species. *p<0.05 WT vs D2.mdx-VEH; # p<0.05 WT vs D2.mdx-OLX; $ p<0.05 D2.mdx-VEH vs 

D2.mdx-OLX. § p<0.05 Cr vs No Cr condition. Data are shown as means ± SD, n=10-14.  

 

We next determined whether the reduced mitochondrial creatine sensitivity in D2.mdx and its 

preservation by Olesoxime were related to altered protein levels of key components in 

mitochondrial energy transfer (see Figure 5-1). No differences were noted in the contents of 

specific subunits within Complexes I-V except for reductions within Complex III in quadriceps for 

both D2.mdx and Olesoxime relative to WT (Figure 5-4A, B). Reductions in VDAC2 and ANT1 

isoforms in D2.mdx quadriceps and ANT1 in diaphragm (p<0.05) were unaltered by Olesoxime 

(Supplemental Figure 5-3B-E). Mitochondrial creatine kinase (mtCK) was lower in D2.mdx and 

Olesoxime vs WT in quadriceps (p<0.05) (Figure 5-4C) but not diaphragm (Figure 5-4D), and 

again unaltered by Olesoxime. Noting that mtCK is inhibited by reactive oxygen species [511], we 

then assessed the relative amount of exposed cysteine residues in the reduced state on 

immunoprecipitated mtCK (see methods). Cysteine oxidation is the first oxidative modification 

that occurs in the mtCK octamer upon the onset of oxidative stress [46]. However, no differences 

were seen for mtCK thiol redox state in any group in quadriceps (p>0.05) (Supplemental Figure 5-

3A), suggesting differences in creatine sensitivity (Figure 5-2) were not due to redox modifications 

of this complex. Assessments were not performed in diaphragm given tissue limitations at this 

young age in the D2.mdx model.  
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Figure 5-4. Olesoxime did not alter contents of electron transport system proteins or 

mitochondrial creatine kinase in quadriceps and diaphragm. (A, B) Subunits of Complexes I, 

II, III, IV and V (ATP Synthase) and (C, D) mtCK were assessed by western blot. *p<0.05 WT vs 

D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX. Data are shown as means ± SD, n=10-12. 
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Reduced and total glutathione are increased in D2.mdx diaphragm but are not affected by 

Olesoxime 

To determine whether alterations in creatine sensitivity during mH2O2 affected global cellular 

redox conditions, we assessed glutathione equilibria in each group. In quadriceps, there were no 

differences in total reduced GSH (Figure 5-5A), oxidized GSSG (Figure 5-5B), their equilibria 

(GSH:GSSG; Figure 5-5C) or their sum (total glutathione; Figure 5-5D). In diaphragm, reduced 

GSH (p<0.05) (Figure 5-5E) and total glutathione (p<0.05) (Figure 5-5H) were elevated in D2.mdx 

consistent with past reports of possible compensations in redox buffering in mdx mice [23, 27]. 

Olesoxime tended to preserve the WT levels of reduced GSH (p=0.061) (Figure 5-5E). There were 

no further differences in GSSG (Figure 5-5F) and GSH:GSSG (Figure 5-5G). 
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Figure 5-5. Glutathione assessments in quadriceps and diaphragm. (A-H) Glutathione was assessed in its reduced (GSH) and 

oxidized forms (GSSG), as an equilibria (GSH:GSSG) and as total content (GSH + 2xGSSG) in both quadriceps and diaphragm. * 

p<0.05 WT vs D2.mdx-VEH. Data are shown as means ± SD, n=8-12. 
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Olesoxime does not alter mitochondrial calcium retention capacity nor muscle necrosis or 

fibrosis 

Prior reports suggested Olesoxime can attenuate formation of the permeability transition pore 

(mPTP) [428, 429, 435]. Given excess calcium stress in dystrophic fibres is thought to trigger 

mPTP and apoptosis as contributors to degeneration, we next compared mitochondrial calcium 

retention capacity, a functional readout of mPTP, to histological measures of fibre degeneration 

and fibrosis. We included creatine and ADP in the assay media given both are known to regulate 

mPTP through an attenuation effect [475, 511, 512]. In quadriceps, reductions in calcium retention 

capacity were noted in D2.mdx with and without Olesoxime (p<0.05) (Figure 5-6A) which reflects 

an increased sensitivity of mPTP to calcium stress. However, there were no changes in caspase 3 

or 9 activity (Supplemental Figure 5-4A, B) which can mediate apoptosis downstream of putative 

mPTP opening [327, 336, 513, 514]. This observation was related to increased fibre degeneration 

and fibrosis (p<0.05) (Figure 5-6B-E). There was no effect of Olesoxime on these measures. In 

diaphragm, there were no differences in calcium retention capacity consistent with prior 

observations that this measure of mPTP is altered in a muscle specific manner in young D2.mdx 

mice [23]. Likewise, fibre degeneration and fibrosis were present in D2.mdx diaphragm (p<0.05) 

but were not altered by Olesoxime (Figure 5-6G-J). There were no changes in caspase 3 or 9 

activity in diaphragm (Supplemental Figure 5-3D, E) or caspase 8 which is activated by 

extracellular stressors and can influence mPTP [515].  
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Figure 5-6. Increases in mitochondrial permeability transition pore, fibre degeneration and 

fibrosis in quadriceps and diaphragm of D2.mdx are not altered by Olesoxime. (A) In 

quadriceps, calcium retention capacity was assessed spectrofluorometrically by titrating calcium 

permeabilized fibres until the mPTP was triggered. (B-E) Histological assessments of muscle fibre 

degeneration and fibrosis were performed with hematoxylin & eosin (H&E) and picrosirius red, 

respectively. Representative images were obtained with 20x magnification. (F-J) Similar measures 

were performed in diaphragm muscle. *p<0.05 WT vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-

OLX. Scale bar = 100 μm. Data are shown as means ± SD, n=9-14. 
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Olesoxime alters cross-sectional area and distribution in a fibre type- and muscle-specific 

manner 

Muscle atrophy is a hallmark characteristic of DMD. Using antibodies specific for myosin heavy 

chain isoforms (Figure 5-7A, B, D, E), we next determined the response of specific fibres to 

Olesoxime. In quadriceps, atrophy was not observed in any fibre type in D2.mdx in contrast to a 

prior report at this same age and muscle showing an increased cross-sectional area averaged over 

all fibre types [23]. Olesoxime decreased cross sectional area of Type I fibres in quadriceps 

(p<0.05) (Figure 5-7B). The proportion of type IIA fibres (%) was elevated in D2.mdx (p<0.05), 

whereas Olesoxime lowered distribution in I and IIA fibres (p<0.05) (Figure 5-7C). In Diaphragm, 

D2.mdx showed lower cross-sectional areas in IIA and IIX fibres with the latter being preserved 

by Olesoxime (p<0.05) (Figure 5-7D, E). There were no differences in fibre type distribution 

between groups (Figure 5-7F). 
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Figure 5-7. Divergent effects of Olesoxime on muscle fibre type size and distribution in quadriceps and diaphragm of D2.mdx. 

(A) Representative images of quadriceps muscle fibres stained for specific isoforms of myosin heavy chain. (B, C) Images were 

quantified to calculate cross sectional area and distribution of myosin heavy chain-specific fibres. (D-F) Similar measures were repeated 

in diaphragm fibres. *p<0.05 WT vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Scale bar 

= 100 μm. Data are shown as means ± SD, n=10-12. 
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Olesoxime improves recovery from fatigue in diaphragm 

We next assessed aspects of muscle force given dystrophin mutations cause severe muscle 

weakness which severely compromises quality of life in DMD. Diaphragm muscle strips were 

subjected to a series of stimulation protocols (Figure 5-8A) using force-frequency (Figure 5-8B) 

followed by determination of fatigue (Figure 5-8C) and recovery from fatigue (Figure 5-8D).  

Olesoxime improved recovery of force across 15 minutes of assessments during recovery (p<0.05). 

Due to technical limitations, assessments were not performed in quadriceps. 

Figure 5-8. Olesoxime improves recovery of force following fatigue in diaphragm. (A) Muscle 

force was assessed using a series of force frequency, fatigue and recovery protocols. (B) Force 

frequency was assessed in-vitro using isolated diaphragm strips followed (1Hz to 140Hz for 0.2ms) 

by (C) a fatiguing protocol (70 Hz for 350 ms every 2 seconds for 5minutes). (D) Single 

stimulations were used to assess recovery from fatigue. *p<0.05 WT vs D2.mdx-VEH; #p<0.05 

WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as means ± SD, 

n=9-12. 
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Olesoxime improves specific markers of muscle and bone health 

Finally, we determined some clinically relevant measures of muscle and bone quality. Using serum 

creatine kinase as a marker of muscle damage, we found that increases in D2.mdx mice were 

robustly reduced by Olesoxime (p<0.05) (Figure 5-9A). Likewise, Olesoxime modestly improved 

voluntary cage hang time (p<0.05) (Figure 5-9B). Reductions in voluntary running wheel distance 

(Figure 5-9C), grip strength (Figure 5-9D), and distance explored in an open field(p<0.05) (Figure 

5-9E) were observed in D2.mdx but were unaltered by Olesoxime. We then used 3-dimensional 

microCT scans to assess aspects of body volume and composition. Modest reductions in whole 

body volume at this early disease stage were prevented by Olesoxime (p<0.05) (Figure 5-9F). 

Likewise, Olesoxime modestly increased hindlimb muscle volume (p<0.05) (Figure 5-9G). There 

was a general increase in whole body lean volume measures which includes muscle and visceral 

organs excluding lung that was accentuated by Olesoxime (p<0.05) (Figure 5-9H). We also 

assessed bone volume given reductions in bone mass are recognized as a risk in DMD. Intriguingly, 

reductions in hindlimb bone volume in D2.mdx were partially prevented by Olesoxime (p<0.05) 

(Figure 5-9I). Olesoxime did not alter adipose tissue volumes or other assessed volumetric 

parameters (Supplemental Table 5-1).  
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Figure 5-9. Olesoxime improves specific markers of muscle health and bone volume. (A) Serum creatine kinase (CK) was used as 

a clinically relevant marker of muscle damage. (B) Voluntary hang time was assessed with mice hanging to an inverted cage lid over a 

soft pad with assessments stopped at 180 seconds. (C) Voluntary running wheel distance was assessed over 24 hours. (D) Grip strength 

was assessed using a grip strength meter and normalized to body weight. (E) Mice were placed in open field container and video 

recordings were taken over 6 minutes to quantify voluntary total exploration distance. 3-dimensional microCT scans were used to assess 

(F) whole body muscle volume, (G) hindlimb muscle volume, (H) whole body lean volume and (I) hindlimb bone volume. *p<0.05 WT 

vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX; $ p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as means ± SD, n=13-18. 
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Discussion  

Recent reports indicate that several mitochondrial stress responses occur within the first few days 

of age in D2.mdx mice [22, 23, 311] suggesting that mitochondria may be a secondary contributor 

to myopathy in DMD. Here, we demonstrated that the mitochondrial enhancing compound 

Olesoxime can preserve (i) creatine-sensitive mitochondrial functions, in particular Complex I-

supported creatine-stimulated respiration and attenuation of H2O2 generation, (ii) recovery from 

muscle fatigue, and (iii) different clinically relevant markers of muscle quality by 4 weeks of age. 

An overall heterogeneous effect of Olesoxime on respiratory and limb muscle quality also suggests 

mitochondrial influences on myopathy varies across muscle type. Thus, mitochondrial stress may 

have distinct influences on the progression of myopathy in DMD depending on age and muscle 

type.  

Possible mechanisms of Olesoxime 

Alterations in oxidative phosphorylation and generation of reactive oxygen species have been 

described for D2.mdx muscle [22-24] and other dystrophin deficient models [256]. For analyzing 

these parameters in more detail in our study, we carefully considered two different pathways of 

energy exchange between mitochondria and the cytoplasm: ADP/ATP vs creatine/phosphocreatine 

cycling. In both pathways, high energy phosphate is shuttled from the matrix to the cytoplasm 

albeit through different carriers (adenylates vs creatine) and at different rates 

(creatine/phosphocreatine being faster). 

By reconstituting these pathways in vitro through exclusion or inclusion of creatine in the 

respirometric assay media as performed previously [23, 51, 495, 497, 499, 516-518], we discovered 

that the ability of creatine to stimulate coupled respiration is lost in D2.mdx quadriceps and is 

consistent with our previous observations in multiple muscle types in this model [22, 23]. This 

mitochondrial creatine insensitivity was reversed following treatment with Olesoxime (Figure 2 C-

E) which is a mechanism not previously reported for this compound. Lastly, the loss of creatine 

sensitivity in D2.mdx was not observed in diaphragm in contrast to our prior report [23] which 

might be related to a possible variability in dynamic remodeling of muscle occurring over days to 

weeks at this young age.  Olesoxime did not increase mtCK abundance or decrease mtCK oxidation 

in D2.mdx quadriceps. However, mtCK oxidation could be evaluated with multiple thiol labeling 

methodologies given the technique used in the present study detects reduced thiols which exist in 
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high abundance and may be less sensitive than thiol oxidation assessments such as the recently 

developed ALISA [507]. It is also possible that other elements of the creatine/phosphocreatine 

pathway (Figure 5-1) are targeted by the drug. These include the assembly of octameric mtCK 

within the proteolipid complex as shown in Figure 5-1 [46] or the permeability of the outer 

membrane VDAC pore. The latter is a likely candidate when considering the biological activity of 

Olesoxime as addressed below. Lastly, while we report changes in creatine-dependent respiration 

supported by Complex I, future work could consider whether these creatine responses are 

conserved across multiple substrate inputs.  

Strikingly, mitochondrial H2O2 generation in both quadriceps and diaphragm showed the same 

creatine sensitivity pattern and rescue by Olesoxime as seen for quadriceps respiration. H2O2 is the 

major oxidant generated by mitochondria [519, 520] and elevations have been reported at this age 

in D2.mdx mice in association with early myopathy [22-24]. Key to the design of our in vitro assays 

was the recognition that the rate of mH2O2 is inversely proportional to the degree of coupled 

respiration [42]. We stimulated respiration across a range of ADP concentrations from low to high 

in presence or absence of creatine to include physiologically relevant conditions. As a key finding 

of our study, the observed creatine sensitivity patterns suggest that loss of creatine sensitivity 

occurring in D2.mdx mice and its rescue by Olesoxime is a general feature. This evidently raises 

the question as to how Olesoxime regulates creatine sensitivity. 

Olesoxime seems to exert its biological activity by accumulating in mitochondrial membranes and 

binding to the outer membrane proteins VDAC and peripheral benzodiazepine receptor (TSPO) on 

the outer mitochondrial membrane TSPO [521]. Based on this interaction with VDAC, some initial 

reports suggested inhibition of the inner membrane mPTP as a major mechanism of Olesoxime 

[428-431]. However, there is now consensus that VDAC is not always a mPTP component. We did 

not observe an effect of Olesoxime on mitochondrial calcium retention capacity, the standard assay 

for mPTP calcium sensitivity, consistent with a previous report [428]. Such calcium stress was 

chosen as a mPTP inducer [75, 80] since dystrophin-deficient muscle shows cytosolic calcium 

overload [4, 5] which may cause mitochondrial stress [256]. Although we cannot exclude 

attenuation of mPTP by mechanisms not detectable with our calcium retention assay, it seems more 

likely that Olesoxime affects calcium homeostasis or cytochrome c release as found in other studies 

[429, 435] independently of mPTP. By enriching in mitochondrial outer membrane and interacting 
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with VDAC and TSPO, Olesoxime may more directly control the permeability of outer membrane 

for small molecules like calcium [521] and creatine/phosphocreatine, or cholesterol exchange and 

membrane fluidity. Additionally, Olesoxime may also affect the assembly of larger Bax pores 

which allows for efflux of macromolecules like cytochrome c [522, 523]. Thus, our findings add 

new insight into the mechanisms by which Olesoxime preserves mitochondrial bioenergetics and 

proposes alternative stress-related mechanisms. 

Mitochondrial relationships to myopathy in D2.mdx muscle   

Our study suggests that preservation of mitochondrial creatine sensitivity is linked to muscle 

quality in D2.mdx mice. While several markers showed modest improvements, the more notable 

responses to Olesoxime included a robust reduction in circulating serum creatine kinase – a marker 

of muscle injury – and improved recovery from fatigue in diaphragm. While we were unable to 

perform force assessments in quadriceps due to technical limitations, these findings provide a 

foundation to further explore the importance of mitochondrial creatine functions in regulating 

muscle function and contributing to weakness in dystrophin deficient muscle. Not all measures of 

muscle quality improved with Olesoxime, but this may not be surprising given mitochondrial stress 

is secondary to dystrophin deficiency and will not be the only contributor to myopathy given the 

known inflammatory, cytoskeletal, calcium and other stressors that arise in this disorder. While 

speculative, an additional consideration for future directions includes the influence of 

mitochondrial metabolism in cell types that modify muscle remodeling including fibroblasts, 

fibroadipogenic precursors and macrophages (see [256] for perspectives) particularly with longer 

term treatments throughout disease progression. Nevertheless, the early improvements with this 

short-term treatment regimen seen in the present investigation indicates that mitochondrial stress 

likely contributes to the early myopathy in D2.mdx muscle.  

In this regard, the 4-week-old mice examined in this study captures a time of dynamic development 

as mice mature. The interaction between both developmental and disease influences on 

mitochondria will inevitably be complex, with the reciprocal relationship being one of many 

determinants of muscle quality. Nonetheless, this early age provides relevant context given 

myopathy develops in young children with DMD [482, 524]. The heterogeneous relationship 

between altered mitochondrial creatine metabolism and muscle quality in the current study also 

provides a foundation for exploring other mitochondrial enhancing therapies across a range of 
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doses and treatment durations across stages of disease development using muscle-specific 

comparisons.   

An additional point of interest pertains to the mitochondrial calcium retention capacity measures. 

In vehicle-treated mice, calcium retention capacity was reduced in quadriceps but not in diaphragm 

compared to wildtype consistent with our previous report [23]. This finding demonstrates that 

mitochondrial stress responses in one muscle do not necessarily predict the response in another 

muscle. Such muscle-specific mitochondrial responses to dystrophin mutations are an intriguing 

opportunity to understand the precise mechanisms by which stress signals differ between muscles 

or whether mitochondrial resilience to a given stress signal is heterogeneous across the musculature 

(see [256] for perspective). The regulation of mitochondrial calcium cycling is of course complex 

and includes additional regulators not considered in this study including mitochondrial calcium 

uniporters. In this regard, 4-week-old C57Bl/10.mdx mice demonstrate increases in MCUb (the 

inactive channel subunit of the uniporter) which lowered the ratio of MCU/MCUb [26] which is 

thought to be a metric that regulates the mitochondrial calcium transport kinetics. Our observations 

of muscle-specific sensitivity or resilience to exogenous calcium stresses in vitro support future 

considerations of how MCU responses in this disease might contribute to this heterogeneity. 

From a broader perspective, the potential efficacy of targeting mitochondria to treat muscle 

weakness in DMD warrants further focus, particularly with consideration of translation from pre-

clinical models to clinical trials.  For example, the quinone electron shuttling drug Idebenone 

improved cardiac function and exercise performance in a mouse model of DMD which was 

subsequently shown to also improve cardiac and respiratory function in an initial clinical trial of 

people with DMD [423, 424]. However, subsequent clinical trials proved unsuccessful (NCT 

02814019) for reasons that are not fully understood. These early attempts at targeting mitochondria 

demonstrate that mitochondria could be a potential therapeutic target in DMD but that additional 

consideration of pharmacological and biological factors influencing the translation of findings from 

pre-clinical models to humans will be important for continued progress in developing 

mitochondrial therapeutics. Nonetheless, the results from the present investigation identify 

mitochondrial creatine sensitivity linked to respiration and mH2O2 attenuation as a new direction 

to for continued research in pre-clinical research. 
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Conclusion  

This study examined the efficacy of early, short-term administration of Olesoxime in the treatment 

of D2.mdx mice. In the dystrophin deficient muscle, Olesoxime preserved mitochondrial creatine 

sensitivity in terms of creatine-stimulated respiration and attenuated mH2O2 and improved markers 

of muscle function and quality. This suggests that mitochondria contribute to myopathy in DMD, 

albeit at a degree that may depend on age and muscle type, and on the relative influence of other 

disease stressors. However, Olesoxime did not improve mitochondrial calcium retention capacity, 

questioning the role of the drug in altering calcium-induced mPTP. Rather, the effect of the 

compound on creatine sensitivity suggests regulation of outer membrane permeability or stability 

of the mtCK proteolipid complex. Future studies in D2.mdx mice should address the mechanism 

underlying creatine sensitivity and the effects of longer term Olesoxime treatment on mitigation of 

oxidative stress and improved creatine sensitivity as a new direction in developing prospective 

mitochondrial enhancing therapies for Duchenne muscular dystrophy.   
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Supplemental Materials 

Supplemental Table 5-1: Body weight and micro-CT assessments of adipose tissue 

  Group 

COMPARTMENT  WT D2.mdx-VEH D2.mdx-OLX 

 Body Weight (g) 17.07±1.89 12.53±1.38* 13.56±1.53# 

 

Trunk 

Trunk Volume (mm3) 6218.43±907.93 4511.77±608.84* 4938.89±597.82# 

Total Trunk Adipose Volume (mm3) 704.12±154.43 362.04±95.46* 351.04±82.98# 

Subcutaneous Adipose Volume (mm3) 472.80±77.88 244.31±47.79* 240.26±43.91# 

Visceral Adipose Volume (mm3) 230.24±96.72 117.02±53.98* 109.45±41.55# 

% Trunk Adipose 11.30±1.70 7.98±1.56* 7.07±1.15# 

% Subcutaneous Adipose 70.56±3.99 68.87±7.68 69.28±4.96 

% Visceral Adipose 29.30±3.98 30.94±7.66 30.34±5.13 

Normalized Total Trunk Adipose Volume 

(mm3/g) 

41.03±6.43 28.66±5.97* 25.45±4.80# 

Normalized Subcutaneous Adipose Volume 

(mm3/g) 

27.74±3.58 19.46±3.22* 17.43±2.17# 

Normalized Visceral Adipose Volume 

(mm3/g) 

13.23±4.59 9.14±3.61* 7.92±2.74# 
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Hindlimb 

Hindlimb Volume (mm3) 356.21±38.14 260.68±28.69* 286.03±33.34#,$ 

Hindlimb Adipose Volume (mm3) 49.17±5.33 31.96±3.54* 33.75±4.29# 

% Hindlimb Adipose 13.89±0.85 12.36±1.69* 11.80±0.69# 

Normalized Hindlimb Adipose Volume 

(mm3/g) 

2.89±0.23 2.56±0.32* 2.49±0.21# 

 

Whole Body 

Total Volume (mm3) 12656.92±1602.33 9029.30±1080.19* 9323.76±1186.78#,$ 

Total Adipose Volume (mm3) 1967.76±438.79 656.50±87.74* 798.15±283.59# 

% Whole Body Adipose 15.46±2.32 7.83±1.51* 7.76±2.01# 

Normalized Whole Body Adipose (mm3/g) 114.45±17.48 57.24±15.60* 56.09±10.47# 

*p<0.05 WT vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as mean ± SD; 

n=12-15.  
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Supplemental Table 5-2: micro-CT assessments of bone volume 

  Group 

COMPARTMENT  WT D2.mdx-VEH D2.mdx-OLX 

Hindlimb 

Hindlimb Bone Volume (mm3) 74.07±5.72 60.94±7.33* 66.60±6.88#,$ 

% Hindlimb Bone 20.92±1.79 23.54±2.96* 23.52±3.09# 

Normalized Hindlimb Bone Volume (mm3/g) 4.37±0.46 4.88±0.61* 4.96±0.66# 

 

Whole Body 

Total Bone Volume (mm3) 583.36±92.49 509.60±126.43 567.08±135.03 

% Whole Body Bone 5.01±0.21 5.70±1.43 5.66±1.37 

Normalized Whole Body Bone (mm3/g) 34.45±5.65 40.99±10.53 41.64±10.06 

*p<0.05 WT vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as mean ± SD; 

n=12-15.  
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Supplemental Table 5-3: micro-CT assessments of lean volume 

  Group 

COMPARTMENT  WT D2.mdx-VEH D2.mdx-OLX 

Hindlimb 

Hindlimb Lean 

Volume (mm3) 

186.43±24.67 119.40±18.05* 137.03±22.00#,$ 

% Hindlimb Lean 52.23±1.68 45.69±3.38* 47.77±3.37# 

 

Whole Body 

Total Lean Volume 

(mm3) 

10689.16±1291.97 8283.42±934.26* 9323.76±988.20#,$ 

% Whole Body Lean 84.54±2.32 92.17±1.51* 92.24±2.01# 

Normalized Whole 

Body Lean (mm3/g) 

625.77±20.49 658.75±21.15* 678.29±23.99#,$ 

Normalized Whole 

Body Lean (mm3/g) 

625.77±20.49 658.75±21.15* 678.29±23.99#,$ 

*p<0.05 WT vs D2.mdx-VEH; #p<0.05 WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as mean ± SD; 

n=12-15.  
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Supplemental Figure 5-1. Olesoxime improves creatine-supported complex I+II respiration 

in the quadriceps only. A-D Complex I+II-supported respiration was stimulated by FADH2 

through 20mM succinate after stimulation with 5mM Pyruvate and 2mM malate (producing 

NADH) in permeabilized muscle fibres at supramaximal concentrations of ADP (5,000-30,000µM) 

in both the absence (A, C) and presence of creatine (B, D). Assessments of respiration were 

completed in quadriceps (A, B) and diaphragm (C, D) muscles. * WT vs D2.mdx-VEH; # WT vs 

D2.mdx-OLX; $ D2.mdx-VEH vs D2.mdx-OLX. Data are shown as means ± SD; n=10-13. 
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Supplemental Figure 5-2. Olesoxime improves creatine-dependent mH2O2 emission in 

quadriceps only. State II mH2O2 production was initiated by 5mM pyruvate and 2mM malate 

(NADH) to stimulate complex-I supported mH2O2 through forward electron flow from Complex 

I in the absence (A,E) and presence (B, F) of 20mM creatine. The ability of creatine to enhance 

ADP’s effect on attenuating mH2O2 was assessed in the absence (C,G) and presence (D,H) of 

creatine across a range of ADP concentrations depicting increasing metabolic demand. Analyses 

were performed in the quadriceps (A-D) and diaphragm (E-H). *p<0.05 WT vs D2.mdx-VEH; 

#p<0.05 WT vs D2.mdx-OLX; $p<0.05 D2.mdx-VEH vs D2.mdx-OLX. Data are shown as means 

± SD, n=11-16.
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Supplemental Figure 5-3. Muscle specific changes in essential regulators of bioenergetic in D2.mdx. (A) Mitochondrial creatine 

kinase (mtCK) protein content was compared to mtCK cysteine thiol redox state assessed by labeling with IRDye 800 CW Maleimide 

following immunoprecipitation and PAGE. Limited tissue in small diaphragms from 4-week-old D2.mdx mice did not permit 

assessments of mtCK redox state in this muscle. Protein content of adenine nucleotide translocase 1 (ANT 1) on the inner mitochondrial 

membrane (C,E) and voltage dependent anion carrier 2 (VDAC2) on the outer mitochondrial membrane (B,D) and were quantified in 

the quadriceps (B-C) and diaphragm (D-E). * WT vs D2.mdx-VEH; # WT vs D2.mdx-OLX; $ D2.mdx-VEH vs D2.mdx-OLX. §Cr vs 

No Cr condition. Data are shown as means ± SD, n=5-12.
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Supplemental Figure 5-4: Olesoxime treatment does not alter apoptosis-associated proteolytic enzymes in D2.mdx mice. 

Proteolytic enzyme activity of mitochondrial associated caspase 9 (A, D), and its downstream target caspase-3 (B, E) was assessed. 

Induction of non-mitochondrial sources of apoptosis was assessed through caspase-9 (C, F). Measurements of caspase activity were 

performed in the quadriceps (A-C) and diaphragm (D-F). Data are shown as means ± SD, n=7-12. 
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Supplemental Data Not Included in Manuscript 

 

Supplemental Figure 5-5. Olesoxime does not alter the number of regenerating fibres. 

Centralized nuclei, a marker of regenerating fibres, was assessed using hematoxylin and eosin 

staining in the quadriceps (A,C) and (B,D) diaphragm. *p<0.05 WT vs D2.mdx-VEH; #p<0.05 

WT vs D2.mdx-OLX. Scale bar = 100 μm. Data are shown as means ± SD, n=9-14. 
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Chapter 6: ALY688-SR attenuates diaphragm fibrosis, atrophy and 

mitochondrial stress in a model of Duchenne muscular dystrophy 

 

This chapter has been written in preparation for submission to the Journal of Cachexia, Sarcopenia 

and Muscle. It is included in this thesis in the pre-submission format. 

 

Assay Development Prior to the Start of Project 3: 

1. Assessment of Immune Response (qPCR and Biolegend Flow Cytometry)- in collaboration 

with MM & LC 

Author Contributions: Many of the experiments for this study were performed by Catherine A 

Bellissimo (CAB). CAB established and maintained the breeding colony required for this project. 

As tissue from these mice were shared among 3 projects (2 included in this thesis), several tasks 

were shared amongst two students and one post-doctoral fellow. CAB, SG and LNC performed 

daily drug injections and all whole-body in vivo testing. CAB performed all in situ quadriceps and 

in vitro diaphragm force experiments. CAB and SG conducted all tissue harvests with tissue 

processing from LNC, MG, LD and LJD. CAB separated all skeletal muscle fibres used for 

mitochondrial bioenergetics with CAB, SG and LJD performing all assessments (respiration, 

mH2O2 emission and calcium retention capacity). CAB and LNC performed all serum creatine 

kinase experiments. CAB, AT, MCG, YS and IAR performed all immunohistochemistry and 

immunofluorescent staining and assessments. CAB, MM, LC and AT conducted all qPCR and in-

tissue assessment of immune presence. CAB performed all western blotting experiments. CAB and 

CGRP wrote the manuscript with all co-authors aiding in revision. 
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Abstract 

Background Fibrosis is associated with respiratory and limb muscle atrophy in Duchenne 

muscular dystrophy (DMD). Current standard of care partially delays the progression of this 

myopathy but there remains an unmet need to develop additional therapies. Adiponectin receptor 

agonism has emerged as a possible therapeutic target to lower inflammation in mdx mouse models 

of DMD but the degree to which fibrosis and atrophy are prevented remain unknown. As 

adiponectin regulates tissue metabolism, it is also possible that adiponectin analogues may reverse 

metabolic disruptions in mdx muscle. Here, we determined whether the recently developed slow-

release peptidomimetic adiponectin analogue ALY688-SR could prevent fibrosis and atrophy by 

attenuating inflammation and mitochondrial bioenergetic stress in diaphragm and tibialis anterior 

of D2.mdx mice. 

Methods The short-term effects of ALY688-SR in early stages of disease progression were 

assessed by administering daily subcutaneous injections of ALY688-SR to 7-day-old male D2.mdx 

mice (n=12/group) for 21 days. Separate groups of mice received a lower dose (LD; 3mg/kg body 

weight), higher dose (HD; 15mg/kg body weight) or saline vehicle (VEH) and were compared to 

age-matched wildtype mice.  

Results In VEH, diaphragm collagen was 5.5-fold greater vs wildtype (8.7% VEH, 1.3% wildtype; 

p<0.05) and an approximate doubling in tibialis anterior (1.1% VEH vs 0.5% wildtype; p<0.05). 

Both doses of ALY688-SR prevented most of the fibrosis in the diaphragm of D2.mdx mice (66.7-

67.6% reduction of the increased collagen seen in VEH; p<0.05). HD partially prevented atrophy 

in Type I, IIA and IIB fibres from diaphragm (31.0-83.9% attenuation; p<0.05). Subsequent tissue 

analyses were performed only in HD given the dual benefits of this dose on both fibrosis and fibre 

size. HD lowered IL-6 mRNA (-40.0% vs VEH; p<0.05) but increased IL-6 and TGF-β protein 

contents (20.3,69.1% vs VEH, respectively; p<0.05) in diaphragm and lowered Complex I-

stimulated H2O2 emission (-2.9 to -25.5% vs VEH; p<0.05) without changing markers of 

mitochondrial content suggesting decreased mitochondrial redox stress following treatment. Both 

doses lowered in vitro diaphragm force production (-3.2 to -32.5% vs VEH; p<0.05). In tibialis 

anterior, the modest fibrosis was not altered by either dose, and atrophy was not apparent at this 

young age.  
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Conclusions These results demonstrate that short-term treatment of ALY688-SR partially prevents 

fibrosis and atrophy in diaphragm of young D2.mdx mice in relation to lower mitochondrial redox 

stress.  

 

Keywords: Duchenne muscular dystrophy, neuromuscular disease, dystrophin, weakness, muscle, 

mitochondria, adiponectin 

 

Introduction 

Duchenne muscular dystrophy (DMD) is a neuromuscular disorder estimated to occur in 

approximately 1 in 5,000 live male births [2]. Progressive muscle weakness in childhood usually 

leads to an early dependence on assistive devices as well as a reduced lifespan from respiratory or 

cardiac failure. Arising from an X-linked recessive mutation in dystrophin, a loss of cell membrane 

stability in striated muscles renders these cells susceptible to contraction-induced damage leading 

to repeated cycles of degeneration, systemic inflammation and fibrosis [3, 302, 525, 526]. While 

immunosuppression by glucocorticoids slows the progression of the disease, the considerable 

myopathy that remains combined with the deleterious side effects of this treatment underscores an 

unmet need for developing additional therapeutics.  

Adiponectin is an adipokine that lowers inflammation [527, 528] and upregulates indices of fat 

oxidation in skeletal muscle [445, 529, 530]. Transgenic overexpression of adiponectin [457] in 

C57Bl/10.mdx mice improved whole-body measures of muscle function and reduced markers of 

inflammation and injury. Likewise, the orally administered small-molecule (non-peptide) 

adiponectin receptor (AdipoR) agonist, AdipoRon, reduced markers of inflammation and 

sarcolemmal damage in skeletal muscle from C57Bl/10.mdx mice, stimulated genomic markers of 

regeneration and improved whole body assessments of locomotor function using treadmill, grip 

strength and wire tests [464]. These effects were associated with general indices of reduced 

oxidative stress but the precise mechanism by which this occurred remains unknown. Also, the 

effects of AdipoR agonists on other hallmark signs of myopathy in mdx mice such as muscle-

specific weakness, fibrosis, atrophy and the well-characterized state of metabolic stress (reviewed 

in [256]) remain unknown.  
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Whilst adiponectin and AdipoRon are efficacious, the former is a large multimeric protein which 

requires extensive posttranslational modification making it expensive to synthesize and the latter 

lacks potency and specificity [462, 465]. The critical receptor binding domain of adiponectin was 

identified and used to generate the peptidomimetic ADP355 which resulted in high specificity, was 

more potent than the native protein and more resistant to proteolytic degradation. ADP355, now 

known as ALY688, has been shown to activate adiponectin-specific signaling downstream of both 

AdipoR1 and AdipoR2 receptors [465, 531]. ALY688 was also shown to attenuate inflammation 

in various inflammatory disorders such as dry eye and liver diseases, with reduced fibrosis also 

seen in the latter [466, 467]. This anti-fibrotic effect is intriguing given the considerable fibrosis 

that occurs in DMD and murine models which may be mediated by inflammation and contribute 

to the progressive decline in muscle function [228, 238, 532]. As metabolic dysfunction is also 

apparent in DMD and mdx mice (reviewed in [256]), the recent finding that ALY688 improves 

metabolic function in skeletal muscle cells [533] and adipocytes [534] further supports 

consideration of this compound.  

Importantly, for preclinical studies a slow-release formulation (ALY688-SR) was recently 

developed with improved pharmacokinetic properties enabling once daily injection (unpublished 

observation). The purpose of this study was to determine the effects of in vivo administration of 

ALY688-SR on fibrosis, atrophy, force production and mitochondrial bioenergetics in dystrophin-

deficient muscle. Herein, we used D2.mdx mice – a model that demonstrates more robust muscle 

dysfunction compared to C57Bl/10.mdx mice [143, 145]. We focused specifically on the early 

stages of disease progression by treating mice from 1-4 weeks of age given that symptoms first 

manifest in young children [535] and that we have previously characterized myopathy and 

mitochondrial stress in 4-week-old D2.mdx mice [23, 24]. In the present study, we compared both 

diaphragm and limb muscles given their clinical relevance to respiratory and locomotor 

dysfunction in DMD. Here, we demonstrate that ALY688-SR attenuates fibrosis in both muscles 

and prevents atrophy in specific muscle fibre types from the diaphragm in relation to attenuated 

mitochondrial hydrogen peroxide (mH2O2) emission. Divergent responses in cytokine markers and 

reduced in vitro diaphragm force production were also observed. Collectively, these results suggest 

that adiponectin receptor agonism causes dynamic and complex muscle remodeling when 

administered during early stages of disease progression and at an age of rapid development. The 
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longer-term effects of this early attenuation in fibrosis, atrophy and mitochondrial stress on force 

generation capacity warrants further investigation.  

Methods 

Animal care  

Male D2.mdx mice were bred from an in-house colony established at York University (Toronto, 

Ontario) and treated from 7 to approximately 28 days of age. 3 week-old DBA/2J wildtype (WT) 

mice were ordered directly from Jackson Laboratories (Bar Harbor, USA) due to low breeding 

performance experienced in-house as reported previously [487] and allowed to acclimatize for 7 

days prior to sacrifice. All experiments and procedures were approved by the Animal Care 

Committee at York University (AUP Approval Number 2016‐18) in accordance with the Canadian 

Council on Animal Care. See Supporting Information for more details.  

ALY688-SR treatment 

D2.mdx mice were treated with ALY688-SR (Allysta Pharmaceuticals) at two different dosages; 

high dose (HD; 15mg/kg body weight/day) or low dose (LD; 3mg/kg body weight/day) dissolved 

in saline. A separate group of mice were treated with saline alone (VEH, vehicle). Treatment was 

provided via subscapular subcutaneous injections from 7 days of age to 28-30 days. Wildtype mice 

did not receive treatment. At 28-30 days of age, mice were anaesthetized with isoflurane vaporized 

in medical air (21% oxygen) at a 2L/min flow rate. Due to tissue limitations in limb muscle, certain 

measures were performed separately in tibialis anterior and quadriceps across several phases of 

breeding. See Supporting Information for more details. 

RNA isolation & quantitative PCR 

All experimental details can be found in Supporting Information. 

Cytokine profiling   

Tibialis anterior and diaphragm homogenates were assessed for cytokine contents by flow 

cytometry as described in Supplemental Information.  

Functional assays and serum creatine kinase  
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Voluntary wheel running, cage hang time and forelimb grip strength were assessed two days before 

sacrifice and as described previously [23, 536]. Serum derived from cardiac puncture at the time 

of sacrifice were assessed spectrofluorometrically for creatine kinase activity (U/L) as described in 

[23].  

In-vitro diaphragm force  

Assessment of in-vitro diaphragm force was partially adapted from [491, 492]. The entire 

diaphragm was excised, placed in ice cold Ringer solution and a strip not exceeding 3-4mm in 

width was cut as described previously [491]. All subsequent procedural details can be found in 

Supplemental Information. 

In-situ quadriceps force 

Quadriceps force protocol was adapted from previous work [537]. Mice were anaesthetized with 

isoflurane vaporized in medical air (21% oxygen) at a 2L/min flow rate and placed on a platform. 

Details of remaining procedures can be found in Supplemental Information. 

Preparation of permeabilized muscle fibre bundles 

This technique was adapted from previous methods [23, 495]. Following completion of in situ 

quadriceps force in one limb, the quadriceps from the non-stimulated limb and diaphragm were 

excised carefully from mice while under heavy sedation with isoflurane and placed immediately 

into ice-cold BIOPS buffer. Tibialis anterior was not used due to limitations in tissue availability. 

All subsequent procedural details and buffer composition are described in Supplemental 

Information. 

Mitochondrial respiration 

Mitochondrial respiration was assessed in permeabilized muscle fibres using high resolution 

respirometry as described in Supplemental Information.  

Mitochondrial H2O2 emission (mH2O2) 

mH2O2 emission was assessed in permeabilized muscle fibres using spectrofluorometry as 

described previously [23] and outlined in Supplemental Information.  

Mitochondrial calcium retention capacity  
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Mitochondrial calcium retention capacity was assessed spectrofluorometrically as previously 

described but with modifications [23, 477] as outlined in Supplemental Information.  

Histochemical & immunofluorescent staining 

Excised muscles were mounted for histology and immunofluorescence in Tissue Plus Optimal 

Cutting Temperature compound (OCT; Fisher Healthcare), frozen in isopentane chilled in liquid 

nitrogen and stored at -80°C. All subsequent procedures are detailed in Supplemental Information. 

Western blotting 

Western blotting was performed on tissue lysate using standard SDS-PAGE procedures. 

Homogenization and western blot procedures are described in Supplemental Information. 

Statistical analyses 

Results are expressed as means ± SD with the level of significance established as P < 0.05 for all 

statistics. All statistical approaches are described in Supplemental Information.  

Results  

ALY688-SR treatment attenuates fibrosis in the diaphragm of D2.mdx mice 

We first examined the effect of ALY688-SR treatment on diaphragm fibrosis defined as the 

absolute increase in collagen relative to levels observed in wildtype (WT). Using Masson’s 

trichrome staining (Figure 6-1B), a 5.5-fold increase in collagen content was observed in 

diaphragm from vehicle treated D2.mdx mice indicating fibrosis is present at a very early stage of 

disease development (VEH vs WT, Figure 6-1B). Remarkably, both doses of ALY688-SR 

attenuated this fibrosis by 66.7-67.6%. Collagen content increased from 0.5% to 1.1% in tibialis 

anterior in D2.mdx-VEH mice compared to WT (Figure 6-1C) which indicates the diaphragm is 

more severely affected at this young age. Consequently, there was no detectable effect of either 

dose of the drug. Collectively, these findings indicate that early treatment with ALY688 decreases 

fibrosis in muscles severely affected by dystrophin mutation.  
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Figure 6-1. Schematic of study design and quantification of interfibrillar collagen 

accumulation in D2.mdx mice treated with ALY688-SR. A visual representation of study design 

is provided in (A). 7 day old D2.mdx mice received subcutaneous injections of ALY688-SR at a 
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low dose (LD; 3mg/kg body weight) or high dose (HD; 15mg/kg body weight) or a saline control 

for 21 days. Healthy D2A mice (wild type (WT)) were used as age matched controls. At day 18 of 

treatment, all four groups underwent whole body functional assays to assess voluntary muscle 

function. After 21 days of injections, all groups were sacrificed, and tissue collected for the outlined 

measures. Fibrosis was evaluated in diaphragm (B) and tibialis anterior (C) using Masson’s 

trichrome staining. Results represent mean ±SD; n=7-15. All p values are FDR-adjusted by 

Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; ‡p<0.05 

D2.mdx-VEH vs D2.mdx- LD; §p<0.05 D2.mdx-VEH vs D2.mdx-HD. Representative images of 

diaphragm (B, magnification, ×20) and tibialis anterior (C, magnification, ×20). Scale bar =100µm. 

ALY688-SR attenuates atrophy of D2.mdx diaphragm in a fibre type-specific manner 

We also examined minimal feret diameter in each fibre type as a measure of muscle atrophy. The 

high dose of ALY688-SR completely prevented atrophy in MHC I fibres. Additionally, in IIA 

fibres, minimal feret diameter was reduced from 24µm in WT to 20µm in VEH compared to 22µm 

in HD (Figure 6-2A). In IIB fibres, minimal feret diameter was reduced from 26µm in WT to 23µm 

in VEH compared to 24µm in HD. A similar prevention of atrophy in IIB fibres was seen in LD.  

There were no differences in minimal feret diameter in any fibre type of tibialis anterior between 

the groups (Figure 6-2B). This finding suggests that the modest fibrosis in tibialis anterior seen at 

a young age (Figure 6-1C) precedes atrophy given previous studies have shown reductions in fibre 

size in this muscle at later stages of disease in mdx mice [538].  
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Figure 6-2. Assessments of fibre-type specific minimal feret diameter in D2.mdx mice treated with ALY688-SR. Minimal feret 

diameter was assessed in diaphragm (A) and tibialis anterior (B) using immunofluorescent detection of myosin heavy chain isoforms. 

Results represent mean ±SD; n=7-10. All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 

WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 

D2.mdx-VEH vs D2.mdx-HD. Representative images of diaphragm (A, magnification, ×20) and tibialis anterior (C, magnification, ×20). 

Scale bar =100µm.  
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ALY688-SR treatment alters markers of inflammation  

We next examined the effect of ALY688-SR on markers of muscle damage and inflammation in 

the diaphragm and tibialis anterior. H&E staining was used to assess the degree of damaged areas 

consisting of areas of necrosis that often correspond to fibrosis (Figure 6-3A and Supplemental 

Figure 6-1A). All D2.mdx groups demonstrated an increase in damaged areas (3.7-to-3.9-fold 

change vs WT; Figure 6-3A) suggesting the attenuated fibrosis (Figure 6-1B) with the drug 

occurred independently of generalized fibre damage. Next, we chose to assess inflammation only 

with high dose ALY688-SR given that both doses were equally as effective in attenuating fibrosis 

but the high dose ALY688-SR was more consistent in preventing atrophy. IL-6 mRNA content 

was increased in diaphragm from D2.mdx-VEH mice which was attenuated by the high dose 

(51.8% increase vs WT; Figure 6-3B). In contrast, ALY688-SR increased IL-6 protein content in 

the diaphragm (69.1% increase vs VEH; Figure 6-3C). This result in muscle tissue lysate does not 

rule out the possibility that expression of IL-6 in non-muscle cell types occurred (see Discussion). 

Increases in IL-1β mRNA in D2.mdx-VEH mice (2.7-to-3.0-fold increase vs WT) were not affected 

by the drug (Figure 6-3B) while protein content was similar between all groups (Figure 6-3C). 

TNF-α and IL-10 mRNA and protein contents were not different between groups (Figure 6-3). 

TGF-β protein content was increased in response to the drug (20.3% increase vs VEH; Figure 3C) 

although mRNA contents were unchanged in all groups (Figure 6-3B).  

In the tibialis anterior, robust increases in damaged areas were noted in all three D2.mdx groups 

(17.2-to-22.6-fold increase vs WT; Supplemental Figure 6-1A) in contrast to the small degree of 

fibrosis seen in Figure 6-1. D2.mdx-VEH mice demonstrated greater mRNA contents of TNF-α, 

IL-1β, IL-6, IL-10 and TGF-β which were paralleled by greater protein contents for TGF-β (9.7-

fold increase vs VEH; Supplemental Figure 6-2B, C) compared to wildtype. The high dose of 

ALY688-SR attenuated TNF-α mRNA compared to VEH (41.4%; Supplemental Figure 6-1B). 

TNF-α protein content was not detectable in wildtype but increased to 40.6 pg/ml in VEH. HD 

prevented 83.9% of this increase (Supplemental Figure 6-1C).  
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Figure 6-3. Effects of ALY688 on inflammation and muscle damage in D2.mdx diaphragm. As both doses of ALY688 were effective 

in reducing fibrosis in diaphragm, only high dose groups were examined in inflammation. (A) Hematoxilyn & eosin staining were used 

to assess areas of muscle damaged which includes areas of necrosis and fibrosis and expressed as a percentage of total area. Scale bar 

=100µm. (B) qPCR were used to assess mRNA fold changes of  IL-6, IL-1β, TNF-α, IL-10 and TGF-β across WT and D2.mdx mice 

treated with vehicle or high dose ALY688 treatment. qpCR results were normalized to Rplp00, and the subsequent ratios were presented 

as relative expression compared with WT values. (C) Protein levels of the same cytokines, were assessed by BioLegend Multiplex using 

flow cytometry. Results represent mean ±SD; n=7-12. All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc 

analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; §p<0.05 D2.mdx-VEH vs D2.mdx-

HD.  
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ALY688-SR lowers mitochondrial H2O2 emission by enhancing ADP responsiveness 

Mitochondria produce H2O2 during oxidative phosphorylation of ADP to ATP. As cellular 

consumption of ATP increases, the cycling of ADP to the matrix is accelerated. Increasing matrix 

ADP attenuates membrane potential which in turn lowers mH2O2 emission given the two latter 

processes are inversely proportional [42]. By considering these principles, we designed in vitro 

assay conditions to capture the effect of increasing metabolic demand on oxidant generation by 

titrating ADP following induction of mH2O2 emission from mitochondria with NADH-generating 

substrates (pyruvate/malate) to support Complex I (Figure 6-4A). This approach revealed that 

mH2O2 emission was higher at each ADP concentration in D2.mdx diaphragm and quadriceps (2.0-

to-9.1-fold increase vs WT; Figure 6-4B, C). This elevation was due specifically to a reduced 

ability of ADP to attenuate mH2O2 relative to wildtype muscle which is similar to our previous 

findings [22-24, 150]. The results suggest that dystrophin mutation leads to a greater degree of 

mH2O2 emission across a range of oxidative phosphorylation kinetics. The high dose of ALY688-

SR completely preserved mitochondrial responsiveness to ADP and restored mH2O2 emission to 

normal kinetics in diaphragm (8.7 to 70.7%; Figure 6-4B). In quadriceps, both doses of the drug 

partially attenuated mH2O2 emission (45.9 to 62.3%; Figure 6-4C). mH2O2 emission was not 

assessed in tibialis anterior. 
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Figure 6-4. ALY688-SR enhances ADP-suppression of complex-I supported mitochondrial H2O2 emission. (A) Schematic 

representation of complex-I supported mitochondrial H2O2 emission (mH2O2) due to forward electron flow from NADH generated by 

pyruvate. In states of high membrane potential (low ADP), electrons at complex I may ‘slip’ prematurely at, for example, Complex I to 

produce superoxide radicals (O2
•-) which are then converted to H2O2 by manganese superoxide dismutase (MnSOD). 10mM pyruvate 

and 2mM malate (to assist with continual flux through pyruvate dehydrogenase complex (PDC)), were used to stimulate electron flow 

through complex I in permeabilized fibre bundles from diaphragm (B) and quadriceps (C) in the absence of ADP (state II; high membrane 

potential). Subsequent titrations of physiological levels of ADP (‘resting muscle’, 25uM; high periods of demand similar to intense 

exercise; 100uM) and supramaximal (500uM) attenuates mH2O2 by promoting forward electron flow and is expressed as a % of State II 

mH2O2 emission to reveal the degree of attenuation in response to ADP. Results represent mean ±SD; n=10-12. All p values are FDR-

adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 

WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 D2.mdx-VEH vs D2.mdx-HD; ^p<0.05 D2.mdx-LD vs D2.mdx-

HD. TCA= tricarboxylic cycle; PDC= pyruvate dehydrogenase complex. O2
•-= superoxide radicals  
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In separate in vitro experiments, we also used succinate (FADH2; Complex II) to stimulate oxidant 

generation at Complex I as occurs through a unique reverse electron flow from Complex II to 

Complex I [539, 540]. Furthermore, we compared these kinetics in both the absence and presence 

of creatine given creatine accelerates matrix ADP/ATP cycling which can alter the influence of 

ADP in attenuating mH2O2, at least in response to succinate [94]. Using this approach, we found 

that succinate-induced mH2O2 emission was also elevated in D2.mdx diaphragm but there was no 

effect of either drug dose (1.1-to-2.3-fold increase vs WT; Supplemental Figure 6-2A, C). 

However, increased mH2O2 emission seen in quadriceps from D2.mdx mice were robustly 

attenuated by both doses (11.3 to 73.6%; Supplemental Figure 6-2B, D).  

Thus, while high doses lowered mitochondrial H2O2 emission due to forward electron flow from 

Complex I and supported by glucose-derived substrate (pyruvate) in both muscles, succinate-

induced mH2O2 emission by reverse electron flow to Complex I was attenuated only in the 

quadriceps. These findings highlight the complexity of mitochondrial redox regulation across 

muscle types, the overall findings demonstrate that ALY688-SR lowers mH2O2 by preserving 

mitochondrial responsiveness to ADP.  

We also assessed mitochondrial respiration as an index of oxidative phosphorylation in both 

quadriceps and diaphragm. D2.mdx mice demonstrated reduced ADP-stimulated respiration in 

multiple substrate conditions with generally no effect of either dose in both muscles (-25.9 to -

67.0% vs WT; Figure 6-5A, B; Supplemental Figure 6-3A-D; Supplemental Table 6-2). 

Assessments of mitochondrial content markers through western blotting of electron transport chain 

complexes subunits were also completed in both muscles (Figure 6-5C, D). Overall, specific 

subunits of complex III and V, were significantly lowered in disease state groups in both the 

quadriceps and diaphragm (-14.7 to -31.5% vs WT) and total sum of complexes were reduced in 

diaphragm (-13.8 to -19.3% vs WT). HD treatment significantly reduced total sum in quadriceps 

only (-29.1% vs WT) while LD treatment significantly lowered complex IV content in the 

diaphragm (-27.0% vs WT).  

In addition to mH2O2 emission and respiration, we also assessed the potential for calcium-induced 

mitochondrial induction of apoptosis given calcium stress occurs in Duchenne muscular dystrophy 

[254, 541, 542]. However, there was no differences between groups when assessing mitochondrial 

calcium retention capacity as a marker of permeability transition pore formation (Supplemental 
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Figure 6-4). Collectively, these mitochondrial assessments point to a more specific relationship 

between muscle fibrosis, atrophy and mitochondrial redox stress underlying the effects of 

ALY688-SR on diaphragm in D2.mdx mice. 
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Figure 6-5. Reductions in pyruvate-supported mitochondrial respiration and protein markers of the electron transport chain in 

D2.mdx mice are not altered by ALY688-SR. Complex-I supported respiration (assessed by oxygen flux, JO2) stimulated by NADH 

generation through 5mM pyruvate and 2mM malate in permeabilized fibre across a range of ADP concentrations representing increasing 

states of metabolic demand: 25μM (modeling resting muscle [497]); 100μM (modeling high intensity exercise [53]), 500uM 

(maximal)[510] and 5000μM (supramaximal) was assessed in the diaphragm (A) and quadriceps (B). Subunits of complexes I, II, III, 

IV and V were assessed by western blot in diaphragm (C) and quadriceps (D). Results represent mean ±SD; n=9-12. All p values are 

FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; 

†p<0.05 WT vs D2.mdx- HD.
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ALY688-SR remodels muscle force production 

We next determined whether muscle force production was different between groups. As expected, 

D2.mdx mice demonstrated lower muscle force production in both diaphragm strips and quadriceps 

(Figure 6-6A, B). Both doses of ALY688-SR lowered force relative to both wildtype and D2.mdx 

in diaphragm (-2.3% to –43.0% vs VEH & WT) but had no effect on quadriceps. There was less 

recovery from fatigue in diaphragm with the high dose and in quadriceps with the low dose (-5.3% 

to -50.9%; Supplemental Figure 6-7A, B). While initially unexpected, these assessments did not 

translate to attenuated physical activity behaviours as noted by similar grip strength, cage hang 

time and voluntary wheel running between all D2.mdx groups (-15.1% to -91.0% vs WT Figure 6-

6C-E) or serum creatine kinase (marker of muscle damage) in the high dose group despite increases 

seen with the low dose (3.1-to-5.2-fold increase vs WT; Figure 6-6F).  

Collectively, these results suggest that the ability of ALY688-SR to attenuate both fibrosis and 

atrophy in diaphragm are not paralleled by increased force production. However, these force 

assessments were not compared to broader physiological indicators of respiratory drive and 

demand that may contribute to adaptive reprogramming of force generating capacity (See 

Discussion).  
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Figure 6-6. Muscle function assessments of D2.mdx treated with ALY688-SR. Muscle force was assessed using force frequency 

protocols in in-vitro diaphragm strips (A) and in-situ quadriceps preparation (B). Serum creatine kinase was assessed as a clinical marker 

of muscle breakdown (C). Cage hang time (D), grip strength normalized to body weight (E), and distance travelled during 24 hours of 

voluntary wheel running (F) were assessed as measures of voluntary motor function. Results represent mean ±SD; n=8-13 (A,B); n=13-

22 (C); n=21-26 (D-F). All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- 

VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 D2.mdx-VEH vs 

D2.mdx-HD; ^p<0.05 D2.mdx-LD vs D2.mdx-HD. 
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ALY688-SR did not alter AMPK or p38MAPK signaling in D2.mdx mice 

ALY688-SR and other adiponectin receptor agonists are thought to attenuate inflammation in part 

by activating AMPK [443, 445, 543]. As AMPK is also activated in mdx mice [79], the potential 

combined effect of ALY688-SR and disease state in D2.mdx mice becomes difficult to predict. 

Similar to inflammatory measures, only the high dose group was assessed. As shown in Figure 6-

7, AMPK phosphorylation was elevated in D2.mdx in both diaphragm and quadriceps (33.2% to 

69.1% vs WT). The high dose of ALY688-SR had no effect in either muscle (Figure 6-7A-C, G-

I). As tissues were assessed ~20-24 hours since the last injection, earlier induction of AMPK may 

have occurred given prior work showed rapid increases in AMPK phosphorylation in L6 skeletal 

muscle cells after 30 minutes of treatment [544]. Phosphorylation of p38 MAPK was also assessed 

given ALY688-SR has been shown to activate this pathway in previous studies [545-547]. 

However, there were no differences in this measure between any of the groups.  
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Figure 6-7. Effects of ALY688-SR treatment on AMPK and p38MAPK activity in D2.mdx mice. Western blotting was used to 

quantify the active phosphorylated form of AMPK, total AMPK, phosphorylated p38MAPK, p38MAPK with normalization of 

phosphorylated forms to total contents as an index of activity in the diaphragm (A,B) and quadriceps (C,D). Low-dose treated animals 

were excluded in this analysis as high dose treatment attenuated more aspects of dystrophic pathology. Results represent mean ±SD; 

n=9-12. All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 

WT vs D2.mdx- LD.  
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Discussion 

Progressive fibrosis in diaphragm and limb muscles is believed to contribute to muscle dysfunction 

in people with DMD and dystrophin-deficient mdx mice [548-550]. While chronic glucocorticoid 

treatment is associated with delayed age-related increases in fibrosis, at least in heart [551], there 

remains an unmet need to therapeutically prevent fibrosis in addition to preserving muscle mass 

and function. Here, we identify the adiponectin receptor agonist ALY688-SR as an anti-fibrotic 

that reduced collagen content in the diaphragm by 66.7-67.6% of very young D2.mdx mice after 3 

weeks of daily treatment. ALY688-SR also partially attenuated diaphragm atrophy in multiple fibre 

types. These effects were associated with lower diaphragm mitochondrial reactive oxygen species 

which suggests a relationship exists between mitochondrial stress and myopathy in this model.  

Disease-modifying effects of ALY688-SR are more apparent in the severely fibrotic diaphragm 

The partial prevention of fibrosis and atrophy in the diaphragm was not observed in the tibialis 

anterior. However, this is likely due to the minimal disease effects noted in this muscle at this 

young age demonstrating a heterogeneous response of muscle at this early stage of disease 

progression in the D2.mdx mouse. Specifically, when comparing D2.mdx vehicle-treated mice to 

wildtype, collagen content was many-fold higher in diaphragm but only two-fold higher in tibialis 

anterior. The results indicate that ALY688-SR is effective at partially preventing fibrosis and 

atrophy when a robust disease state is present in muscle (e.g. diaphragm). Future studies could 

consider longer term treatment effects of ALY688-SR in muscles that develop more robust fibrosis 

and atrophy.  

These effects in the diaphragm suggest that adiponectin receptor agonism can regulate muscle fibre 

size and fibrosis. As ALY688 is known to attenuate markers of inflammation [467], we determined 

whether such preservations were related to lower inflammation. While ALY688-SR lowered 

mRNA content of IL-6, increases in IL-6 protein were also observed compared to vehicle-treated 

D2.mdx mice. This finding is difficult to explain given IL-6 has been shown to be directly 

associated with fibrosis [552-556]. While speculative, this divergent response in IL-6 mRNA and 

protein measured in diaphragm lysate may be related to differential effects of the drug on muscle 

fibre expression of IL-6 distinct from production in other cell types such as fibroblasts and immune 

cells. While recombinant adiponectin was shown to increase IL-6 production in human bronchial 

epithelial cells [557], the role of IL-6 in regulating fibrosis is also somewhat controversial given 
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this cytokine is known to have both pro-inflammatory and anti-inflammatory effects depending on 

the type of experimental model, disease state or systemic stressor [558]. However, mononuclear 

cell infiltrate assessed by H&E staining was not affected by the drug suggesting changes in 

fibroblast or immune cell cytokine production may be due to altered activity independent of the 

cellular contents in muscle tissue.  

TGF-β protein content was also increased by ALY688-SR in the diaphragm while mRNA content 

was not altered, again suggesting a possible increase in production from other cell types within 

muscle. TGF-β plays an important role in activating fibrosis [339], and was previously shown to 

be induced by the adiponectin receptor [559, 560]. Additionally, TGF-β is a pleiotropic cytokine 

that can activate complex signaling pathways with crosstalk at multiple levels leading to highly 

context-dependent and multifaceted role in health and disease. For example, TGF-β production 

from tissue resident macrophages and other sources inhibits immune responses, either directly by 

inhibiting the functions of Th1 and Th2 CD4+ effector cells and NK cells, or indirectly by 

promoting regulatory T cells (Treg) generation and function[561-563]. These examples 

demonstrate the opportunity for further investigation into the involvement of other immune cell 

types by which skeletal muscle in D2.mdx mice were remodeled by adiponectin receptor agonism. 

Overall, the diverse responses in inflammatory factors may be related to the dynamic interplay 

between early disease progression in the diaphragm and the rapid development and remodeling of 

muscle that occurs in young D2.mdx mice.  

In tibialis anterior, ALY688-SR attenuated TNF-α mRNA and protein suggesting a possible direct 

effect in fibres of this muscle. As there was little fibrosis and no apparent atrophy in this muscle, 

these results may add further credence to determining whether such early effects of treatment 

translate into longer-term prevention of the eventual pathology in D2.mdx mice that likely 

manifests in other muscles at later stages of disease progression. For example, atrophy of tibialis 

anterior fibres was reported as early as 12 weeks [143]. 

Reduced diaphragm fibrosis and atrophy are related to attenuated mitochondrial redox stress 

Mitochondrial H2O2 emission in diaphragm muscle fibres was reduced with ALY688-SR 

treatment. This assessment was performed with NADH-generating substrates which specifically 

target Complex I of the electron transport chain. The findings add to previous reports that Complex 

I is dysfunctional in muscle from mdx mouse strains [20, 22, 23].  



142 
 

The mechanism of lower Complex I-supported H2O2 emission was related to mitochondrial 

responsiveness to ADP. When ATP is used in muscle by ATP-hydrolyzing pathways generally 

located outside the mitochondria, as occurs at basal rates in resting/sedentary muscle or at 

increasing rates during progressively greater muscle contractions, the resulting ADP product cycles 

back to mitochondria to combine with inorganic phosphate to re-synthesize ATP. The resulting 

entry of protons from the inner membrane space through ATP synthase into the matrix lowers 

mitochondrial membrane potential. This event triggers a dual response in the electron transport 

chain whereby proton pumping from matrix to inner membrane space ensues in tandem with 

forward electron flux from NADH (Complex I) or other reducing equivalents at other sites. This 

forward electron flow reduces the probability of premature electron ‘slip’ onto oxygen to generate 

superoxide and its dismutated product, H2O2. Being membrane permeable, this reactive oxygen 

species can then be scavenged by mitochondrial antioxidants or emitted into the cytoplasm. In this 

way, a rise in energy demand manifested as ADP ultimately lowers H2O2 emission. The discovery 

reported herein reveals that in vivo administration of ALY688-SR enhanced the ability of ADP to 

attenuate mH2O2 assessed in vitro in both diaphragm and quadriceps of D2.mdx mice. However, 

the ability of ADP to stimulate respiration was not altered by ALY688-SR for reasons that are 

unclear. Nevertheless, this finding suggests that adiponectin receptor regulates some component of 

the phosphorylation system related to ADP’s control of bioenergetics, but the manner by which 

this occurs either directly or indirectly requires further investigation. The precise mechanism by 

which mitochondrial H2O2 contributes to atrophy and fibrosis in muscle is likely multi-factorial 

but is increasingly associated with myopathy in muscular dystrophies as discussed elsewhere [256]. 

Lastly, mitochondria can also export phosphate in the form of phosphocreatine with creatine 

cycling back for re-phosphorylation by ATP in the matrix. This pathway was assessed by including 

creatine in the media during assessments and compared to assessments in the absence of creatine 

as discussed above. As similar conclusions were made in both assay conditions, the results do not 

suggest that ALY688-SR rescue mitochondrial creatine metabolism in this study design[150]. 

The relationship between histopathology and muscle force responses to ALY688-SR 

The attenuation of diaphragm fibrosis and atrophy occurred concurrently with lower in vitro force 

production. The reason for this lower force production response to short-term treatment of the drug 

is not apparent but may be related to several factors. First, treatment commenced at 7 days of age 
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up to 28 days of age. This period of development involves rapid remodeling of muscle tissue that 

is regulated by extensive coordination of fibroblasts and immune cells. As these cell types are 

known to be influenced by adiponectin [564, 565], it becomes difficult to predict how adiponectin 

agonists may influence the balance between muscle mass, extracellular matrix components such as 

collagen and, force generating capacity. Second, this dynamic period of remodeling is exacerbated 

by the presence of early-stage disease stressors arising from a lack of dystrophin expression in this 

model. While speculative, when considering the increased work of breathing that occurs in people 

with muscular dystrophies [566], we did not determine whether the reduced in vitro force 

production in diaphragm was a result of reduced work of breathing following drug treatment. In 

line with this speculation, adiponectin-deficient mice have lower dynamic lung compliance [567] 

predicting that a greater amount of force would be required to increase lung volume. Whether this 

means that adiponectin lowers the work of breathing remains to be determined but this possibility 

could explain whether the lower diaphragm force in response to ALY688-SR was an adaptive 

response to lower demands. However, the reduced recovery from fatigue would not align with this 

and remains difficult to explain. The attenuation of diaphragm fibrosis and atrophy nonetheless 

align with clinical interest in these specific outcomes, and their preservation seen herein points to 

a need for further investigation to determine if longer-term treatment eventually preserves force 

production once adolescence is complete.  

Conclusion 

In summary, these results suggest that the recently developed adiponectin receptor agonist 

ALY688-SR prevents much of the fibrosis in diaphragm and partially prevents atrophy in multiple 

fibre types. These effects were observed after 3 weeks of short-term treatment in young mice at 

early stages of the disease. This remodeling was related to dynamic changes in inflammatory 

markers and attenuated mitochondrial H2O2 emission – a known metabolic stressor that occurs in 

D2.mdx muscle. These results warrant further investigation into the longer-term effects of 

ALY688-SR on other muscles that eventually develop fibrosis and atrophy as well as the 

relationship of these effects to force production in limb muscle and diaphragm in relation to 

dynamic work as occurs in vivo.  
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Online supplemental material 

Additional supporting information pertaining to methodologies and results are available online. In 

line with journal requirements, additional references beyond those listed below are available in the 

supplemental package.  
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Supporting Methods 

Animal Care 

Mice were housed with littermates until functional testing (commencing 48 hours prior to sacrifice) 

and then sacrifice (~28 -30 days of age). Mice were maintained on a 12:12-h light-dark cycle while 

being provided access to standard chow and water ad libitum. Given small tissue size, multiple 

phases of breeding were required for sufficient masses for analyses. As a result, two phases of 

breeding and treatments were required.  

ALY688-SR treatment  

Following the treatment protocol, in situ quadriceps force assessments were then performed in one 

limb followed by removal of the quadriceps from the other limb for mitochondrial assessments, 

diaphragm for in vitro force assessments and finally other tissues for further processing as 

described below. Muscle and visceral organs weights were normalized to tibia length. Tissue 

collected from the first phase were utilized in force, histological, mitochondrial measures 

(respiration, mH2O2 and calcium retention capacity) and western analyses (diaphragm and 

quadriceps only). A second phase was then collected and utilized for cytokine profiling, qPCR 

analyses and additional westerns (TA only). Serum was collected from both phase 1 and 2 and 

utilized for serum CK analysis. All animals were utilized in in vivo functional assays (grip strength, 

cage hang time and voluntary wheel running). 

Histochemical analysis of muscle regeneration 

Centralized nuclei, a marker of regenerating fibres, was analyzed by selecting five evenly spaced 

images throughout the muscle and averaging the result. 

RNA isolation & quantitative PCR 

Samples were lysed using TRIzol reagent and RNA was separated to aqueous phase using 

chloroform. The aqueous layer containing RNA was then mixed with isopropanol and loaded to 

Aurum Total RNA Mini Kit columns (Bio-Rad, Mississauga, ON, Canada). Total RNA was then 

extracted according to the manufacturer’s instructions and concentration was assessed on the 

nanodrop attachment for the Varioskan LUX Multimode Microplate reader (Thermo Scientific). 

Reverse transcription of RNA into cDNA was performed by M-MLV reverse transcriptase and 
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oligo(dT) primers (Qiagen). cDNA was then amplified in a CFX384 Touch Real-Time PCR 

Detection Systems (Bio-Rad) with a SYBR Green master mix and specific primers, listed below in 

Table 6-1. Standard curves were created by plotting log DNA concentrations against Ct values 

from a 1:5 serial dilutions with CFX Manager Software. Gene expression was normalized to a 

Rplp0 control [569], and relative differences were determined using the ΔΔCt method [570]. 

Values are presented as fold increases relative to WT group. 
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Table 6-1: Primers for Cytokine (listed 5’ to 3’) 

Gene Primer  

IL-1β Forward  

GCAGCACATCAACAAGAG 

Reverse  

CAGCAGGTTATCATCATCATC 

TNF-α Forward  

AGAATGAGGCTGGATAAGAT 

Reverse 

GAGGCAACAAGGTAGAGA 

TGF-β Forward  

CCTGCAAGACCATCGACATG 

Reverse 

TGTTGTACAAAGCGAGCACC 

IL-6 Forward  

ACAGAAGGAGTGGCTAAG 

Reverse 

AGAGAACAACATAAGTCAGATAC 

IL-10 Forward  

ATAACTGCACCCACTTCCCA 

Reverse 

GGGCATCACTTCTACCAGGT 

Rplp0 Forward  

TTGGAGTGACATCGTCTT 

Reverse 

ATCTTGAGGAAGTAGTTGGA 
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Cytokine profiling   

Tibialis anterior and diaphragm samples were homogenized in lysis buffer containing (in mM) (20 

Tris/HCl, 150 NaCl, 1 EDTA, 1 EGTA, 1% Triton X‐100, 2.5 Na4O7P2, 1 Na3VO4, pH 7.0) 

supplemented with protease (Roche) and phosphatase inhibitors (Sigma). Samples were diluted 

two-fold in the assay buffer before loading to the plates with beads. According to the manufacturer's 

instructions, levels of TGF-β, TNF-α, IL-1β, IL-6 and IL-10 in the homogenates were measured 

using LEGENDplexTM Mouse Custom Panel. Assay was performed in the Attune NxT flow 

cytometer (Thermo Fisher). The FCS files generated on the flow cytometer were analyzed using 

the LEGENDplex™ cloud-based analysis software.    

In-vitro diaphragm force  

A silk suture was attached to the central tendons and the ribs and secured in a bath with oxygenated 

Ringers solution containing (in mM) 121 NaCl, 5 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4 NaHPO4, 24 

NaHCO3, 5.5 glucose and 0.1 EDTA; pH 7.3 (95% O2/5% CO2) maintained at 25°C with ribs 

secured to the force transducer with an s-hook and central tendon to the lever arm. The diaphragm 

was positioned between two platinum electrodes driven by a biphasic stimulator (Model 305C; 

Aurora Scientific, Inc., Aurora, ON, Canada) and allowed to acclimatize for 30 minutes. Optimal 

resting length (L0) was found using single twitches until maximal force was attained. A force-

frequency curve was performed (1, 10, 20, 40, 60, 80, 100, 120, 140, 200 Hz) with 1 minute of rest 

between contractions with a final 5- minute rest period provided before a fatiguing protocol was 

performed (70Hz for 350ms every 2 seconds for 5 minutes). After the force-frequency protocol 

was assessed, a 5 minute rest period was provided before a fatiguing protocol was performed (70Hz 

for 350ms every 2 seconds for 5 minutes). Recovery from fatigue was assessed at 5-, 10- and 15-

minutes post fatigue at the frequency that elicited maximum force in the force-frequency protocol. 

Force production was analyzed using Dynamic Muscle Control Data Acquisition software (Aurora 

Scientific, Inc) and normalized to cross sectional area (CSA) of the muscle strip (m/l*d) where ‘m’ 

is the mass of the strip devoid of the central tendon and ribs, ‘l’ is the length (from the point of 

insert on the ribs to the myotendinous junction of the central tendon) and ‘d’ is the mammalian 

skeletal muscle density (1.06g/mm3) [494].  
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In-situ quadriceps force 

Body temperature was maintained using an overhead heat lamp. Once fully sedated, hair was 

removed from the knee and a small vertical incision was made above the knee to expose the patellar 

tendon. The tendon was then secured with a suture (4/0; Fine scientific instruments, North 

Vancouver, Canada), with a loop at the end. The tendon was then severed, and the loop was then 

attached to an Aurora Scientific 305C muscle lever arm with an s-hook (Aurora, Ontario, Canada). 

A 27 G needle was pierced from the lateral side of the knee through the femoral epicondyles 

immobilizing the knee joint. The knee was then secured with a vertical knee clamp and quadriceps 

contraction was facilitated through percutaneous stimulation of the femoral nerve. Optimal resting 

length (L0) was determined using single twitches (pulse width=0.2ms) at varying muscle lengths 

at the maximal stimulation current. Force was assessed across increasing frequencies (1, 40, 60, 

80, 100, 120 Hz) using a biphasic stimulator (Model 710B, Aurora Scientific, Inc., ON, Canada), 

with one minute rest between each frequency. After a five minute rest period, a fatigue protocol 

(70Hz stimulation once every 1.5s for 120 contractions) was initiated. Recovery from fatigue was 

assessed 5, 10 and 15 minutes after the last contraction of the fatigue protocol at the frequency that 

elicited max force. Data were analyzed using Dynamic Muscle Control Data Acquisition software 

(Aurora Scientific, Inc) and normalized to quadriceps weight in mg. 

Preparation of permeabilized muscle fibre bundles 

The quadriceps from the non-stimulated limb and the diaphragm were collected and quickly placed 

in a buffer containing (in mM) 50 MES Hydrate, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 

0.5 dithiothreitol, 20 taurine, 5.77 ATP, 15 PCr, and 6.56 MgCl2·6 H2O (pH 7.1). Both muscles 

were trimmed of connective tissue and fat and separated along the longitudinal axis into small 

bundles weighing approximately 1.0-2.5mg wet weight for respiration and mH2O2 and 0.5-1.5mg 

wet weight for calcium retention capacity. Bundles were permeabilized with 40µg/µL saponin 

(Sigma Aldrich; St. Louis, MI, USA) in BIOPS on a platform rotor for 30 minutes at 4°C. The 

permeabilized bundles were then transferred to wash buffers to remove saponin as follows: MiRO5 

for mitochondrial respiration, Buffer Z for mitochondrial H2O2 emission (mH2O2), and Buffer Y 

for calcium retention capacity. The composition of each buffer has been described previously [23]. 

Fibres prepared for pyruvate-supported mitochondrial H2O2 emission (mH2O2) were permeabilized 

in the presence of 35µM 2,4-dinitrochlorobenzene (CDNB) to deplete glutathione and enhance the 
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detection of mH2O2 [496]. All bioenergetic assays were performed within 4 hours of washing to 

maintain fibre viability.  

Mitochondrial respiration 

High resolution oxygen consumption (an index of mitochondrial respiration) was performed in 

2mL of MiRO5 supplemented with (creatine-dependent) or without (creatine independent) 20mM 

creatine to saturate mitochondrial creatine kinase activity [495, 497]. O2 consumption was 

measured using the Oroboros Oxygraph-2K (Oroboros Instruments, Corp., Innsbruck, Austria) 

while stirring at 37°C in the presence of 5µM blebbistatin to prevent muscle fibre contraction by 

rigor in response to ADP [495]. Each chamber was oxygenated with 100% pure O2 to an initial 

concentration of ~350 μM and experiments were completed before chamber [O2] reached 150 μM 

[495, 498, 499, 571, 572]. Prior to permeabilization, fibre bundles were gently and quickly blotted 

dry, weighed in ~1.5 mL of tared cold BIOPS (ATP‐containing relaxing media) to ensure fibres 

remained relaxed. Respiration was normalized to bundle wet weight. Complex I-supported 

respiration was stimulated using 5mM pyruvate and 2mM malate (NADH; State II respiration) 

followed by a titration of ADP concentrations (State III) from physiological ranges (25, 100µM) 

to supraphysiological (500 µM) and saturating to stimulate maximal coupled respiration (5000 

µM). An addition of 10µM cytochrome c was added to test mitochondrial outer membrane 

integrity. Experiments with very low ADP-stimulated respiration and high cytochrome c responses 

were removed. Lastly, 10mM succinate (FADH2) was added to support complex-II respiration.  

Mitochondrial H2O2 emission (mH2O2) 

Briefly, mH2O2 was determined spectrofluorometrically (QuantaMaster 40, HORIBA Scientific, 

Irvine, CA, USA) utilizing Buffer Z containing 10µM Amplex Ultra Red (Life Technologies; 

Carlsbad, CA, USA), 1U/mL horseradish peroxidase, 1mM EGTA, 40U/mL Cu/Zn SOD1, 5µM 

blebbistatin and 20mM Cr. Complex I-supported mH2O2 was initiated through the addition of 

10mM pyruvate and 2mM malate (NADH; forward electron flow) and separately with 10mM 

succinate (FADH2; reverse electron flow from Complex II to I). The ability of ADP to suppress 

mH2O2 was assessed with a titration of physiological concentrations (25, 100) and saturating for 

oxidant generation (500µM). All protocols were repeated without creatine in the assay buffer to 

permit comparisons with the creatine condition, thereby allowing assessments of mitochondrial 

creatine sensitivity. Bundles were lyophilized in a freeze‐dryer (Labconco, Kansas City, MO, USA) 
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for >4 h and weighed on a microbalance (Sartorius Cubis Microbalance, Gottingen, Germany). The 

rate of mH2O2 emission was calculated using a standard curve under the same assay conditions and 

then normalized to fibre bundle dry weight. 

Mitochondrial calcium retention capacity  

This assay was measured spectrofluorometrically (QuantaMaster 80, HORIBA Scientific) in a 

cuvette with 300µL assay buffer containing 1 μM Calcium Green‐5N (Invitrogen), 2 μM 

thapsigargin, 5 μM blebbistatin, and 40 μM EGTA while maintained at 37°C with continuous 

stirring. 5mM glutamate, 2mM malate, 5mM ADP and 20mM creatine were added to the assay 

buffer and minimum fluorescence was recorded. 4nmol pulses of CaCl2 were added until the 

mitochondrial permeability transition pore (mPTP) opening was observed as an increase in 

fluorescence corresponding to net mitochondrial calcium release, at which point saturating pulses 

of CaCl2 were used to establish maximum fluorescence. Changes in free Ca2+ during mitochondrial 

Ca2+ uptake were then calculated using the known Kd for Calcium Green-5N and equations 

established for calculating free ion concentration [478]. Calcium retention was then normalized to 

fibre bundle dry weight. 

Histochemical & Immunofluorescent Staining 

Samples collected were cut into 8µm thick serial cross sections with a cryostat (Thermo Fisher 

Scientific; Kalamazoo, MI, United States;) maintained at -20°C on Fisherbrand Superfrost Plus 

slides (Thermo Fisher Scientific). Hematoxylin and eosin (H&E) and Masson’s trichrome staining 

was used to assess muscle health and fibrosis as previously described [23]. Centralized nuclei, a 

marker of regenerating fibres, was analyzed by selecting five evenly spaced images throughout the 

muscle and averaging the result. Areas of damage (fibres with fragmented sarcoplasm and immune 

cell infiltration) were expressed as a percentage of the entire muscle section. Images were taken 

using EVOS M7000 imager (Thermo Fisher Scientific) using 20X magnification and analyzed 

using ImageJ (http://imagej.nih.gov/ij/). To determine fibrotic area, skeletal muscle sections were 

stained with Masson's Trichrome (fibrotic regions stain blue for collagen) and expressed as a 

percentage of a region of interest, which included the entire muscle section with any artifacts 

removed. Sections were imaged Nikon 90i-eclipse microscope (Nikon Inc., Melville, NY) and 

analysed with the NIS Elements AR software (v4.6, Nikon). Immunofluorescent analysis of myosin 

heavy chain expression was previously described [500]. Images were taken with EVOS M7000 



152 
 

equipped with standard red, green, blue filters cubes. Fibres that were not positively stained were 

considered IIX fibres. These images were then analyzed with ImageJ for minimal Feret’s diameter 

as an index of muscle atrophy [131]. 

Western blotting 

Frozen sections of quadriceps and diaphragm from each muscle (approximately 10-30mg in size) 

were homogenized using a plastic microcentrifuge tube with tapered Teflon pestle in ice-cold lysis 

buffer containing (in mM) (20 Tris/HCl, 150 NaCl, 1 EDTA, 1 EGTA, 1% Triton X‐100, 2.5 

Na4O7P2, 1 Na3VO4, pH 7.0) supplemented with protease (Sigma) and phosphatase inhibitors 

(Roche). A 12% gel was used to separate electron transport chain proteins and all other proteins 

were separated on a 10% gel. Following, all gels were transferred onto 0.2µm low fluorescence 

PVDF membrane (Bio-Rad, Mississauga, Canada) and blocked with Li-COR Intercept Blocking 

Buffer (LI‐COR, Lincoln NE, USA) for 1 hour. Membranes were then incubated with specific 

primary antibodies (listed below) overnight at 4°C. A commercially available monoclonal rodent 

OXPHOS Cocktail (ab110413; Abcam, Cambridge, UK, 1:250 dilution) including V‐ATP5A (55 

kDa), III‐UQCRC2 (48 kDa), IV‐MTCO1 (40 kDa), II‐SDHB (30 kDa), and I‐NDUFB8 (20 kDa) 

were used to detect electron transport chain proteins. Commercially available polyclonal antibodies 

were used to detect p-AMPKα (Thr172; 62kDa) (2535, Cell Signaling Technologies (CST), 

1:1000), AMPKα (62 kDa; 2532, CST, 1:500), p-p-38MAPK (Thr180/Tyr182;43 kDa;) (9211, 

CST, 1:1000) and p38MAPK (40 kDa; 9212, CST, 1:500). After overnight primary antibody 

incubation, membranes were washed three times (5 minutes each time) in TBS-T and incubated at 

room temperature with appropriate fluorescent secondary antibody (LI-COR). Prior to detection, 

membranes were washed in TBS-T three times for 5 minutes and then imaged using infrared 

imaging (LI‐COR CLx; LI‐COR, Lincoln, NE, USA) and quantified by densitometry (ImageJ, 

http://imagej.nih.gov/ij/). All images were normalized total protein from the same membrane 

stained using Amido Black total protein-stained membrane (A8181, Sigma).  

Statistical analyses 

Prior to statistical analyses, outliers were omitted in accordance with ROUT testing (Q=0.5%) and 

then tested for normality using a D'Agostino–Pearson omnibus normality test (GraphPad Prism 

Software, La Jolla, CA, USA). State III respiration and mH2O2 were analyzed using a two‐way 

ANOVA followed by a two-stage step-up method of Benjamini, Krieger and Yekutieli for 
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controlling False Discovery rate (FDR) for multiple-group comparisons. For all other data, 

statistical differences were analyzed using a one-way ANOVA between all groups followed by a 

two-stage step-up method of Benjamini, Krieger and Yekutieli post hoc analyses where 

appropriate. All reported p-values are FDR-adjusted p values (traditionally termed ‘q’). 
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Supplemental Results  

 

Supplemental Table 6-1: Anthropometrics effects of ALY688-SR treatment  

  Wild-Type D2.mdx-VEH D2.mdx-LD D2.mdx-HD 

Body Weight (g) 15.8 ± 2.6 13.2 ± 1.5* 12.4 ± 1.3# 13.3 ± 1.6†^ 

Tibial Length (mm) 15 ± 0.7 14 ± 0.6* 14 ± 0.5# 14 ± 0.5† 

 

Muscle (mg/mm)     

Quadriceps 6.4 ± 1.0 6.7 ± 1.3 6.1 ± 0.7 6.7 ± 0.9 

Extensor Digitorum 

Longus 
0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

Tibialis Anterior 1.7 ± 0.2 1.7 ± 0.3 1.6 ± 0.3 1.6 ± 0.3 

Soleus 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 

Plantaris 0.5 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.5 ± 0.1 

Gastrocnemius 3.8 ± 0.4 3.6 ± 0.5 3.5 ± 0.3 3.6 ± 0.4 

Triceps 3.1 ± 0.8 3.5 ± 1.3 3.3 ± 0.8 3.8 ± 0.9† 
 

Adipose Pad (mg/mm)     

Inguinal 7.2 ± 2.0 3.1 ± 1.1* 2.9 ± 0.7# 3.6 ± 0.8† 

Epididymal 8.9 ± 3.7 1.5 ± 0.5* 1.1 ± 0.4# 1.8 ± 0.6† 

 

Viscera (mg/mm)     
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Spleen 5.4 ± 1.2 5.0 ± 1.3 4.3 ± 1.07#‡ 5.1 ± 1.0^ 

Kidney 8.3 ± 1.9 7.1 ± 1.4* 6.6 ± 1.0# 7.3 ± 1.0† 

Liver 55.0 ± 7.5 55.7 ± 9.4 48.1 ± 4.6#‡ 59.2 ± 9.0†^ 

Results represent mean ±SD; n=7-10. All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 

WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 

D2.mdx-VEH vs D2.mdx-HD; ^p<0.05 D2.mdx-LD vs D2.mdx-HD 
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Supplemental Figure 6-1. Effects of ALY688 on inflammation and muscle damage in D2.mdx tibialis anterior. (A) Hematoxylin 

& eosin staining were used to assess areas of muscle damage which includes areas of necrosis and fibrosis and expressed as a percentage 

of total area. Scale bar =100µm. (B) qPCR were used to assess mRNA fold changes of TNF-α, IL-1β, IL-6, IL-10 and TGF-β across WT 

and D2.mdx mice treated with vehicle or high dose ALY688 treatment. qPCR results were normalized to Rplp0, and the subsequent 

ratios were presented as relative expression compared with WT values. (C) Protein levels of the same cytokines, were assessed by 

BioLegend Multiplex using flow cytometry. Results represent mean ±SD; n=7-12. All p values are FDR-adjusted by Benjamini, Krieger 

and Yekutieli post-hoc analyses.  *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; §p<0.05 

D2.mdx-VEH vs D2.mdx-HD. 
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Supplemental Figure 6-2. ALY688-SR enhances ADP attenuation of mitochondrial H2O2 

emission supported by succinate in quadriceps. The ability of ADP to attenuate mitochondrial 

H2O2 emission (mH2O2) stimulated by succinate was assessed in permeabilized fibres of diaphragm 

(A,B) and quadriceps (C,D). 10mM succinate (FADH2) was used to stimulate electron flow in 

reverse direction from complex II to complex I to generate superoxide that is dismutated to H2O2. 

ADP’s attenuation of mH2O2 was assessed in the absence (A,C) and presence (B,D) of creatine 

(accelerator of matrix ADP/ATP cycling) across a range of ADP concentrations depicting 

increasing metabolic demand [45, 497, 510]. Analyses were performed in the diaphragm (A,B) and 

quadriceps (C,D). Results represent mean ±SD; n=10-12. All p values are FDR-adjusted by 

Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT 

vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 

D2.mdx-VEH vs D2.mdx-HD. 
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Supplemental Figure 6-3. Mitochondrial respiration normalized to mitochondrial content 

markers is not altered by ALY688-SR treatment. Complex-I supported respiration (assessed by 

oxygen flux, JO2) normalized to protein markers of the electron transport chain (from Figure 6-6B) 

as an index of mitochondrial content in diaphragm (A,B) and quadriceps (C,D) in the absence (A,C) 

and presence (B,D) of 20mM creatine (to accelerate ADP/ATP cycling) across a range of 

increasing metabolic demand (ADP concentrations) [45, 497, 510]. Results represent mean ±SD; 

n=9-12. All p values are FDR-adjusted by Benjamini, Krieger and Yekutieli post-hoc analyses. 

*p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD. 
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Supplemental Table 6-2: Reductions in creatine-accelerated mitochondrial respiration supported by pyruvate and succinate are 

not altered by ALY688-SR. 
 

Diaphragm Quadriceps 

[ADP] 

(µM) 
WT D2.mdx-VEH D2.mdx-LD D2.mdx-HD WT D2.mdx-VEH D2.mdx-LD D2.mdx-HD 

Creatine-dependent Complex I-supported respiration (pyruvate) 

(pmol O2·sec-1·mg-1 wet weight) 

0 

(State II) 
39.9± 12.0 21.4± 8.2* 19.4± 9.9# 20.4± 4.4† 12.5± 4.8 5.0± 1.8* 5.8± 3.1# 7.0± 2.5† 

25 55.4± 15.9 30.9± 13.4* 21.6± 5.0#,‡ 27.7± 5.5† 25.3± 6.7 8.0± 3.4* 9.8± 5.3# 10.15± 6.0† 

100 81.0± 25.4 45.3± 17.7* 30.5± 7.2#,‡ 42.2± 9.0† 35.8± 9.1 11.5± 4.5* 13.4± 8.4# 12.6± 7.3† 

500 126. 7± 45.4 68.4± 28.2* 50.2± 18.3# 64.1± 20.2† 54.2± 13.3 15.1± 7.1* 17.8± 10.6# 17.3± 10.7† 

5000 174.2± 66.0 84.7± 34.9* 62.0± 23.2# 85.7± 34.8† 74.6± 22.5 18.7± 10.0* 22.2± 12.9# 22.0± 16.2† 

Creatine-dependent Complex I+II-supported respiration (pyruvate, glutamate, succinate) 

(pmol O2·sec-1·mg-1 wet weight) 

Max 215.3± 79.7 161.7± 55.1# 135.3± 37.7 159.9± 33.8 122.7± 51.7 60.3± 17. 6* 60.1± 21.0# 64.9± 19.1† 

Creatine accelerates matrix-ADP/ATP cycling through mitochondrial creatine kinase activation [43-46, 52-54] in contrast to data in 

Figure 6-6 which was assessed in the absence of creatine (slower state of ADP/ATP cycling). Complex-I supported respiration stimulated 
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by NADH generation (5mM pyruvate and 2mM malate) in permeabilized fibres across a range of ADP concentrations representing 

increasing states of metabolic demand: 25μM (modeling resting muscle [497]); 100μM (modeling high intensity exercise [53, 510]), 

500uM (maximal) and 5000μM (supramaximal) was assessed in the diaphragm (A) and quadriceps (B). Following ADP titrations, 20mM 

succinate was added to generate FADH2 which stimulates forward electron flow (due to presence of ADP) from Complex II (yielding 

Complex I+II supported respiration). Results represent mean ±SD; n=9-12. All p values are FDR-adjusted by Benjamini, Krieger and 

Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 

D2.mdx-VEH vs D2.mdx- LD. 
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Supplemental Figure 6-4. Calcium-induced mitochondrial permeability transition pore 

opening in D2.mdx mice after ALY688-SR. Calcium retention capacity was measured 

spectrofluorometrically by titrating calcium chloride into permeabilized muscle fibres from 

diaphragm (A) and quadriceps (B) until mitochondrial permeability transition pore opening was 

triggered. Results represent mean ±SD; n=9-11.  

 

 

Supplemental Figure 6-5. Effects of ALY688-SR treatment on recovery after muscle fatigue 

in D2.mdx mice. In-vitro diaphragm strips (A) and in-situ quadriceps (B) underwent fatiguing 

protocols (70 Hz for 350 ms every 2 seconds for 5minutes). Prior to fatigue, 5-,10- and 15 minutes 

post fatigue, single stimulations were used to assess recovery and expressed as a % of pre-fatigue 

contraction. Results represent mean ±SD; n=8-11. All p values are FDR-adjusted by Benjamini, 

Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- 

LD; †p<0.05 WT vs D2.mdx- HD; ‡p<0.05 D2.mdx-VEH vs D2.mdx- LD; §p<0.05 D2.mdx-VEH 

vs D2.mdx-HD; ^p<0.05 D2.mdx-LD vs D2.mdx-HD 
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Supplemental Data Not Included in Manuscript 

 

Supplemental Figure 6-6. Effects of ALY688 on muscle regeneration in the diaphragm and 

tibialis anterior. Hematoxylin & eosin staining were used to assess number of centrally nucleated 

fibres, a marker of muscle fibre regeneration in (A) diaphragm and (B) tibialis anterior. Scale bar 

=100µm. Results represent mean ±SD; n=7-10. All p values are FDR-adjusted by Benjamini, 

Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 WT vs D2.mdx- 

LD; †p<0.05 WT vs D2.mdx- HD. 
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Supplemental Figure 6-7. Effects of ALY688 on autophagy in diaphragm. Western blotting 

was used to assess marker of autophagy in the diaphragm examining (A) p62, (B) LC3BII/I ratios 

(C) LC3BII and (D) LC3BI. Results represent mean ±SD; n=4-8. All p values are FDR-adjusted 

by Benjamini, Krieger and Yekutieli post-hoc analyses. *p<0.05 WT vs D2.mdx- VEH; #p<0.05 

WT vs D2.mdx- LD; †p<0.05 WT vs D2.mdx- HD. 
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Chapter 7: Memory impairment in the D2.mdx mouse model of Duchenne 

muscular dystrophy is prevented by the adiponectin receptor agonist ALY688 

 

This chapter has been written in preparation for submission to the Journal of Experimental 

Physiology. It is included in this thesis in the pre-submission format. 

 

Assay Development Prior to the Start of Project 4: 

1. Novel Object Recognition- in collaboration with LNC 

Author Contributions: Many of the experiments for this study were performed by Catherine A 

Bellissimo (CAB). CAB established and maintained the breeding colony required for this project. 

As tissue from these mice were shared among 3 projects, several tasks were shared amongst two 

students and one post-doctoral fellow. CAB, SG and LNC performed daily drug injections. Novel 

object recognition testing and analysis was performed by LNC. CAB, LNC and SG conducted all 

tissue harvests. LNC prepared hippocampal tissue for mitochondrial respiration. LNC and CAB 

performed all mitochondrial respirometry. CAB, MM and LNC conducted all qPCR and in tissue 

assessment of immune presence. CAB and MF performed all western blotting experiments. CAB 

and CGRP wrote the manuscript with all co-authors aiding in revision. 
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Graphical Abstract 

 

New Findings  

What is the central question of this study? 

Can adiponectin receptor agonism improve recognition memory in a mouse model of Duchenne 

muscular dystrophy? 

What is the main finding and its importance? 

Short-term treatment with the novel adiponectin receptor agonist, ALY688, improves recognition 

memory in D2.mdx mice. This finding suggests further investigation into adiponectin receptor 

agonism is warranted given there remains an unmet need for clinical approaches to treat this 

cognitive dysfunction in people with Duchenne muscular dystrophy.  
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Abstract 

Memory impairments have been well-documented in people with Duchenne muscular dystrophy 

(DMD). However, the underlying mechanisms are poorly understood, and there is an unmet need 

to develop new therapies to treat this condition. Using a novel object recognition test, we show that 

recognition memory impairments in D2.mdx mice are completely prevented by daily treatment 

with the novel adiponectin receptor agonist ALY688 from days 7-28 of age. Compared to age-

matched wildtype mice, untreated D2.mdx mice demonstrated lower hippocampal mitochondrial 

respiration (carbohydrate substrate), greater serum IL-6 cytokine content and greater hippocampal 

total tau and raptor protein contents. Each of these measures were partially or fully preserved 

following treatment with ALY688. Collectively, these results indicate that adiponectin receptor 

agonism improves recognition memory in young D2.mdx mice.   
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Introduction 

Duchenne muscular dystrophy (DMD) is a severe progressive muscle wasting disorder that results 

from mutations to the gene for the protein dystrophin [111, 125, 178]. By compromising cell 

membrane stability and cytoskeletal architecture, a variety of cell stressors arise, including 

metabolic dysfunction which may contribute to muscle weakness (reviewed in [256, 550]). 

Dystrophin is also expressed in the central nervous system including the hippocampus and other 

regions that regulate memory processing [369].  

Previous reports estimate ~30% of people with DMD exhibit cognitive dysfunction including 

memory impairments [366, 573]. Similar observations have been reported in murine models of 

DMD, including C57Bl/10ScSn-mdx and D2.mdx mice [367, 381]. Such cognitive impairments 

may be related to disruptions in brain energy homeostasis given separate investigations using non-

invasive magnetic resonance spectroscopy reported elevated inorganic phosphate (Pi) to ATP and 

Pi to phosphocreatine (PCr) in boys with DMD [382]. Similar observations were reported in 

C57Bl/10ScSn-mdx mice [383]. In the latter study, maximal activities of mitochondrial enzymes 

in the brain were not different from wildtype mice suggesting that the capacity of specific 

mitochondrial pathways might be preserved. However, functional assessments of oxidative 

phosphorylation using intact mitochondria have not been performed. Such approaches have 

revealed attenuations in mitochondrial substrate oxidation in muscle from mdx mice and muscle 

from people with DMD (reviewed in [256]).  

Glucocorticoids (GC) are the current standard of care for slowing the progression of muscle 

weakness in males with DMD [574-576] by reducing inflammation [577]. The effects of GC on 

memory in DMD is not fully resolved in the literature, but memory impairments attributed to GC 

therapy have been identified more broadly in other populations (reviewed in [578]). As such, there 

is an unmet need to develop new therapies that improve memory in addition to muscle function in 

DMD. In this regard, adiponectin receptor (AdipoR) agonism was recently shown to improve 

markers of muscle quality in mdx mice [464]. The agonist ALY688 in particular attenuates 

inflammation in various inflammatory disorders such as dry eye and liver diseases [466, 467] and 

reprograms substrate metabolism [534].  Given adiponectin-deficient mice have impaired 

recognition memory [579], we hypothesized that a recently developed slow-release formulation 

(ALY688-SR) with improved pharmacokinetic properties enabling once daily injection 
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(unpublished observations) would improve memory during early disease stages in young D2.mdx 

mice in association with lower inflammation and enhanced mitochondrial metabolism. 

  

Methods & Materials 

Animals 

Male D2.mdx mice originated from a colony maintained at York University (Toronto, Canada) and 

sourced from Jackson Laboratories (Stock Number 013141, Bar Harbor, United States). Mice were 

treated daily from days 7 to 28 of age with ALY688-SR at 15 mg/kg b.w. (Allysta Pharmaceuticals, 

Bellevue, WA; D2.mdx-ALY688-SR) or saline control (D2.mdx-VEH). This age was chosen given 

it captures an early stage of disease progression in cardiac and skeletal muscle [22-24, 143, 150]. 

Mice were sacrificed 20-24 hr after the last dose. Breeding of wildtype mice was unsuccessful, 

similar to a previous report [487]. Instead, three-week-old wildtype DBA/2J WT mice (D2A) were 

obtained from Jackson Laboratories (Stock number 000671, Bar Harbor, United States) and 

allowed to acclimatize for one week before sacrifice. Mice were housed in standard 12:12-hr 

light:dark cycles and were allowed access to standard rodent chow and water ad libitum. 4 days 

prior to sacrifice, all groups underwent novel object recognition acclimatization and testing as 

described below. Mice were anesthetized under 5% isoflurane vaporized in medical air (21% 

oxygen) at a flow rate of 2L/min and then maintained at 2-3% prior to euthanasia by 

exsanguination. Muscles were removed and used for another investigation (under review at the 

time of this submission). The right and left hippocampus were then quickly dissected from the 

brain with a portion placed immediately into ice-cold BIOPS, containing (in mM): 50 MES 

Hydrate, 7.23 K2EGTA, 2.77 CaK2EGTA, 20 imidazole, 0.5 dithiothreitol, 20 taurine, 5.77 ATP, 

15 PCr, and 6.56 MgCl2·6 H2O (pH 7.1) or flash-frozen in liquid nitrogen and stored at -80°C for 

RNA isolation and western blotting. All experiments and procedures were approved by the Animal 

Care Committee at York University (AUP Approval Number 2016‐18) in accordance with the 

Canadian Council on Animal Care. 

Novel Object Recognition test 

The novel object recognition test (NOR) was performed as previously described [363, 381, 580, 

581]. Briefly, animals were placed in an open field area (40cm x 40cm x 40cm). Sessions were 
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recorded with a cell-phone video camera secured above the apparatus. Testing was performed in 3 

stages: acclimation, habituation and testing as previously described [363, 381, 580, 581].  During 

acclimation, mice were placed into the arena and allowed to freely move for 5 minutes each day 

for 4 days preceding testing. The following day, habituation was performed, where two identical 

objects (Object 1) were placed in opposite corners of the arena and mice were left to explore for 

10 minutes. Objects were similar in size to the animals and were chosen to ensure novelty in all 

trials. Following a habituation period, mice were returned to a neutral cage for 30 minutes. 

Thereafter, mice were placed back in the arena with one familiar object and one novel object 

(Object 2) and allowed to explore for 10 minutes. Object exploration time was defined as the time 

the mouse interacted with the object, defined by sniffing or touching the object when the mouse is 

less than 2 cm from the object. Sitting or standing on the object was not included unless the mouse 

sniffed the object while climbing on it. For the trial to be considered the animal must have 

interacted with the object for greater than 20 seconds. Discrimination ratio (DR) was calculated as 

follows: DR = (Time (object 2) –Time (object 1))/Total time.  

High-Resolution Respirometry 

Mitochondrial oxygen consumption (respiration) was measured using the in situ brain 

permeabilization previous described [582] with some modification. Following weighing, a portion 

of the hippocampus samples were quickly minced with scissors in a chilled tube containing BIOPS 

buffer followed by immediate placement into an Oxygraph-2K respirometer (Oroboros 

Instruments, Austria) containing MiR05 respiration medium (0.5mM EGTA, 3mM MgCl2, 10mM 

KH2PO4, 20mM HEPES, 60mM K-lactobionate, 110mM sucrose, 1g/L BSA; pH 7.2) at 37°C with 

constant stirring at 750rpm. Samples were equilibrated in respiration buffer for 10 minutes before 

the addition of 50µg/mL saponin to facilitate permeabilization of the tissue. Following 

permeabilization, pyruvate-stimulated respiration was examined in the brain using 5mM pyruvate 

& 2mM malate to generate NADH and saturate electron entry into Complex I. To examine State 

III respiration as an index of oxidative phosphorylation, ADP was then added at a concentration of 

15uM to approximate the concentrations reported in human brains using non-invasive MRS 

assessments [583]. Cytochrome c was added as a test of mitochondrial outer membrane integrity. 

All experiments demonstrated <10% increase in respiration. Each protocol was initiated with a 

starting [O2] of ~350 μM and was completed before the oxygraph chamber [O2] reached 150 μM 
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as done previously [495, 499]. Polarographic oxygen measurements were acquired in 2s intervals 

with the rate of respiration derived from 40 data points and expressed as pmol/s/mg wet weight. 

Chemicals and reagents were purchased from Sigma (St. Louis, Mo., USA), BioShop (Burlington, 

ONT, Canada).  

RNA isolation & quantitative PCR 

Total RNA was isolated from hippocampus using the Aurum Total RNA Mini Kit (Bio-Rad; 

Mississauga, ON, Canada) according to manufacturer’s instructions, and reverse transcribed into 

cDNA by M-MLV reverse transcriptase and oligo(dT) primers (Qiagen). cDNA was then amplified 

in a CFX384 Touch Real-Time PCR Detection Systems (Bio-Rad) with a SYBR Green master mix 

and specific primers. Gene expression was normalized to a Rplp0 control [569] and relative 

differences were determined using the ΔΔCt method [570], normalized to D2A expression. The 

primers used to probe for mouse cytokines are as follows: IL-1β Forward 5’- 

GCAGCACATCAACAAGAG-3’, Reverse 5’-AGCAGGTTATCATCATCATC-3’; TNF-α 

Forward 5’-AGAATGAGGCTGGATAAGAT-3’, Reverse 5’-GAGGCAACAAGGTAGAGA-3’; 

IL-6 Forward 5’-ACAGAAGGAGTGGCTAAG-3’, Reverse 5’-

AGAGAACAACATAAGTCAGATAC-3’; IL-10 Forward 5’-ATAACTGCACCCACTTCCCA-

3’, Reverse 5’-GGGCATCACTTCTACCAGGT-3’; Rplp0 Forward 5’-

TTGGAGTGACATCGTCTT-3’, Reverse 5’-ATCTTGAGGAAGTAGTTGGA-3’.   

Cytokine Profiling  

Protein contents of TGF-β, TNF-α, IL-1β, IL-6 and IL-10 in serum were measured by flow 

cytometry using LEGENDplexTM Mouse Custom Panel (BioLegend; San Diego, CA, USA). 

Serum, collected from all groups, was diluted four-fold in the assay buffer. Assay was completed 

according to the manufacturer's instructions on the Attune NxT flow cytometer (Thermo Fisher). 

The FCS files generated on the flow cytometer were analyzed using the LEGENDplex™ cloud-

based analysis software.    

Western blotting 

Hippocampus tissue (collected from the same mice utilized in high-resolution respirometry 

experiments) was homogenized in cold lysis buffer containing (in mM; 20 Tris/HCl, 150 NaCl, 1 

EDTA, 1 EGTA, 1% Triton X‐100, 2.5 Na4O7P2, 1 Na3VO4, pH 7.0) supplemented with protease 
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and phosphatase inhibitors (Sigma) according to the protocol established in [23]. Detection of 

electron transport chain complex subunits were performed according to the procedure in [23]. For 

detection of total AMPK, p-AMPK, p-ULK1, p62, and LC3BII/I, proteins were transferred to a 

0.2µm low fluorescence polyvinylidene difluoride membrane using a Bio-Rad Trans Blot Turbo. 

Membranes were then blocked in Licor Intercept Blocking buffer diluted 1:1 in PBS. Membranes 

were then incubated with appropriate primaries diluted in blocking buffer (LI‐COR, Lincoln NE, 

USA) as follows: p-AMPK (1:1000; t192 CST 2535),  total AMPK (1:500; CST 2532), p-ULK1 

(ser757, the target of Raptor; 1:500; CST14202), p62 (1:1000; CST 5114) and LC3B (1:1000; CST 

2775) overnight at 4°C. Membranes were then washed three times for 5mins in TBS-T and 

incubated at room temperature with appropriate fluorescent secondary antibody (LI-COR). The 

same washing protocol was repeated and then membranes were detected using infrared imaging 

(LI‐COR CLx; LI‐COR, Lincoln, NE, USA) and quantified by densitometry (ImageJ, 

http://imagej.nih.gov/ij/). All images were normalized to total protein from the same membrane 

stained using Amido Black total protein stain (A8181, Sigma). 

All remaining proteins were detected on 0.45µm nitrocellulose and blocked with 5% nonfat dry 

milk in TBS-T. Membranes were incubated with the appropriate primary antibodies as follows: 

APP (BioLegend 825001), soluble APPα (IBL 11088), soluble APPβ (BioLegend 813401), 

BACE1 (CST 5606), ADAM10 (Abcam ab1997), p-tau (serine 202; CST 11834), total tau (CST 

4019), p-Raptor (serine 792; CST 2083), total Raptor (CST 2280), p-p70s6K (thr389; CST 9206S), 

total p70s6k (Santa Cruz SC-230), NeuN (CST 24307) and pro-BDNF (SC SC-65514) diluted to 

1:1000 in 5% BSA overnight at 4°C. Following primary antibody incubation and washing, 

membranes were incubated in horseradish peroxidase secondary antibodies diluted 1: 5000 in 1% 

nonfat dry milk-TBS-T. Membranes were washed (3 × 5 min in TBST) and protein bands were 

imaged using enhanced chemiluminescence (Western lightning Plus‐ELC; PerkinElmer, 

105001EA) and ChemiDoc Imaging System (Bio‐Rad). All proteins were normalized to total 

protein obtained from ponceau stain. Images were analyzed via AlphaView Software 

(ProteinSimple). 

Statistics 

Results are expressed as means ± SD. The level of significance was set to p <0.05 for all statistics. 

D’Agostino-Pearson normality tests (GraphPad Prism Software, La Jolla, CA, USA) confirmed 
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that all data were normally distributed, one-way ANOVAs were utilized with two-stage step-up 

method of Benjamini, Krieger and Yekutieli post-hoc analyses for False Discovery rate (FDR) 

corrections in multiple-group comparisons. All reported p-values are FDR-adjusted p values 

(traditionally termed ‘q’).  

 

Results  

D2.mdx-VEH mice demonstrated impaired recognition memory as shown by a lower 

discrimination index in the NOR test (Figure 7-1A, B). This decrement was completely prevented 

by ALY688-SR (Figure 7-1A, B). Hippocampal mitochondrial pyruvate-supported respiration 

stimulated by ADP at physiological concentrations (see methods) was lower in D2.mdx-VEH but 

completely preserved by ALY688-SR (Figure 7-1C). These differences between groups likely 

reflect adaptive reprogramming intrinsic to mitochondria given electron transport chain subunit 

contents were similar in all groups (Figure 7-1D, E). 
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Figure 7-1. Novel object recognition (NOR) testing and hippocampal Complex I-supported respiration are preserved by 

ALY688-SR in 4-week-old D2.mdx mice. (A) Representative image of the NOR task with habituation (left), familiarization (middle) 

and testing (right). (B) Discrimination index was reduced in D2.mdx-VEH mice and was normalized with ALY688-SR treatment. (C) 

State III respiration was supported by Complex I substrates (NADH) pyruvate (5mM) and malate (2mM) and stimulated by a 

physiological concentration of ADP (15µM). (D, E) Protein content of electron transport chain components was quantified in the 

hippocampus. Data expressed as mean ± SD with n = 9-12 per group. *p ≤ 0.05 WT vs D2.mdx-VEH; §p≤0.05 D2.mdx-VEH vs D2.mdx-

ALY688-SR.  
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We then assessed cytokine markers given the parent compound of ALY688-SR (ALY688) has 

been shown to have anti-inflammatory effects. No significant changes were observed in 

hippocampal mRNA of IL-6, IL-1β, TNF-α or IL-10 (Figure 7-2A-D). Cytokine protein contents 

were assessed in serum due to tissue limitations in the hippocampus. Serum IL-6 and TNF-α were 

significantly elevated in D2.mdx-VEH mice vs D2A controls (Figure 7-2E, G). ALY688-SR 

attenuated IL-6 (Figure 7-2E) and increased IL-1β relative to D2.mdx-VEH while also increasing 

IL-10 vs wildtype. (Figure 7-2F, H).  
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Figure 7-2. Hippocampus and serum inflammatory cytokine expression and contents. (A-D) Hippocampal mRNA fold changes of 

IL-6, IL-1β, TNF-α and IL-10 were expressed relative to D2A expression. (E-H) Serum levels of IL-6, IL-1β, TNF-α and IL-10 were 

quantified. Data expressed as mean ± SD with n = 7-12 per group. *p ≤ 0.05 WT vs D2.mdx-VEH; #p≤0.05 WT vs D2.mdx-VEH; 

§p≤0.05 D2.mdx-VEH vs D2.mdx-ALY688-SR. IL-6- interleukin-6, IL-1β- Interleukin-1 beta, TNF-α- tumor necrosis factor-alpha, IL-

10- interleukin-10 
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We next assessed markers of potential pathways linking AMPK or inflammation to neural function 

given AdipoR agonism activates AMPK signaling in various models [464, 534] and lowers 

inflammation as noted above. As shown in Figure 7-3 (B, C), total AMPK protein was lower 

following treatment with ALY688-SR. While difficult to explain, the degree of activation (p-

AMPK or p-AMPK/AMPK) was not altered. ALY688-SR also completely prevented the increases 

in protein contents of total tau (marker of neurofibrillary tangles) and total raptor (upstream 

regulator of tangles and autophagy) seen in D2.mdx vs WT. However, phosphorylation (both 

absolute and relative to total protein) of tau, Raptor (serine 792; an AMPK specific phosphorylation 

site [584]) were similar in all groups (Figure 7-3A-C). Markers of amyloidogenesis (Figure 7-4A-

C) were similar in all groups as were BDNF and NeuN (data not shown). 
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Figure 7-3. AMPK and downstream protein markers related to autophagy and neurofibrillary tangles. (A) Theoretical cascade 

linking AMPK – an adiponectin receptor target – to factors related to autophagy and neurofibrillary tangles. The AMPK target, Raptor 

is rendered inactive upon its phosphorylation, allowing for the induction of autophagy through the phosphorylation of ULK-1, allowing 

for clearance of dysfunctional mitochondria and proteins (Lee et al., 2010; Norwitz et al., 2020). Alternatively, activation of the mTORC1 

complex leads to increased protein synthesis via p70s6k1 which has been implicated in tau phosphorylation, the destabilization of 

microtubules and the generation of neurofibrillary tangles (Iqbal et al., 2010; Pei et al., 2006). Made with BioRender. (B, C) Western 

blot markers for targets outlined in assessed in hippocampus tissue (A). Data expressed as mean ± SD with n = 6-12 per group. *p ≤ 0.05 

WT vs D2.mdx-VEH; §p≤0.05 D2.mdx-VEH vs D2.mdx-ALY688-SR. AMPK- AMP kinase, mTORC1- mammalian target of 

rapamycin complex 1, Raptor- Regulatory-associated protein of mTOR, ULK1-Unc-51 like autophagy activating kinase, p70s6k1- 

Ribosomal protein S6 kinase β 1  
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Figure 7-4. Protein markers of amyloidogenic cascade. (A) The development of neuritic plaques occurs when cleavage of amyloid 

precursor protein (APP) into amyloid beta (Aβ) peptides and soluble APPβ (sAPPβ) via beta-secretase 1 (BACE1) (right) is favoured 

over conventional cleavage of APP (left). Adapted from [585]. Made with BioRender. (B, C) Western blot markers for targets outlined 

in assessed in hippocampus tissue (A). Data expressed as mean ± SD with n = 11-12 per group. APP- amyloid precursor protein, sAPPα- 

soluble APP- alpha, ADAM10- A Disintegrin and Metalloproteinase 10, sAPPβ- soluble APP-beta, BACE1- beta-secretase 1, Aβ-

amyloid beta.  
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Discussion  

Here, we show that the novel AdipoR agonist, ALY688-SR improved recognition memory in 

young D2.mdx mice following a short-term 21-day treatment paradigm. This effect was associated 

with a complete restoration of hippocampal pyruvate-supported mitochondrial respiration (index 

of glucose oxidation) when stimulating ATP synthesis with an ADP concentration matching the 

level reported in vivo in human brain [382]. This finding is interesting given the high dependency 

of neurons on glucose as a fuel source. As this protocol partially depends on Complex I oxidation 

of NADH, the finding may also implicate Complex I dysfunction occurs in the hippocampus 

similar to reports in muscle from D2.mdx mice [22-24, 150] as well as in other regions of the brain 

in C57Bl/10ScSn-mdx mice [386]. Hippocampal mitochondrial relationships to NOR have also 

been previously reported. For example, reduced NOR and hippocampal mitochondrial structural 

dynamics were altered in aging-related neurodegeneration [586], whereas improvements in 

pyruvate-supported respiration and NOR were observed in a model of erythropoietin 

overexpression [587].  

The precise relationship between dystrophin mutations and mitochondrial stress in the brain is not 

clear but may be informed by previous discoveries in mdx muscle which generally implicate 

calcium overload, redox stress, and inflammation as possible links [550]. Increases in serum IL-6 

and reductions in mitochondrial pyruvate oxidation in the present study aligns with this paradigm, 

particularly given ALY688-SR partially attenuated IL-6 while completely preserving respiration 

and recognition memory. While hippocampal inflammatory markers were unchanged, the 

reductions in serum IL-6 with ALY688-SR presents the possibility that systemic inflammation 

caused by the well-characterized muscle damage in D2.mdx mice [23, 143, 145, 150] might 

contribute a trigger separate from the direct effects of the dystrophin mutation in the hippocampus. 

Indeed, pharmacological inhibition of IL-6 in the hippocampus improved long-term memory in 

rats [463] but the effects on mitochondrial bioenergetics were not examined. 

Improved recognition memory was also related to increased contents of tau protein and the 

inhibitory complex of mTOR, raptor, both of which are downstream of AdipoR signaling [584, 

588]. The lack of change in their phosphorylation state does not necessarily rule out a potential role 

for these pathways in mediating the disease or treatment effects given the tissues were harvested 

20-24 hrs after the last dose. Assessing the activity of these and other signaling cascades shortly 
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after dosing may provide more insight into their potential contributions. This timing consideration 

may also explain why AMPK itself was not phosphorylated in response to the drug despite being 

a known downstream target of AdipoR [443, 589] and considering both AMPK and p38MAPK are 

phosphorylated after 30 minutes of ALY688 treatment in L6 muscle cells [544]. Future 

experiments could extend these findings to incubations in neurons.  

 

Limitations 

In addition to the hippocampus, the NOR test is dependent on multiple regions of the brain not 

investigated in the present study such as the prefrontal cortex. While we were unable to obtain 

sufficient sample of this region given the small size of the brain at 4 weeks of age, prior research 

has shown greater markers of amyloidogenesis occur in this region compared to only one marker 

in the hippocampus at 8 weeks of age in D2.mdx mice [381]. The present study found no changes 

in any such marker in the hippocampus which may be related to the younger age, and we cannot 

rule out the possibility that reduced NOR in D2.mdx-VEH was related to such markers in the 

prefrontal cortex. Lastly, the lack of change in protein markers of autophagy and neurotrophic 

factors do not reflect the activity of these pathways which require assessments of their kinetics 

aspects with additional methodologies. As such, these processes could still be considered in future 

research with respect to how dystrophin mutations impair recognition memory, and how ALY688-

SR restores this cognitive function given AdipoRs and/or AMPK (a target of AdipoR) have been 

linked to autophagy, neurofibrillary tangles or amyloidogenesis [590-593]. 

 

Conclusions 

ALY688-SR completely prevented impairments in recognition memory following 21-days of 

treatment in young D2.mdx mice. Given there is an unmet need for therapies that improve memory 

and other cognitive functions in DMD, these findings lay the foundation for continued exploration 

into the mechanisms, and potential, of adiponectin receptor agonism in treating cognitive 

dysfunction separately from the myopathy in this debilitating disease.  
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Supplemental Figure 7-1. Protein markers of neurogenesis. Western blot markers for targets 

outlined in assessed in hippocampus tissue. Data expressed as mean ± SD with n = 11-12 per group. 

 

 

 

 

 

 

 



185 
 

Chapter 8: Summary of Findings 

8.1 General Discussion 

 

Duchenne muscular dystrophy (DMD) is a fatal disease resulting from the loss of the structural 

protein dystrophin. Early in life, patients exhibit progressive muscle weakness, resulting in loss in 

ambulation followed by premature death due to cardiac and or respiratory failure. Currently there 

is no cure for this disease, although genetic therapies have made great strides in recent years. 

Unfortunately, there are several uncertainties about the long-term effectiveness of these therapies 

and due to costs, may not be widely available to all patients once fully approved. As such, 

alternative treatments are being investigated, including drugs that target metabolism, which has 

long been identified as impaired in DMD patients. The first goal of this thesis was to improve 

methodologies in examining mitochondrial permeability transition in permeabilized muscle fibres 

(Chapter 4) by considering the presence of adenylates and creatine. We then applied this to a 

biological context and then utilized that methodology in subsequent chapters. Next, we examined 

the how attenuating metabolic stress in a mouse model of DMD alters pathology by utilizing two 

pharmaceutical compounds: Olesoxime (Chapter 5) and the novel adiponectin receptor agonist 

ALY688-SR (Chapter 6 & 7).   

The findings from this thesis indicate that the natural cycling of ADP and ATP in permeabilized 

muscle fibres attenuates mtPT and should be considered in buffer composition during measures of 

mtPT. Next, short-term treatment with the mitochondrial enhancing drug, Olesoxime, improves 

mitochondrial creatine sensitivity which may contribute to attenuation of mitochondrial stress and 

muscle weakness. Lastly, adiponectin receptor agonism has tissue specific effects in D2.mdx mice 

on mitochondrial respiration and reactive oxygen species emissions while reducing atrophy and 

fibrosis in the diaphragm and improving recognition memory. Collectively, these short-term 

treatment paradigms in young dystrophic mice provide further support that mitochondrial stress, 

including creatine insensitivity, may contribute to the dystrophic phenotype, but longer-term 

treatments are required to assess if these drugs may be viable for translation into DMD patients.  

 

Modeling in vivo conditions in in vitro assays in assessments of mitochondrial permeability 

transition 
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In numerous publications [23, 24, 499], including chapters 4 and 5 of thesis this, we have 

highlighted that modelling in vivo conditions (ADP, creatine, etc) during in vitro assessments of 

mitochondrial function should be considered during study design as it may reveal how key 

regulators of mitochondrial bioenergetics impact respiration, mtPT and may highlight new 

therapeutic opportunities in disease. 

Our recent review [256] highlights inconsistencies in the literature on the influence of 

mitochondrial permeability pore opening in the dystrophic phenotype. One reason for the 

inconsistencies in the literature may be attributed to buffer design and model selection. mtPT is 

often assessed by in vitro fluorescent based detection of mitochondrial calcium uptake. In such an 

assay, several small boluses of calcium are titrated and the eventual release of calcium from the 

mitochondria once retention capacity is exceeded is identified as mPTP opening. Conversely, one 

single large bolus can be titrated and time to mPTP opening can be used [27].  

Previous reports in isolated mitochondria indicate that adenylates (ADP and ATP) can attenuate 

mPTP opening [92], but whether the same effect was consistent in permeabilized fibre bundles was 

unknown and lead to Study 1 (Chapter 4). In this chapter, we reveal that ADP is less effective at 

attenuating mPTP compared to ATP and the exclusion of ADP clamping systems such as 

hexokinase 2-deoxyglucose should be considered during assay design. Additionally, the effect of 

creatine, which accelerates matrix ADP/ATP cycling, is only apparent in the presence of ADP 

clamping, for unknown reasons. In our hands, calcium retention capacity was unaltered between 

D2.mdx and wildtype (D2A) left ventricle when creatine and 5mM ADP are provided in the 

absence of a hexokinase clamp. As creatine only increases respiration at submaximal 

concentrations of ADP [497], using a lower concentration may reveal significant differences 

between genotypes.  As a result of these findings, creatine and ADP were supplemented in CRC 

assay buffer in the absence of an ADP clamp. This buffer design was then utilized in subsequent 

chapters of this dissertations but may also be applied to other disease pathologies. 

 

Examining creatine impairments in dystrophic tissue  

One of the most significant findings of this thesis is the restoration of creatine sensitivity with a 

mitochondrial enhancing compound Olesoxime. To assess this, mitochondrial respiration was 

performed in the presence and absence of 20mM creatine, allowing the comparison of the efficient 
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creatine-dependent energy transfer system and the creatine-independent system (Figure 2-2). 

Consistent with previous work from our laboratory, D2.mdx mice exhibit an impairment in creatine 

sensitivity in quadriceps which happens in association with the presence of muscle weakness [23]. 

However, unlike previous reports, the diaphragm appears to maintain creatine sensitivity during 

ADP stimulated respiration, which may be a consequence of age. Hughes and colleagues utilized 

mice at 28 days of age, while Chapter 5, utilized up to 30 days of age. While this difference seems 

minimal, this is a period of dynamic remodeling, which may contribute changes in creatine 

sensitivity throughout the life span [23]. Creatine sensitivity was lost in both muscles when 

examining the attenuation of mH2O2 emissions in the presence of varying concentrations of ADP. 

This may represent that sensitivity to creatine is lost earlier in some functions of the mitochondria 

compared to others.  

Interestingly, improvements of creatine sensitivity could not be attributed to the mitigation of 

mtCK oxidation as evaluated by the detection of reduced thiols, where a decrease in signaling 

indicates an increase in oxidation. Newly developed methods, such as ALISA and RedoxiFluor 

[507, 594], which directly quantify oxidation may be more sensitive (better discussed in 8.2 

Limitations). Additionally, improvements observed in creatine sensitivity with olesoxime could be 

a result of other elements of the creatine/phosphocreatine pathways, namely the assembly of 

octameric mtCK [47] and association with the phospholipid cardiolipin.  

MtCK resides in the mitochondrial inner membrane space (IMS) as an octamer where it physically 

associates with VDAC and ANT and facilitates the shuttling of PCr and Cr in and out of the 

mitochondria, and ATP and ADP in and out of the matrix. In highly oxidative tissues such as the 

heart, sarcomeric-mtCK, the main isoform in muscle, can account for 25% of total CK activity, 

representing the highest value among all tissues [49, 595], thus any impairment to mtCK may have 

drastic metabolic effects. MtCK is also highly susceptible to oxidative stress [46] and results in 

inactivation, disassembly of mtCK octamers and reduced affinity for phospholipids such as 

cardiolipin [68, 596-598]. In models of ischemia, increased levels of superoxide and peroxynitrite 

leads to enzymatic inactivation of s-mtCK and dissociations of octamers, further contributing to 

energy depletion [68, 599, 600] and have been observed to effect cytosolic ion pumping, 

specifically Ca2+ [601-603]. As DMD is characterized by loss of Ca2+ homeostasis, further 

impairments in mtCK function, may contribute to greater cytosolic Ca2+ overload and ROS 
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emission, producing a vicious cycle of mtCK inactivity, metabolic impairments and abhorrent Ca2+ 

handling, potentially furthering the dystrophic phenotype. It is plausible that as Olesoxime 

improved attenuation of mH2O2, maintained mitochondrial respiration by preventing mtCK 

inactivation, that was not detectable via the current methodologies used.  

Another facet in which mtCK function may be altered is through modifications to cardiolipin. 

Cardiolipin, a unique phospholipid found on the inner mitochondrial membrane, interacts with 

mtCK and ANT, facilitating a proteolipid complex with VDAC. This complex regulates energy 

exchange, reduces ROS emission, and prevents permeability transition pore opening [46]. Like 

mtCK, cardiolipin is highly susceptible to oxidative modifications, and when oxidized, dissociates 

from the proteolipid complex [93, 596]. Previous work by Hughes et al, revealed that the 

cardiolipin targeting compound SBT-20 improved creatine-dependent respiration in the quadriceps 

while attenuating fibrosis in the diaphragm [604]. Collectively, it is possible that improvements to 

creatine-dependent respiration and mH2O2 attenuation with Olesoxime are facilitated by mitigation 

of oxidation to cardiolipin preventing its release from the proteolipid complex with mtCK. 

Although not directly examined in this thesis, the possible effect Olesoxime on cardiolipin 

oxidation warrants further examination.  

 

Disease modifying effects of Olesoxime & ALY688-SR may be related to attenuated mitochondrial 

stress – why one might not be enough 

This thesis employees two different approaches in the treatment of DMD. The first focuses on 

enhancing mitochondrial function (Chapter 5) which improved mitochondrial respiration and the 

ability of ADP to attenuate reactive oxygen species emissions but not calcium-induced mPTP 

opening. These improvements to mitochondrial stress happen in parallel with modest 

enhancements to indices of muscle quality and function, while significantly reducing markers of 

muscle breakdown. However, this did not translate to improvements in histopathology which may 

suggest that further treatments are needed in combination with Olesoxime to address other aspects 

of the dystrophic pathology. Adjuvant therapies in DMD are currently being explored in a number 

of clinical trials (NCT04322357 & NCT05195775) but none have included a mitochondrial 

therapeutic. Potentially combining Olesoxime with either current standard of care, prednisone or 
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deflazacort, or other anti-inflammatories may address multiple secondaries in one treatment plan 

but remains highly speculative.   

Chapter 6 examines the impact of attenuating metabolic deficiencies through adiponectin receptor 

agonism in respiratory and locomotor muscle. Adiponectin and adiponectin receptor agonism has 

been well studied in its use for treatment of metabolic disease through its anti-inflammatory 

properties [605, 606]. Given the profound and chronic inflammation associated with DMD, 

adiponectin was more thoroughly examined as a treatment [456, 457, 543, 607]. However, there 

are several limitations to full length adiponectin and the common adiponectin receptor agonist, 

AdipoRon, which have led to the development of newer agonist, such as ALY688-SR. In 

diaphragm, treatment with ALY688-SR resulted in improvements to the dystrophic environment, 

specifically reduced fibrosis and inflammation, that does not fully address impaired mitochondrial 

function. This highlights that mitochondrial stress remains despite improvements to other 

secondary pathologies and implies that more direct mitochondrial therapeutics may be required. 

The minimal effects of ALY688-SR in limb muscle (quadriceps and tibialis anterior) may be a 

result of a limited pathology due to the young age utilized and is further discussed in 8.2 

Limitations. Consistent with this, the more heavily used diaphragm, shows increased fibrosis in 

D2.mdx as demonstrated in Table 2-1, and is similar to comparisons made between muscles in the 

C57Bl/10.mdx model [158, 608, 609]. These improvements happen in associations with some 

alleviation to mitochondrial stress in both the quadriceps and diaphragm.  

Unlike Olesoxime, creatine sensitivity is not restored with ALY688-SR which implies a 

mitochondrial targeting compound may be specifically required to improve this aspect of 

mitochondrial function. This again highlights the potential need to combine therapies to address 

the several secondary pathologies observed in DMD. This will be future discussed in 8.3 Future 

directions. 

ALY688-SR as a novel therapy for memory deficiencies in DMD 

Like muscle, dystrophin is also expressed in the brain and central nervous system, but its function 

remains obscure [610]. DMD patients present with variable degrees of cognitive impairments, 

including speech delays, learning disabilities and memory impairments [357, 404] that may be 

related to metabolic deficiencies and inflammation [382, 383, 573, 611]. Treatment with ALY688-

SR completely attenuated reductions in recognition memory and mitochondrial respiration 
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observed in D2.mdx mice. However, the mechanisms by which these improvements arose from 

remain obscure as well-known targets of adiponectin receptor agonism, such as AMPK, were 

unchanged in the hippocampus. Similarly, there were no changes in the activation of autophagy 

and the development of amyloidogenic plaques, both which are downstream of AMPK [612-614].  

The development of neurofibrillary tangles was also examined as a possible mechanism behind the 

improvement to recognition memory. Neurofibrillary tangles have been implicated in the 

pathogenesis of Alzheimer’s disease [615] and have been observed in a case study of a DMD 

patient [616]. These tangles typically consist of abnormal accumulation of hyperphosphorylated 

tau [617, 618] which was not observed in this study. An elevation of total tau was observed in 

D2.mdx mice, and although highly speculative, may be in response to increases in 

neuroinflammation as previously demonstrated in a murine model of Alzheimer’s disease [619]. 

Consistent with this, circulating levels of IL-6 were elevated in D2.mdx mice and attenuated with 

ALY688-SR. Despite the complexity of these result, Chapter 7 provides initial evidence that 

adiponectin receptor agonism may improve recognition memory, but longer-term studies are 

required.  

Lastly, due to logistical constraints, cognitive testing in D2.mdx mice were limited to recognition 

memory using the novel object recognition test despite other cognitive deficits being identified in 

DMD patients. As the hippocampus is heavily involved in recognition memory [381], we focused 

our biochemical and bioenergetic assessments on this area of the brain. As limited cognitive testing 

has been performed in the D2.mdx model, further studies are required to ascertain whether these 

mice recapitulate deficiencies in other cognitive functions such as learning and memory 

impairments that could be explored using the Morris water maze test [620]. Analyses could then 

be expanded to include areas of the brain involved with learning, memory etc. Nonetheless, the 

results form Chapter 7, provide preliminary evidence the young D2.mdx mice demonstrate 

impaired recognition memory that may be related to compromised mitochondrial respiration.  

8.2 Limitations 

 

Age and treatment lengths  

In all studies, a relatively new model of D2.mdx mice were utilized as it is thought to better 

recapitulate the dystrophic phenotype observed in humans. The D2.mdx mice demonstrate a more 
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severe pathology than the traditional C57Bl/10-mdx model, due to a natural mutation in TGF-β 

binding protein 4 in the D2A background strain [143, 145]. To date, very few groups have utilized 

this model specifically at young ages, which makes it difficult to ascertain if any compensation is 

occurring during our therapeutic window. Notably, a period of compensation at 4-6 weeks of age 

until 15 months of age is well documented in the C57Bl/10-mdx strain [158, 621, 622] but has not 

been thoroughly identified in D2.mdx mice, beyond work performed in our laboratory (Hughes et 

al unpublished). A single time course study has been completed in D2.mdx but focused on 10 week 

and 34-week-old time points, so it is unknown if compensation has occurred prior to this time point 

[147]. As such, the early therapeutic timepoint of 4 weeks of age provides a unique opportunity to 

examine if short term treatments limit or delay dystrophic pathology but comes with several 

constraints.  

This time point results in small body size and limited tissue weights, requiring multiple rounds of 

breeding and injections to gain sufficient quantities for bioenergetic, histological and biochemical 

analyses. This was abundantly clear in Chapter 5 where oxidation of mtCK could not be performed 

in the diaphragm. Similarly, in Chapter 7, mitochondrial respiration, inflammation, and signal 

transduction in the hippocampus could not be assessed within the same animal. This may have 

contributed to minor increases in variability, and well as preventing certain assessments to be 

performed.  

This age also poses another technical challenge as it is relatively early in the disease progression 

resulting in limited pathology in specific muscles. In the limb muscles examined in this thesis 

(quadriceps, Chapter 5, and quadriceps and tibialis anterior, Chapter 6) minimal fibrosis and muscle 

damage are observed at 4-weeks of age, leaving little be corrected with therapeutics. Similarly, a 

profound inflammatory response could not be consistently found across all tissues at this timepoint, 

despite elevations in inflammatory cytokines being well documented across murine models [127, 

623, 624]. Although some markers of inflammation, for example, TNF-α in the tibialis anterior and 

IL-6 in the diaphragm appear to be attenuated by ALY688-SR. This result was not consistent when 

protein levels of these cytokines were examined. But given that many of these cytokines are 

necessary signals during muscle repair, perhaps the divergent changes are a result of that dynamic 

remodeling in the tissue.  
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Finally, these included studies are relatively short-term treatment protocols (18 days for Olesoxime 

and 21 days for ALY688-SR), which may account for the somewhat limited changes to disease 

pathology. Longer duration studies are needed to examine if long term efficacy of these drugs 

remains and is further discussed in 8.3 Future Directions.  

Improved methodologies for assessing oxidative modifications  

We initially hypothesized that olesoxime treatment would result in improvements to creatine-

dependent bioenergetic measures by alleviating oxidation of mtCK. Surprisingly, we did not 

observe a reduction in oxidation of mtCK with Olesoxime treatment. This in part may be due to 

the sensitivity of the thiol labeling technique used in Chapter 5. This technique relied on the 

assessment of reduced thiols which exist in high abundance and may make it difficult to assess 

increases in thiol oxidation. Newer techniques that utilize less tissue and directly measure oxidized 

thiols, such as ALISA and RedoxiFluor [507, 594], may reveal mtCK was in fact oxidized in 

D2.mdx mice and protected with Olesoxime treatment. These techniques also offer the opportunity 

to examine other redox sensitive proteins that may impact the dystrophic phenotype such as Nrf2, 

a redox sensitive protein that upregulates many cytoprotective genes products in response to 

oxidants and other toxic stressors and has been previously examined in DMD [625].  

Tissue constraints resulted in prioritization of protocols  

Although careful attention was paid to the design of buffers and protocols used for bioenergetic 

assessments in all studies, this is by no means a comprehensive assessment of oxidative 

phosphorylation and reactive oxygen species emission in part due to tissue limitations. Previous 

work from Hughes et al [23] identified complex I as a site of dysfunction in D2.mdx mice which 

aided in prioritizing assessments performed in Chapters 5-7. However, fatty acid oxidation was not 

thoroughly investigated during this thesis, yet it is known to be impaired in DMD patients and 

C57Bl/10.mdx mice [626-628]. To date no studies have thoroughly examined fatty acid oxidation 

in the D2.mdx model at any age, so it is unknown if the drug treatments examined in this thesis 

would have improved this. Given adiponectin is involved with increasing fatty acid oxidation 

[443], treatment with ALY688-SR may have improved fatty acid oxidation in dystrophic skeletal 

muscle. Another limitation faced was the logistical constraints of the behavioural testing 

performed. As Chapter 6 and 7 utilized the same mice, limited behavioural and cognitive testing 

could be performed due to the time consuming nature of mitochondrial bioenergetic assessments 
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and muscle function measures. Further studies may consider utilizing multiple cohorts of mice that 

may undergo more thorough behavioural testing independent of mitochondrial measures. 

8.3 Future Directions  

 

Although this thesis makes further progress in examining treatment options for secondary 

pathologies and highlights the potential importance of treating creatine insensitivity in DMD, 

further research is still required to determine the long-term efficacy of the highlighted drugs. 

Several considerations are also highlighted for future study design.  

Firstly, delaying the age at which animals are studied and prolonging treatment protocols may 

better reveal differences between vehicle controls and treated animals, as disease pathology would 

have progressed, specifically in limb muscles. For example, beyond 7 weeks of age in D2.mdx 

mice, fibrosis becomes more extensive across limb muscles. Given that ALY688-SR attenuated 

early onset fibrosis in the diaphragm, a longer treatment protocol may reveal a similar effect in 

limbs muscles. Likewise, extending treatment protocols with Olesoxime may result in further 

recovery of voluntary force measures and recovery of creatine-dependent respiration in the 

quadriceps. As such, longer treatment protocols should be considered for both Olesoxime and 

ALY688-SR.  

The analyses of this thesis were limited to brain, respiratory and limb muscles in 4-week-old mice 

but does not include assessment of cardiac tissue. The heart is heavily impacted in DMD [629], 

with almost all patients exhibiting some form of cardiomyopathy in later stages of the disease [630-

632]. Additionally, cardiac tissue is highly sensitive to creatine [51]. Collectively this suggests that 

that creatine-dependent improvements of Olesoxime would be most pronounced in cardiac tissue 

and may reveal improvements to histopathology and contractility that were not observed in limb 

and respiratory muscles. Additional future studies should examine chamber-specific alterations, as 

recent evidence has shown that the right ventricle exhibits elevated fibrosis at this time point 

(Gandhi et al, unpublished), while the left ventricle exhibits reduced ADP-stimulated respiration 

and ADP attenuation of H2O2 [22] in 4-week-old D2.mdx mice. Future studies should include 

assessment of cardiac, limb and respiratory muscles to fully ascertain the efficacy of the drugs 

being investigated, before translation to clinical trials.   
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In Chapter 4, we investigated the role of adenylates and creatine on calcium-induced mitochondrial 

permeability transition pore opening in permeabilized skeletal muscle fibres.  Here we reveal that 

ATP alone attenuates mtPTP opening in the quadriceps of CD1 mice, with creatine only having an 

effect in the presence of an ADP clamp. However, there are limitation to this conclusion as this 

experiment was performed at supramaximal levels of ADP (5mM). Creatine is known to increase 

mitochondrial respiration at submaximal concentrations of ADP [497]. Future experiments should 

be repeated at lower ADP concentrations (~100µM) to assess if increasing ADP/ATP cycling 

through the creatine-dependent energy transfer system sufficiently attenuates mtPT. Additionally, 

comparisons of mtPT should be made in the presence and absence of creatine to identify if the 

creatine-dependent energy transfer is involved in calcium-induced mtPTP opening. Once optimal 

buffer composition is identified, comparisons between WT and D2.mdx mice can be made to fully 

examine the role of mtPT in disease progression.  

As previously mentioned, Olesoxime did not appear to alter the redox status of mtCK in the 

quadriceps, but this lack of effect does not eliminate the possibility of Olesoxime prevents 

oxidative damage. This methodology does not directly measure oxidation of mtCK and therefore 

may not be sensitive enough to detect minute changes in oxidation that result in functional 

improvements to mitochondrial respiration. Future work should utilize methodologies such as 

RedoxiFluor [594] that directly measure protein redox status in cardiac, limb and respiratory 

muscles. Alternatively, for measurements octameric mtCK content, native blue gel staining which 

retains these protein structures [633], could be performed. 

This thesis paid specific attention to protocol design when assessing mitochondria bioenergetics. 

In the hippocampus, tissue limitations prevented analysis of creatine-dependent respiration and any 

assessment of mH2O2 emission (Chapter 7). As the brain (including the hippocampus) expresses 

high levels of ubiquitous mtCK (u-mtCK) [47], future assessments of mitochondrial bioenergetics 

should be performed in the presence and absence of saturating levels of creatine to assess if the 

brain also exhibits creatine insensitivity, similar to skeletal muscle. Furthermore, only one study to 

date has examined cognitive function in D2.mdx mice [381], while no studies have examined 

mitochondria respiration or oxidative stress in the brain of this model. Future studies in D2.mdx 

mice, should first characterize if the mitochondria represent a major site of ROS production in the 

dystrophic brain and then identify specific sites of ROS generation within the mitochondria. While 
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oxidative stress is thought to play a role in cognitive decline in mdx mice [384], further studies are 

required definitively identify the mitochondria as the source. Following this, similar treatment 

paradigms used in Chapter 7 can be used to assess if improvements to recognition memory with 

ALY688-SR treatment is related to attenuation of reactive oxygen species. Furthermore, 

assessments of metabolism, inflammation and amyloidogenic signaling and should expand beyond 

the hippocampus to include other areas of the brain such as the prefrontal cortex that are involved 

in recognition memory.  

Lastly, current treatment plans for DMD patients often combine glucocorticoid steroids, mobility 

aids (braces, walkers, wheelchairs), modest exercise and respiratory support (nighttime 

ventilation), but despite these, patients still succumb to rapid declines and early death. Combining 

therapies such as anti-inflammatories, anti-fibrotic drugs with mitochondrial targeting compounds 

may address may be more efficacious than treatment with one alone. Based on evidence from this 

thesis, combining traditional therapeutics such as prednisone or deflazacort or utilizing new age 

anti-inflammatories, such as adiponectin receptor agonists, with mitochondrial therapies (such as 

Olesoxime), may address multiple pathologies and warrants further studies.  

8.4 Conclusions  

 

Building off previous work, this thesis continues to support that mitochondrial stress contributes 

to the general pathology observed in D2.mdx mice but adds that creatine sensitivity may be a valid 

therapeutic target. Careful attention to buffer composition may also reveal impairments in 

dystrophic tissue and provide new therapeutic avenues. Furthermore, the novel adiponectin 

receptor agonist ALY688-SR improves some aspects of mitochondrial stress in skeletal muscle 

while attenuating fibrosis and atrophy. Lastly, ALY688-SR also improves some aspects of 

cognitive dysfunction and mitochondrial impairments, albeit through an unclear mechanism. 

Future studies with Olesoxime and ALY688-SR either independent or as a cocktail therapy, should 

include longer term studies that extend to later time points to reveal if further improvements are 

observed. 
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Appendix 

A Force Protocols  

A1 In Vitro Diaphragm Force Protocol  

 
In Vitro Diaphragm Force Production Protocol  

Updated: June 2020 CAB 

 ***Protocol based on (1) 

See attached paper for set-up procedure with videos (2). Practice of the dissection is crucial for this 

technique as changes in force development could be a result of technical skill of experimenter, before a 

study make sure you can consistently produce normal forces. When performing dissection, do so under 

dissection microscope in cold Tyrodes (also called Ringers) buffer on an ice pack, pining muscle when 

necessary. Use surgeons’ knots to tie off central tendon and loop before attaching to force transducer.   

 

Ensure you bath is filled with Tyrodes solution and oxygenated for 30mins with attached 95% O2/ 5% 

CO2 tank, with water circulator turned on and maintained at 25°C prior to start of surgery. This ensures 

the bath and muscle has enough oxygen since we are relying on diffusion of oxygen into the muscle and 

not perfusion through blood supply. CO2 provides necessary buffering of pH during contraction. Limit 

strip width to 2mm (maximum 4mm) as wider strips have difficulties with diffusion limitations of O2. 

25°C is used over 37°C as oxygen has poor solubility at higher temperatures.  

If you were previously doing in-vivo force  

In vitro force is measured in force production (mN) not moment of Force (mN-m)—this is 

TORQUE 

To change units: setup→ Channel set up→ force in device→ select mN 

repeat with length (should appear in mm)  

setup→ Channel set up →length in → select mm 

Have Bath temperature to 25°C-  this is to ensure oxygen stays dissolved in the bath 

Protocol: 

1. Create folder to save files for each animal→ File→ set up autosave folder→ open folder 

created→click “current folder” 

2. Set up Instant Stim→ this will be used for length optimization and stim optimization 

a. Pulse Frequency : 1Hz (this is a single twitch; can increase if you want to provide tetanus 

stimulus) 

b. Pulse width: 0.2ms (how long the stimulus is given) 

c. Number of pulses: 3 (again giving single twitch) 

d. Train Frequency: 0.1Hz (If you are using multiple twitches this gives 10s of rest between 

stimuli) 

e. Run time: 1 second (amount of time of data collection)  

** currently I have a better instant stimulation for optimizing current saved (the settings 

are saved in a photo on force computer) 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4842933/
https://www.jove.com/video/50036/isometric-eccentric-force-generation-assessment-skeletal-muscles
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3. Open live data monitor (File→ open live data monitor); Instant stim orange button will be 

available for use.  

a. Set time to 10mins (can see protocol or optimization) (screen will automatically scroll) 

 

4. Let diaphragm strip acclimatize for 20-30mins with some tension applied (will appear at 0mm on 

length in monitor at the end of acclimatization) 

a. This will allow resting tension in the muscle to relax and will reduce background tension; 

I typically have it resting with some tension on it (6-10mm) and will give it a tetanus 

stimulus to fully relax the fibres before optimizing length for full data collection.  

 

5. Optimize the current  

a. Range: 1A (50-70%) (in vitro force stimulation requires a much higher amperage or 

voltage than in-situ or in-vivo force stimulation since this is a field stimulation- don’t be 

afraid to have it at a high amperage) 

b. Run Instant Stim and check force development 

c. Increase range to ensure all fibres are recruited- if you see an increase in force 

development then more fibres have been recruited and you are not at a supramaximal 

current. Use 3 twitches in a row with increasing current (30s rest between) where force 

does not increase. 

d. Set supramaximal current by increasing current by 15% (this will ensure you have all 

fibres being activated in the muscle strip).  

 

6. Optimize the length (necessary to make sure maximal amount of cross bridges are forming) 

YOU NEED TO RECORD THIS LENGTH AT THE END OF DATA COLLECTION 

a. Gradually increase length of diaphragm strip and apply instant stim. Provide 30s of rest to 

avoid fatigue.  

b. Continue to increase length of diaphragm until you obtain maximal twitch force.  

c. You will need to increase the length of the diaphragm quite considerably compared to an 

upright bath since this bath is flat- but be careful of drastic changes in length this will 

increase basal tension of diaphragm strip. Use ¼ turns of fine adjustment knob and use 

gross only when necessary. 

d. If you want to collect this data load a single twitch protocol in DMC software and enable 

autosave- this is optional but for training purposes would be beneficial to look at the 

shape of the twitch. Can also do this with tetanus to  

e. Measure the length of the diaphragm and record, this is Lo and can be input on the main 

DMC screen and will be used for analysis 

i. Setup normalization- enter the reference length in mm 

f. Allow some time (approx. 5min) for muscle to rest before starting force frequency curve 

 

7. Optimal current and length have now been set, protocol is ready to begin. 

 

8. Load “Diaphragm in-vitro force frequency” sequence 

a. Frequencies of 1 Hz, 10Hz, 20Hz, 40Hz, 80Hz, 100 Hz, 120Hz, 140Hz,160Hz & 200Hz 

i. Initial delay : 0.2ms (this is the rest period prior to stim) 
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ii. Pulse Frequency: the above frequencies 

iii. Pulse Width: length of stimulus 

iv. Duration: 400ms (inputted in s in protocol editor) *might consider increasing this 

but 400ms provides tension to return to baseline recording following contraction 

(Tupling lab uses a 1 sec- 600-800ms might be sufficient).  

b. 60s rest in between; avoids fatigue 

 

9. Allow 5 mins recovery for the muscle to avoid fatigue in max force test 

10. Load tetanic protocol at the frequency that produces the highest force during force frequency test 

(label this as pre-fatigue max force test) 

11. Perform Pre-Fatigue Max-Force Test  

12. Allow 2 mins recovery 

13. Load “Diaphragm In Vitro Fatigue” sequence 

a. 70Hz (350ms stim, 0.2ms pulse width) every 2 seconds for 5 mins 

14. Allow 5 minutes recovery from fatigue 

15. Perform a second max force test at the same frequency used in Prefatigue max force test- this 

assesses recovery from fatigue and can be labelled as 5-min-post-fatigue max force test.  

16. Allow 5 minutes recovery 

17. Perform third max force test; label as 10min-post-fatigue-max 

18. Allow 5 minutes recovery 

19. Perform Fourth max Recovery test label as 15min-post-fatigue-max 

20. MAKE SURE YOU HAVE RECORDED LENGTH!!! 

21. Remove muscle from bath and remove from central tendon and ribs before weighing. Obtain 

weight in mg. 

22. Data will be normalized to Cross sectional area : mass  X length X density 

a. Mammalian skeletal muscle density =1.06g/cm3 (Mendez and key, 1960); this is 

commonly used in the field as it. CSA in short allows you to compare differing muscle 

weights and lengths of muscle. Normalizing to CSA is a way of controlling for 

sarcomeres in parallel and normalizing to muscle length during shortening contractions is 

a way of controlling for the number of sarcomeres in series. 

b. “If you need a visual -think of a rope. How strong is a single rope- now cut it in half so 

you have 2 shorter ropes. Lay them beside each other and glue them together. You now 

effectively have a new stronger rope with twice the CSA of the first rope, but it weighs 

the exact same. Cut the rope again and stick the two pieces together again. Repeat as 

many times as you want. You now have a rope which has a much larger CSA than the 

original rope, and it can handle much more load than the original rope but weighs the 

same and is much shorter. Replace rope with contracting muscle fibres and you probably 

get the idea. “- Ian Smith 2018 
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A2 In Situ Quadriceps Force Protocol  

 
In Situ Quadriceps Force Production Protocol  

Updated: June 2020 CAB 

See attached paper for step up procedure with videos (1). 

 

A good rule of thumb is to have practiced this surgery at least 10-15 times and be able to get consistent 

data with previous literature. If you are doing a new model establish your own normal values in a pilot 

data set.  

Protocol 

1. Create a folder to save files for each animal -  Setup: Autosave Folder, open folder you created; 

click “current folder” 

2. Setup: Instant Stim 

a. Pulse Frequency: 1Hz 

b. Pulse Width: 0.2ms 

c. Number of Pulses: 1 

d. Train Frequency: 0.1Hz 

e. Run Time: 1 second 

** I have a train frequency that does 3 twitches with a delay between that I find most useful for optimizing 

current  

3. Open Live Data monitor and set time to 10 minutes 

4. Optimize Current 

a. Range:10mA -100mA (if you can get the right placement this can go to 10mA, but if 

you struggle can go to 10% of 100mA- still 10mA) 

b. Run instant stim 

c. Adjust range to ensure all muscle fibres are being recruited – obtain 3 twitches in a row 
where force does not increase (run instant stim and increase current between twitches 

(wait about 30 seconds in between twitches) 

d. Set supramaximal current by increasing current by 15%  

5. Optimize Resting Length 

a. Before officially setting optimal length, you will need to toggle the thread from the quad 

to the hook with forceps- this will reduce any basal tension in the line 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4269275/
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b. Increase/decrease length of quad until maximal twitch force is achieved, wait about 30 

seconds in between twitches to avoid fatigue 

c. Time and keep basal tension about constant in the study  

Once optimal current and length have been set, protocol is ready to begin 

6. Load “Quad In Situ Force Frequency” sequence 

a. Frequencies of 40Hz, 60Hz, 80Hz, 100Hz, 120Hz, 140Hz, 160Hz,180Hz, 200Hz, 220Hz 

i. Initial Delay: 0.2ms 

ii. Pulse Frequency: ____Hz (above frequency) 

iii. Pulse Width: 0.2ms 

iv. Duration: 300ms 

b. 45 seconds in between (can extend up to 1 min) 

7. Allow 5 minutes of recovery 

8. Load the tetanic protocol at the frequency that produced the highest force during step 6 

9. Perform Pre Fatigue Max Force Test – make sure to save this file! 

10. Allow 2 minutes recovery  

11. Load “Quad In Situ Fatigue” sequence for your study (Fatigue protocols are varied in the 

literature- find one that works for your study 

a. 60 Hz, stim every second for 120 seconds (2mins) 

b. 60Hz, stim every 1.5 seconds for 120 contractions (3mins) 

12. Allow 5-minute recovery from fatigue 

13. Perform a second max force test at the same frequency used in step 8 – this assesses recovery 

from fatigue- label as 5min-post-fatigue 

14. Allow 5 minute recovery; perform another max force-label as 10min-post-fatigue 

15. Allow 5 minutes recovery; perform last max force-label as 15min-post-fatigue 

16. Harvest muscle and before freezing MAKE SURE TO RECORD MUSCLE WEIGHT 

 

Data will be normalized muscle weight 
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A3 6 minute Movement Tracker 

 

6 min Movement Tracker Protocol 

** make sure to perform this test well before or well after functional testing depending on study 

protocol 

SET UP & RECORDING 

1. Take iPhone and switch it to video mode. 

2. Place grate on top of chamber (white bin) and align camera on grate to view the bottom of 

the chamber. 

3. Place mouse into the chamber 

4. Record the animal for 6 mins 

5. Once complete remove animal from the chamber and return the mouse to its cage.  

VIDEO CONVERSION 

1. On iPhone, open iMovie and start a project 

2. Insert video into project 

3. Click on bottom reel 

4. If needed trim video down to 6mins 

5. On timing setting speed up video to 2x (this reduces the number of frames per second) 

6. On top corner click on magnifying glass and pinch to expand or zoom out of the video 

(typically need to zoom in on the bottom of bin) 

7. Once complete click done on top left corner 

8. Export video by saving video to phone 

9. Save in videos (can export as 1080p video) 

10. Save to computer by plugging in phone 

VIDEO ANALYSIS 

1. Open video in Kinovea software program. 

2. To set calibration- open line tool and draw a line from the top of the bin to the bottom-

Vertical line 

3. On this line, right click and select calibrate; insert 32.39cm as line distance- click OK  

4. Switch to the cursor/hand tool and move cursor to the base of the animal’s tail.  

5. Right click and select track path 

6. Press the right arrow key to progress the video. Additionally, you may press the space bar 

to let the video play and pause it when tracker correction is required.  

7. If the tracker moves from the base of the tail, manually move the tracker to the base of 

tail. You may need to go back several frames and correct the tracker. Continue to 

manually fix the tracker frame by frame until the tracker is in the correct position. Once 

the tracker is fixed you can continue to play the video. 

8. When the tracking of the video is complete, save the video and tracing overlay. 

9. Export the positional data by selecting file→export to spreadsheet→excel ms 

DATA ANALYSIS 
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1. Open the positional data in excel. The movement analysis software reports the X, Y and 

time of the coordinate position of the mouse in each frame.  

2. It is important to only select 0:00:00 to 3:00:00. Take the X,Y data and copy it into the 

analysis spreadsheet.  

3. The analysis spreadsheet calculates the distance moved between each frame and summing 

the total distance moved between each frame. The following formula is used in the 

spreadsheet: 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 

 

x2 is the x position of frame 2 

x1 is the x position of frame 1 

y2 is the y position of frame 2 

y1 is the y position of frame 1 

 

4. The distance moved needs to be summed to identify the total distance moved. The next 

column sums the above formula. 

5. Take the total distance moved and paste into summary sheet in correct column.  
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B micro-CT Scanning & Analysis 

 

B.1 - SkyScan 1278 – Scanning an Animal 
1. Open Skyscan 1278 

2. Click X-Ray button – if this is the first time the machine has been used in a while, it 

can take up to 10 minutes for the x-ray to warm up 

3. With nothing in the machine, you must update the bright and dark flat field 

a. Option: Update flat field for current mode 

b. Want background of mouse to be grey colour not white – want average to be 

90% not 100%, 100% is saturated 

4. Set your parameters 

a. Resolution (# of pixels): 50, 100 or 200 microns 

b. Filter (energy, controls x-ray voltage): 0, 0.5mm, 1mm aluminum or low dose 

5. Load mouse, make sure mouse is centered and arms and legs are taped down 

6. Click the TV screen icon to turn on x-ray and bring up live image of mouse 

7. Right click to bring up transmission values 

a. Want a minimum value of 20-30%, if this is too high, lower the filter in the 

bottom right corner 

b. If you change any parameter values, you must update the flat field 

8. Click the green arrow to bring up scanning parameters 

a. For 50 + 100 microns – use step and shoot 

b. For 200 microns – use continuous acquisition 

c. For a mouse, use 180°. For a rat, use 360° 
** Make sure the parameters used are the same for entire study 

9. Click scan 

 

 

 

B.2 - SkyScan 1278 μCT - % Body Fat 

 
Step 1) Open the reconstructed images made in NRecon software. They are saved in the folder 

containing the original scans. Click on the firs image and press open. 

 

Step 2) Click on the icon of square with magnifying glass. This opens the profile tab (sometimes 

the profile tab do not fully open and gets hidden on top of palette tab. You can open the profile 

tab by double clicking on it). Click on the icon of black square with snowflake on it (it is called 

maximum intensity projection). This opens the maximum intensity projection tab. Click on Ok 

button. This will generate a coronal view of the animal so that you can navigate better. Click on 

the icon of magnifying glass with the arrow next to it (called send image into projection window) 

and then click on the icon on the right (called close window). 

 

Step 3) This step is called “thresholding”. Click on the icon of black and white cactus (called 

binary selection preview) on the top. This will open the binary selection tab (next to raw images 

tab) in the top, and the histogram tab in the bottom. When you perform these steps, the transverse 

view of the animal turns into a black and white (binary) preview. This view is hard to highlight 

fat. Click on the colored cactus image with a red dot in background (called toggle half tone view) 
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in the histogram tab. This will bring back the original transverse preview of the animal under a 

green filter. Open “from dataset” tab in the histogram tab. On the binary view, scroll down to the 

very bottom slice (or any slice that shows fat clearly). Highlight fat accurately using the selectors 

on top and bottom of the histogram (the highlighted area will be red in the transverse view). 

Sometimes, a part of the lung will stay in slices after reconstruction. To check for that, scroll to 

the top slices in binary selection. The lung usually appears in the top few slices. They have to be 

removed because they get highlighted as fat. To do so, find the first slice from the top in the 

binary selection that does not contain the lungs. Left click on that slice and select “set the top of 

the selection”. This will eliminate the slices that contain lungs. Then click on the icon of 

histogram with an arrow on top (called automatic thresholding). This will highlight the entire 

animal together with isoflurane tube and the mouse housing. 

 

Step 4) In this step, we separate the isoflurane tube and the housing from the animal. To do so, 

we need to create a region in space that only contains the animal called region of interest (ROI). 

Click on the hexagonal colored cactus icon (called regions of interest preview). This will open 

the regions of interest tab next to raw images tab. In this step, the transverse view is colored red. 

This makes it hard to visualize the animal. From the palette tab, select the filter that works best 

for you (from experience, “color” shows the fat better, but “color 2” shows the edges better than 

the “greyscale”). 

 

Step 5) In this step we create the ROI. To create the ROI we draw shapes around the mouse 

every few slides from bottom to top. Software will generate a 3D space by connecting these 

shapes along the longitudinal axis of the animal. This space separates the animal from the 

housing and the isoflurane tube. Shapes are drawn manually by mouse. You need to hold the 

right click while drawing the shapes. When drawing the shapes, make sure to avoid the tube and 

the housing. If you need to remove a shape, click on the scissors icon (called cut ROI) on the top. 

Go up and down inslices to make sure ROI contains all of the animal and non of the tube and the 

housing. 

 

Step 6) Click on the icon of the face on the top (called custom processing preview). This will 

open the custom processing tab, next to binary selection tab, and the plug-ins tab on the bottom. 

Go to the internal tab in the plug-ins tab. Click on the thresholding section. This will open 

threshold tab. Leave the setting as global and check the default box. Then click ok. To run every 

step in internal tab, you need to press play and then press continue. his will highlight everything 

that you selected in the thresholding step and turn it into binary. 

 

Step 7) In this step, we remove the isoflurane tube and the housing from the animal. The internal 

tab has 4 views. You can navigate them using 4 icons on the right. These views, from left to 

right, are “Image”, “Image inside ROI”, “ROI”, and “Clipboard”. From the internal tab, click on 

the “Bitwise operations”. The way that bitwise operations works is similar to Venn diagrams with 

the same logical rules of “and”, “or”, “not” etc. Bitwise operations allow you to modify the 

“Image” using the shapes in other views. When you click on the bitwise operations, it will open 

bitwise operation tab. Put the settings in the following way:  

Image = Image AND Region of Interest. 

This will remove the isoflurane tube and housing. 
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Step 8) In this step, you need to modify the image. Parts of the housing or the tube might still 

stay in the image that must be removed. Click on “Despeckle”. Select the settings according to 

the image (in the remove section, the largest object is the highlighted animal). Click on the play 

icon to run the despeckle. Some parts of the tube or the housing may still be attached to the 

animal. To remove them click on the “Morphological operations”. Select the settings according to 

the image and press ok. Always despckle after any morphological operation to remove any 

speckles that might be created. You need to save the image after the modifications. Software 

allows you to save the image only in the clipboard view. To do so, click on the “bitwise 

operations”. Set the setting as follow: 

Clipboard = Image AND Image. 

 

Step 9) In this step, we turn the image into a solid region. To do that, click on the “ROI 

shrinkwrap”. Make sure that it is applied to 2D space. The default should be to keep “stretch over 

the holes” unchecked. But, if there are dips in the image you need to check that box. You also 

need to assign a diameter measured in pixels. The diameter should be set as the lowest number 

possible because this will increase the ROI volume. The right diameter is found through trial and 

error. Start with a high diameter (20 pixels) and work your way down. When you click on OK, a 

solid shape that has all the holes filled will be created in the ROI view in the internal tab. If the 

dip is covered, click on the bitwise operations and put the settings as follow: Image = clipboard 

AND clipboard. This will load the image again. Go back the “ROI shrink-wrap and put a lower 

diameter. Repeat these steps until you reach the lowest diameter that covers all the dips. 

Until now, we have created a space in ROI that consist of the entire mouse. This space will be 

the total volume which is the denominator in the percent body fat formula. Now we need to select 

the fat. 

 

Step 10) Click on the bitwise operation and put the setting as follow: Image = region of interest 

AND region of interest. Then click OK. 

 

Step 11) In this step, we threshold the fat. Go back to the binary selection tab. Scroll down to the 

very bottom slice (or any slice that shows fat accurately). Use the selectors on top and bottom of 

the histogram and highlight fat (it should be the same thresholding values as you found in step 3). 

 

Step 12) Go back to the custom processing tab. Click on the internal tab. Click on the “Reload”. 

This will open the reload tab. Set apply to “Image” and then click OK. This will load the original 

image in the transverse view (make sure you are in the image view of the internal tab). 

Click on thresholding and then click OK. This will highlight the parts of the animal (fat) that 

was selected in step 11 and turn the entire image into binary. Click on the bitwise operations and 

put the settings as follow:  

Image = Image AND Region of Interest.  

This will remove the isoflurane tube and the housing from the selected area of the animal. 

 

Step 13) Click on the “3D Analysis” in the internal tab. This will open 3D analysis tab. Leave the 

settings as it is and click on OK. This step will perform the 3D calculations to measure the 

percent body fat. To see the results, go to the Output/Report tab and click on the first Open from 

the top. This will open a text file containing the results. Scroll down to the very bottom and you 

can find the results. Measurements are made in mm3. Total VOI volume is the volume of ROI. It 

is the total volume of the animal that was selected which is the denominator of the percent body 
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fat formula. Object volume is the volume of fat, the numerator of the percent body fat formula. 

Percent object volume is the percent body fat which is calculated by dividing object volume by 

total VOI volume. 

 

 

B.3 - SkyScan 1278 μCT - Analyzing Hind-Limb Muscle Volume 

 
Step 1) Open the reconstructed images made in NRecon software. They are saved in the folder 

containing the original scans. Click on the firs image and press open. 

 

Step 2) Click on the icon of square with magnifying glass. This opens the profile tab (sometimes 

the profile tab do not fully open and gets hidden on top of palette tab. You can open the profile 

tab 

by double clicking on it). Click on the icon of black square with snowflake on it (it is called 

maximum intensity projection). This opens the maximum intensity projection tab. Click on Ok 

button. This will generate a coronal view of the animal so that you can navigate better. Click on 

the icon of magnifying glass with the arrow next to it (called send image into projection window) 

and then click on the icon on the right (called close window). 

 

Step 3) Click on the image of black and white cactus (called binary selection preview). Click on 

the “from dataset” tab in histogram tab. Go to the top slices in the binary tab. Scroll up and down 

until you find the knee joint. In the transverse view (superior part of the tibia has a curved shape 

in coronal view; therefore, it will be shown like two parallel ovals in transverse view). Left click 

on the slice that it the top of the tibia and select “set the top of selection”. This will eliminate the 

higher slices from the selection. 

 

Use the selectors on top and bottom of the histogram to select muscle. Muscle is usually the 

second spike after on the right of the spike for fat. Use the top slices to highlight muscle. 

 

Step 4) In this step, we separate the isoflurane tube and the housing from the animal’s leg. To do 

so, we need to create a region in space that only contains the animal called region of interest 

(ROI). 

Click on the hexagonal colored cactus icon (called regions of interest preview). This will open 

the 

regions of interest tab next to raw images tab. In this step, the transverse view is colored red. This 

makes it hard to visualize the animal. From the palette tab, select the filter that works best for you 

(from experience, “color” shows the fat better, but “color 2” shows the edges better than the 

“greyscale”). 

 

Step 5) In this step we create the ROI. To create the ROI we draw shapes around the leg every 

few 

slides from bottom to top. Software will generate a 3D space by connecting these shapes along 

the 

longitudinal axis of the animal. This space separates the animal’s leg from the housing and the 

isoflurane tube.  

Shapes are drawn manually by mouse. You need to hold the right click while drawing the shapes. 
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When drawing the shapes, make sure to avoid the tube and the housing. If you need to remove 

a shape, click on the scissors icon (called cut ROI) on the top. Go up and down in slices to make 

sure ROI contains all of the animal’s leg and non of the tube and the housing. 

 

Step 6) Click on the icon of the face on the top (called custom processing preview). This will 

open 

the custom processing tab, next to binary selection tab, and the plug-ins tab on the bottom. Go to 

the internal tab in the plug-ins tab. Click on the thresholding section. This will open threshold 

tab. 

Leave the setting as global and check the default box. Then click ok. 

To run every step in internal tab, you need to press play and then press continue. 

This will highlight everything that you selected in the thresholding step and turn it into binary. 

 

Step 7) In this step, we remove the isoflurane tube and the housing from the animal’s leg. The 

internal tab has 4 views. You can navigate them using 4 icons on the right. These views, from left 

to right, are “Image”, “Image inside ROI”, “ROI”, and “Clipboard”. 

From the internal tab, click on the “Bitwise operations”. The way that bitwise operations works is 

similar to Venn diagrams with the same logical rules of “and”, “or”, “not” etc. Bitwise operations 

allow you to modify the “Image” using the shapes in other views. When you click on the bitwise 

operations, it will open bitwise operation tab. Put the settings in the following way:  

Image = Image AND Region of Interest. 

 

Step 8) Click on the “3D Analysis” in the internal tab. This will open 3D analysis tab. Leave the 

settings as it is and click on OK. 

To see the results, go to the Output/Report tab and click on the first Open from the top. This will 

open a text file containing the results. Scroll down to the very bottom and you can find the 

results. 

Measurements are made in mm3. Object Volume is the hind limb muscle volume. 
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C Histology 

C1 Picrosirius Red Staining 

 

Principle – Directly from Junqueira et al., Histochemical Journal, 11 (1979), 447-455 

The interaction between collagen and sirius red is due mainly to the reaction of its sulphonic acid 

groups with the basic groups of collagen.  The role of picric acid in the staining of collagen is not 

known. When omitted from the staining solution, all tissue components stain red. Picric acid, 

therefore, seems to somehow prevent the indiscriminate staining of non-collagenous structures by 

Sirius Red. When picric acid is not used, despite the overall red stain, only collagen showed an 

enhancement of birefringency. 

Summary 

Picrosirius red stains collagen (red) and cytoplasm (yellow).   

(Haematoxylin stains nuclei (brown)-optional. 

Notes: 

• For Brightfield staining, using distilled water is fine.  For immunohistochemistry use 

deionized water.  Deionized water is ultra-purified water that has no ions other than H+ 

and OH-. 

• Can also use isopropanol as a substitute for ethanol at all steps. 

• Stir PSR solution for ~24 hours continuously prior to use. At least 4 hours if you want to 

use the same day.  This helps prevent any precipitate from creating staining artefacts. 

• USE A HUMIFIED BOX for staining duration to prevent PSR from drying out .  

 

Solutions and Reagents: 

Modified Harris Hematoxylin - OPTIONAL 

Harris Modified Method Hematoxylin Stain with Acetic Acid (Fisher Chemical Cat. No. SH26-

500D). 

Acidified Water: 

Glacial Acetic Acid (Fisher Chemical Cat. No. A38-500) ……………. 5 ml 

Distilled Water ………………………………………………………………………. 995 ml 

Make fresh. 

Working PSR: 

Direct Red 80 (Sigma Cat. No. 365548-

5G)...…………………………………………………………………. 0.5 g 
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Saturated aqueous solution of picric acid (1.3% in H2O) ……….. 500 ml final volume1 

Keeps for at least 3 years and can be used many times.   

 

   

 
1 Always make sure to use saturated picric acid (1.3% in H2O); picric acid is very explosive in a dried state and in concentrated 
state so always look for crystallization 
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ALWAYS STAIN ALL YOUR SAMPLES AT THE SAME TIME IF YOU ARE MAKING 

COMPARISONS BETWEEN THEM. 

Procedure: 

Paraffin Embedded Tissue 

Deparaffinize Sections  

1. Xylene (#1) for 2 minutes.  

2. Xylene (#2) for 2 minutes. 

3. Xylene (#3) for 2 minutes. 

• Always move the glass slide rack to a new xylene 

staining dish at each step.  Do not backtrack. 

• Just submerge the slides, no need to agitate. 

• Xylene is a clearing agent that removes the paraffin. 

 

Re-hydration in Ethanol 

4. 100% Ethanol (#1) for 2 minutes. 

5. 100% Ethanol (#2) for 2 minutes. 

6. 95% Ethanol for 2 minutes. 

7. 70% Ethanol for 2 minutes. 

8. Distilled water for 2 minutes. 

 

OCT Embedded Tissue 

1. Air dry OCT embedded tissues for 5-10 minutes before staining 

 

Staining 

1. OPTIONAL- Stain in Modified Harris Hematoxylin for 10 minutes. 2 

2. Wash in running distilled water until no more dye comes off. 

3. Rinse for 10 minutes under running distilled water or rinse with agitation and change 

water multiple times (i.e. 1-2 min). 

4. Stain in picrosirius red (pH >4) for 60 minutes inside a humidified box. 

5. Quickly dip in acidified water. 

6. Wash in new acidified water with constant agitation for 2 minutes using Columbia jar 

filled until all samples are covered (not the entire slide). 

7. Repeat wash in new acidified water with constant agitation for 2 minutes. 

• Physically remove most of the water from the slides by vigorous shaking. 

8. 95% Ethanol for 2 minutes. 

• Use the 95% Ethanol from step 6.  Discard when finished. 

9. 100% Ethanol (#2) for 2 minutes. 

 
2 Steps are optional.  You may not want to use Hematoxylin if you are more interested in fibrosis, but you need to do it if you 

want to quantify CSA. 

Figure 1. Glass slide rack 
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• Use the 100% Ethanol from step 5. 

10. 100% Ethanol (#1) for 2 minutes. 

• Use the 100% Ethanol from step 4. 

11. Xylene (#4) for 3 minutes.  

12. Xylene (#5) for 3 minutes. 

13. Mount with Permount (xylene-based mounting medium) and cover slip. Press out any 

visible bubbles and allow to dry.  

 

Analyzing Protocol: 

1. Analyzing images is done through the “ImageJ” application. It is free to download and 

readily available online for both Mac and PC. If using a laptop, it is much more efficient 

and convenient to use a mouse than the mousepad (you will be doing a lot of clicking). 

When analyzing PSR stains, it is easier to use the non-stitched images that randomly 

selected throughout the whole image rather than the whole stitched image but in some 

cases you can use the whole section. Choose 5-10 non-stitched sections or regions of 

interest(keep the number consistent) for each sample and analyze each one separately.  

 

2. ** If you are analyzing smaller images of the entire section, it is important that you select 

sections that are representative of the whole image (that you are not focusing solely on 

damaged or healthy areas to skew the results). Additionally, select images that highlight 

the “middle” portions of the whole image as opposed to the “outer” sections that will 

contain the background of the slide which you will have to account for. If you decide to 

analyze the entire image, you need to remove any tendon, ie in the plantaris.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Below is the link to a YouTube tutorial that is a fantastic resource when analyzing 

differences in area on histological stains. It is recommended that you watch this video 

prior to beginning your analysis: 

https://www.youtube.com/watch?v=nLfVSWcxMKw&t=642s 

Select images that do not contain much (if any) of 

the slide background to make it easier to analyze 

https://www.youtube.com/watch?v=nLfVSWcxMKw&t=642s
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4. Open ImageJ  

5. Go to FILE and click on OPEN to open the desired image 

NOTE: it should be in jpeg format 

6. Zoom in and out of the image with the + and – buttons on your keyboard and move along 

with image with the hand function (      ) selected in the ImageJ toolbar 

7. Select Analyze and under its options tab, select set scale. In the scale screen, select to 

remove the scale and then click on OK. 

 

8. Select Image and under its option tab, select adjust. In the adjust screen, select color 

threshold. 

 

 

9. Toggling the hue, saturation and brightness settings will enable you to highlight the area 

of the whole image, as well as, the area of collagen and the muscle fibre area. Ideally, the 

collagen and muscle fibre areas should add up to (or be very close to) the whole image 

area 
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a. toggle the hue, saturation and brightness levels until the entire image is 

highlighted in red.  

 
b. select Analyze and under its option tab, select measure to obtain the area of the entire 

image. This area can then be saved in an excel spreadsheet 

 
NOTE: you can customize the measurement tab depending on what values you require. 

To do so, click on the results window and select Results, under its option tab, select set 

measurements. 
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c. adjust the hue, saturation and brightness to highlight ONLY the muscle fibres and 

obtain their area. Press select to highlight the area outlined in red. 
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d. adjust the hue, saturation and brightness to highlight ONLY the collagen invasion and 

obtain that area. Press select to highlight the area outlined in red.  

 

  

 
10. Repeat the above steps for at least 5 non-stitched images per section. NOTE**: if you to 

decide to analyze the entire section then you only will have 1 row of data per individual. 

Below is an example of how to organize an excel spreadsheet per section: 
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11.  Using the totals from each non-stitched image per section, you can then determine the 

percentage of fibrosis: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

% Fibrosis = (Fibrotic Area / Total Area) * 100 
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C2 Hematoxylin & Eosin Illustrated Protocol 

 
Hematoxylin & Eosin Illustrated Protocol 

Summary Report: 

The Hematoxylin & Eosin (H&E) stain is the gold standard for recognizing various tissue types 

and the morphologic changes incurred by various disorders. It is one of the principal histological 

stains because it can be applied to numerous tissues, it works well with a variety of fixatives and 

displays a broad range of cytoplasmic, nuclear, and extracellular matrix features. The stain is 

consisted of two components:  

i. Hematoxylin: a basic/positive, dark blue or violet stain that binds to basophilic 

substances (such DNA/RNA in the nucleus, and RNA in ribosomes in the rough 

endoplasmic reticulum).  

Both DNA and RNA are acidic because the phosphate backbones of nucleic acids are 

negatively charged. These negatively charged backbones will form salts with basic dyes 

that contain positive charges. As such, hematoxylin (and other positive stains) will bind to 

DNA and RNA and stain them violet.  

ii. Eosin: is an acidic/negative, red or pink stain that binds to acidophilic substances such 

as positively charged amino acid side chains (e.g. lysine, arginine). 

Most proteins in the cytoplasm of some cells are basic because they are positively charged 

due to the arginine and lysine amino acid residues. These will form salts with acid dyes 

that possess negative charges. Therefore, eosin will bind to these amino acids/proteins and 

stain them pink.  

In this lab, the H&E stain is used to examine muscle morphology and nuclei location in skeletal 

muscle. As explained above, the hematoxylin will stain the nuclei violet and eosin will stain the 

muscle fibres pink. Additionally, infiltrating immune cells will also be stained purple. In healthy 

skeletal muscle tissue, muscle fibres are multinucleated with the nuclei located around the 

periphery of the fibres. During the degenerative process the nuclei will move to a more central 

location within the muscle fibre. Similarly, during muscle fibre regeneration, the nuclei begin in a 

central location and move to the periphery as the fibres mature. As such, the proportion of 

peripherally to centrally located nuclei is indicative of muscle fibre health, and provides us with a 

histological assessment of muscle turnover (muscle fibre degeneration/regeneration). In healthy 

muscle, the proportion of centralized nuclei is ~ 2 – 3%. In contrast, in skeletal muscle disease 

(such as Duchenne muscular dystrophy) the proportion of centralized nuclei is upwards of ~ 60 – 

70%.  

To date, the muscles examined in this lab have been the soleus, extensor digitorum longus (EDL), 

tibialis anterior and diaphragm. These muscles produce sections of differing amounts of fibres 

and thus different sizes. For instance, the soleus sections will have ~ 500 fibres whereas the 

diaphragm will have ~ 2000. In these cases, it is appropriate to count the entire soleus section, 

however, it would be best to select five random and well-spaced areas of the diaphragm and only 

count those. 
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Do not be alarmed if there are differences in staining between sections on the same slide or if the 

stain on an individual section is uneven. Always select the best image per slide to analyze. 

 

Stain Protocol: 

1. Remove two slides from the freezer and allow to air dry for 5 min  

NOTE: if there is any residual moisture, remove with a kim wipe but be careful not to 

wipe away muscle section 

NOTE: only do two slides at a time 

2. Prepare your staining workbench as depicted in the figure below: 

 

 

1. Have a box of pipette tips ready, these do not need to be autoclaved. Use the 100 uL 

pipettes, you will need two (one for the hematoxylin and one for the eosin). 

2. The Harris hematoxylin stain is stored at room temperature, pour a small amount into 

the lid and pipette from there. 

3. Use a PLASTIC beaker to dip the slides in. Tapping glass slides on the side of a glass 

beaker will cause the slides to crack and break, therefore a plastic beaker is more suitable. 

4. The eosin stain is stored at room temperature, pour a small amount into the lid and 

pipette from there. 

5. 70%, 95% and 100% EtOH are stored at room temperature. Pour enough ethanol into 

the Columbia jar to cover the portion of the slide that contains sections. However, dipping 

the entire slide in ethanol will cause the slide ID to smudge off, therefore, be careful with 

how much ethanol there is in the jar and how far you are dipping slide in the ethanol. 

6. Xylene is stored at room temperature in the cabinet in the chemical room. The smell of 

this solvent resembles paint thinner and is dangerous if inhaled, as such the lid should be 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 
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on and sealed when not in use and the Columbia jar should be covered with parafilm at all 

times, unless you are dipping the slides in xylene. 

7. Permount is stored at room temperature. It is very viscous. Dip a long Pasteur pipette in 

the permount and carefully use this pipette to add a drop of permount to the slide. 

Immediately place a cover slip on the slide. 

8. Place the finished slides on a plastic tray covered with paper towels to dry. 

NOTE: as you can see in this image, it is imperative that you are prepared and have all of 

the reagents and supplies that you need (and arranged in the proper order) before you take 

your slides out of the freezer. 

3. Use a 100 uL staining pipette to add hematoxylin stain to the slides, leave for on 1 min 

NOTE: use an excess amount than is needed to ensure that the sections are completely 

covered 

NOTE: be careful to NOT touch the tip of the pipette to the section as this will 

compromise the section 

NOTE: while waiting to remove the stain, remove the next two sets of slides from the 

freezer so that they have air dried by the time you finish (only start them once the first set 

of two slides has been completed) 

4. Dip and swirl the slides in warm tap water five times to remove any excess hematoxylin stain 

5. Wipe away excess water from the back and top of the slide, be sure NOT to wipe away muscle 

section 

 NOTE: this will prevent dilution of the eosin stain 

6. Use a 100 uL staining pipette to add the eosin stain to the slides, leave for on 30 seconds 

NOTE: use an excess amount than is needed to ensure that the sections are completely 

covered 

NOTE: be careful to NOT touch the tip of the pipette to the section as this will 

compromise the section 

NOTE: remove as much excess stain as possible before Step 7 

7. Arrange slides back to back, dip and swirl 5 times each in:  

a. 70% ethanol 

b. 95% ethanol 

c. 100% ethanol 

d. 100% ethanol 

e. xylene 

NOTE: shake off slides in between each a – e step 
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NOTE: don’t dry off too much of the xylene, it helps the permount spread and prevents 

the formation of bubbles (wipe back of slide and a circle/square around the sections) 

8. Add a drop of permount with the Pasteur pipette to the middle of the sections and place a #2 

coverslip on top 

NOTE: use the tip of a pipette tip to gently push away any of the bubbles that may have 

formed 

9. Place finished slides on a tray. The slides are now ready to be imaged 

 

How to Analyze H&E Staining 

Updated June 2 2021 by CB 

H&E staining is commonly used for identifying the cytoplasm/membrane (eosin) and the nuclei 

(hematoxylin) in a variety of histological sections including skeletal muscle. Commonly in 

skeletal muscle histology, cross sections of a sample are taken to identify muscle fibre size (cross 

sectional area, minimal ferret diameter), regeneration status of the muscle (centrally nucleated 

fibres) or areas of muscle damage (necrosis).  

In order to analyze for centralize nuclei we use the following procedure using Image J: 

1. Open the image using imageJ 

2. Using the box tool  

3. Create 4-6 large boxes across the entire section. On average we use 5 but smaller sections 

may only require four, while larger ones require 6. If you have areas of freezer burn (also 

known as freezing artifact) on the section try to avoid them if possible. If the section is 

entirely freezer burnt then make a note of it in the analysis spreadsheet and move onto 

another image. In the image below, healthy properly frozen muscle will look like A and B 

(but note A does look better then B but B is still fine to analyze). C and D have varying 

levels of freezing artifact so try and avoids areas like this when analyzing. Freezing 

artifact happens when either water in the muscle or water on top of the muscle freezes too 

quickly and creates holes in the section. This care interfere with your identification of 
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fibres and nuclei.   

 
4. Create your boxes throughout your section and duplicate the image (control+shift+D) to 

create a separate file for the box you will count. I find it easiest to create all my boxes at 

the beginning and then analyze them one by one.  

 
5. Using the multipoint tool (looks like 5 stars in the upper menu-Image 1) you will count all 

the centrally nucleated fibres you can see. Centrally nucleated fibres often have a clear 

nucleus directly in the center of the fibre. Sometimes they are slightly off center but they 
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should be clear nuclei and not likely speckled dots.  

  
6. Examples of Centrally nucleated fibres you can count (below). You should be able to see 

cytoplasm (pink) around all edges of the fibre. For the most part the nuclei are right in the 

middle of the fibre (image 2). Some nuclei can often be faint so make sure you zoom in 

when you need. When a nuclei is slightly off center it could be migrating back to the 

periphery of the fibre (Image 1).  

                             
7. Examples of things NOT TO COUNT as centrally nucleated fibres(below): Make sure not 

to count nuclei that are on the periphery of the muscle fibre as a centrally nucleated 

fibre(you should see pink all the way around the nuclei). Also do not count degenerating 

fibres (broken/fuzzy membranes- typically a darker pink colour but you will see tons of 

nuclei in or around them). Also watch out for these weird spots (image 3) these aren’t 

nuclei but are an artifact of the staining process but you will notice they are too small and 

perfect a circle to be a nuclei: 

Healthy :     Count as non-centrally located    
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Do NOT Count:         

8. Once you have counted all the centrally nucleated fibres, switch the marker you are using 

in the multi-point tool and count all other visible fibres. Fibres on boarders of the image 

can be difficult to count but if you can see most of the fibre then you can count it. If you 

can only see a bit of the fibre do not count it. Finally image will look something like this: 

It’s a good idea to keep these smaller images either by saving the image as a tiff file or by 

print screening the image to an excel document. This helps another counter verifying your 

selections and also provides material for when you train others.  

  
9. Record both centrally nucleated counts in the excel spreadsheet. Repeat these steps with 

the rest of the boxes you have created. All boxes will be averaged together to be 

representative of the entire section.  

 
              

 

 

How to Analyze Necrosis: 

1. Necrosis is expressed as a function of total area so you need to circle the entire section 

using the polygon tool in the upper tool bar. Once you have circled the entire image you 
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can “M” to measure the image’s area. Copy this area into the total area section in the 

spread sheet. NOTE: if there are any large holes in the image make sure you circle those 

so you can subtract them from total area. Its easiest to analyze this image without a 

calibration (ie the one you use in CSA/MFD) so the area that use measure is just pixels. 

Remember we normalize area of necrosis to total area, so it is expressed as a percentage.  

   
2. Going through the entire section circle areas of necrosis. This is measured as areas of 

fibres with fragmented sarcoplasm and/or areas of inflammatory cells (accumulations of 

mononuclear cells). Dystrophic tissue also has areas of calcification (darkly stained 

aggregates) so depending on if you are analyzing “unhealthy tissue” or necrotic tissue you 

may need to include this area. To analyze only necrotic tissue do not include calcified 

tissue. 

  
3. When you have circled a necrotic region, click “t” to add this area to your ROI manager. 

In ROI manager make sure the “show all” box is clicked (it will keep track of all the areas 

your have circled). Continue circling necrotic regions and clicking “t” to mark them. Once 

you have all necrotic regions circled you can highlight all regions in ROI manager and 

click measure.  
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4. Copy all the areas into the spreadsheet. In the example below you can see that the holes 

are subtracted from total area (first number) by adding a minus sign on top. The total 

ROW at the bottom is just the sum of the cells above it.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



259 
 

C3 Immunofluorescent Detection of Myosin Heavy Chain 

 

Immunofluorescence Fiber Typing Illustrated Protocol 

 

Summary Report: 

 

Immunofluorescence allows detection of multiple antigens of interest on a single section, as long 

as the 1˚ antibodies are of differing immunoglobulin isotype and we have appropriately 

conjugated 2˚ antibodies that fluoresce at different colours. We can therefore incubate sections 

with a cocktail of up to 3 different antibodies simultaneously (1 of each isotype: cannot do 2 

green or 2 reds at the same time). 

 

Rat and mouse muscle sections can be adequately fiber-typed using a cocktail of antibodies 

against MHCl, MHClla, and MHCllb (BA-F8, SC-71, and BF-F3). In this way, type I fibers are 

blue, type I/IIA are blue/green, type IIA are green, type IIA/IIX are faintly green, type IIX are 

blank, type IIX/IIB are faintly red, and type IIB are red. To confirm these type IIX fibers, a serial 

section is stained for MHClla and MHCllx (SC-71 and 6H1). 

 

For human tissue, the MHClla antibody SC-71 shows cross-reactivity with IIX fibers. In order to 

confirm these fibers as pure IIX and not IIA/IIX, sections are incubated with “not llx” antibody 

BF-35. 

 

1˚Antibody Dilutions: 

 

Mouse tissue sections: (1-hour incubation for each individually or when used as a cocktail.) 

 MHCl (BA-F8) @ 1:25 – IgG2b (@ 1:1000): blue  

 MHClla (SC-71) @ 1:500 – IgG1 (@ 1: 1000): green  

 MHCllb (BF-F3) @ 1:50 – IgM (@ 1: 1000): red  

 MHCllx (6H1) @ 1:100 – IgM (@ 1: 1000): red  

 “not llx” (BF-35) @ 1:200 – IgG1(@ 1: 1000): green  
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Staining Protocol: 

 

All section/slide incubations for this procedure are done at room temperature (RT), on the shaker 

(220rpm), and with 50-100µL of solution (only large sections/areas require 100µL). Make sure 

slides are as flat/level as possible when they are in the incubation container. Also, when blotting 

slides, even though it is important to remove as much of the solution as possible, the Kimwipes 

will leave fabric fibers on the sections which show up very brightly blue on the microscope. So, 

avoid touching the pap pen area with the Kimwipe. Finally, make up antibody dilutions 

immediately before they are applied. 

 

1. Before beginning, determine the number of slides you will be staining and calculate how much 

blocking solution will need to be made using the sample calculation below: 

 eg. 

 

20 * 3 = 60 

 

 

 

 

60 * 110 uL = 6 600 uL 

 

 

 

 

 

 

 

 

 

660 uL GS + 5 940 uL 1X PBS = 6 600 uL  

 

# of slides 

3 aliquots: 

1. blocking 

2. 1˚ 

3. 2˚ 

 

 

100 uL of the solution slide per slide 

the extra 10 uL is to account for pipette/user 

error and ensure there is enough for each 

aliquot   

 

Total solution 

volume. 10 % of 

which is goat serum 

and the rest is 1X 

PBS 
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2. Remove slides from -80C freezer and allow to air dry slides for 5 – 10 minutes at room 

temperature  

NOTE: if there is any residual moisture, remove with a kim wipe but be careful not to 

wipe away muscle section 

NOTE: outline sections with a sharpie if this makes it easier to visualize the sections 

3. Place a moist paper towel on the bottom of the tray and cover it with parafilm, place dry slides 

on top of the parafilm 

 NOTE: this is used to prevent the slides from drying out during the overnight incubation 

4. Make the blocking solution and aliquot the blocking solution while the slides are thawing 

NOTE: a clear 1.5 mL Eppendorf tube can be used for the blocking and 1˚ aliquots, 

however, a solid black 1.5 mL Eppendorf tube must be used for the 2˚ aliquot because it 

is light sensitive  

5. Using a 100 uL pipette, add 100 uL of blocking solution to each slide (add a drop to each 

section and then carefully connect them). Incubate sections for 1 hour while shaking  

NOTE: be careful to NOT touch the tip of the pipette to the section as this will 

compromise the section 

6. Determine the volumes needed to make up the 1˚ working solution. Do not make up the 

solution in advance, do so prior to the end of the incubation period. 

7. Shake off blocking and add 1˚ immediately. Incubate slides in 1˚ antibodies appropriately 

diluted in blocking solution overnight at room temperature while shaking.  

NOTE: give the stock antibody tubes a quick shake/inversion before pipetting out of 

them. 

8. Place slides back to back and wash slides 3 x 5 minutes in a Columbia jar with 1X PBS 

 NOTE: wrap tinfoil around the jars to protect from light 

9. Blot dry slides. Incubate sections in appropriate 2˚ antibodies diluted 1:500 in blocking 

solution for 1 hour at room temperature in the dark.  

NOTE: precipitate forms in the stock tubes which show up as bright spots on the 

microscope; centrifuge for 15 seconds before pipetting out of stock tubes. Ensure as little 

light as possible makes contact with the 2˚ antibodies and sections from this point 

10. Place slides back to back and wash slides 3 x 5 minutes in a Columbia jar with 1X PBS 

NOTE: wrap tinfoil around the jars to protect from light 

11. Blot dry slides. Apply 15µL of Prolong to each slide and mount with a #1 coverslip  

 NOTE: cut the tip of the pipette off, will make it easier to pipette the Prolong 
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NOTE: perform this step in the microscope room in almost total darkness 

NOTE: the coverslip can be pressed gently to remove bubbles, but do not apply pressure 

direction above sections, they will squish. 

12. Tack the corners of the coverslip down with nail polish and place in a labeled, light-proof 

slide box. 

13. Slides can be imaged after the nail polish has dried (5 to 10 minutes), but next day imaging 

seems to work better as the Prolong is allowed to set 

NOTE: Slides should be imaged no longer than 2 days after staining. 
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D1 RNA Isolation 

 

RNA Extraction Protocol 

*This applies for animal tissue* 

Reagents: 

Procedure: 

1. Add 4 volumes (80 mL) of 95-100% ethanol to the low stringency wash solution before INITIAL 

use. It is provided as a 5x concentrate. 
2. Reconstitute the DNase I by adding 250 uL 10 mM Tris pH 7.5 and mix by pipetting up and 

down. You can make a 1M Tris-HCl stock and dilute down with Molecular grade water.  

3. Keep samples under liquid nitrogen and record each weight. 
4. Place samples in sterile 2 mL Eppendorf tubes provided in Aurum Extraction kit from Bio-Rad. 

5. Clean all pipettes, tip boxes and garabe containers with RNAse off spray. Clean gloved hands 

with RNAse off as well. This will help with preventing RNA degradation.  
6. In the fume hood, add 1 mL Trizol reagent to each tube. 

7. Homogenize for 10 seconds at speed 3, or until fully liquefied. Homogenize for another 10 

seconds if necessary.** use bladed homogenizer from Ceddia lab or equivalent system.  

8. Centrifuge the samples at 12,000xg for 10 minutes at 4°C. 
9. Transfer supernatant to new 1.5 mL tubes and incubate for 5 minutes at room temperature. 

10. Add 200uL chloroform to each tube and shake vigorously (by hand) for 15 seconds. Samples will 

become cloudy, 
11. Incubate for 15 minutes at room temperature. 

12. Centrifuge the samples at 12,000xg for 15 minutes at 4°C. Sample will separate into 3 layers. 

 
13. Transfer only the clear upper phase to a new 1.5 mL Eppendorf tube (do not take up middle or 

bottom pink layers).  

14. Add 600 uL isopropanol into each tube and mix by hand (invert 15 times). 
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15. Transfer 700 uL of each sample into an RNA binding column and centrifuge at 12,000xg for 1 

minute.  

16. Discard the flow-through and pat the bottom of the column dry using a kimwipe. 
17. Transfer any remaining sample into the binding column and centrifuge again at 12,000xg for 1 

minute. Discard flow through and pat bottom of column dry again. 

18. Add 700uL low stringency wash solution from Aurum RNA isolation Kit to each RNA binding 
column. 

19. Centrifuge for 30 seconds (12,000Xg) and discard the flow through. 

20. Turn on heat block for elution buffer. Allow to come to temperature before adding in buffer. Heat 
buffer to 75°C for 3 minutes before use. 50uL per sample plus additional 

21. For each RNA binding column used, mix 5 uL of reconstituted DNase I with 75 uL of DNase 

dilution solution in a 1.5 mL Eppendorf tube. (Multiply by number of RNA binding columns for 

total volumes). 
22. Add 80 uL of the diluted DNase I solution to the membrane stack of each column and incubate for 

25 minutes at room temperature.  

23. Add 700 uL of high stringency wash solution to each RNA binding column and centrifuge for 30 
seconds. Discard the flow through. 

24. Add 700 uL of low stringency wash solution to each RNA binding column and centrifuge for 30 

seconds. Discard the flow through. 
25. Centrifuge again for 2 minutes to remove residual wash solution and discard the flow through. 

26. Transfer RNA binding column to a new 1.5 mL capped Eppendorf tube. 

27. Add 25 uL of the heated elution solution (refer to step 19) to each RNA binding column and let sit 

for 1 minute. 
28. Centrifuge for 2 minutes. DO NOT discard the flow through.  

29. Repeat steps 26-27. 

All RNA will be collected in the capped 1.5 mL Eppendorf tube, store at -80°C after using the nanodrop 
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E1 Glutathione 

Buffers: 

- TRIS-BSA: homogenization buffer with Trizma Base + Boric Acid/Serine/Acivicin to inhibit 

γ-glutamyltranspeptidase from metabolizing GSH/GSSG.   
o 200mL HPLC grade water 

o 50mM Trizma Base: 1.212g -- (MW=121.14g) 

o 20mM Boric Acid: 0.248g – (MW=61.83g) 

o 2mM L-serine: 0.042g – (MW=105.69g) 
o 20uM Acivicin: (MW=178.57) 

o Acivicin inhibits y-glutamyltranspeptidase, a protein bound to the cell membrane 

which catabolizes glutathione upon contact 
o pH to 8 with HCL 

- DAY OF: 

o Add 25ul 0.2M NEM for every 1ml TRIS-BSA fresh day of use (some suggest NEM 

is light sensitive, freeze sensitive, not sure if this is true or not, but adding it same day 

allows for to decide whether you would want to or not add NEM, only time you 

wouldn’t add NEM is if you wanted to measure total glutathione) 
o NEM irreversibly binds to GSH creating a GS-NEM conjugate and inhibits 

glutathione reductase preventing the auto-oxidation GSH to GSSG 

 

Sample preparation: 

- Make up 6 tubes: 
o Tube1 for homogenate/lysis 

o Tube2 for protein assay 

▪ 5ul homogenate into 45ul buffer/RIPA buffer for cells 
▪ Poke hole in top of tube 

o Tube3 with TCA 

▪ 7ul TCA into tube 
o Tube4 PCA 

▪ 70ul PCA into tube 

o Tube5 labeled GSH 

▪ Poke hole in top of tube 
o Tube6 labeled GSSG 

▪ 500ul 0.5M NaOH 

- For muscle: 
o Homogenize tissue in TRIS-BSAN at a 1mg-10ul ratio, leave on ice until all samples (I 

usually do about 10 samples at a time, do samples in random order). 

▪ Try and get at least 145ul final volume, otherwise need to adjust volumes of TCA 
and PCA 

o Spin samples at 800g for 10 minutes at 4 degrees 

o Add supernatant to tube 1 

- For Cells: 
o Wash cells in PBS-NEM (PBS with 0.5mM NEM – 25ul 0.2M NEM into 10ml PBS) 

o Trypsinize cells, re-suspend in media-NEM (2mM NEM in media) 

o spin at ~1000g for 5 minutes at 4oC 
o Wash cells with PBS-NEM 

o spin at ~1000g for 5 minutes at 4oC 

o aspirate off PBS-NEM carefully, re-suspend in ~155ul TRIS-BSAN 
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o Add to tube 1 

- Now have cells or muscle homogenate in tube 1 

- Take from tube 1: 
o 5ul tube 1 -> tube 2 (protein tube- has 45uL of buffer in it)  

▪ Freeze in liquid nitrogen 

o 70ul tube 1 -> tube 3 (TCA tube, for GSH) 
▪ Put onto rocker 

o 70ul tube 1 -> tube 4 (PCA tube, for GSSG) 

▪ Put onto rocker 
o Vortex tubes 3 and 4 then leave on rocker while working on other samples 

- Spin TCA and PCA tubes at 20,000g for 5minutes at 4oC 

- Carefully take tubes out of centrifuge, be careful not to dislodge pellet 

- From tube 3: Take off supernatant, and transfer to tube 5 (GSH tube) 
- From tube 4: take 100ul of tube 4 -> tube 6 (GSSG tube- already has 500uL of 0.5M NAOH) 

- Freeze 

 

Determine protein from samples using tube 2 (protein tube) 

GSH 

Mobile phase solvents 

- GSH mobile phase 

o Solvent A: 0.25% Glacial Acetic Acid in HPLC grade water 

▪ 2.5mL glacial acetic acid into 997.5mL water  

• Or 1.25ml glacial acetic acid into 498.75mL water 
▪ pH to 3.1 by adding in a couple drops of 2M NaOH to bring pH up or glacial 

acetic acid to bring pH down 

▪ Prepare fresh every day 

o Solvent B: 100% Acetonitrile 

 

GSH Standard 

o Every day, run a 4 point standard  
o 250uM GSH, 62.5uM GSH, 31.25uM GSH, 15.6uM GSH 

o Step 1: Make 50mM GSH in TRIS-BSAN (MW= 307.32g/mol→ 15.3mg in 1ml) 

o Step 2: Dilute 50mM GSH -> 5mM GSH in TRIS-BSAN (50uL into 450uL of TRIS-

BSAN) 
o Step 3: Dilute 5mM GSH -> 0.5mM GSH in TRIS-BSAN (50uL into 450uL of TRIS-

BSAN) 

o Step 4: Do serial dilutions from 0.5mM (500uM GSH) 
▪ 500uM GSH -> 250uM GSH -> 125uM GSH -> 62.5uM GSH -> 31.25uM GSH -

> 15.6uM GSH (50uL into 50uL of TRIS-BSAN) 

o Take 70ul of 250uM GSH, 62.5uM GSH, 31.25uM GSH, 15.6uM GSH tubes, and 
transfer to new tubes with 7ul TCA (this is to be consistent with treatments of the 

samples) 

o Transfer GSH-TCA tube to HPLC vial, ready to load (label the outside of HPLC vial 

 

GSH determination (UV) 
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- GSH flow rate at 1.25 ml/min (new HPLC down to 1.05ml/min) 

- Sample detected using VWD (UV detector) detector (on HPLC stack) at 265nm 

- 94% Mobile phase A, 6% acetonitrile 
o Protocol name on HPLC is TurnbullGSH 

- Take GSH tube, transfer total volume into HPLC vial. 

- Have machine insert 10ul of sample into machine 
o GSH elutes as two peaks right before NEM spike 

▪ No idea why is elutes as two peaks, cant find answer (yet) but is reported as 

common – I think it is likely due to some of the amino acid residues being 
chimeric (maybe?) 

▪ Found answer: it is because the configuration of GSH (3 amino acids) can be built 

in two ways depending on the specific amino acid configuration, I always use 2nd 

peak because 1st peak is sometimes influenced by other compounds depending on 
the tissue being analyzed 

Day of checklist: 

- Make up TRIS-BSAN 

o Thaw 0.2M NEM stock from freezer, add 25ul NEM per 1ml TRIS-BSA 

- Make up mobile phase 
- Make up standard curve 

o Transfer tubes into HPLC Vials 
 

GSSG 

Mobile phase solvents 

- GSSG mobile phase 

Solvent A: 25mM Na2HPO4 in HPLC grade water 

o Make 425ml 
▪ pH to 6.0 using phosphoric acid  

o Add 75ml MeOH to get final 15% methanol mobile phase 

 

GSSG Standard 

o Every day, run a 4 point standard  
o 10uM GSSG, 2.5uM GSSG, 1.25uM GSSG, 0.625uM GSSG, 0uM GSSG 

o Step 1: Make up 20mM GSSG in TRIS-BSAN 

o Step 2: Dilute 20mM GSSG -> 2mM GSSG in TRIS-BSAN  
o Step 3: Dilute 2mM GSSG -> 0.2mM GSSG in TRIS-BSAN 

o Step 4: Dilute 0.2mM GSSG -> 20uM GSSG in TRIS-BSAN 

o Step 5: Do serial dilutions starting from 20uM GSSG 

▪ 20uM GSSG -> 10uM GSSG -> 5uM GSSG -> 2.5uM GSSG -> 1.25uM GSSG -
> 0.625uM GSSG.  

o Take 100uL from GSSG standards and transfer to new tube with 500ul 0.5M NaOH 

o Add in 37.5ul of 0.1% OPA-MeOH (our fluorophore, which is stored in -20oC freezer) 
o Incubate standards in the dark for at least 15 minutes 

 

GSSG determination (fluorescent)  
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- Excitation/Emission 350/420nm 

- Flow rate at 0.5 ml/min 

- Sample elutes as a single peak 
- Injection volume: 50ul 

- Protocol is set up as TurnbullGSSG 

- Take tube 6 out of freezer 
- When thawed, add in 37.5ul of 0.1% OPA (our fluorophore, which is stored in -20oC 

freezer) 

- Incubate samples in the dark for at least 15 minutes 
- After incubation, transfer to HPLC vial, ready for run.  

 

Day of checklist: 

- Make up TRIS-BSAN 

o Thaw 0.2M NEM stock from freezer, add 25ul NEM per 1ml TRIS-BSA 

- Make up mobile phase 

- Make up standard curve 
- Incubate with OPA for 15 minutes before transfer tubes to HPLC vials 
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F Western Blotting and Redox Status 

 

F1 Western Blotting 

WESTERN BLOTTING PROTOCOL 

 

CASTING A GEL  

** make sure you have 1.5mm Backplates 

1. In 50mL falcon tubes make running gel and stacking gel (1 column makes 2 gels) 

*DO NOT ADD TEMED UNTIL READY TO LOAD 

*HINT: if polymerization is slow check the age of the APS  

2. Take 1 short plate and one spacer plate and clean both sides of glass with methanol 

and kimwipe 

3. Place clean short plate on top of spacer place and place both in mounting apparatus, 

ensuring the edge of the plates are lined up against the bench top 

4. Place plates in apparatus on foam piece in gel stand (press down gently to ensure firm 

seal) 

5. Place 3 transfer pipettes and falcon tube with methanol close to gel stand 

6. Add TEMED to running gel and invert falcon tube 1-2 times (TEMED will 

polymerize the gels) (or mix with 5mL pipette by drawing up and down very slowly) 

7. Using transfer pipette, fill space between glass plates with running gel until solution 

reaches the top of the green doors 

8. Using new transfer pipette add methanol to top of plate to create an even line along 

the top of the gel removing any bubbles 

9. Let sit until remaining running gel has hardened in the falcon tube 

10. Once gel has set, invert gel to remove any excess methanol (allow to air dry while you 

prepare stacking gel.  

11. Add TEMED to stacking gel and invert 1-2 times 

12. Using transfer pipette, add stacking gel to top of glass plates, use methanol transfer 

pipette to remove any bubbles 

13. Add comb to top of gel and allow to set 

**At this point gels can be stored overnight for use the NEXT DAY but since gels 

polymerize quickly its easiest to make gels the day off  
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RUNNING  

1. Prepare diluted samples by combining sample, water and Laemmeli’s buffer + 2-

mercaptoehtanol (100 μl 2-mer: 900 μl Lam) 

a. Example of dilution to load 50μg protein at a concentration of 1μg/ μl 

Sample 

Corr 

Prot 

(ug/ul) 

Aliquot 

(ug) 

Sample 

(ul) H20 

4X Laem (1:9 2-

Mercap:Laemm

eli) 

Vol for 1 

Well 

              

EXAMPL

E1 
4.599 50 10.9 26.6 12.5 50 

 

2. Boil samples at 95 C for 5 minutes*** DEPENDS ON THE PROTEIN DO NOT 

BOIL FOR OXPHOS 

3. Spin down samples for 5 seconds on tabletop centrifuge to bring volume down 

4. Make 1X running buffer in 1000mL graduated cylinder (make double if running 4 

gels) 

5. Remove combs from gels in biorad dish filled with running buffer and place gels in 

gasket (helps to limit any gel stuck to combs from blocking lane) 

6. Place gasket with gels in tank and add 1X running buffer until it fills the top of gasket 

and tank 

7. Load wells with desired concentration of samples 

8. Run for desired time (40-75 minutes) at 160mV (or desired voltage) 

** Hint: best to write how long you run gels and at what voltage to stay consistent for 

protein throughout the study.  

 

TRANSFERRING 

9. Thoroughly clean “biorad” dishes with ethanol and ultrapure water and dry off with 

kimwipes 

10. Fill 2 plastic “biorad” dishes, one with methanol (this will activate a PVDF 

membrane- remember to mark the dish) and one with transfer buffer (this will 

acclimatize membrane) 

11. Place 2 transfer packs in dish of transfer buffer and place membrane in dish of 

methanol (we cut one pack in half for smaller gels) 

12. After 2-3 minutes place first transfer pack on bottom of transfer case 

13. Place membrane in transfer buffer for 10-15 seconds 

14. Place membrane on top of transfer pack ensuring no air bubbles 

15. Remove short plate from gel, cut off stacking gel and place gel face down on 

membrane. 

** NOTE: because the unit transfers the proteins down into the membrane it should 

not make difference if you place the gels up or down on the unit. Personally, I always 
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keep my ladder on the left when I transfer (because my first lane is always the ladder) 

so this just helps me keep the gel oriented when I transfer) 

** HINT: Mark your membranes top right corner by cutting off the corner or cutting a 

notch into it. This will help you identify the top of your membrane in the event you 

cut off specific markers in the ladder.  

16. Place second transfer pack on top of membrane 

** HINT: if you have multiple gels on the membrane try and have a small space 

between gels to limit bubbles on edges of gels.  

17. Using roller, roll from one side of transfer pack to the other to remove air bubbles 

18. Hold firmly down in the middle of the transfer pack and remove excess liquid 

19. Put lid on transfer case and run transfer (standard setting is 1.5mm gel for 10 minutes) 

 

DETECTION 

20. Following transfer remove membrane and place in dish with blocking buffer (50% 

Odyssey Blocking Buffer, 50% TBS or 50% PBS made from tablets) for 1 hour, 

rocking at room temperature 

** NOTE: it does not matter if this is TBS or PBS, it just needs to be a neutral 

solution. Because our blocking buffer is made with PBS I tend to use PBS (that is a 

sterile as possible- can filter this as well)  

21. After 1 hour pour blocking buffer back into falcon tube (it can be reused multiple 

times) and add primary antibody 

22. Place membrane in primary in fridge overnight, rocking (seal all openings of cassette 

with parafilm) 

NOTE: you might be able to do a primary incubation for 1 Hour at RT but you should 

test for best conditions) 

23. In the morning remove primary and pour back into falcon tube (can be reused) 

24. Add TBST to dish and complete 3x5 minute TBST washes rocking at room 

temperature. 

25. Add corresponding secondary antibody and leave rocking at room temperature for 1 

hour 

26. Remove secondary and place back in falcon tube (can be reused) 

27. Complete 3 more 3x5 minute TBST washes 

28. Detect using LiCOR Infrared Imager (in LBS 4th Floor – Mike Scheid’s Lab)  

a. 84 uM, on membrane setting, correct for length & height of membrane 

b. Place facing down on glass, Top left hand corner will align on bottom left 

corner of machine (will see specific start point on ruler on glass) 
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WESTERN BLOTTING – PREPARATION OF BUFFERS 

 

10 X Running Buffer: 

 

 500 ml 1 L 2 L 

Tris 15 g 30 g 60 g 

Glycine 72 g 144 g 288 g 

SDS 5 g 10 g 20 g 

 

1 X Running Buffer:  10 X Running buffer 100 ml 

    dH2O   900 ml 

 

 

1 X Western Transfer Buffer: 5 X BIORAD Transfer buffer  200 ml 

     Ethanol    200 ml 

     dH2O     600 ml 

 

 

10 X TBS (Tris Buffered Saline): 

 

 500 ml 1 L 

Tris 12.1 g 24.2 g 

NaCl 40 g 80 g 

Adjust to pH 7.6 with HCl 

 

1 X TBST: 

 1 L 2 L 

10 X TBS 100 ml 200 ml 

dH2O 900 ml 1800 ml 

Tween 20 1ml 2 ml 

Note: Ensure solution is stirring when adding Tween 

 

Wet Transfer Buffer 

 

  1L 

Tris Tris  

Glycine 190mM  

Methanol 20%  

 

NOTE: Check pH to 8.3  

Can reduce methanol to 10%  

For proteins larger than 80kDa use SDS to a final concentration of 0.1% 

Gel Preparation: 
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Blocking 

- Blocking Buffer (50%) 

- PBS (50%) 

Primary 

- Blocking Buffer 

- .1% Tween 

- .01% SDS 

Secondary 

- Blocking Buffer 

- .1% Tween 

- .01% SDS 

 

F2 Redox Status of Specific Protein  

 

Evaluating Redox Status of Specific Protein 
Optimized for IP of MtCK 

 

Lysis Buffer: COBLEY LYSIS 

For 200mL solution at pH 7.5 

 

Reagent Amount Concentration Molecular Weight 

HEPES pH 7.5 1.906g 40mM 238.3 

NaCl 1.403g 120mM 58.44 

EDTA Na2 74.4mg 1mM 372.2 

 Stacking Running 

5% 6% 8% 10% 12% 

dH2O 6.8 ml 11.4 10.6 ml 9.4 ml 8 ml 6.7 ml 

1.5M Tris-Base, pH 

8.8 

(made in house) 

*** 5 ml 5 ml 5 ml 5 ml 5 ml 

1M Tris-Base, pH 

6.8 

(made in house) 

1.25 ml *** *** *** *** *** 

30 % Acrylamide 

%T= 30%, %C= 

2.7%) 

(Cat # : 1610158) 

1.70 ml 3.4 ml 4 ml 5.3 ml 6.7 ml 8 ml 

10 % SDS 100 μl 200 μl 200 μl 200 μl 200 μl 200 μl 

       

10 % APS 100 μl 200 μl 200 μl 200 μl 200 μl 200 μl 

Temed 20 μl 20 μl 20 μl 20 μl 20 μl 20 μl 
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NaHP2O7 ●10 H2O 

pyrophosphate 

892mg 10mM 446.1 

B-glycerophosphate 432mg 10mM 216.04 

NaF 420mg 50mM 41.99 

CHAPS 0.6g 0.30%  

 

Stock Solutions 

 

 Catalog 

number 

 

Molecular 

Weight (g/mole) 

 

Amount 

(g) 

 

Volume of 

Solvent 

 

IR Dye – 

8.4mM 

Licor, 929-

80020 

 

1191 

0.5mg 

DMSO 50ul *5ul aliquots 

 

Dilute to 60uM Stock – freeze 60uM stock, can be reused several times 

1uL of 8.4mM Dye into 140uL DMSO 

 

H2O2 – 0.1M 

Fresh 

 

Sigma- 

95321-100ml 

34.01 113ul (of 3%) 

 

WATER 

887ul 

 

NaI – 100% 

Fresh 

 

Sigma- 

217301-100G 

 

185.92 0.1g WATER 

100ul 

 

TCEP – 0.1M 

Fresh 

 

Fisher - 

20490 

286.65 1mg WATER 

34.9ul 

 

Tissue Homogenization 

N.B: The IRDye-Maleimide should be protected from light at all time 

 

Day 1 

1. Weigh 2x 60 mg of tissue (one will be labeled and the other one will be used for controls) 

2. Place 60mg of tissue into 0.6 ml ice cold Cobley buffer + protease inhibitors (standard 

homogenization protocol) and homogenize for 3x10seconds 

3. Spin at 800g for 10 minutes (4°C) 

4. Transfer supernatant to new tube 

5. Determine protein concentration using standard BCA protein assay kit 

6.  Determine exact volume of lysate and calculate total protein in sample  

*Use prepared excel sheet 

7. Add 100nM dye/200ug protein (60uM stock) 

8. Mix gently on nutator overnight at 4°C 

 

Day 2 

9. Remove excess Dye by passing the lysate over 2 successive 2ml desalting Zeba columns. 

Use the same column twice. 

a. Remove bottom closure and place column in 15ml Eppendorf tube 

b. Unscrew red cap 

c. Spin down for 2 minutes at 1000g to remove storage 
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d. Mark with sharpie the side of the column that has resin slanted upwards – always 

place this side facing outwards in the centrifuge 

e. Add 1ml of water to column and spin down again for 2min at 1000g 

f. Place zeba column in new 15ml Eppendorf 

g. Slowly load up to 700ul of sample onto filter bed 

h. Spin down for 2 minutes at 1000g 

10. Collect the cleaned sample 

11. Determine protein concentration using BCA 

12. Proceed to the IP 

 

Immunoprecipitation Protocol – based on BioRad SureBeads Protocol 

1. Vortex SureBeads in their solution and transfer 100ul (1mg of beads) of SureBeads to 

1.5ml tubes – 1 tube/sample 

2. Magnetize beads and aspirate off supernatant using pipette (aspirator is too aggressive 

and sucks up beads) 

3. Wash with 1ml PBS-T (PBS + 0.1% Tween 20) 

a. Add PBS-T to Eppendorf running liquid overtop of beads 

b. Rotate Eppendorf 180 degrees, let bead sit, rotate another 180 degrees and allow 

beads to gather 

4. Magnetize beads and aspirate off supernatant (always using pipette) 

5. Repeat steps 3 and 4 three times 

6. Remove tubes from magnet (should have no liquid) and add 200-volume of antibody ul 

PBS-T over beads 

7. Add desired concentration of antibody (usually between 1 and 10ug) and vortex well 

a. Total volume in tube should be 200ul 

8. Rotate for 10 minutes at room temperature 

9. Spin down to remove liquid from the cap 

10. Wash with 1ml PBS-T (PBS + 0.1% Tween 20) 

a. Add PBS to Eppendorf running liquid overtop of beads 

b. Rotate Eppendorf 180 degrees, let bead sit, rotate another 180 degrees and allow 

bead to gather 

11. Magnetize beads and aspirate off supernatant 

12. Repeat steps 10 and 11 three times 

13. Remove tube from magnet (beads should have no liquid in tube) 

14. Add desired volume/concentration of lysate 

15. Rotate for overnight at room temperature  

16. Spin down to remove liquid from lid 

17. Magnetize beads and keep supernatant as unbound sample 

18. Wash with 1ml PBS-T (PBS + 0.1% Tween 20) 

a. Add PBS to Eppendorf running liquid overtop of beads 

b. Rotate Eppendorf 180 degrees, let bead sit, rotate another 180 degrees and allow 

bead to gather 

19. Magnetize beads and aspirate off supernatant 

20. Repeat steps 18 and 19 three times 

a. Before last magnetization, transfer the re-suspended beads to a new tube 

21. Spin down tube for several seconds 

22. Magnetize beads and aspirate residual buffer from the tubes 
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Elution: 
1. Add 20mM Glycine (pH 2.0) – 20ul and incubate for 5 minutes at room temperature 

2. Magnetize beads and move eluent to a new vial 

3. Neutralize eluent with 2ul (10% of total volume) with 1M Phosphate Buffer, pH 7.4 

** This elution strategy is used for IR Dye to avoid boiling and subsequent 

denaturing of proteins. If not using IR dye, standard Laemmli buffer plus boiling 

can be used to elute protein of interest 

4. Proceed to Western Blot Sample Preparation – do not boil 

a. 22ul total sample + 

b. 10ul of 4x Sample Buffer (1/10 2-Mercap, 9/10 4x Laemellis) + 

c. 8ul of H2O 

5. Spin samples down to remove bubbles 

6. Load 35ul of sample into lane 

 

Controls 

Day 1 

1. Homogenize in CHAPS buffer as above for samples. 

2. Run samples through zeba desalting column twice to remove any glutathione 

a. Use 0.5ml zeba column to reduce protein loss that occurs when sample is spun 

through the large 2ml column 

b. Remove bottom closure and place column in 1.5ml Eppendorf tube 

c. Unscrew red cap 

d. Spin down for 1 minute at 1500g to remove storage 

e. Mark with sharpie the side of the column that has resin slanted upwards – always 

place this side facing outwards in the centrifuge 

f. Place zeba column in new 1.5ml Eppendorf 

g. Slowly load up to 130ul of sample onto filter bed 

h. Spin down for 2 minutes at 1500g 

 

3. After spin, run protein assay with standard BCA kit 

4. Divide sample into 3 aliquots of 4.167ug/ul diluted in CHAPS (total volume 200ul) 

a. Use prepared excel sheet for calculations 

5. Add 5mM H2O2 + 0.5% NaI to oxidized sample – this sample should turn yellow! 

Make sure you added H2O2 and NaI at the same time! 

a. 5mM H2O2 = 10ul of 0.1M 

b. 0.5% NaI = 1ul of 100% 

6. Add 1mM TCEP to control sample 

a. 1mM TCEP = 2ul of 0.1M 

7. Incubate at room temperature on nutator for 5 minutes along with non-treated control 

8. Spin all samples through zeba column to remove excess reagent - twice 

9. Run Protein Assay using reducing agent compatible BCA kit 

10. Determine volume of remaining lysates – calculate total protein in sample 

11. Add 100nM/200ug protein dye (60uM Stock) 

12. Mix gently on nutator overnight at 4°C 

 

Day 2 
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13. Remove excess Dye by passing the sample over 2 consecutive desalting Zeba columns 

(0.5mL columns). Use same column twice. 

14. Collect the cleaned sample 

15. Determine protein content using Reducing Agent Compatible BCA protein assay kit 

16. Prepare samples for western blot – will need 2.5ug Protein 

 

Western Sample Preparation 

** Do not boil 

**1/10 2-Mercaptoethanol; 9/10 4x Laemellis Buffer 
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G Permeabilized Fibre Bundles & Bioenergetic Protocols 

 

G1 Buffers 

 

BIOPS BUFFER (Extracellular) 

Chemical Stock Solution Molecular 

Weight 

Final 

Concentration 

Addition to 2 

Litre Final 

Volume 

CaK2EGTA* 100mM  2.77mM 55.4mL 

K2EGTA* 100mM  7.23mM 144.6mL 

Na2ATP  555.1 5.77mM 6.41g 

MgCl2 • 6H2O  203.3 6.56mM 2.67g 

Taurine  125.1 20mM 5.02g 

Na2Phosphocreatine  327.14 15mM 9.81g 

Imidazole  68.1 20mM 2.72g 

Dithiothreitol 

(DTT) 

 154.2 0.5mM 0.154g 

MES Hydrate  195.2 50mM 19.52g 

*ALWAYS double check molecular weights for supplier-specific chemicals (n=m/M.W.) 

BIOPS contains the following ion concentrations EXTRACELLULAR 

RANGE 

Ca2+ free 0.1uM Rat: 

7.6mM 

Mouse: 

1.3mM 

Mg2+ free 1mM   

Na+ 41mM Human: 

133-143mM 

K+ 20mM Human: 

4.5mM 

Cl- 13mM Rat: 

160mM 

Mouse: 

 95-120mM 

MgATP 5mM   

Ionic Strength 160mM  

Osmolality  295 mOsm  

*Ionic strength is the sum of all ions 

*Buffers do not perfectly reflect extracellular conditions 

*Species-specific extracellular ranges exist  
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*Ranges are expressed as mmol/L (refer to ion concentration summary chart) 

CaK2EGTA: Dissolve 2.002g of CaCO3 in 100mM hot (80°C) solution of EGTA (7.608g of 

EGTA in 200mL ddH2O). Add 2.3g of KOH and adjust pH to 7.0 using KOH. Freeze unused 

portions. 

K2EGTA: Dissolve 7.608g EGTA and 2.3g KOH into 200mL ddH2O. Adjust pH to 7.0 using 

KOH. Freeze unused portions. 

To make BIOPS: 

1. Add approximately 1500mL of ddH2O to 2000mL beaker 

2. While constantly stirring add stock solutions of CaK2EGTA and K2EGTA 

3. Weigh and add all powder chemicals 

4. Adjust pH to 7.1 using KOH pellets 

5. Using graduated cylinder, bring total volume to 2000mL 

6. Filter and then aliquot into 50mL falcon tubes 

7. Freeze falcon tubes 
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MiRO BUFFER (Intracellular) 

Chemical Stock Solution Molecular 

Weight 

Final 

Concentration 

Addition to 2 

Litre Final 

Volume 

EGTA  380.4 0.5mM 0.38g 

MgCl2 • 6H2O  203.3 3mM 1.22g 

K-Lactobionate* 0.5M 358.3 free acid 60mM 240mL 

Taurine  125.1 20mM 5.02g 

KH2PO4  136.1 10mM 2.72g 

HEPES  238.3 20mM 9.54g 

Sucrose  342.3 110mM 75.3g 

BSA  154.2 1g/L 2.0g 

*ALWAYS double check molecular weights for supplier-specific chemicals (n=m/M.W.) 

MiRO contains the following ion concentrations INTRACELLUAR 

RANGE 

Ca2+ free 0.0uM Human: 

30nM – 60nM 

SR:  

5.7-20mmol/L 

Free Ca2+ in SR 

0.2-0.5mM 

Rat: 

7.76-11.11 ueq/g dry wt 

Mg2+ free 2.1mM   

Na+ 0.0mM Human: 

6-13mM 

Rat:  

7.10-21.9mmol/L 

K+ 90mM  Human:  

130 – 164mmol/L 

Rat: 

117 – 149mmol/L 

Cl- 6mM Rat: 

4.97-16.57mmol/L 

PO₄³⁻ 10mM  

EGTA free 0.46mM  

Ionic Strength 95mM  

Osmolality  330 mOsm   

*Ionic strength is the sum of all ions 

*Buffers do not perfectly reflect extracellular conditions 
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*Species-specific intracellular ranges exist 

*Ranges are expressed as mmol/L (refer to ion concentration summary chart) 

K-Lactobionate: Dissolve 71.6g lactobionic acid in 300mL ddH2O, adjust pH to 7.0, adjust final 

volume to 400mL with ddH2O 

To make MiRO: 

1. Add approximately 1500mL of ddH2O to 2000mL beaker 

2. While constantly stirring add stock solution of K-Lactobionate 

3. Weigh and add all powder chemicals  

4. Adjust pH to 7.1 using KOH pellets  

5. Using graduated cylinder, bring total volume to 2000mL 

6. Filter and then aliquot into 50mL falcon tubes 

7. Freeze falcon tubes 
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BUFFER Z (Intracellular) USED FOR H2O2 

Chemical Molecular Weight Final Concentration Addition to 500mL 

Final Volume 

K-MES 233.33 105mM 12.26g 

KCl 74.55 30mM 1.12g 

KH2PO4 136.08 10mM2 0.7g 

MgCl2 • 6H2O 203.3 5mM 0.51g 

EGTA 380.35 1mM 0.19g 

BSA 154.2 5mg/mL 2.5g 

*ALWAYS double check molecular weights for supplier-specific chemicals (n=m/M.W.) 

Buffer Z contains the following ion concentrations INTRACELLULAR 

RANGE 

Ca2+ 0.0uM Human: 

30nM – 60nM 

SR:  

5.7-20mmol/L 

Free Ca2+ in SR 

0.2-0.5mM 

Rat: 

7.76-11.11 ueq/g dry wt 

Mg2+ (total, not free) 5mM  

Na+ 0.0mM Human: 

6-13mM 

Rat:  

7.10-21.9mmol/L 

K+ 145mM Human:  

130 – 164mmol/L 

Rat: 

117 – 149mmol/L 

Cl- 40mM Rat: 

4.97-16.57mmol/L 

PO₄³⁻ 10mM  

EGTA free 1mM  

*Buffers do not perfectly reflect extracellular conditions 

*Species-specific intracellular ranges exist 

*Ranges are expressed as mmol/L (refer to ion concentration summary chart) 

To make Buffer Z: 

1. Add approximately 400mL of ddH2O to 1000mL beaker 

2. Weigh and add all powder chemicals  

3. Adjust pH to 7.4 using KOH pellets 

4. Using graduated cylinder, bring total volume to 500mL 
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5. Filter and then aliquot into 50mL falcon tubes 

6. Freeze falcon tubes 
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G2 Permeabilized muscle fibre bundle preparation 

 

Equipment 

 

• Ice blocks 

• Dissecting microscope 

• Anti-magnetic fine tipped forceps (1 large, 1 small) 

• 18mm cell culture dish 

• 1.5ml tubes 

• gel loading tips 

 

Reagents 

 

• Biops buffer 

• MIR05 buffer 

• saponin 

 

Protocol 

 

1. Prepare a Styrofoam container with ice and 5ml tubes filled with biops buffer (see section 

for preparation instructions) 

2. Prepare 40μg/ml saponin dissolved in biops (saponin tubes) 

a. Dilute 7μL of 10mg/mL saponin into 1.5mL of biops 

3. Prepare equal amounts of 1.5mL tubes 1) with 40μg/mL saponin + biops and 2) MIR05 

buffer (see section for preparation instructions) (wash tubes) 

4. Harvest tissue and immediately submerge into ice cold biops buffer 

5. Decant tissue with biops into a 18mm dish and place on an ice block under a dissecting 

microscope 

6. Cut all connective tissues and remove blood and fat 

7. Gently begin separating fibers ~1-3mg wet weight fiber bundles 

8. Place muscle bundles into saponin tubes and rock at 4°C for 30 minutes 

9. Transfer permeabilized muscle fiber bundles (PmFB) to wash tubes and rock at 4°C for 

15 minutes 

10. PmFB are ready for bioenergetic assays 

a. See appendix for respiration experimental protocols (A4.1) and buffer preparation 

(A4.2-A4.3) 

b. See appendix for H2O2 emission experimental protocols (A4.4) and buffer 

preparation (A4.5 – 4.8) 

c. See appendix for calcium retention capacity experimental protocols (A4.7) and 

buffer preparation (A4.8) 
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G3 Sample Respiration Protocol  

 

MOUSE QUAD- 20mM CR 

Substrate Event Code STOCK Titration 

Volume (µL) 

Final 

Concentration 

in Chamber 

MiRO5 

 

Lights Out 

 

BLEB 

 

Fibre 

 

 

 

F10 

 

BLEB 

 

Fibre 

 

20mM Cr 

 

 

 

10 mM BLEB 

 

 

 

 

1 

 

 

 

 

5 µM 

Stop stir bar, turn on lights and verify fibre is in chamber/not stuck on side wall 

 

Hit F10 (lights out) 

100% O2 O  Injection 250-275 µM 

Pyruvate 

 

Malate 

P 

 

M 

 

2M 

 

1M 

5 

 

4 

5 mM 

 

2 mM 

ADP 25 µM D 5 mM 10 25 µM 

ADP 100 µM D 50 mM 3 100 µM 

ADP 500 µM D 50 mM 16 500 µM 

ADP 5 mM D 500 mM 18 5 mM 

Cyto c  Cyto c 4 mM 5 10 µM 

Succinate 20 mM S 2M 20 20 mM 
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G4 Reactive Oxygen Species Emission & Attenuation Protocol 

** 35uM (5uL of 10.5mM Stock) in Saponin Tubes for Tubes 1 & 2 

PYRUVATE & MALATE- Complex I Forward Flow 

Assay 

Buffer 

Pre-

experiment 

 Substrates  ADP  ADP  ADP  

20mM 

Creatine  

1U/mL HRP 

2uL of 
500U/mL 
 
Fibre 

 

 
3 
min 

10mM 

Pyruvate 

5uL of 1M 
 
2mM Malate 

2uL of 1M 

 

3 min  
*add 
ADP 
before 
slope 
starts to 
decline 

25uM  

 
5uL of 
5mM  

 

 
2min 

100uM 

 
1.5uL of 
50mM 

 

 
2min 

500uM  

 
0.8uL of 
500uM 

 

 
2min 

20mM 

Creatine  

1U/mL HRP 

2uL of 
500U/mL 
 
Fibre 

 

 
3 
min 

10mM 

Pyruvate 

5uL of 1M 
 
2mM Malate 

2uL of 1M 

 

3 min  
*add 
ADP 
before 
slope 
starts to 
decline 

25uM  

 
5uL of 
5mM  

 

 
2min 

100uM 

 
1.5uL of 
50mM 

 

 
2min 

500uM  

 
0.8uL of 
500uM 

 

 
2min 

 

SUCCINAte- Complex I Reverse Flow  

Assay 

Buffer 

Pre-

experiment 

 Substrates  ADP  ADP  ADP  

20mM 

Creatine  

1U/mL HRP 

2uL of 
500U/mL 
 
Fibre 

 

 
3 
min 

10mM 

Succinate 

 
5uL of 2M 

 

5 
min 

25uM  

 
5uL of 
5mM  

 

 
2min 

100uM 

 
1.5uL of 
50mM 

 

 
2min 

500uM  

 
0.8uL of 
500uM 

 

 
2min 

20mM 
Creatine  

1U/mL HRP 
2uL of 
500U/mL 
 

Fibre 

 
 
3 
min 

10mM 

Succinate 

 
5uL of 2M 

 
5 
min 

25uM  

 
5uL of 
5mM  

 
 
2min 

100uM 

 
1.5uL of 
50mM 

 
 
2min 

500uM  

 
0.8uL of 
500uM 

 
 
2min 
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G5 Calcium Retention Capacity Assay  

 

 

Chemical Final 

Concentration 

Addition to 120mL 

final volume 

Buffer Y (freshly made)  120mL 

Creatine 20mM 0.358g 

EGTA 40uM 9.6uL of 0.5M 

BLEB 5uM 60uL of 10mM 

Calcium Green* 1uM 400uL of 0.3mM 

Tharpsigargin** 2uM 160uL of 1.5mM 

CRC Assay Buffer – 900uL aliquots 

* Dissolve 0.5mg CG5N in 1.398mL water 

** 1mg vial, make 1mL, aliquot into 165uL stocks and freeze 

 

Create a stock of 50mM CaCl2 dissolved in water and store in 50uL aliquots in freezer 

 

Procedure: 

** cuvette on stir plate and fill with ddH2O and 10uL EGTA (0.5M Stock) 

1. Harvest muscle and place in ice cold BIOPS 

2. Separate fibres into bundles (larger than those used for respiration).  

3. Permeabilize for 30 minutes in BIOPS with 30ug/mL saponin 

4. WASH 1: 10 minutes in 1.5mL Buffer Y + 1mM EGTA (3uL of 0.5M) 

5. Turn on fluorometer to allow lamp to heat up 

6. WASH 2: 10 minutes in 1.5mL Buffer Y + 10uM BLEB (1.5uL of 10mM BLEB) 

7. Aspirate out water from cuvette but DO NOT RINSE (keep cuvette lined with EGTA) 

8. Select Calcium Uptake Assay Protocol on PTI Software. Make sure the following 

parameters are set: 

a. Excitation: 506 

b. Emission: 532 

c. Duration – 3000 seconds 

d. Slit Widths:  Excitation 3nM  

Emission 3nM  

e. x-axis window: 2000 seconds 

f. y axis max and min: 200 000 and 500 000  

 

Substrate Stock 

Concentration 

Addition to cuvette Final Concentration in 

Cuvette 

CRC Assay Buffer  300uL  

Glutamate 2M 1.5uL 10mM 

Malate 1M 1.5uL 5mM 

ADP 500mM 3uL 5mM 

Fibre       ** make sure fibre is at the bottom of cuvette attached to stir bar** 
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Collect 400 second background to establish “F-Min” 

CaCl2 5mM 2.5uL  8nmol 

Wait 5 minutes or until steady state 

CaCl2 5mM 1.25uL  12nmol (4nmol pulse) 

Wait 5 minutes in between pulses and continue pulsing until pore opens 

CaCl2 50mM 3uL 0.5mM Pulse (F-Max) 

Wait 3 minutes before final addition, this should establish F-Max but last addition is to 

make sure 

CaCl2 50mM 3uL 0.5mM Pulse (F-Max) 

* for each addition remove cuvette from holder and ensure fibre has not been disrupted 

**Make sure y axis is no more than 300 000 units or you will miss opening 

 

After opening, remove bundle and save for freeze drying 
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H Caspase Activity Assay 

 

Caspase 3, 8 and 9 Activity in Skeletal Muscle – York 2017 

Chemicals: 

Homogenisation buffer: 500 ml 

Chemical Molecular Weight Concentration Amount added 

Sucrose 342.3 250 mM 42.8g 

Tris 121.14 50 mM 3.03g 

DTT 154.25 1 mM 0.077g 

EDTA 372.24 1 mM 0.186g 

MgCl2  203.3 5 mM 0.51g 

Glycerol  10% 50mL 

pH 7.5 

Incubation buffer:  100 ml 

Chemical Molecular Weight Concentration Amount added 

HEPES 283.3 100 mM 2.38g 

Sucrose  10% 10g 

DTT 154.25 1 mM 0.015g 

pH 7.5  

Fluorescent substrates for Caspase activities: 

Caspase 3: AC-DEVD-AMC (Enzo - ALX-260-031-M001) 

1mg into 1.48 mL DMSO for 1mM Stock 

Caspase 3 Inhibitor: AC-DEVD-CHO (Enzo - ALX-260-030-M001) 

1mg into 2mL DMSO for 1mM Stock 

Caspase 8: AC-IETD-AMC (Enzo - ALX-260-042-M001) 

1mg into 1.48 mL DMSO for 1mM Stock 

Caspase 8 Inhibitor: AC-IETD-CHO (Enzo - ALX-260-043-M001) 

1mg into 2mL DMSO for 1mM Stock 

Caspase 9: AC-LEHD-AMC (Enzo - ALX-260-080-M001) 

1mg into 1.45 mL DMSO for 1mM Stock **different MW from 3 and 8 

Caspase 9 Inhibitor: AC-LEHD-CHO (Enzo - ALX-260-079-M001) 

1mg into 1.86mL DMSO for 1mM Stock 
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** Aliquot Substrates into 300uL, Aliquot inhibitors into 10uL. Store in black tubes at -20 

Experimental procedures 

 

Preparation of lysosome and proteasome fractions: 

Homogenise muscle biopsy using tapered pestle with a muscle:homogenate ratio of 10mg:100uL. 

** note homogenization is different because we do not add protease inhibitors 

Centrifugation steps: (P = pellet; S = supernatant) 

 

700×g 10 min at 4 degrees   P1 (nuclei, myofibrils) 

       S1 

16,300×g 20 min at 4 degrees  P2 (lysosomes, mitochondria) 

       S2 (bound and free proteasomes) 

 

S2: divide into 100 µl portions to be used for CASPASE AND CALPAIN ASSAYS 

Freeze all fractions at -80ºC 

Protein determination: 

Protein determination is done with the BCA method USING THE REDUCING AGENT 

COMPATIABLE KIT because homogenization buffer has high [DTT] resulting in the 

reduction of Cu2+ to Cu1+ making you unable to determine protein concentration.  

Pierce BCA Protein Assay Microplate Kit- reducing agent compatible (product number 

23252) (From Thermofisher - Smartbuy)  

 

Protein Assay – BCA 

1. Create standards by diluting BSA in homogenization buffer 

Standards (BSA): 

0 mg/mL (buffer) 

0.0625 mg/mL 

0.125 mg/mL 

0.25 mg/mL 
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0.50 mg/mL 

0.75mg/mL 

1.00 mg/mL 

2. Dilute 5 µL of each sample in 45 µL of homogenization buffer- can do this when you 

homogenize samples or when you run caspase assay- do this prior to the actual run of the 

assay 

KEY CONSIDERATIONS: you need at minimum 40-45uL of sample for caspase (30 for 

measurement and 5uL for protein) so ensure during homogenization you have enough sample 

Reducing Agent Compatible Kit 

Use when buffer has high [DTT] or other reducing agent 

1. Take total number of wells to be loaded and multiple x 4ul – this gives you the total 

volume of reconstitution buffer you will need 

EXAMPLE: full plate 96 wells x 4uL is 384uL 

2. Take the total volume and /100. Round up to the nearest whole number. This tells you 

how many vials of compatibility agent you need. 

EXAMPLE: 384uL/100 = 3.84 ROUND TO 4 

3. From the foil package, cut out the required number of vials. 

EXAMPLE: 4 vials are required  

4. Poke a hole in the top of each vial using a pipette tip. 

5. Add 100ul of reconstitution buffer to each vial and pipette vigorously to mix 

6. Combine all vials in one Eppendorf tube and protect from light until use (must be used 

same day- sample in fridge stored in the dark for 8 hours) 

7. Load 10ul of standards/diluted lysate samples in designated wells 

8. Add 4ul of compatibility agent buffer to each well 

9. Incubate plate at 37 degrees for 15 minutes (keep lid of plate on or seal with parafilm) 

10. Add 186ul of mixed Solution A/Solution B (from above) (this brings volume to 200uL in 

each wheel) 

11. Incubate plate at 37 degrees for 30 minutes 

12. Read plate at 562nm on a plate reader (BCA reader). 
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Caspase Activity: 

1. Dilute 1mM stock of each substrate into 100µM using incubation buffer – make up total 

volume needed for all samples plus 200µL extra (see loading table in excel) 

2.  Add 10uL of protein from S2 into the wells  

3. Add 100 uL of diluted caspase 3 substrate to 1 well of sample  

4. Repeat step 3 using Caspase 8 and Caspase 9 substrate 

5. Add 3uL of Caspase 3 inhibitor to well if required 

6. Repeat step 5 for Caspase 8 and 9 inhibitors 

7. Read every 2 minutes for 1 hour 

**Do not need to run inhibitor well for every sample, just use as a check (typically only run one 

additional sample with inhibitor) 

 

Fluorometer measurements: 

Prepare the fluorometer settings before adding standards, muscle extracts and substrates into the 

micro plates. 

Temperature 37ºC; Excitation filter 360 nm; Emission filter 460 nm 

Gain 80 % of max value 

Read every 2 min for 1 hour 
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I Novel Object Recognition  

 

Novel Object Recognition 

Acclimatization  

1. Place animal in open field box (40cmX 40cm X 40cm) and allow to freely move for 5 

minutes each day for 4 consecutive days prior to testing  

2. This should be repeated at the same time every day in relative silence  

3. Sanitize the container after animal is complete  

Habituation 

1. Using similar sized objects to the animal, place 2 identical objects (object 1) in opposite 

corners of the arena 

2. Place animal into container and allow to explore for 10 minutes- RECORD this session 

3. Once complete, remove animal from the container and place into a neutral cage for 30 

minutes  

4. Sanitize the container 

Testing 

5. Replace one of the objects with a new (novel) object (object 2) and allow animal to 

explore for 10 minutes- RECORD this session 

6. Once complete, put animal back into home cage 

Analysis 

1. Open the recordings and count the duration in which the mouse interacts with the object 

2. Object exploration time is  defined as the time the mouse interacted with the object, 

defined by sniffing or touching the object when the mouse is less than 2 cm from the 

object 

3. Sitting or standing on the object was not included unless the mouse sniffed the object 

while climbing on it.  

4. For the trial to be considered the animal must have interacted with the object for greater 

than 20 seconds.  

5. Discrimination ratio (DR) was calculated as follows:  

DR = (Time (object 2) –Time (object 1))/Total time. 

Important considerations 

- Large disturbances (voices/talking/people walking in and out of the room) should be 

avoided & testing performed roughly the same time every day 

- Males may have some effect on this result- so if possible, have a female researcher 

perform this task  

- Across different animals, use different combinations of objects 

- Objects should be a similar size to animals tested 

- Optimization for length of testing is required.  


