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Abstract 

Skeletal muscle is a heterogeneous tissue that consists of individual fibers that 

differ in contractile and metabolic properties. Skeletal muscle is also dynamic in its 

ability to adapt to external stimuli through changes in cell size, number, and/or fiber type 

composition, which are matched by mitochondrial content. Mitochondria are central to 

skeletal muscle adaptations and mitochondrial energetic function is highly dependent on 

the membrane phospholipid composition, specifically the mitochondrially exclusive 

cardiolipin (CL). CL biosynthesis results in nascent CL which must be remodeled by 

tafazzin (Taz) to form the predominant CL species in mammals, tetralinoleoyl cardiolipin 

(TLCL). Previous research has shown that CL content and 18:2n6 composition decreased 

and Taz protein content increased in tenotomy-induced atrophied mouse soleus, 

suggesting the upregulation of Taz may play a role in slowing this process. Thus, the 

purpose of this thesis was to examine the temporal relationship between enzymes of CL 

biosynthesis and remodelling and CL content during unload induced atrophy. Fourteen 

days post tenotomy resulted in reduced expression of phosphatidyl glycerol phosphate 

synthase (PGS1) and Taz protein, as well as a reduction in CL content. PGS1 appeared to 

be reduced prior to changes to CL content, while Taz was reduced following changes to 

CL content, suggesting that CL content is mainly dependant on PGS1, and the reduction 

in total CL may have reduced the need for Taz. This is the first study to show a temporal 

relationship between CL, CL biosynthesis and remodeling enzymes during muscle 

atrophy. Our identification of the CL biosynthesis proteins which are impacted during 

muscle atrophy resulting in reduced CL content, may pave the path for future treatment 

strategies to preserve the function of these enzymes during atrophy, and maintain CL 

content.
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Chapter 1. Literature Review 

Mammalian skeletal muscle composes one of the largest organ systems in the body, 

accounting for approximately forty to fifty percent of total body mass in humans 

(Frontera & Ochala, 2015). Skeletal muscle serves various physiological roles ranging 

from mobility and stabilizing major joints to shivering mediated thermogenesis. In 

metabolism for instance, during times of stress, skeletal muscle protein becomes a 

primary fuel source. For example, in cases of starvation, amino acids are released and are 

fed into gluconeogenesis in order to maintain a steady concentration of plasma glucose. 

Skeletal muscle is also the major sink for postprandial glucose, and therefore has a 

significant role in plasma glucose homeostasis. (Schiaffino & Reggiani, 2011). 

Mammalian skeletal muscle also has unique structural and functional characteristics that 

differ it from other contractile tissues. 

Skeletal muscle structure 

 Skeletal muscle is organized into bundles of muscle fibers known as myofibers, 

each containing several myofibrils. These myofibers are individual muscle cells that 

contain sarcomeres, which are the smallest functional unit of muscle cells. The sarcomere 

consists of a thick filament composed mainly of myosin and other proteins, and a thin 

filament, which is composed of alpha actin and its related proteins, and these two 

filaments run parallel to each other. A grouping of myofibers composes the fascicle and 

further grouping of fascicles composes the whole muscular tissue (Mukund & 

Subramaniam, 2019). Surrounding a single muscle fiber is the sarcolemma and the space 

between each myofibril, the sarcoplasm, contains structural elements such as the 

transverse (T) tubules, the sarcoplasmic reticulum, and mitochondria. T-tubules form 

invaginations that originate at the surface of the sarcolemma and transverse the myofiber. 
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Inside the myofiber, two terminal cisternae of the sarcoplasmic reticulum surround one T-

tubule forming the triad. Finally, mitochondria exist as a three dimensional network 

throughout the myofiber (Frontera & Ochala, 2015) that is regulated by fission, that 

breaks up and removes dysfunctional mitochondria, and fusion that extends the 

mitochondrial network (Chan, 2006). 

Mitochondrial structure 

Mitochondria exist in two distinct sub-populations. Subsarcolemmal (SS) 

mitochondria are those situated just bellow the sarcolemma, and intermyofibrillar (IMF) 

mitochondria are those found between the myofibrils (Crochemore et al., 2015). 

Mitochondria contain two membranes, the outer mitochondrial membrane (OMM) and 

the inner mitochondrial membrane (IMM). Extending from the IMM are villus-like 

invaginations termed cristae (Ikon & Ryan, 2017a) resulting in a greater surface area 

compared to the OMM. Structurally, the cristae consist of the junction, the stalk, and the 

tip. The junction is the site where the crista extends inward from the IMM and contains 

segments of high positive and high negative curvature on the matrix facing (inner) and 

inner membrane space facing (outer) leaflet of the IMM, respectively. The stalk, which 

extends from the junction into the matrix space, makes up over 90% of the surface area of 

the entire cristae. Functionally, the high surface area of the IMM is to support the critical 

proteins of the electron transport chain (ETC). The ETC itself consists of several coupled 

and mobile redox-capable complexes. These are the NADH-coenzyme Q reductase 

(complex I), the succinate coenzyme Q reductase (complex II), the ubiquinol-cytochrome 

c reductase (complex III), and the cytochrome c oxidase (complex IV). The two mobile 

complexes are ubiquinone, imbedded within the IMM and transfers electrons from 

complex I and II to complex III, and cytochrome c, attached to the external leaflet of the 
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IMM in the compartment between the IMM and OMM and transfers electrons from 

complex III to complex IV. The final protein responsible for coupling the resulting proton 

motive force from electron transfer to ATP synthesis is F1F0 ATPase (complex V) 

(Enriquez & Lenaz, 2014). 

The IMM lipid composition is critical for the proper functioning of mitochondria. 

The main lipids are phospholipids and they include phosphatidylcholine (PC) and 

phosphatidylinositol (PI; outer leaflet of IMM, 40% and 5% relative abundance, 

respectively), phosphatidylethanolamine (PE) and phosphatidylserine (PS; inner leaflet of 

IMM, 34% and 3% relative abundance, respectively), and cardiolipin (CL; found 

predominantly on the inner leaflet of the IMM, 18% relative abundance) (Ikon & Ryan, 

2017a). The IMM (specifically the inner leaflet) contains the main enzymes involved in 

CL metabolism (Lu & Claypool, 2015). Importantly, CL has been described as a 

functional glue (Ikon & Ryan, 2017b) holding together members of the ETC, and CL 

depletion has been shown to be associated with a reduction in coupled oxidative 

phosphorylation resulting in ATP synthesis in yeast cells (Claypool, 2009). 

CL structure and biosynthesis 

CL is a mitochondrial specific, non-bilayer forming glycerophospholipid that due 

to its two phosphatidic acids being linked together by a short glycerol bridge, obtains a 

cone-like structure, having a smaller cross-sectional area (CSA) at its polar head 

compared to its hydrophobic tails (Beltrán-Heredia et al., 2019). As a direct result, CL 

maintains IMM integrity by stabilizing highly curved regions. In mammals, CL acyl side 

chains are mainly linoleic acid (up to 73%) (Feillet-Coudray et al., 2014), forming 

tetralinoleoylCL (TLCL) (Bradley et al., 2016). CL is made through two complementary 

but distinct pathways, biosynthesis and remodelling (Fig 1) (Lu & Claypool, 2015; 
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Dudek, 2017). Briefly, translocator assembly and maintenance mitochondrial protein 41 

homolog (TAMM41) catalyzes the condensation reaction between PA and CTP (a high 

energy molecule used in the synthesis of glycerophospholipids) resulting in the synthesis 

of cytidine diphosphate diacylglycerol (CDP-DAG). Phosphatidyl glycerol phosphate 

synthase (PGS1) transfers a phosphatidyl group from CDP-DAG to the sn-1 position of 

sn-glycerol-3-phosphate to produce phosphatidyl glycerol phosphate (PGP). PGP is 

dephosphorylated by protein tyrosine phosphatase mitochondrial 1 (PTPMT1) to form 

phosphatidylglycerol (PG). Finally, cardiolipin synthase (CLS1) adds an activated 

phosphatidyl group from another CDP-DAG to condense PG producing nascent CL. 

Because the action of CLS1 is non-specific to the fatty acyl composition, remodeling 

involves the removal of one CL side chain by a phospholipase or a member of the 

calcium-independent phospholipase A2 (iPLA2) family producing monolysoCL (MLCL). 

The resulting MLCL can be re-acylated by tafazzin (Taz) to produce mature TLCL with 

phosphatidylcholine being a preferred source of acyl side chains for transacylation. 

Skeletal muscle contractile function 

The sequence of events that leads to muscular contraction is termed excitation 

contraction coupling. Within the neuromuscular junction, sodium ions depolarize the pre-

synaptic neuron causing calcium ions to enter the neuron and bind to vesicles containing 

acetylcholine (Ach). These vesicles fuse with the membrane via exocytosis and Ach is 

released into the synaptic space. Ach binds to Ach receptors on the post synaptic terminal 

and the action potential that is generated propagates across the sarcolemma until it 

encounters the T-tubules. As the action potential propagates along the T-tubule, it   
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Figure 1. Cardiolipin synthesis and remodelling 

A) Cardiolipin (CL) biosynthesis is carried out primarily by four principal, inner 

mitochondrial membrane bound enzymes (depicted in coloured rectangles). Using 

phosphatidic acid (PA) as the precursor, immature CL (lacking 18:2n-6 fatty acyl chain 

specificity) is synthesized. B) Tafazzin (Taz) is the terminal enzyme involved in CL 

biosynthesis, serving the role of remodelling. Taz, a non-specific acyl transferase, 

transfers an acyl-group from phosphatidyl choline to monolyso cardiolipin (MLCL) 

resulting in the synthesis of mature CL (TLCL). TAMM41, translocator assembly and 

maintenance mitochondrial protein 41 homolog; PGS1, Phosphatidyl glycerol phosphate 

synthase; PTPMT1, protein tyrosine phosphatase mitochondrial 1; CLS1, cardiolipin 

synthase 1; iPLA2, calcium-independent phospholipase A2. 

  

A) 

B) 
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interacts with dihydropyridine receptor (DHPR), which in turn results in the opening of 

ryanodine receptor (RyR) and release of calcium into the cytosol. Increased cytosolic 

calcium binds to troponin C on the actin filament which causes tropomyosin (adjacent to 

troponin C) to shift position exposing the myosin head binding sites on the actin thin 

filament and initiating cross bridge formation between the myosin head and actin. The 

exposed active sites on the myosin head interact with actin and through the hydrolysis of 

ATP, allows movement along the actin filament, shortening the sarcomere. Contractile 

components (myosin) account for 40-50% of ATP use during contraction. Non-

contractile components involved in muscle contraction, namely sarco/endoplasmic 

reticulum Ca2+ ATPase (SERCA) and Na+/K+-ATPase, account for the remaining 40-

50% of ATP consumption (Walsh et al., 2006; Smith et al., 2013). 

Mitochondria are the principal supplier of ATP needed for muscle contraction, 

which is accomplished mainly by oxidative phosphorylation. In brief, electrons flow from 

lowest to highest reducing potential, from complex I to complex IV. Starting from 

complex I, NADH (in the matrix) is oxidized to NAD+ and 2H+ causing complex I to 

become reduced. Alternatively, FADH2 is oxidized into FAD and 2H+ causing complex II 

to become reduced. The electrons from both complexes are transferred to coenzyme Q, 

then complex III then cytochrome C until they reach complex IV, where oxygen accepts 

electrons from complex IV to form water. During this transfer of electrons, protons (H+) 

are pumped out of the mitochondrial matrix into the inner membrane space, resulting in 

an electrochemical gradient. This electrochemical gradient is coupled to complex V to 

form ATP. 
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Skeletal muscle heterogeneity 

 There are four myosin heavy chain isoforms in mammalian skeletal muscle. MHC 

I is found in slow twitch whereas MHC IIA, X, and B are found in fast twitch fibers 

(Bloemberg & Quadrilatero, 2012). Slow twitch type I fibers have high mitochondrial 

and myoglobin content (red appearance), are highly vascularized, have low glycolytic 

activity, are fatigue resistant, and as such are better suited for endurance exercise. Type 

IIA fibers have lower mitochondrial content relative to type I, are less vascularized, are 

more prone to fatigue, have fast and large calcium transients, fast contraction speeds, and 

combine oxidative and glycolytic metabolism for energy (Mukund & Subramaniam, 

2019). Type IIB fibers are prone to fatigue, have lower mitochondrial content, have a fast 

contractile phenotype, rely predominantly on glycolytic metabolism, and are not found in 

humans. Type IIX have an intermediate contractile phenotype speed (IIB > IIX > IIA), 

and rely predominantly on glycolytic metabolism (Tellis et al., 2004; Mukund & 

Subramaniam, 2019). 

Individual skeletal muscles demonstrate vast heterogeneity as it relates to fiber 

type composition. No single muscle is made up exclusively of one fiber type and each 

muscle differs in their fiber type composition. For example, the slow twitch soleus in 

mouse is made up of mainly type I and IIA fibers with some IIX and IIB (Bloemberg & 

Quadrilatero, 2012). In contrast, the fast twitch extensor digitorum longus (EDL) is made 

up of mostly type IIB and IIX with some IIA and no I (Bloemberg & Quadrilatero, 2012). 

Fiber type composition also varies for the same muscle between species. For example, rat 

soleus is predominately type I with very little IIA and no IIX or IIB (Bloemberg & 

Quadrilatero, 2012) which is different to mouse soleus highlighted above. 



8 
 

Skeletal muscle plasticity 

 Regulation of skeletal muscle mass is important in preserving total lean body 

mass. In humans for instance, daily rates of protein turnover may range between 300–

400g per day (Schutz, 2011). Skeletal muscle mass homeostasis therefore is a dynamic 

process which is regulated by cycling between two opposing adaptations, myogenesis and 

muscle breakdown. Skeletal muscle is dynamic in that it can adapt to various 

environmental stimuli (Schiaffino & Reggiani, 2011). This can be seen through changes 

in skeletal muscle mass, through fiber size and or number, but also through changes in 

fiber type composition and or mitochondrial content. In reference to changes in fiber type 

composition, fiber type conversion occurs via the “nearest neighbor” mechanism (e.g., I 

↔ IIA ↔ IIX ↔ IIB). Additionally, some muscle fibers that are undergoing this 

transition co-express MHC isoforms resulting in hybrid fibers (Kirschbaum et al. 1990; 

Staron and Pette 1993). 

 Exercise is among the most well-known environmental influence that can result in 

muscle hypertrophy. Endurance training has been shown in mice to increase 

mitochondrial content as well a fiber type shift from type IIB to type IIA and IIX (Röckl 

et al., 2007). Resistance training induces muscle hypertrophy (Wang et al., 2019), 

demonstrating increased fiber cross sectional area (Morton et al., 2016), fiber type shifts 

from type IIX to IIA (Paoli et al., 2016), increased contractile force (Miller et al., 2017), 

increased shortening velocity (Parente et al., 2008), and increased mitochondrial total 

content and networking (Miller et al., 2017). In addition to exercise, testosterone exerts 

an anabolic effect on muscle contributing to muscle growth (Schoenfeld, 2010). 

 Skeletal muscle atrophy results in decreased size and or number of cells when the 

net protein balance in a cell favors increased protein breakdown. Importantly, during 
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muscle atrophy, there is increased mitochondrial fission, increased mitophagy, and a 

resulting reduction in total mitochondrial content (Romanello et al., 2010). Further, it is 

known that the disruption of mitochondrial networks is an important process that is 

attributed to loss of skeletal muscle mass (Romanello et al., 2010; Romanello & Sandri, 

2010). Therefore, given the importance of mitochondria as the supplier of ATP for 

muscle contraction and other cellular processes, mitochondrial loss may be a significant 

mediator of skeletal muscle atrophy (Powers et al., 2012). Skeletal muscle atrophy can be 

induced by a variety of factors such as aging, inactivity (e.g. prolonged bed rest or limb 

immobilization), disease and spaceflight (Dirks et al., 2016). Moving forward, atrophy 

will be the focus of this thesis. 

Cell signalling during muscle atrophy 

There are a number of cell-signalling mechanisms involved in mediating the 

various adaptive responses resulting in skeletal muscle atrophy. It is important to note 

that it is likely not only one but a complex interplay of numerous signalling pathways 

contributing to muscle atrophy. Therefore, the aim of this section is to briefly illustrate 

the principal signalling pathways that govern skeletal muscle mass homeostasis, namely 

the ubiquitin-proteasome, the autophagy lysosome, the IGF1-PI3K/Akt, the myostatin 

pathway, and the NF-kB pathways, with a focus on how these pathways operate to alter 

net protein synthesis resulting in skeletal muscle atrophy. 

One of the most common degradation pathways is the ubiquitin proteasome 

system (UPS). As illustrated in Fig 2, the UPS requires three main groups of proteins; 

ubiquitin activating enzymes (E1), ubiquitin conjugating enzyme (E2), and ubiquitin 

ligases (E3). This proteolytic pathway is usually controlled by Akt signalling and   
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Figure 2. Ubiquitin proteasome degradation system. 

Activation of ubiquitin activating enzyme (E1) results in the transfer of ubiquitin (Ub) 

from E1 to ubiquitin conjugating enzyme (E2). Ubiquitin ligases (E3), which are 

conjugated to target proteins are conjugated to E2. The complex that forms (E2-E3-

protein) forms a polyubiquitinated adduct on the target protein which is recognized by the 

26S proteasome. 
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becomes upregulated during muscle wasting. It mainly functions to remove sarcomeric 

proteins. Proteins that are marked for degradation are bound to multiple molecules of 

ubiquitin by E3 ligases, most commonly are MuRF1 and MAFbx/Atrogin-1 usually 

expressed at low levels in muscle cells (Bodine et al., 2001). Proteins that are poly-

ubiquitinated are then degraded into polypeptides by the 26S proteasome. In general, the 

literature has shown evidence for alterations in E3 (increased expression) of the ubiquitin 

proteasome pathway during atrophy. 

The autophagy-lysosome pathway (ALP) involves the use of lysosomes and is a 

principal pathway involved in protein degradation (Fig 3). Lysosomes serve important 

cellular roles in maintaining cell homeostasis. These are acidic organelles that are 

responsible for taking up and internally digesting proteins, mitochondria (through 

mitophagy), macromolecules, microbes, damaged organelles and other cellular material 

(Hipolito et al., 2018). The literature shows that in skeletal muscle, this pathway is under 

the control of the FoxO3a transcription factors which when elevated contribute to muscle 

atrophy (Zhao et al., 2007), causing several autophagy related genes to be upregulated 

(Mammucari et al., 2007; Trevino et al., 2019). In addition to FOXO regulation, the 

autophagy-lysosome pathway may also be initiated by oxidative stress (Scherz-Shouval 

& Elazar, 2011; O’Leary et al., 2012), leading to the an increase in phosphate and tensin 

homolog (PTEN)-induced putative kinase 1 (PINK1), which is known to induce 

mitochondrial degradation through mitophagy (Chen et al., 2014; Trevino et al., 2019). 

The insulin-like growth factor-1 (IGF-1) signalling pathway, primarily known as a 

major anabolic pathway, plays an important role in disuse induced muscle atrophy (Fig 

4). Briefly, circulating IGF1 interacts with insulin receptor substrate 1 (IRS1) via the   
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Figure 3. Autophagy-lysosome pathway. 

Defective proteins and other cellular material are first engulfed by a double membrane 

like structure known as the phagophore which originates from the endoplasmic reticulum 

forming the autophagosome. The autophagosome docks with and fuses with lysosomes 

(which contain nucleases, proteases and hydrolases and maintain an acidic environment 

pH: 4.5-5) forming the auto-phagolysosome. 
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Figure 4. IGF1 – PI3K/Akt signalling. 

Insulin like growth factor 1 (IGF1) binding to its receptor (IGF-1R) causes insulin 

receptor substrate 1 (IRS1) phosphorylation which leads to a cascade of downstream 

phosphorylation events mediated by phosphoinositide 3-kinase (PI3K) and protein kinase 

B (PKB/Akt). Downstream targets of Akt include mammalian target of rapamycin 

(mTOR), glycogen synthase kinase-3 beta (GSK-3β) and the forkhead box O (FOXO) 

family of proteins. In non-atrophy conditions, phosphorylation of FOXO inhibits their 

translocation to the nucleus which inhibits the expression of atrophic genes. In atrophying 

conditions, the lack of FOXO phosphorylation promotes their translocation into the 

nucleus which promotes the expression of atrophic genes.  
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IGF-1R receptor, leading to PI3K phosphorylation and subsequent phosphorylation of 

Akt (Tando et al., 2016). Two downstream targets of Akt are mammalian target of 

rapamycin (mTOR) and glycogen synthase kinase-3 beta (GSK-3β) (Dupont et al., 2011). 

mTOR activation upregulates protein translation, while GSK-3β is involved in glycogen 

synthesis and acts as a negative regulator of protein synthesis. During muscle wasting 

(disuse atrophy) FOXO proteins (the main downstream target of Akt signalling attributed 

to atrophy), experience reduced levels of phosphorylation by Akt (Dupont et al., 2011; 

Ye et al., 2013; Kuczmarski et al., 2018), resulting in localization from the cytosol 

(normal state) to the nucleus to promote the transcription of several atrogenes such as 

(Fbxo32) atrogin-1, SMAD2/3, (Trim63) MuRF1 (Sandri et al., 2004; Kamei et al., 2004; 

Tando et al., 2016). However, upregulation of atrogenes has been shown in the absence 

of reduced FOXO phosphorylation (Okamoto & Machida, 2017) which may indicate a 

FOXO independent system of atrogene transcription. 

Myostatin is a negative regulator of muscle mass (Fig 5). Myostatin is a myokine 

that is ubiquitously expressed in mammalian skeletal muscle and belongs to the 

transforming growth factor (TGF) family of proteins (Aravena et al., 2020). Myostatin’s 

interaction with its receptor, activin type IIB, initiates its effect mainly through 

phosphorylation of Smad2 and Smad3 proteins, regulating the expression of various 

atrogenes (Lee & Jun, 2019). During muscle atrophy, myostatin expression increases in 

circulation (Shao et al., 2007; Gustafsson et al., 2010) which decreases Akt 

phosphorylation and subsequently FOXO phosphorylation. This causes FOXO proteins to 

translocate from the cytosol to the nucleus and increase the expression of several 

atrogenes (Rodriguez et al., 2014).  
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Figure 5. Myostatin signalling. 

In muscle atrophy, circulating myostatin interacts with activin type IIB leading to the 

inhibition of protein kinase B (PKB/Akt) and the phosphorylation of the suppressor of 

mothers against decapentaplegic (Smad) family of proteins. The result of these events is 

to increase expression of various atrogenes in the nucleus through forkhead box O 

(FOXO) and Smad translocation from the cytoplasm to the nucleus. 
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Disuse atrophy may also be mediated by the NF-κB signalling pathway (Fig 6). A 

trigger phosphorylates IKKβ (which is bound to IKKα, and IKKγ) in the cytosol. Next is 

phosphorylation of IKKα (which is bound to a p-50-cRel heterodimer). Ubiquitination of 

IKKα follows leading to its degradation in the cytosol. The p-50-cRel heterodimer is 

translocated from the cytosol to the nucleus to target NF-κB dependent genes (Jackman et 

al., 2013). It is important to differentiate NF-κB signaling in cachexia, which is classified 

as atrophy due to disease (Kandarian & Jackman, 2006) compared to muscle disuse 

atrophy. In disease states, the cytokine TNF-α activates NF-κB, which is known as the 

classical pathway of NF-κB activation, however, in disuse atrophy, TNF-α is not 

produced, does not act as an activator, and does not induce inflammation. In disuse 

atrophy, the inhibitory protein IκB is ubiquitinated and later degraded. Normally, IκB is 

bound to NF-κB heterodimer and remains in the cytosol. During unloading, NF-κB 

transcriptional proteins p-50 and Bcl-3 translocate to the nucleus, increasing the 

transcription of several atrogenes namely the aforementioned MuRF1 and atrogin-1 

(Hunter et al., 2002; Cai et al., 2004; Hunter & Kandarian, 2004; Jackman et al., 2012). 

This would indicate a potential involvement during disuse atrophy. In fact, it has been 

shown that the inhibition of NF-κB signalling proteins attenuates skeletal muscle atrophy 

in disuse conditions (Mourkioti et al., 2006; Reed et al., 2011). 

Collectively, various signalling pathways are involved in the process of disuse 

muscular atrophy (Table 1), of which the specific rodent models will be discussed in 

more detail in the next section. Common to all of them is the fact that they alter protein 

homeostasis by shifting the balance towards increased protein degradation compared to 

protein synthesis. On a molecular level, a signal outside of the muscle cell initiates a   
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Figure 6. NF-κB signalling pathway. 

An unspecified trigger results in the phosphorylation of the inhibitor of NF-κB kinase 

(IKK)β subunit which results in downstream phosphorylation of IKKα bound to p50 and 

cRel transcription factors. IKKα is degraded, releasing p50 and cRel, which translocate 

into the nucleus to upregulate the expression of various atrogenes. Additionally, p50 

homodimers translocate to the nucleus and form a complex with Bcl3 to upregulate 

atrogenes. 
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Table 1. Summary of evidence for various signalling pathways implicated in disuse 

induced muscle atrophy. 

Model Pathway (s)  Animal/Muscle Outcome  Study 

Denervation  ↑ UPS 

 

 

 

 

Mouse/Sol 

 

 

Mouse/ Gas, 

Plant, TA 

↑ MuRF1 

 

 

↑ MuRF1 + 

Atrogin-1 

(Baumann et 

al., 2016) 

 

(Schmidt et 

al., 2014) 

↑ ALP 

 

Mouse/ TA, 

GAS 

↑ ROS + 

Autophagy 

proteins 

(O’Leary et 

al., 2012) 

↑ IGF1 

PI3K/Akt 

Mouse/ Gas, 

Quad 

↑ Atrogin-

1/MuRF1/ 

SMAD2,3 

(Tando et 

al., 2016) 

↑ Myostatin Mouse/ Gas ↑ Myostatin 

mRNA+protein 

(Shao et al., 

2007) 

↑ NF-κB Mouse/ Gas, TA 

 

 

 

Mouse/ Gas, Sol 

Inhibition of IKKβ 

prevents MuRF1 ↑ 

 

Inhibition of IKKβ 

protects against 

atrophy 

(Cai et al., 

2004) 

 

 

(Mourkioti 

et al., 2006) 

Immobilization  ↑ IGF1 

PI3K/Akt 
Mouse/ Gas, 

Quad 

 

Mouse/ Sol, 

Plant, Gas 

 

 

Mouse/ Sol, 

Plant 

 

 

Rat/Sol 

↑ Atrogin-

1/MuRF1/ 

SMAD2,3 
 

Overexpression of 

IGF-1 attenuates 

muscle atrophy 

 

↑ Atrogin-1, 

MuRF1, 

↓pFOXO3a early 

(3 days) 

 

 

↓pFOXO3a early 

(3 days) 

Accumulated in 

myonuclear 

fractions 

(Tando et 

al., 2016) 

 

(Ye et al., 

2013) 
 
 

(Okamoto & 

Machida, 

2017) 
 

(Senf et al., 

2010) 
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↑ NF-κB Rat/ Sol Inhibition of IKKα 

and β protects 

against atrophy 

(Reed et al., 

2011) 

Tail 

suspension 

↑ UPS Rat/ Sol, Gas, 

TA 

 

Mouse/ Sol 

 

 

Mouse/ Sol, 

Plant, Gas 

↑MuRF1+Atrogin-

1, 26S proteasome 

 

↑ Atrogin-1  

 

 

↑MuRF1+Atrogin-

1 

(Baehr et 

al., 2017) 
 

(Trevino et 

al., 2019) 

 

(Wang et 

al., 2017) 

↑ ALP Mouse/ Sol ↑ Foxo-3a, PINK-

1 

(Trevino et 

al., 2019) 

↑ IGF1 

PI3K/Akt 

Rat/ Sol  

 

 

 

Rat/ Sol, EDL 

 

 

 

Rat/ Sol 

↓ pFOXO3a + Akt 

 

↓ phosphorylation 

of FOXO3a + Akt 

↑ MuRF1 

 

 

↓ FOXo3 

phosphorylation 

(Kuczmarski 

et al., 2018) 

 

 

(Dupont et 

al., 2011) 

 

 

(Belova et 

al., 2017) 

↑ Myostatin  Human/ VL  ↑ myostatin 

mRNA and 

protein 

(Gustafsson 

et al., 2010) 

↑ NF-κB Mouse/ Sol, 

Plant 

 

 

Rat/ Sol 

 

 

Mouse/ Sol 

Inhibition of p-50, 

Bcl3 attenuates 

atrophy 

 

 

↑ p50/Bcl3 in 

nuclear extracts 

 

Bcl3 is required 

for MurF1 

transcription 

(Hunter & 

Kandarian, 

2004) 

 

(Hunter et 

al., 2002) 
 

(Jackman et 

al., 2012) 
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downstream cascade of events that lead to cytosolic proteins (e.g., Foxo, SMAD, p-

50/Bcl3) translocating to the nucleus to upregulate several atrogenes (e.g., atrogin-1, 

MuRF1). 

Skeletal muscle atrophy and experimental models 

Several models have been used in the literature to induce muscle atrophy. The 

attempt has been to mimic conditions that result in human muscle loss. The most 

common models used are denervation, immobilization, tail suspension, and tenotomy. 

 Denervation occurs in many disease states such as amyotrophic lateral sclerosis 

and spinal muscular atrophy (Pigna et al., 2018). In general, skeletal muscle denervation 

is performed by severing the nerve that innervates either a single or, most often, multiple 

muscles. The most common denervation methods involves the sciatic nerve, which is 

responsible for innervating the muscles of the posterior aspect of the thigh (biceps 

femoris, semimembranosus, semitendinosus, adductor magnus), the tibial nerve, which 

innervates muscles responsible for plantar flexion and flexion on the toes (gastrocnemius, 

soleus, plantaris, popliteus, flexor hallucis longus, flexor digitorum longus, and tibialis 

posterior), and the common peroneal nerve, which innervates muscles responsible for toe 

extension and dorsiflexion of the foot (tibialis anterior, extensor hallucis longus, extensor 

digitorum longus and peroneus tertius). With denervation, there are reductions in whole 

body weight, muscle mass, and whole muscle CSA (Paul et al., 2010; Tryon et al., 2015; 

Paudyal et al., 2018). There is also a fiber type shift from type IIA to I (Maggs et al., 

2008; Hering et al., 2016). In terms of muscle contractile properties, following 

denervation there is a reduction in whole muscle contractile force, tetanic force and peak 

twitch regardless of the fiber type composition of the muscle examined (Paul et al., 2010; 
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Hering et al., 2016). Lastly, there appears to be a reduction in mitochondrial content, as 

well as marked dysfunction (reduced oxidative capacity and cytochrome c oxidase 

activity) (Paul et al., 2010; Tryon et al., 2015; Paudyal et al., 2018). The benefits of the 

denervation model are that the induction of atrophy is rapid (in as little as 14 days), there 

is the option for an internal control (with tibial nerve transection) (Willand et al., 2013), 

and the denervation model is suitable for the study of both short term (days) and long 

term (weeks to months) muscle atrophy (Batt et al., 2006; Plant et al., 2009; Nagpal et 

al., 2012). However, denervation can lead to muscle fibrosis and myofiber death (Fu & 

Gordon, 1995; Kobayashi et al., 1997), low rates (2-5%) of animals self-inflicting injury 

and or developing pressure ulcers on the operated limb (Baek et al., 2020), and possible 

hypertrophy of the control limb (Nagpal et al., 2012). 

 Immobilization in humans is a common occurrence in the clinical setting (i.e., 

fractures that need casting and prolonged bed rest). The rodent model of immobilization 

involves the restriction of joint movement with the muscle remaining at a fixed length. 

Following immobilization (3-14 days post), there is a reduction in muscle mass, fiber 

CSA and muscle force production (Wall et al., 2014; Nishimura et al., 2017), effects 

appearing more prominently in type IIA and type IIB fibers, with some type I atrophy 

(Mattiello-Sverzut et al., 2006; Kataoka et al., 2014; Callahan et al., 2015). In addition, 

there is a fiber type shift from type I to type IIA and IIX (Callahan et al., 2015) and 

reduced mitochondrial biogenesis and content (Kang & Ji, 2013; Callahan et al., 2015). 

The benefits of the immobilization method are that it is less complex compared to 

surgical methods, atrophy is more specific to muscles associated with a particular joint 

(e.g. ankle) allowing for a more targeted induction of atrophy to a family of muscle 
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agonists and antagonists, presence of an internal control, and it is well suited to the study 

of prolonged atrophy as muscle are fixed in a contracted (shortened) state and experience 

greater atrophy compared to when stretched (Herbert & Balnave, 1993). Despite this, 

immobilization methods can be time consuming, may be expensive due to the cost of 

casting materials and periodic cast replacement, needs frequent observation of the animal, 

and may cause adverse events such as skin injury, local edema or necrosis (Ohmichi et 

al., 2012; Guo et al., 2014; Aihara et al., 2017). 

Tail suspension, which is often used to mimic weightlessness experienced in 

microgravity, involves the rodent’s tail to be attached to a lever that is fixed to the roof of 

the cage, elevating both hindlimbs. Tail suspension (1 to 6 weeks) results in a reduction 

in muscle mass, fiber and muscle CSA and muscle force production (Guillot et al., 2008; 

Du et al., 2011; Oliveira et al., 2019), with atrophy appearing to be more prominent in 

type IIA and IIB fibers compared to type I. There is also a general fiber shift from type I 

to IIA (Desplanches et al., 1987; Guillot et al., 2008; Du et al., 2011) and reduced 

mitochondrial content and quality (Cannavino et al., 2015; Theilen et al., 2018). The 

benefits of the tail suspension are that it is less complex, more cost effective, and well 

suited to the study of microgravity related muscle loss (Morey, 1979). However, despite 

this, tail suspension alters the animals food consumption patterns and animals can 

develop adrenal hypertrophy (Musacchia et al., 1980), the head tilted down position 

causes significant fluid shifts (Sullivan et al., 2004), since both hindlimbs are unloaded, 

there is no internal control, and unloading angles greater than 30o can cause increased 

tension to the tail, resulting in distress (Baek et al., 2020). 
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Tenotomy, which induces similar adaptations to aging sarcopenia seen in humans, 

involves the severing of the soleus-gastrocnemius tendon, which causes the simultaneous 

unloading of the soleus and gastrocnemius and overloading of plantaris. Fourteen days 

following hindlimb tenotomy, there is a reduction in muscle and fiber CSA as well as 

muscle to body weight ratio (Bialek et al., 2011; Ning et al., 2015; Hirunsai & Srikuea, 

2018; Ferrié et al., 2019), a fiber shift from type I to type IIA and IIX (Noirez et al., 

2000; Wang et al., 2002; Ohira et al., 2006; Fajardo et al., 2017b; Ferrié et al., 2019), and 

a reduction in mitochondrial content and impaired functioning (Ning et al., 2015). The 

benefits of tenotomy are 1) the severing of the soleus-gastrocnemius tendon causes 

simultaneous unloading of the soleus and overloading of the plantaris, allowing muscles 

to be examined under the context of atrophy (soleus) and hypertrophy (plantaris) 

simultaneously, 2) unlike denervation via sciatic nerve transection, tenotomy maintains 

innervation, allowing the animal to maintain normal activity levels (Elder & Toner, 

1998), 3) unlike tail suspension and cast immobilization, tenotomy specifically targets 

and therefore prevents unnecessary strain on other body parts (e.g. forelimbs and tail in 

tail suspension), and 4) unlike tail suspension and immobilization, the animal is allowed 

to move freely in cage (reducing stress) and since the body isn’t head tilted, there are no 

fluid imbalances. However, tenotomy is non-reversible and not well suited to the study of 

recovery interventions. 

As highlighted above, each atrophy model has pros and cons. However, for the 

purpose of this thesis, we will use tenotomy as a follow-up to previous work (Fajardo et 

al., 2017) that demonstrated 14-days post tenotomy in unloaded soleus a fiber type shift 
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from type I to type IIA and IIX, a reduction in total CL content, a reduction in 18:2n-6 

CL acyl chains, and an increase in Taz protein content. 

  



25 
 

Statement of the problem 

The health of skeletal muscle is essential in maintaining functional capacity. 

Skeletal muscle serves various important roles in locomotion as well as energy 

metabolism. Importantly, mitochondria are central to skeletal muscle adaptations and 

mitochondrial energetic function is highly dependent on the composition of 

phospholipids of the IMM, specifically CL. Unloading the hindlimb through tenotomy in 

rodents triggers disuse atrophy in soleus, resulting in a fiber shift from type I to type IIA 

and IIX, reduction in total CL content, CL side chain composition, and upregulation of 

Taz (Fajardo et al., 2017). However, it is currently unknown if expression of proteins 

involved in CL biosynthesis and remodelling precede or follow changes to CL content 

during the adaptive response to unloading. Given the importance of mitochondrial 

membrane composition in maintaining a functional network of mitochondria in skeletal 

muscle (Romanello et al., 2010; Romanello & Sandri, 2010), a disruption of 

mitochondrial form and function may be a key contributing factor to loss of skeletal 

muscle mass. Therefore, it is important to examine the temporal order of events over 14 

days post-tenotomy that occur with respect to the various enzymes involved in CL 

biosynthesis and remodelling. 
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Purpose statement and objectives 

The purpose of this thesis is to examine the temporal relationship between CL 

biosynthesis and remodelling enzyme protein content and CL content during unloading 

induced atrophy. The specific objectives of this thesis are: 

1) To determine whether changes in the expression of Taz precede or follow 

changes to CL content during the adaptive response to unloading. 

2) To determine if changes to CL remodelling will influence the content of 

known substrates of Taz, namely PC and PE. 

3) To determine the influence of unloading on protein expression of CL 

biosynthetic enzymes and how they may be affected temporally. 

Hypotheses 

It is hypothesized that in 4-6-month-old C57BL/6 mouse soleus that undergoes 

tenotomy-mediated atrophy that: 

1) CL content will decrease with unloading, which will be followed by a 

compensatory increase in Taz protein content. 

2) Increase in Taz protein content will reduce PC and PE content due to increases 

in lysoPC and lysoPE, respectively. 

3) Expression of proteins involved in CL biosynthesis will decrease with 14 days 

of unloading due to the hypothesized decrease in CL content. 

4) Protein expression of CL biosynthesis enzymes will decrease before the 

hypothesized decrease in CL content.  
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Chapter 2. Methodology 

Animals 

The study used 4-6-month-old C57BL/6 adult male mice (n=8). Animals were 

housed in a controlled environment (12-hour light: 12-hour dark) and provided with a 

standard chow diet and water ad libidum. in Brock University’s Comparative Biosciences 

Facility. All protocols were reviewed and approved by Brock’s Animal Care Committee 

in accordance with the Canadian Council on Animal Care. 

Hindlimb unloading, tissue collection and storage 

In order to induce disuse atrophy in soleus, tenotomy was conducted as previously 

described (Ito et al., 2013; Fajardo et al., 2017b). Briefly, mice were anesthetized using 

2% isoflurane in a precision vaporizer. Soleus and gastrocnemius tendons were transected 

to induce unloading of soleus. An incision was also be made on the opposing hindlimb, 

which served as an internal sham control. On days 3, 7, 10, and 14, animals were 

anesthetized in an induction chamber using 5% isoflurane and soleus from both 

hindlimbs (tenotomised and sham) were surgically removed and immediately flash frozen 

in liquid nitrogen and stored at -80oC until further analysis. 

Lipid analysis 

Frozen soleus was homogenized by hand in a homogenization buffer (250 mM 

sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2% [w/v] NaN3, pH 7.5) in a 10:1 ratio 

(vol:wt). Total lipids from whole homogenates (1.35 mg of tissue) were extracted as 

previously described (Folch et al., 1957). One third of the lipid extract was separated by 

high-performance thin layer chromatography using a chloroform: methanol: acetic acid: 

water (100:75:7:4) solvent system to separate individual phospholipids with known 

amounts of individual phospholipid species loaded onto each plate as standards to 

quantify content. After allowing the solvent to run up each plate for 30 min, plates were 
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spayed with a 5% H2SO4 solution and heated at 180°C (CAMAG TLC plate heater III, 

115 V, CAMAG Scientific Inc.) until bands were visible. Images of each plate were 

captured with ChemiDoc MP imaging system (BioRad, ON, CAN) and subsequently 

analyzed using ImageJ (National Institutes of Health, MA, USA). 

Western blotting 

Muscle homogenates were solubilized using 4X Laemmli buffer (Laemmli, 1970), 

and separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis as 

previously described (Williamson et al., 2009; Croston et al., 2013). Protein content, 

percent gel, voltage, running time, transfer method, blocking solution, and primary and 

secondary concentrations were assessed prior to data collection (Table 2). Following 

separation, proteins were transferred onto polyvinylidene difluoride (PVDF) using the 

Trans-blot Turbo Transfer System (Bio Rad, ON, CAN) or the Mini Trans-Blot Cell 

system (Bio Rad, ON, CAN). Membranes containing proteins of interest were blocked in 

5% skim milk or 3% bovine serum albumin (BSA) dissolved in Tris-buffered saline (20 

mM Tris base, 137 mM NaCl, pH 7.5) with 1% tween (TBST) for an hour at room 

temperature. Membranes were then probed for proteins involved in CL biosynthesis 

(TAMM41, PGS1, PTPMT1, CLS1) and remodelling (Taz) by incubating primary 

antibodies in 5% skim milk or 3% BSA with TBST overnight at 4oC. Membranes were 

then washed 3 times for 5 minutes with TBST, incubated at room temperature with 

appropriate secondary antibody conjugated with horseradish peroxidase in 5% skim milk 

or 3% BSA with TBST and washed once again prior to development. Membrane 

development was done using Clarity ECL Western Blot Substrate (Bio Rad, ON, CAN) 

using the ChemiDoc MP imaging system (BioRad, ON, CAN). Densitometry was done to 

determine the optical density of the bands using Image J software (National Institutes of  
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Table 2. Summary of western blotting protocols 

Target  Sample  Running  Transfer Blocking Primary Secondary Suppliers 

Taz 40µg  4% stacking, 

8% resolving 

100V, 90 min 

Trans-blot 

Turbo 

2X TGX 

5% milk in 

TBST 

1hr, room 

temp.  

1:1000 in 

blocking sol.  

Goat-anti mouse 

1:5000, 5% 

milk in TBST. 

1hr, room temp 

1o: Steven Claypool, 

John Hopkins 

 

TAMM41 10µg 4% stacking, 

12% resolving 

100V, 90 min 

Trans-blot 

Turbo 

2X TGX 

3% BSA in 

TBST 

1hr, room 

temp. 

1:1000 in 

blocking sol. 

Goat-anti rabbit 

1:10000, 3% 

BSA in TBST. 

1hr, room temp 

1o: CUSABIO biotech 

PGS1 10µg 4% stacking, 

12% resolving 

100V, 90 min 

Trans-blot 

Turbo 

2X TGX 

3% BSA in 

TBST 

1hr, room 

temp. 

1:500 in 

blocking sol. 

1:30hrs, room 

temp. 

Goat-anti rabbit 

1:10000, 3% 

BSA in TBST. 

1hr, room temp 

1o: ProteinTech group 

Inc.  

PTPMT1 10µg 4% stacking, 

12% resolving 

100V, 90 min 

Trans-blot 

Turbo 

2X TGX 

3% BSA in 

TBST 

1hr, room 

temp. 

1:2000 in 

blocking sol. 

Goat-anti rabbit 

1:10000, 3% 

BSA in TBST. 

1hr, room temp 

1o: Santa Cruz 

Biotechnology 
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Table 2 (cont’) 

CLS1 10µg 4% stacking, 

12% resolving 

100V, 90 min 

Trans-blot 

Turbo 

2X TGX 

5% BSA in 

TBST 

1hr, room 

temp. 

1:2000 in 

blocking sol. 

Goat-anti rabbit 

1:10000, 5% 

BSA in TBST. 

1hr, room temp 

1o: ProteinTech group 

Inc. 

MHCI 2.5µg 4% stacking, 

8% resolving 

110V, 110 min 

Wet transfer 

(100V 0.4A 

90min) 

3% BSA in 

TBST 

1hr, room 

temp. 

1:100 in 

blocking sol. 

Goat-anti mouse 

1:50000, 3% 

BSA in TBST. 

1hr, room temp 

1o: BA-F8, 

Developmental studies 

Hybridoma Bank 

MHCIIA 10µg 4% stacking, 

8% resolving 

110V, 110 min 

Wet transfer 

(100V 0.4A 

90min) 

3% BSA in 

TBST 

1hr, room 

temp. 

1:200 in 

blocking sol. 

Goat-anti mouse 

1:50000, 3% 

BSA in TBST 

1hr, room temp 

1o: SC-71, 

Developmental studies 

Hybridoma Bank 

MHCIIX 2.5µg 4% stacking, 

8% resolving 

110V, 110 min 

Wet transfer 

(100V 0.4A 

90min) 

3% BSA in 

TBST 

1hr, room 

temp. 

1:200 in 

blocking sol. 

Goat-anti mouse 

1:50000, 3% 

BSA in TBST 

1hr, room temp 

1o: SC-71, 

Developmental studies 

Hybridoma Bank 

MHCIIB 2.5µg 4% stacking, 

8% resolving 

110V, 110 min 

Wet transfer 

(100V 0.4A 

90min 

3% BSA in 

TBST 

1hr, room 

temp. 

1:200 in 

blocking sol 

Goat-anti mouse 

1:50000, 3% 

BSA in TBST 

1hr, room temp 

1o: BF-F3, 

Developmental studies 

Hybridoma Bank 
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Health, MA, USA). Total protein optical density values were normalized to Ponceau stain 

as the loading control. 

Image analyses 

 With each image from either phospholipid, chemiluminescent Western blot, and 

Ponceau stained membrane, the process of image analysis was the same and followed the 

analysis as directed by ImageJ (https://imagej.nih.gov/ij/docs/menus/analyze.html#gels). 

Briefly, each image was loaded into ImageJ software, converted to 8-bit image, and 

processed to subtract background. For each lane, a region of interest was drawn and 

identified as a lane. This process was repeated for the remaining lanes, ensuring the same 

size of the region of interest. The lanes were subsequently plotted, generating profile 

plots representing the relative density of each band within the lane. Area under the curve 

for the band of interest was quantified as arbitrary units. In the case of the Ponceau 

stained membrane, a whole region of interest area under the curve was quantified and 

used as the denominator as an inter-lane loading control when quantifying Western blot 

protein content. 

Statistical analysis 

 Values are presented as means ± standard error (SE). For body weight, analysis 

was done using IBM SPSS Statistics 25, using a one-way ANOVA (time). For the 

remaining results, two-way ANOVA was used with treatment (sham vs tenotomy) and 

time (days post tenotomy). A Tukey’s post hoc test was conducted if the interactive effect 

was significant. All values are presented as means ± standard error and statistical 

significance was determined at p ≤ 0.05. 

  

https://imagej.nih.gov/ij/docs/menus/analyze.html#gels
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Chapter 3. Results 

Anthropometrics 

To confirm the surgical model used to cause disuse atrophy in mouse soleus, 

various anthropometric measurements were obtained. Animal body weight (obtained 

prior to tenotomy surgery and to muscle removal on the given day) was significantly 

reduced after day 3 and remained low 14 days post tenotomy (Fig 7A). Similarly, soleus 

weight (Fig 7B), soleus to body weight ratio (Fig 7C), and soleus to body weight ratio as 

a percent of sham (Fig 7D) was also significantly lower after day 3 post tenotomy and 

remained low. 
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A)      B) 

  

C)      D) 

  

Figure 7. Anthropometrics changes in response to tenotomy. 

A) Animal body weight was significantly lower after day 3 and remained low. B) Soleus 

weight, C) soleus weight to body weight ratio, and D) soleus:body weight ratio as a 

percentage of sham were significantly lower after day 3 in the tenotomized leg compared 

to sham. Values are means ± SEM, n=6-8; * indicates significant difference from day 0; † 

denotes significant difference from sham.  
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Myosin heavy chain protein content 

 It is known that soleus undergoes an adaptive response to unloading, transitioning 

from predominantly slow twitch to fast twitch fibers. Therefore, to confirm this in the 

current model, Western blotting against the various myosin heavy chain (MHC) isoform 

was performed. The transition from slow to fast twitch fibers was confirmed with a 

significant main effect for treatment reduction in MHC I (Fig 8A, B) and IIA (Fig 8C, D) 

protein content and a reciprocal increase in MHC IIX (Fig 8E, F) and IIB (Fig 8G, H) in 

unloaded soleus compared to sham and when expressed as a percentage of sham.   
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A)      B) 

  
 

C)      D) 
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E)      F) 

  

 

G)      H) 

  

Figure 8. Slow to fast twitch fiber type transition in unloaded soleus. 

Compared to sham, unloaded soleus undergoes a slow to fast twitch fiber type shift as 

evidence by a significant main effect for treatment with reduced protein expression of A-

B) MHC I and C-D) MHC IIA along with increased protein expression of E-F) MHC IIX 

and G-H) MHC IIB. Values are means ± SEM, n=8; ‡ denotes significant main effect for 

treatment; † denotes significant difference from sham; MHC, myosin heavy chain.  
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Cardiolipin content  

CL is implicated in maintaining mitochondrial cristae integrity, and overall 

mitochondrial energetic functioning, which may play an important role in muscle disuse 

atrophy. Therefore, this study examined temporal changes in total CL content. CL content 

in unloaded soleus was lower than sham as demonstrated by a significant main effect for 

treatment (Fig 9A). When expressed as a percentage of sham, CL content was reduced as 

early as day 3 (~33%) and by day 10 as much as ~40% (Fig 9B).  
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A)      B) 

  

Figure 9. Cardiolipin content is lower post-tenotomy. 

Compared to sham, A) absolute and B) relative CL content of unloaded soleus was lower 

due to a significant main effect for treatment. Values are means ± SEM, n=6-8; ‡ denotes 

significant main effect for treatment; † denotes significant difference from sham; CL, 

cardiolipin.  
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CL biosynthesis and remodelling enzymes 

 Previous research has demonstrated an increase in the expression of Taz protein in 

unloaded soleus relative to sham 14 days post tenotomy but did not quantify proteins 

involved in CL biosynthesis. This study aimed to examine if enzymes involved in CL 

biosynthesis and remodelling changed before or after changes to CL content. There were 

no changes in protein expression for TAMM41 (Fig 10A-B), PTPMT1 (Fig 10E-F), and 

CLS1 (Fig 10G-H), however a main effect for treatment was observed for PGS1 (Fig 

10C) with lower protein content in unloaded soleus compared to sham. When expressed 

as a percentage of sham, PGS1 content was reduced by ~ 40-50% (Fig 10D). Similar to 

PGS1, the 26 kDa isoform (primary isoform) of Taz (Fig 11A-B) demonstrated lower 

protein content in unloaded soleus compared to sham with a main effect for treatment. 

When expressed as a percentage of sham, Taz protein content was lower after day 3 and 

stayed low, being reduced by as much as ~ 44% (Fig 11B). On the other hand, no 

significant difference in protein content was found for the 34 kDa isoform of Taz (Fig 

11C-D) post tenotomy.  
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A)      B) 

  

 

C)      D) 
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E)      F) 

  

 

G)      H) 

  

Figure 10. Cardiolipin biosynthetic enzymes. 

Of the proteins involved in cardiolipin biosynthesis, which include A-B) TAMM41, C-D) 

PGS1, E-F) PTPMT1, and G-H) CLS1, only PGS1 demonstrated a significant main 

effect for treatment with lower protein content in unloaded soleus compared to sham. 

Values are means ± SEM, n=6-8; ‡ denotes significant main effect for treatment; † 

denotes significant difference from sham.  
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A)      B) 

  

C)      D) 

  

Figure 11. Taz content of the smaller variant is lower in unloaded soleus. 

Compared to sham, unloaded soleus demonstrated significantly lower Taz content but 

this finding was limited to A-B) the 26 kDa variant but not C-D) the 34 kDa variant. 

Values are means ± SEM, n=6-8; ‡ denotes significant main effect for treatment; † 

denotes significant difference from sham. 
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Phosphatidylethanolamine and phosphatidylcholine 

 In addition to CL, in this study we sought to examine potential alteration in PC 

and PE content, as these phospholipids compromise a significant proportion of the total 

lipids of mitochondria and serve as potential substrates for Taz-mediated CL remodelling. 

Both PE (Fig 12A-B) and PC (Fig 13A-B) content did not differ between unloaded soleus 

and sham.   
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A)      B) 

  

Figure 12. Phosphatidylethanolamine content. 

Compared to sham, A) absolute and B) relative PE content did not show changes in 

unloaded soleus. Values are means ± SEM, n=6-8. PE, phosphatidylethanolamine. 
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A)      B) 

  

 

Figure 13. Phosphatidylcholine content. 

Compared to sham, A) absolute and B) relative PC content did not show changes in 

unloaded soleus. Values are means ± SEM, n=7-8. PC, phosphatidylcholine. 
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Chapter 4. Discussion 

 The purpose of the current study was to explore the temporal relationship between 

cardiolipin (CL) and tafazzin (Taz) under the context of hindlimb induced muscle atrophy 

of the soleus via tenotomy. Specifically, we sought to determine whether changes in the 

expression of proteins involved in CL biosynthesis and remodelling precede or follow 

changes to CL content during the adaptive response to unloading. To our knowledge, this 

is the first study to examine the temporal relationship between CL and Taz under the 

context of tenotomy. In addition, the current study is the only known study to examine 

changes in protein expression of the four major proteins (TAMM41, PGS1, PTPMT1 and 

CLS1) involved in CL biosynthesis under the context of muscle atrophy. Lastly, to our 

knowledge, this is the first study conducted in mice that has examined PC and PE in any 

model of disuse atrophy, therefore providing additional perspectives of potential lipid 

changes during disuse muscle atrophy. The main findings of unloaded-induced atrophy 

were 1) CL content was lower in unloaded soleus compared to sham, 2) of the CL 

biosynthesis enzymes, only PGS1 showed a significant main effect for treatment with 

lower protein content in unloaded soleus compared to sham, 3) protein content of Taz, the 

key CL remodelling enzyme, was lower in unloaded soleus compared to sham, and 4) 

content of PC and PE did not differ between unloaded soleus and sham control. 

 

Hindlimb tenotomy induces a strong atrophic response and defined fiber type switch 

 In the tenotomy model of disuse induced muscle atrophy, we observed a 

significant reduction in animal body weight, soleus weight and soleus:body weight during 

the 14-day intervention. These findings agree with previous literature that also employed 

the use of tenotomy to induce muscle atrophy. Rodents that underwent tenotomy had 
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reduced soleus weight, whole body weights, and soleus:body weight ratio on day 14 

(McLachlan, 1981; Jakubiec-Puka et al., 1992; Fajardo et al., 2017b). Extending beyond 

tenotomy, these results have been observed in tail suspension (Dupont et al., 2011; Wang 

et al., 2017; Baehr et al., 2017; Kuczmarski et al., 2018; Yakabe et al., 2018; Zhang et 

al., 2018; Trevino et al., 2019), hindlimb immobilization (Reed et al., 2011; Ye et al., 

2013; Okamoto & Machida, 2017), and denervation (Mourkioti et al., 2006; Shao et al., 

2007; O’Leary et al., 2012; Schmidt et al., 2014; Tando et al., 2016; Baumann et al., 

2016) models. 

 In addition, we observed a fiber type shift from slow to fast with a reduction in 

protein expression of MHCI and IIA and a concomitant increase in IIX and IIB. Previous 

studies which have used tenotomy and other models of disuse atrophy have shown 

similar results. Specifically, 14 days post tenotomy resulted in a reduction in protein 

content of MHC I and increased IIA in mouse (Fajardo et al., 2017b) and rat (Jakubiec-

Puka et al., 1992) soleus. In addition, tenotomy increased MHC IIX in mouse soleus 

(Fajardo et al., 2017b). In other models of muscle atrophy, reduced expression of slow 

twitch fiber types and/or increased fast twitch fiber types was reported in soleus with tail 

suspension (Dupont et al., 2011; Wang et al., 2017; Baehr et al., 2017; Kuczmarski et al., 

2018) and immobilization (Talbert et al., 2013; Okamoto & Machida, 2017).  

 A fiber type shift with unloading may relate to the postural nature of soleus, 

which is constantly resisting the pull of gravity. Soleus is composed primarily of slower 

twitch, mitochondrial dense, fatigue resistant type I and IIA fibers (Bloemberg & 

Quadrilatero, 2012). With unloading, the energetic demands on soleus and the need for 

fatigue resistant fibers are reduced. The selective atrophy of type I and IIA fibers may be 
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mediated by MuRF1, an E3 ubiquitin ligase upregulated during disuse atrophy and 

previously shown to physically bind to myosin heavy chain proteins (Clarke et al., 2007). 

However, MuRF1 acts on myosin heavy chain proteins in a non-specific manner, 

suggesting that during muscle atrophy, there may be an impartial degradation of both fast 

and slow MHC isoforms. Therefore, to rationalize the apparent increase in the fast MHC 

isoforms that was found in our study, it is necessary to consider alternative explanations. 

 Other pathways may be involved, including MEF2C, a transcription factor of 

MYH7 that encodes for MHC-β/slow twitch type I fibers. MEF2C has previously been 

shown to be downregulated during 21 days of bed rest in human vastus lateralis (Rullman 

et al., 2018) and this translated into reduced MHC-β (the gene encoding slow MHC 

protein isoforms; Loumaye et al., 2022). Previous studies which used hindlimb 

suspension in rat soleus (Giger et al., 2009; Sharlo et al., 2020) also found that MYH2 

(the gene encoding slow MHCIIA) was reduced during 7 days. Alternatively, increased 

fast MHC isoforms post tenotomy may be attributed to increased transcriptional activity 

(McCall et al., 2009), since following a 7 day spinal cord resection protocol in rat soleus, 

MHCIIB pre-mRNA and mRNAs were elevated. Therefore, taken together, the selective 

reduction in slow twitch fibers, in unloaded atrophy in soleus may be mediated by 

downregulated slow MHC transcriptional activity, coupled with upregulated fast MHC 

transcriptional activity, but requires further research to confirm this theory. 

 

CL content was reduced in unloaded soleus  

Skeletal muscle is dynamic in its ability to adapt to external stimuli through 

changes in cell size, number, and/or fiber type composition, which are matched by 
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mitochondrial content. During muscle unloading via tenotomy, we have shown that 

soleus mass is reduced with a concomitant reduction in mitochondrial dense, slow twitch 

fibers (type I and IIA). Mitochondria are central to skeletal muscle adaptations as 

mitochondrial energetic function is highly dependent on membrane phospholipid 

composition and the disruption of mitochondrial networks is an important process that is 

attributed to loss of skeletal muscle mass (Romanello et al., 2010; Romanello & Sandri, 

2010). Cardiolipin (CL) is a unique glycerophospholipid that is mitochondrially exclusive 

and is primarily localized on the matrix facing inner leaflet of the IMM in highly curved 

regions of the mitochondrial cristae membrane (Claypool, 2015). CL provides structural 

integrity to the cristae (Ikon & Ryan, 2017a), and also promotes the assembly and 

functioning of complexes involved in oxidative phosphorylation such as cytochrome C 

oxidase (Wilkinson et al., 2021) and ATP synthase (Claypool, 2009; Mehdipour & 

Hummer, 2016). Thus, a change in CL content indicates changes to mitochondrial form 

and/or function that may precede or follow changes in muscle mass during atrophy. 

 In the current study we observed up to a ~40% reduction in soleus CL content 

post tenotomy. These findings agree with a previous study examining tenotomy-mediated 

atrophy in soleus, which demonstrated a 32% decrease after 14 days (Fajardo et al., 

2017b). Studies using other animal models of disuse atrophy demonstrated a 22-44% 

decrease in soleus CL content with tail suspension after 10 (Zhang et al., 2018) and 14 

(Trevino et al., 2019) days. CL content in extensor digitorum longus, a predominately 

fast twitch muscle, has shown to decrease by ~40% with denervation in rats (Ostojic et 

al., 2013). Finally, CL content in human mixed fiber vastus lateralis was 25-50% lower in 
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spinal and bulbar muscular atrophy patients (Borgia et al., 2017) and after 10 days of bed 

rest in older adults (Standley et al., 2020). 

 The finding that CL content in unloaded soleus was reduced may be mediated by 

changes in peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-

1α) expression and function. Previous research has demonstrated that PGC-1α, the master 

regulator of mitochondrial biogenesis (Wu et al., 1999), is downregulated in various 

models of disuse atrophy (Ji & Yeo, 2019) including immobilization in mouse tibialis 

anterior (Kang et al., 2015) and tail suspension in mouse soleus (Cannavino et al., 2014). 

In addition to reduced biogenesis, there is also an increase in the mitophagy pathway 

during muscle disuse atrophy (Kang et al., 2015, 2016; Yang et al., 2020). Therefore, 

both the reduction in mitochondrial biogenesis coupled with the increase in mitophagy, 

would result in reduced mitochondrial content and, in turn, reduced CL content. In 

addition, the observed reduction in slow twitch fibers, which are higher in mitochondrial 

content compared to fast twitch fibers, further supports a reduction in mitochondria and 

CL content. 

 

PGS1 protein content is significantly reduced in unloaded soleus which may be a key 

contributor to lower CL content 

 The current study examined any potential impact of unloading atrophy on protein 

expression levels of CL biosynthetic enzymes, namely TAMM41, PGS1, PTPMT1 and 

CLS1. With the exception of PGS1, which significantly reduced post tenotomy, protein 

content of the other CL biosynthetic enzymes did not change. To our knowledge, this is 
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the first and only study, which under the context of any atrophy model, has reported a 

reduction in PGS1 protein content in mouse soleus using tenotomy. 

 A reduction in PGS1 protein content post-tenotomy may parallel the fiber type 

shift from slow to fast. Soleus is composed primarily of slow twitch MHC I and IIA 

fibers, which as previously discussed are rich in mitochondria, and importantly, rely 

primarily on oxidative metabolism. In our study, we observed a clear shift in the fiber 

type distribution in soleus from slow twitch oxidative to fast twitch fibers, which rely 

heavily on glycolytic metabolism. Interestingly, it has been shown that PGS1 gene 

expression was significantly reduced in yeast when grown exclusively in a glucose 

containing medium (Shen & Dowhan, 1998) where glycolytic metabolism is favoured. 

Although our study did not measure metabolism in mouse soleus, previous research has 

shown a fuel shift towards glycolysis with muscle atrophy, including spaceflight 

(Baldwin et al., 1993; Fitts et al., 2000), tail suspension (Acheson et al., 1995; Langfort 

et al., 1997), bed rest (Ritz et al., 1998), and aging sarcopenia (Beyer et al., 1984). 

Therefore, the shift towards glycolysis, which is supported by an increase in fibers 

favouring glycolytic metabolism which occurs during atrophy, could explain why PGS1 

may have been reduced in our study. However, it is unclear as to why a shift towards 

glycolysis would reduce PGS1 expression, which warrants future investigation. 

 Alternatively, reduced PGS1 protein content in response to unloaded atrophy may 

be related to the function of this enzyme in the CL biosynthetic pathway. PGS1 is 

considered the committed step in mammalian CL biosynthesis (Mejia et al., 2014). It is 

known that the committed step in biochemical pathways is tightly regulated (Brown et 

al., 1995; Pinon et al., 2005). Previous research in yeast has shown that PGS1 activity is 
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inhibited through post translational modification (PTM), specifically phosphorylation (He 

& Greenberg, 2004). Future studies under the context of atrophy are needed to determine 

if PGS1 is phosphorylated during muscle atrophy, thus inhibiting its activity. 

Additionally, there is some evidence to suggest that PGS1 can undergo ubiquitination 

(Antico et al., 2021), and given that the poly-ubiquitination of proteins is a signal for 

their degradation, this may explain why PGS1 protein was reduced in our study. 

However, it is currently unknown if in fact PGS1 is ubiquitinated during conditions of 

muscle atrophy, and thus warrants future research. In either case, both proposed PTMs 

would be expected to create products of larger size than the native protein, however 

overall, the lack of observed bands above the target of interest limits our ability to 

conclude the presence of PGS1 PTM in our study. 

 Finally, a decrease in PGS1 protein content post-tenotomy may be associated to 

changes in transcriptional regulators, specifically peroxisome proliferator-activated 

receptor alpha (PPAR-α).  Previous research has shown that PPAR-α, a major regulator 

of lipid metabolism in the liver (Sher et al., 1993; Kersten et al., 1999; Grabacka et al., 

2016), upregulates PGS1 enzymatic activity (Jiang et al., 2004) in mouse heart. Post tail 

suspension, PPAR-α receptor expression was downregulated in mouse soleus and 

gastrocnemius (Mazzatti et al., 2008). Thus, a reduction in PGS1 in the current study may 

be due to reduced PPAR-α activity.  However, future studies are needed to examine the 

potential interactions of PPAR- α and PGS1 under the context of tenotomy, and further, 

determine whether a reduction in PGS1 protein content and/or enzymatic activity is 

responsible for a reduction in CL content. 
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Taz protein content is significantly reduced in unloaded soleus which may impact CL 

remodelling 

 Tafazzin (Taz) is responsible for remodeling the end product of CL biosynthesis, 

nascent CL. By acting as a acyltransferase, Taz preferentially transfers linoleic acid (LA) 

from phospholipid donors (e.g., PC or PE) to MLCL forming TLCL, the predominant 

species of CL in mammals (Xu et al., 2006; Schlame, 2013). The current study 

demonstrated a decrease in Taz protein expression after 14 days of unloaded atrophy in 

soleus. This is in contrast to previous studies that demonstrated increased Taz protein 

content 14 days post tenotomy in soleus (Fajardo et al., 2017b) and no change in Taz 

mRNA 7 days post denervation in rat EDL (Ostojic et al., 2013). 

 It is important to acknowledge the challenges which have led to some uncertainty 

surrounding commercially available Taz antibodies. It is known that in mammalian cells, 

Taz can exist in several different isoforms (Lu et al., 2004; Xu et al., 2009). However, 

Taz lacking exon 5, resulting in a protein ~26 kDa in size, is the dominant and 

biologically active isoform expressed in mammalian mitochondria (Schlame & Xu, 

2020). Prior to import and insertion into the mitochondria, mammals produce a full-

length Taz protein that is ~33 kDa in size and lacks in vivo activity (Schlame & Xu, 

2020). Discrepancy between the findings of the current study with that of the literature 

may be due to the primary antibody used and the protein isoform it recognizes. The 

current study utilized the widely accepted polyclonal Taz antibody from the Claypool lab 

(John Hopkins school of Medicine, Maryland, BA.), which binds to both isoforms of Taz 

(Figure A5, Appendix), and found a decrease in 26 kDa Taz protein expression in 

unloaded soleus post-tenotomy with no change in the 33 kDa isoform. In contrast, 
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Fajardo et al (2017) found an increase in Taz protein content in unloaded soleus post-

tenotomy using a commercially available antibody (TAZ 1B10, Novus Biologicals) that 

recognizes only the 33 kDa isoform. Given the evidence that suggests the 26 kDa Taz 

isoform is the dominant and active isoform expressed in mammalian mitochondria 

(Schlame & Xu, 2020), we are confident in our findings that Taz protein expression 

decreased during unloading atrophy. 

 A reduction in Taz protein expression in unloaded soleus may parallel the 

reduction in mitochondrial content. Previous studies have demonstrated that during 

muscle atrophy, mitochondrial content is reduced (Romanello et al., 2010; Romanello & 

Sandri, 2010; Powers et al., 2012; Hyatt et al., 2019). This has been supported by 

reductions in citrate synthase and cytochrome c oxidase, two common markers of 

mitochondrial content, in response to muscle atrophy in rodents (Stump et al., 1997; 

Hirayama et al., 2017) (Fajardo et al., 2017b) and humans (Dirks et al., 2016; Larsen et 

al., 2018; Abadi et al., 2009). Due to Taz being mitochondrial specific (Schlame & Xu, 

2020), it is possible that Taz protein content would correlate with mitochondrial content 

during muscle atrophy. Therefore, it is possible that the reduction in Taz protein content 

during muscle atrophy may be attributed to a reduction in mitochondrial content. 

 A reduction in Taz protein content post tenotomy may influence its role in 

managing stress in membrane regions with high protein content. As an enzyme, Taz 

differs from other enzymes in that it is not regulated by substrate and product but 

influenced by the membrane stress caused by matching hydrophobic and hydrophilic 

regions to membrane bound proteins, such as those involved in oxidative phosphorylation 

(Xu et al., 2021). Due to the cone like structure of TLCL, and resulting negative 
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curvature, Taz produces CL rich in 18:2n6 side chains in membrane regions with high 

protein content to relieve this stress (Gonzalvez et al., 2013; Huang et al., 2015). 

Previous literature has demonstrated that content of membrane bound proteins involved 

in oxidative phosphorylation are reduced in disuse atrophy in mouse soleus following tail 

suspension (Zhang et al., 2018; Theeuwes et al., 2020) and in other muscle wasting 

conditions seen in rodent models of muscular dystrophy and sarcopenia (Rybalka et al., 

2014; Migliavacca et al., 2019; von Walden et al., 2021). Previous research has shown a 

reduction in CL 18:2n6 side chain composition with tenotomy (Fajardo et al., 2017b), tail 

suspension (Zhang et al., 2018; Trevino et al., 2019), and denervation (Borgia et al., 

2017). Due to equipment failure, CL side chain composition data was not collected in the 

current study but remains a future focus. Thus, it can be hypothesized that atrophy-

mediated reduction in oxidative phosphorylation protein content within the cristae, 

resulting in less protein crowding, would reduce the need for Taz to remodelling CL to 

reduce membrane stress. Future research is needed to confirm protein content and 

resulting alterations in membrane stress in unloaded soleus post-tenotomy. 

Phosphatidylcholine and phosphatidylethanolamine content were unchanged post 

tenotomy in mouse soleus 

 In the current study, total PC and PE content in whole soleus homogenates were 

unchanged post tenotomy. Similar finding have been seen in models of muscle atrophy in 

rodents (Fernandez et al., 1979) and humans (Borgia et al., 2017; Standley et al., 2020). 

In contrast, PE was reduced in models of muscle atrophy in rodents (Heden et al., 2019; 

Templeton et al., 1986; Fernandez et al., 1979) but either increased (Borgia et al., 2017) 

or did not change (Standley et al., 2020) in humans. Overall, it appears that during 
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muscle atrophy, PC content is unchanged, while changes to PE content are not clear. 

Although not statistically significant, PC and PE content in the current study appear to 

have been reduced early on during unloading followed by what may be a potential 

compensatory increase later in tenotomy.  

 PE is primarily synthesized via the CDP-ethanolamine pathway in the ER 

(Gibellini & Smith, 2010), and by the decarboxylation of phosphatidylserine by 

phosphatidylserine decarboxylase (PSD) in the IMM (Schenkel & Bakovic, 2014; 

Calzada et al., 2019; Zhao & Wang, 2020). Previous research has shown that knocking 

out the PSD gene in yeast, while maintaining intact CDP-ethanolamine synthesis, 

resulted in reduced mitochondrial PE without a compensation by externally synthesized 

PE (Joshi et al., 2012), suggesting that mitochondrial PE content is primarily dependant 

on the PSD pathway. PE accounts for approximately 34% of IMM PLs, and similar to 

CL, PE has both structural and functional roles in mitochondria. PE has a conical shape 

which may facilitate a structural role in reducing strain in highly curved regions of cristae 

(Ikon & Ryan, 2017a). This is supported by previous research that demonstrated that 

silencing the PSD gene in mice tibialis anterior (Selathurai et al., 2019) and in yeast 

(Tasseva et al., 2013; Calzada et al., 2019) resulted in aberrant mitochondrial cristae 

morphology, a reduction in oxidative phosphorylation protein content and reduced 

respiratory capacity. Given the biological importance of PE in maintaining mitochondrial 

structure and function, reduced PE content on days 3 and 7, although not statistically 

significant, may have played a role in the early stages of muscle atrophy. 

 In contrast to non-significant reduction in PE early on during the adaptation to 

unloaded atrophy, PE appeared to non-significantly increase in the later stages. Previous 
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research has shown an increase in mitochondrial PE content when CL content was 

reduced (Gohil et al., 2005; Borgia et al., 2017). As such, it is plausible that during the 

later stages of unload-mediated muscle atrophy, PE could be increasing to compensate for 

a reduction in CL content. Future studies are required to confirm this theory. 

 Although not statistically significant, PC content appears to be following the same 

trend as PE described above, where there is an early reduction followed by what may be a 

compensatory increase. During CL remodelling, Taz incorporates linoleic acid (LA) onto 

MLCL forming TLCL (Lu & Claypool, 2015; Dudek, 2017). In mammalian cells, Taz 

appears to favour PC over PE during CL remodelling (Xu et al., 2006; Schlame et al., 

2017; Garlid et al., 2020; Oemer et al., 2020) resulting in PC lacking a side chain 

(lysophosphatidylcholine) that differs in structure and function compared to PC. Initially 

it was planned to collect the data on CL 18:2n6 content, however, due to equipment 

failure PC and PE side chain composition data was not collected in the current study but 

remains a future focus. Thus, the temporal trend in PC reduction and subsequent increase 

during the adaptation to unloading may reflect small changes in PC and lysoPC content. 

Interestingly in dystrophic muscle, it has been shown that enzymatic activity of 

choline phosphate cytidylytransferase and cholinephosphotransferase, two main enzymes 

involved in PC synthesis, were elevated (Wu et al., 2010). Choline phosphate 

cytidylytransferase is the rate limiting step in PC synthesis and regulates the rate of total 

PC biosynthesis (Gibellini & Smith, 2010). As it relates to the current study, it is 

plausible that during muscle unloading (a condition that induces muscle wasting), 

enzymatic activity of choline phosphate cytidylytransferase may be elevated to increase 
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PC content available to act as a substrate for Taz to remodel CL in an attempt to 

compensate for the loss of CL 18:2n6 during muscle atrophy. 

 

Temporal changes occurring during unload induced atrophy via tenotomy 

An important objective of the thesis was to better understand the temporal 

relationship between CL and CL biosynthesis and remodelling enzymes post tenotomy. 

Post tenotomy, PGS1 protein content may have been reduced prior to changes in CL 

content (Fig 14). However, this observation is theoretical, since in the current study both 

PGS1 and CL content were reduced on day 3. Future studies should examine earlier 

timepoints (e.g., days 0, 1, and 2) to confirm this theory. PGS1 plays an important role in 

CL biosynthesis as it facilitates the committed step (Mejia et al., 2014). Assuming protein 

content correlates with enzyme activity, an early reduction in PGS1 would result in less 

phosphatidyl glycerol phosphate and, in turn, phosphatidyl glycerol to generate nascent 

cardiolipin. Previous research has shown that silencing PGS1 gene transcription in mouse 

embryonic fibroblasts led to a depletion of CL content (Anon, 2021), while 

overexpression of PGS1 in HEK293 cells resulted in increased CL content (Morita & 

Terada, 2015). Future studies may examine the impact of overexpressing PGS1 during 

disuse as a method to combat the CL alterations that occur with muscle atrophy. 

In contrast, Taz protein content declined following changes to CL content. Taz is 

responsible for remodeling nascent CL into the predominant form TLCL. The observed 

reductions in Taz protein expression following changes in CL may indicate that with 

reduced nCL, the requirement for Taz is also reduced. However, future studies are 

required to confirm this hypothesis, since Taz is also influenced by the membrane-bound   
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Figure 14. Temporal changes associated with unloading tenotomy. 

Heatmap summarizing the temporal changes observed post tenotomy with regards to CL 

content, CL biosynthesis and remodeling enzymes.   
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protein environment, which acts as a driving force for CL remodeling by Taz to relieve 

membrane stress. 

Additionally, although not statistically significant, TAMM41 (the first enzyme in 

the CL biosynthesis pathway) may have increased to compensate for the drop in CL 

content by providing PGS1 with more substrate. TAMM41 has been identified as a key 

enzyme in the CL biosynthesis pathway since deficiencies in TAMM41 protein alone 

caused a reduction in CL content in skeletal muscle (Thompson et al., 2022). Similarly, 

PTPMT1 and CLS1 both appeared to be elevated early on (day 3-7) but then reduced by 

day 14, which further supports the reduction we observed in CL content overall. 

However, these analyses are limited to protein content, which may not always correlate 

with enzyme activity (Miyamoto et al., 2001; Rocca et al., 2015). Therefore, considering 

the lack of literature regarding CL biosynthesis enzymes and their activity, future studies 

should include enzymatic activity measures in combination with protein content, to fully 

confirm the outcomes seen during atrophy (such as the reduction in CL content), are 

attributed to the presence and/or function of these enzymes. 

 

Conclusions 

 This is the first study that has examined any potential changes to PC and PE, 

including CL, while also unfolding the temporal relationship between lipids and proteins 

post tenotomy. Mainly, this is the first study under the context of any disuse atrophy 

model which has observed a time-dependant relationship between PGS1 protein content, 

CL content, and Taz protein content. Specifically, 1) CL content was lower in unloaded 

soleus compared to sham, 2) of the CL biosynthesis enzymes, only PGS1 showed a 
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significant main effect for treatment with lower protein content in unloaded soleus 

compared to sham, 3) protein content of Taz, the key CL remodelling enzyme, was lower 

in unloaded soleus compared to sham, and 4) content of PC and PE did not differ between 

unloaded soleus and sham control. Taken together, our findings suggest that the reduction 

in PGS1 protein content, which occurs prior to a reduction in CL content, may play a key 

role in reducing total CL, since PGS1 is the committed step in CL synthesis (Fig 15). 

There is some evidence to suggest that PGS1 can undergo ubiquitination (Antico et al., 

2021), and given that the poly-ubiquitination of proteins is a signal for their degradation, 

this may explain why PGS1 protein was reduced. However, it remains unknown what the 

cellular trigger that is responsible for this selective degradation of PGS1 during atrophy 

is, and if in fact PGS1 undergoes ubiquitination at all during atrophying conditions and 

thus warrants future investigation to uncover potential PTMs to all of the CL biosynthesis 

proteins, including PGS1, during atrophy. Further, the reduction in immature CL, which 

occurred as a consequence of downregulated PGS1, may have been likely to induce a 

reduction in Taz protein, since there is less substrate for Taz to remodel. However, given 

that Taz’s remodeling functions seem to be primarily influenced by protein crowding 

within lipid membranes, future studies investigating muscle atrophy, should also take into 

consideration whether there may be a reduction in OXPHOS content occurring prior to 

reductions in Taz protein content.  
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Figure 15. Visual hypothesis. 

Diagrammatic view of the observed temporal changes associated with CL biosynthesis 

enzymes including remodelling – Taz, in reference to changes in CL in unloaded mouse 

soleus. Mainly, PGS1 protein content is reduced prior to changes in CL content, while 

Taz protein content is reduced following changes to CL content. 
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Strengths and limitations  

The current study has the following strengths. First, due to the nature of the 

tenotomy model, this study was able to utilize an internal control, since the contralateral 

mouse hindlimb acted as a sham, thus reducing inter-subject variability. Second, studies 

that have used tenotomy as a method to induce atrophy are sparse, since tenotomy 

requires surgical expertise, special tools, and can be time consuming. However, our study 

which used tenotomy as a follow up to the study conducted by (Fajardo et al., 2017b) 

helped to fill this apparent vacancy, with further studies needed to address unanswered 

questions. Third, to our knowledge, this is the first study to have examined the proteins of 

the entire CL biosynthetic pathway including remodeling under the context of a disuse 

atrophy model. Given the importance of CL in mitochondrial structure and function, we 

believe that these expanded analyses are valuable. Finally, this is also the first study to 

our knowledge which has examined PC and PE content in soleus under the context of 

tenotomy in mice. 

In addition to the above-mentioned strengths, the current study also has 

limitations. First, quantification of phospholipid content, specifically PC and PE, was 

obtained from whole muscle homogenate and not isolated mitochondria. Therefore, we 

cannot be certain that the PC and PE data reflect changes in mitochondrial membrane 

phospholipid composition only since both PC and PE are found in cell plasma 

membranes (van der Veen et al., 2017). Therefore, our lack of observed changes in PC 

and PE may be attributed to this reason. However, it would be challenging to isolate 

mitochondria from skeletal muscle in the current study, since isolating mitochondria 

using differential centrifugation (Picard et al., 2011) would require a large amount of 

tissue sample (Djafarzadeh & Jakob, 2017), which is challenging especially given that 



64 
 

soleus is atrophying in our model. Second, our analysis of the various enzymes of the CL 

biosynthetic pathway were limited to protein content and did not include measurements 

of enzymatic activity. This is important, as it is known that proteins can undergo post 

translational modifications (Khoury et al., 2011), which can regulate function. To our 

knowledge, it is currently unknown how the CL biosynthesis enzymes may be post 

translationally modified and hence future research is warranted. Therefore, alterations in 

protein content alone may not be enough evidence to suggest changes in CL biosynthesis. 

Third, our analysis did not include examination of mRNA transcripts and it is possible 

that early transient events (such as an increase or decrease to CL biosynthesis and 

remodeling enzyme mRNA, which may provide greater insight into how the expression 

of these proteins are regulated) post tenotomy may have been missed. Fourth, we have 

observed some variability in the sham soleus, specifically with regards to the MHC 

expressions. It is possible that post tenotomy, the animal may mechanically compensate 

by distributing its weight to the sham hindlimb and this should be considered in future 

studies. Lastly, we initially planned to collect data on CL 18:2n6 content, however, due to 

equipment failure we were unable to collect this data in a timely manner but remains a 

future focus. 
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C)      D) 

 

 

 

 

 

 

 

 

Figure A1. Myosin heavy chain type I. A) Western blot image of MHC I protein 

expression at expected molecular weight of 223 kDa in soleus (2.5, 2, 1.5, 1, and 0.5 μg 

total protein loaded consecutively from left to right) and B) resulting linearity plot with 

total protein (μg) plotted against MHC I chemiluminescent band intensity (AU). C) 

Representative Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; 

S7, sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, 

sham day 14; T14, tenotomy day 14. D) Representative full lane western blot.   
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Figure A2. Myosin heavy chain type IIA. A) Western blot image of MHC IIA protein 

expression at expected molecular weight 223 kDa in soleus (2, 4, 6, 8, and 10 µg total 

protein loaded consecutively from left to right) and B) resulting linearity plot with total 

protein (μg) plotted against MHC IIA chemiluminescent band intensity (AU). C) 

Representative Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; 

S7, sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, 

sham day 14; T14, tenotomy day 14. D) Representative full lane western blot.   
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Figure A3. Myosin heavy chain type IIX. A) Western blot image of MHC IIX protein 

expression at expected molecular weight 223 kDa in soleus (0.5, 1, 1.5, 2, and 2.5 µg 

total protein loaded consecutively from left to right) and B) resulting linearity plot with 

total protein (μg) plotted against MHC IIX chemiluminescent band intensity (AU). C) 

Representative Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; 

S7, sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, 

sham day 14; T14, tenotomy day 14. D) Representative full lane western blot. 
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Figure A4. Myosin heavy chain type IIB. A) Western blot image of MHC IIB protein 

expression at expected molecular weight 223 kDa in soleus (0.5, 1, 1.5, 2, and 2.5 µg 

total protein loaded consecutively from left to right) and B) resulting linearity plot with 

total protein (μg) plotted against MHC IIB chemiluminescent band intensity (AU). C) 

Representative Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; 

S7, sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, 

sham day 14; T14, tenotomy day 14. D) Representative full lane western blot. 
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Figure A5. Tafazzin. A) Western blot image of tafazzin protein expression at expected 

molecular weight 26 kDa in soleus (5, 10, 15, 20, 25, 30, 35, and 40 µg total protein 

loaded consecutively from left to right) and B) resulting linearity plot with total protein 

(μg) plotted against tafazzin chemiluminescent band intensity (AU). C) Representative 

Western blot and Ponceau image. Taz, tafazzin; S3, sham day 3; T3, tenotomy day 3; S7, 

sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham 

day 14; T14, tenotomy day 14. D) Representative full lane western blot.  
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Figure A6. PGS1. A) Western blot image of PGS1 protein expression at expected 

molecular weight 62 kDa in soleus (2, 4, 6, 8, and 10 µg total protein loaded 

consecutively from left to right) and B) resulting linearity plot with total protein (μg) 

plotted against PGS1 chemiluminescent band intensity (AU). C) Representative Western 

blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; T7, 

tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. D) Representative full lane western blot. 
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Figure A7. PTPMT1. A) Western blot image of PTPMT1 protein expression at expected 

molecular weight 27 kDa in soleus (2, 4, 6, 8, and 10 µg total protein loaded 

consecutively from left to right) and B) resulting linearity plot with total protein (μg) 

plotted against PTPMT1 chemiluminescent band intensity (AU). C) Representative 

Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; 

T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. D) Representative full lane western blot. 
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Figure A8. CLS1. A) Western blot image of CLS1 protein expression at expected 

molecular weight 31 kDa in soleus (2, 4, 6, 8, and 10 µg total protein loaded 

consecutively from left to right) and B) resulting linearity plot with total protein (μg) 

plotted against CLS1 chemiluminescent band intensity (AU). C) Representative Western 

blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; T7, 

tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. D) Representative full lane western blot. 
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Figure A9. TAMM41. A) Western blot image of TAMM41 protein expression at 

expected molecular weight 43 kDa in soleus (5, 10, 15, 20, and 25 µg total protein loaded 

consecutively from left to right) and B) resulting linearity plot with total protein (μg) 

plotted against TAMM41 chemiluminescent band intensity (AU). C) Representative 

Western blot and Ponceau image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; 

T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. D) Representative full lane western blot. 

 

  

R² = 0.967

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30

B
an

d
 i

n
te

n
si

ty
 (

A
U

)

Total protein (ug)

S3 S7 S10 S14 T3 T7 T10 T14 

TAMM41 

Ponceau 



91 
 

A) 

 

B)  

Figure A10. Migration pattern of individual phospholipids. A) Individual 

phospholipids (PL) were spotted in separate lanes and allowed to migrate for a duration 

of 30 minutes to define proper identification of each species within the PL standard 

shown on the left. SM: sphingomyelin, PC: phosphatidylcholine, PS: phosphatidylserine, 

PI: phosphatidylinositol, PE: phosphatidylethanolamine, CL: cardiolipin. B) 

Representative full HPTLC plate.  
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Figure A11. Cardiolipin. A) HPTLC image of cardiolipin content and B) resulting 

linearity plot with cardiolipin content (μg) plotted against optical density (AU). C) 

Representative HPTLC image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; T7, 

tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. 
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A)      B) 
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Figure A12. Phosphatidylethanolamine. A) HPTLC image of 

phosphatidylethanolamine content and B) resulting linearity plot with 

phosphatidylethanolamine content (μg) plotted against optical density (AU). C) 

Representative HPTLC image. S3, sham day 3; T3, tenotomy day 3; S7, sham day 7; T7, 

tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham day 14; T14, 

tenotomy day 14. 
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Figure A12. Phosphatidylcholine. A) HPTLC image of phosphatidylcholine content and 

B) resulting linearity plot with phosphatidylcholine content (μg) plotted against optical 

density (AU). C) Representative HPTLC image. S3, sham day 3; T3, tenotomy day 3; S7, 

sham day 7; T7, tenotomy day 7; S10, sham day 10; T10, tenotomy day 10; S14, sham 

day 14; T14, tenotomy day 14. 
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