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Abstract 

Skeletal muscle is a structurally intricate and heterogenous tissue made up of individual 

fibers that differ in size, metabolic and contractile properties, and differs within and between 

organisms. Skeletal muscle is also very dynamic and can adapt to external stimuli supported by a 

number of cell signalling pathways. For example, muscle cells can increase in size via a process 

known as hypertrophy which has been studied using different models such as tenotomy. It has 

been shown in a rodent model of compensatory plantaris muscle hypertrophy induced by soleus 

and gastrocnemius tenotomy that cardiolipin (CL, mitochondrial membrane phospholipid) 

content and composition and tafazzin (Taz, CL remodelling enzyme) protein expression 

increases. However, it is still not known if protein content changes to Taz, or enzymes 

responsible for CL biosynthesis, precede or follow changes to CL content and composition 

during this adaptive response. As such, this study examined the temporal relationship (days 3, 7, 

10, and 14) between the protein content of CL biosynthetic and remodelling enzymes and CL 

content on the adaptive response of skeletal muscle to mechanical overload via tenotomy. There 

was a decrease in CL despite no change in Taz protein content. Of the CL biosynthetic enzymes 

examined, PGS1 and CRLS1 showed significant increases in protein content post tenotomy. The 

greatest fold changes in TAMM41 and CRLS1 occurred simultaneously to that of CL, while 

PTPMT1’s changes occurred both simultaneously and after changes in CL content. PGS1 did not 

show any fold changes. Finally, the content of PE and PC (substrates of Taz for CL remodeling), 

both did not change. Thus, it can be inferred that 14 days post tenotomy in overloaded plantaris, 

de novo CL biosynthesis is not required but instead may rely on currently available CL for 

remodelling with no required change to Taz content.  
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Chapter 1: Literature review 

Skeletal muscles are one of the most plastic and dynamic tissues in the human body. 

Skeletal muscle accounts for about 40% of total body weight and 50-75% of total body protein, 

which turns over at a rate of 0.5-2% per day with protein synthesis rates within the range of 

0.014 to 0.02% per hour (Frontera and Ochala 2015; Smeets et al. 2019; van Loon 2014). 

Skeletal muscles perform many functions such as postural joint stabilization, repetitive and 

enduring tasks such as chewing or locomotion and powerful and fast actions like kicking, biting 

and jumping (Schiaffino and Reggiani 2011). From a metabolic standpoint, skeletal muscle also 

plays a role in assisting with basal energy metabolism, storing essential substrates (e.g., 

carbohydrates) or building blocks (e.g., amino acids), and producing heat to maintain core 

temperature (Frontera and Ochala 2015; London et al. 1965; Wolfe 2006). Skeletal muscle is 

also responsible for maintaining post-prandial blood glucose homeostasis by taking up roughly 

70-90% blood glucose after a meal (Baron et al. 1988; DeFronzo et al. 1981; Evans et al. 2019). 

The various functional roles that skeletal muscle play is dependent on its structure. 

Skeletal muscle structure 

Skeletal muscle organization follows an intricate structural hierarchy. A single muscle or 

muscle bundle contains multiple fascicles encircled by a layer of connective tissue, the 

epimysium. Each fascicle is comprised of single muscle fibers (muscle cells) surrounded by 

another layer of connective tissue, the perimysium. Muscle fibers, which contain the key 

contractile proteins organized as myofibrils, are surrounded by their respective cell membranes 

or sarcolemma (Lieber 1986). Myofibrils are comprised of sarcomeres which are made of 

interdigitating thin and thick myofilaments arranged in series (Lieber 1986). The myofibril is 

made up of myofilaments. The first myofilament is the thin filament or actin, which also has a 

regulatory unit comprised of tropomyosin and troponin. Tropomyosin stretches across 7 actin 
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monomers on each F-actin strand (Gordon et al. 2000). Troponin is composed of three subunits: 

troponin C, which binds to Ca2+ and acts as a Ca2+ sensor, troponin T which serves as a link 

between tropomyosin and the troponin complex, and troponin I which binds to actin and inhibits 

the myosin ATPase (Gordon et al. 2000; Greaser and Gergely 1973; Mak and Smillie 1981). The 

second myofilament is the thick filament or myosin, which is composed of two heavy chains 

(MHCs) and two pairs of light chains (MLC). Muscle fibers can be identified based on the 

expression of the MHC, resulting in four main fiber types: type I (MHC I, slow oxidative), type 

IIA (MHC IIA, fast-twitch oxidative glycolytic), type IIB (MHC IIB, fast twitch glycolytic; Peter 

et al., 1972), and type IIX (MHC IIX, intermediate between types IIA and IIB; (Schiaffino et al. 

1989). Fiber-type conversions occur via the “nearest neighbor” mechanism in the following 

order: I ↔ IIA ↔ IIX ↔ IIB. Additionally, some muscle fibers co-express MHC isoforms 

resulting in hybrid fibers that exhibit mixed characteristics (Kirschbaum et al. 1990; Staron and 

Pette 1993). 

Along the sarcolemma are invaginations that extend into the myofiber called transverse 

(T)-tubules. The terminal end of each T-tubule is flanked by two terminal cisternae of the 

sarcoplasmic reticulum (SR), termed the triad (Dowling et al. 2014). Associated with the triad is 

the dihydropyridine receptor (DHPR), a voltage-gated calcium (Ca2+) channel found on 

membranes of the T-tubule (Al-Qusairi and Laporte 2011; Fosset et al. 1983), and the ryanodine 

receptor (RyR1), associated with the SR and responsible for the release of Ca2+ (Al-Qusairi and 

Laporte 2011; Inui et al. 1987). The SR also contains the sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA), which serves to remove cytosolic Ca2+ after contraction (Al-Qusairi and 

Laporte 2011; MacLennan et al. 1985; Toyoshima 2008). In addition to SERCA, there are two 

additional ATPases, namely sodium-potassium (Na+/K+)-ATPase, responsible for re-establishing 
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the resting membrane potential across the sarcolemmal membrane post-action potential 

(Toyoshima 2008) and myosin ATPase, responsible for muscle contraction (Chock 1981; Fujii 

and Namba 2017; Lymn and Taylor 1971; Schiaffino and Reggiani 2011; Sivaramakrishnan and 

Burke 1982). Essential organelles named mitochondria provide the necessary energy to fuel 

these ATPases. 

Mitochondria 

Mitochondria make up approximately 4-7% of the volume of skeletal muscle, the total 

mitochondrial volume density (MVD; (Lundby and Jacobs 2016). Skeletal muscle mitochondria 

are divided into two populations, intermyofibrillar (IMF) mitochondria which make up about 

80% of MVD and are found between myofibres (Lundby and Jacobs 2016). This population has 

been deemed essential for the bioenergetics which maintain muscle contraction (Lundby and 

Jacobs 2016; Cogswell et al. 1993). In contrast, subsarcolemmal (SS) mitochondria make up 

20% of MVD and are found directly beneath the sarcolemma (Lundby and Jacobs 2016). This 

subpopulation helps to maintain the bioenergetic demands of active membrane substrate and ion 

transporters (Hood 2001; Lundby and Jacobs 2016). These two subpopulations are 

interconnected and form an uninterrupted but dynamic reticulum (Koves et al. 2005; Kirkwood 

et al. 1986; Ogata and Murata 1969). 

Mitochondria are double-membraned intracellular organelles. The outer mitochondrial 

membrane (OMM) encircles the entire organelle. The OMM is adjacent to the inner 

mitochondrial membrane (IMM) and an inter-membrane space (IMS) exists between the OMM 

and IMM (Nunnari and Suomalainen 2012). The IMM is comprised of subdomains, the cristae, 

and the inner boundary membrane (Wollweber et al. 2017). The IMM has a higher surface area 

compared to the OMM due to invaginations known as cristae (Ikon and Ryan 2017). The OMM 

and IMM also connect at sites named the mitochondrial contact site and cristae organizing 
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systems (MICOS), also known as mitochondrial inner membrane organizing systems (MINOS) 

and mitochondrial organizing structures (MitOS) which are found at the cristae junctions 

(Hackenbrock 1968; von der Malsburg et al. 2011). 

Cristae are the sites of oxidative phosphorylation as they contain the individual 

components of the electron transport chain, namely nicotinamide adenine dinucleotide-hydrogen 

dehydrogenase (complex I), succinate dehydrogenase (complex II), ubiquinone (coenzyme Q), 

cytochrome oxidoreductase (complex III), cytochrome c, cytochrome c oxidase (complex IV), 

and ATP synthase (complex V) (Ikon and Ryan 2017). Mitochondria also contain a unique 

genome (mtDNA) that encodes for 13 proteins, all of which are subunits of complex I, III, IV, 

and V (Ali et al. 2019; Mercer et al. 2011). 

The IMM and OMM also differ based on lipid composition. In the OMM of mammalian 

cells (rat liver), the major phospholipids are phosphatidylcholine (PC; 54% of the total 

phospholipids), phosphatidylethanolamine (PE; 29%), and phosphatidylinositol (PI; 13%), with 

very little cardiolipin (CL; <1%) (de Kroon et al. 1997). In contrast, in the IMM of mammalian 

cells, the major phospholipids are PC (40%), PE (34%), and CL (18%). Interestingly, PI and CL 

are more predominant in the negatively curved matrix leaflet of the IMM whereas PC and PE 

have greater distribution on the cytoplasmic side (Daum and Vance 1997). CL is an exclusive 

inner mitochondrial membrane phospholipid. 

Cardiolipin 

CL’s structure is different from other glycerophospholipids since it has four acyl chains 

and two phosphatidyl moieties linked to one glycerol head group (Duncan 2020; Olofsson and 

Sparr 2013; Sathappa and Alder 2016). Due to the smaller diameter of the anionic polar head 

group compared to the four fatty acyl chains, CL is cone shaped (Ikon and Ryan 2017). Given 

this configuration, CL imparts negative curvature in the membrane regions of high concentration 
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(Ikon and Ryan 2017; Renner and Weibel 2011; Teague et al. 2013). Additionally, although 

CL’s fatty acid composition varies with tissue types, linoleic acid (18:2n6) is the common fatty 

acid in skeletal muscles mitochondria (Fajardo et al. 2015; Holloway et al. 2012; Schlame et al. 

2003; Stefanyk et al. 2010). 

De novo synthesis of CL starts with phosphatidic acid (PA; Fig 1). Sources of PA include 

mitochondrial phospholipase D and the dihydroxyacetone phosphate pathway localized in the 

peroxisome in mammals (Choi et al. 2006; Hajra and Bishop 1982). Once PA enters the matrix 

side of the IMM, it reacts with cytidine triphosphate (CTP) and is converted to pyrophosphate 

and cytidine diphosphate-DAG (CDP-DAG), catalyzed by a CDP-DAG synthase called 

translocator assembly and maintenance mitochondrial protein 41 (TAMM41) (Kutik et al. 2008; 

Dudek 2017). Catalyzed by phosphatidylglycerol phosphate synthase (PGS1), CDP-DAG and 

sn-glycerol-3-phosphate are converted into phosphatidylglycerol phosphate (PGP) (Chang et al. 

1998). Following the synthesis of PGP, protein tyrosine phosphatase mitochondrial 1 (PTPMT1) 

quickly dephosphorylates PGP to form phosphatidylglycerol (PG) (Zhang et al. 2011). Finally, 

PG is condensed with another CDP-DAG by cardiolipin synthase (CRLS1), thus creating a 

nascent CL molecule that lacks acyl chain specificity (Chang et al. 1998). 

To obtain acyl chain specificity needed for proper CL function, CL undergoes 

remodeling into tetralinoleoyl cardiolipin (TLCL). First, an acyl chain is removed from CL by a 

phospholipase producing monolyso-CL (MLCL; Fig 2) (Dennis et al. 2011). The resulting 

MLCL is re-acylated by three mammalian transacylases; MLCL acyltransferase 1 (MLCLAT1), 

acyl-CoA:lysocardiolipin acyltransferase-1 (ALCAT1), and tafazzin (Taz) (Hsu et al. 2013; Cao 

et al. 2009; Taylor and Hatch 2003; Xu et al. 2006). Research suggests Taz is responsible for the   
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Figure 1. Biosynthesis pathway of cardiolipin in the inner mitochondrial membrane. 

OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane;TAMM41, 

translocator assembly and maintenance mitochondrial protein 41; PGS1, phosphatidyl 

glycerophosphate synthase; PTPMT1, protein tyrosine phosphatase mitochondrial 1; CLRS1, 

cardiolipin synthase modified from (Dudek 2017). 
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Figure 2. Cardiolipin remodeling. 

Deacylation of a glycerophospholipid by PLA2, resulting in the release of a free fatty acid and a 

lysophospholipid. Tafazzin remodels MLCL. MLCL, monolysocardiolipin; mCL, mature 

cardiolipin; PLA2; phospholipases A2 modified from (Dudek 2017). 
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generation of mature CL after reacylation (Lu and Claypool 2015). In fact, a deficiency in Taz 

can induce increases in remodeling intermediates and MLCL, reduced CL levels, and 

abnormality in the remaining CL’s acyl chain pattern (Vaz et al. 2003; Gu et al. 2004; 

Valianpour et al. 2002; Claypool et al. 2006; Lu and Claypool 2015; Houtkooper et al. 2009). 

Conversely, the absence of ALCAT1 or MLCAT1 does not result in consistent changes in the 

acyl chain composition of CL at steady state (Li et al. 2010; Schlame et al. 2012; Richter-

Dennerlein et al. 2014). As such, it can be inferred that neither MLCAT1 or ALCAT1 

contributes significantly to the steady state acyl chain composition of CL in a normal 

environment and suggests Taz as an important enzyme in remodeling of nascent CL to TLCL 

(Lu and Claypool 2015). 

Skeletal muscle function 

Skeletal muscle contraction can be best explained by the process of excitation contraction 

coupling (ECC). ECC begins with a nerve impulse that is transmitted from a neuron to a muscle 

fiber via the neuromuscular junction. The nerve impulses cause the release of the 

neurotransmitter acetylcholine (ACh) from the nerve terminal to the motor end plate, where it 

interacts with ACh receptors resulting in a depolarization of the muscle. This depolarization 

propagates along the sarcolemma and down the T-tubule (Adrian et al. 1969).Within the T-

tubule, DHPR allosterically interacts with RyR of the SR, resulting in a transient increase in 

intracellular Ca2+. When Ca2+ is high, it binds to the troponin complex and moves tropomyosin 

away from the myosin-binding sites on actin thus allowing for the necessary binding of myosin 

to actin for muscle contraction (MacIntosh et al. 2012). 

The sliding filament theory best describes muscle contraction. When ATP binds to the 

myosin heads, myosin detaches from the actin filament, dissociating the acto-myosin ‘rigor 

complex’. ATP hydrolysis occurs which results in a conformational change to the myosin head 
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(reverse stroke) and subsequent binding of myosin to actin. Upon the release of Pi, there is 

another conformational change to the myosin head that pulls the actin filament (power stroke). 

The release of ADP makes way for the formation of a new acto-myosin complex, thus beginning 

a new cycle (Lymn and Taylor 1971). 

Individual fibers that make up the muscle differ based on their contractile and metabolic 

properties (Schiaffino and Reggiani 2011). From a contractile perspective, slow twitch fibers 

express MHC I whereas fast twitch fibers express type MHC IIA, IIX, and IIB (Bottinelli et al. 

1991). The ranked order of the maximum unloaded shortening velocity is I < IIA < IIX < IIB 

(Schiaffino and Reggiani 2011). Metabolically, slow twitch fibers rely on oxidative 

phosphorylation for energy, and thus are rich in mitochondria. In contrast, fast twitch fibers rely 

mainly on glycolysis for energy production and have lower mitochondrial content (Baldwin et al. 

1982; Mishra et al. 2015; Schiaffino and Reggiani 2011). As a result, slow twitch oxidative 

fibers are fatigue resistant, while fast-twitch muscles are much more fatigable (del Pozo 1942; 

Edström and Kugelberg 1968; Schiaffino and Reggiani 2011). Type IIA have intermediate 

characteristics, including combined glycolytic/oxidative metabolism and primarily express 

oxidative enzymes (Ferraro et al. 2014). Type IIX fibers have characteristics associated with 

resistance to fatigue and maximal velocity of shortening between type IIA and IIB (Bottinelli et 

al. 1991; Bottinelli et al. 1994; Schiaffino and Reggiani 2011). As previously discussed, ATP 

demand of muscle contraction is due to Na+/K+-ATPase, myosin ATPase, and SERCA. It has 

been previously noted that each of these ATPases consume approximately 10, 60, and 30%, 

respectively, of the total ATP in muscle (Homsher 1987; Schiaffino and Reggiani 2011). The 

ATP needed to support these ATPases is provided by the mitochondria. 
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Mitochondrial function 

Mitochondria perform many important functions in skeletal muscle (e.g., Ca2+ buffering, 

production and scavenging of reactive oxygen species, intrinsic cell apoptosis) including the 

production of energy via oxidative phosphorylation (Kroemer et al. 1995; Lu and Claypool 

2015). Oxidative phosphorylation couples oxygen consumption and ATP synthesis (Conley 

2016). Oxidative phosphorylation begins with the oxidation of NADH by complex I or FADH2 

by complex II. The electrons lost via oxidation are then transferred from complex I and complex 

II to reduce ubiquinone/coenzyme Q (Conley 2016). Electrons continue to flow through the ETC 

via complex III, cytochrome C, and complex IV, which then pass electrons to oxygen which is 

then reduced to H2O. As electrons flow down the ETC, protons are pumped out of the 

mitochondrial matrix across the IMM, thus generating an electrochemical gradient. As protons 

move back into the matrix, they are coupled to ATP synthesis by travelling through ATP 

synthase (Conley 2016; Wallace 2007; Wu et al. 2007). 

CL aids mitochondrial function by interacting with and assisting in the proper functioning 

of some of the main complexes involved in oxidative phosphorylation such as respiratory 

complexes I, III, IV and V (Arnarez et al. 2013; Lange et al. 2001; Pfeiffer et al. 2003; Beyer and 

Klingenberg 1985; Eble et al. 1990; Fry and Green 1981; Robinson 1993). Furthermore, CL 

helps to maintain the assembly and stability of respiratory super complexes (Fry and Green 1981; 

Robinson 1993). Respiratory supercomplexes are formed when respiratory complexes assemble 

into more intricate and higher order structures (Schägger and Pfeiffer 2000). Some examples of 

respiratory supercomplexes in mammals include CI1CIII2 and CI1CIII2CIV1 (Schägger and 

Pfeiffer 2000). CL can affect the activity and the stability of respiratory supercomplexes by 

acting almost like a glue (Zhang et al. 2002; Arnarez et al. 2016; Pfeiffer et al. 2003). 
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Heterogeneity of skeletal muscle 

Skeletal muscle is heterogenous within a muscle, between muscles of the same organism, 

and in similar muscles between organisms. Specifically, no one muscle contains only one type of 

fiber but a mixture of fiber types. For example, slow twitch soleus in C57BL/6 mice is a mix of 

type I (31%) and IIA (49%) fibers with small amounts of IIX (12%) and IIB (3%) (Bloemberg 

and Quadrilatero 2012). In contrast, fast twitch extensor digitorum longus in mice is mostly type 

IIB (56%) and IIX (24%) with a small amount of IIA (10%) and no type I (Bloemberg and 

Quadrilatero 2012). When compared to mouse soleus (highlighted above), Sprague-Dawley rat 

soleus differs in that it contains mostly type I (97%) with small amounts of IIA (3%) and no type 

IIX or IIB (Bloemberg and Quadrilatero 2012; Delp and Duan 1996). 

Skeletal muscle adaptations 

Previous literature has demonstrated that skeletal muscle structure (fiber type 

composition) correlates to function (contractile properties). However, skeletal muscle is very 

plastic and can adapt to different environmental stimuli. Some environmental influences (e.g., 

bedrest, spaceflight, hindlimb suspension), may result in a decrease in muscle structure (loss of 

muscle mass and cross sectional area) and/or contractile function, termed atrophy or muscle 

wasting (Arentson-Lantz et al. 2016; Desaphy et al. 2005; Fitts et al. 2010; Sandri 2013; Trappe 

et al. 2004; Trappe et al. 2009; Trappe et al. 1995; Widrick et al. 2008). In contrast, other 

environmental influences (e.g., resistance exercise, endurance exercise, hormones, hypoxia) can 

increase skeletal muscle structure and/or contractile function, termed hypertrophy, or muscle 

growth (Table 1). 

Skeletal muscle hypertrophy 

Skeletal muscle hypertrophy occurs when muscle mass and cross-sectional area (CSA) 

increase (Russell et al. 2000). It has been proposed that there are three forms of skeletal muscle 
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hypertrophy; connective tissue, sarcoplasmic, and myofibrillar hypertrophy (Haun et al. 2019). 

However, the focus of this thesis will be on myofibrillar hypertrophy. It has been suggested that 

improved mitochondrial function leads to enhanced ATP synthesis which, in turn, provides 

necessary energy for protein synthesis. Protein synthesis in muscle is an energetically costly 

process which accounts for the very high consumption of ATP by muscle cells even during basal 

conditions and accounts for a resting energy expenditure of roughly 20% (Konopka and Harber 

2014). Not only do mitochondria provide energy for hypertrophy but they may also regulate the 

intracellular signaling cascades which control the size and functioning of skeletal muscles 

(Konopka and Harber 2014). 

Hypertrophy occurs due to an increase in the abundance of myofibrillar proteins (actin 

and myosin), causing an increase in the number of sarcomeres or newly produced myofibrils 

(Paul and Rosenthal 2002; Russell et al. 2000). Although a decrease in protein degradation and 

an increase in protein synthesis will allow for positive net protein balance, it has been proposed 

that in skeletal muscle hypertrophy, protein synthesis must increase (Biolo et al. 1995; Chesley et 

al. 1992; Goldberg 1968, 1969; Phillips 2004; Schiaffino et al. 2013; Wilkinson et al. 2008). 

Hypertrophy may also occur due to an increase in newly produced myofibrils in existent 

muscle fibers. It is thought that this increase in myofibrils may be due to an increase in the 

number of nuclei due to the fusion of satellite cells (mono-nucleated muscle progenitor cells) 

which donate nuclei via myonuclear accretion to growing myofibers and/or internal nuclear 

division (Paul and Rosenthal 2002; White et al. 2010). However, some studies suggest that 

skeletal muscle can undergo hypertrophy either with or without the involvement of satellite cells 

(McCarthy et al. 2011; Wang and Rudnicki 2012). The involvement or non-involvement of 

satellite cells in hypertrophy is observed during postnatal development, at later stages of 
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development, and in adult response to different stimuli (Schiaffino et al. 2013; White et al. 

2010). Interestingly, it has been suggested that hypertrophy does not require the recruitment of 

satellite cells (McCarthy et al. 2011). Functional overload can still induce a growth response 

even in the absence of satellite cells but only through means of increased protein synthesis via 

upregulated transcription by resident myonuclei (Kirby et al. 2016). In contrast, other studies 

suggest the need for satellite cells in overload-induced hypertrophy. For example, satellite cell 

myonuclear accretion has been deemed essential for optimal hypertrophic plantaris muscle 

growth induced by tenotomy (Randrianarison-Huetz et al. 2018). Other studies have shown 

impaired muscle hypertrophy due to blunted satellite cell proliferation and/or fusion with 

overload (Goh and Millay 2017), irradiation (Adams et al. 2002), deletion of serum response 

factor (regulates satellite cell fusion and proliferation; (Guerci et al. 2012; Randrianarison-Huetz 

et al. 2018) and interleukin 6 deficiency (Serrano et al. 2008). However, satellite cells may be 

activated in adults as a form of response to acute stimuli which induce some form of muscle 

damage such as strenuous exercise (Kadi et al. 1999; Li et al. 2006). These conflicting studies 

suggest that skeletal muscle may be able to utilize two different modes of hypertrophy, one with 

the involvement of satellite cells and the other without but may be dependent on the form of 

overload stimulus. 

It is not clear from the literature if muscle hypertrophy also occurs via an increase in 

myofiber number. Some studies have concluded that an increase in muscle mass and size can 

occur due to an increase in muscle fiber diameter but without an increase in the number of 

muscle fibers (Gollnick et al. 1981; Timson and Dudenhoeffer 1990). In contrast, other studies 

have suggested that hypertrophy of skeletal muscles can occur via increases in fiber number 

(Gonyea 1980; Sola et al. 1973). Numerous adaptations can lead to skeletal muscle hypertrophy 
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including resistance exercise, endurance exercise, hypoxia, and hormones (e.g., growth hormone, 

testosterone, and insulin growth factor 1; Table 1). 

Cell signalling responsible for hypertrophy-mediated effects 

Regardless of the environmental stimuli, there are several molecular and cellular 

signaling pathways that result in muscle hypertrophy. Primarily, the insulin-like growth factor 1 

(IGF1)-phosphatidylinositide-3-kinase (PI3K)-protein kinase B (Akt/PKB)-mammalian target of 

rapamycin (mTOR) pathway, positively regulates the growth of muscle (Fig 3). IGF1 interacts 

with the IGF1 receptor (IGF1R) which then activates the PI3K-Akt pathway via downstream 

signaling steps which ultimately led to protein synthesis via increased translation initiation and 

elongation (Bodine et al. 2001a; Jefferies et al. 1994; Terada et al. 1994; Laurino et al. 2005). 

Recent studies have shown that when this pathway is activated, body weight and CSA of whole 

muscles and individual fibers increase (Ascenzi et al. 2019; Bodine et al. 2001a; Bodine 2006; 

Christoffolete et al. 2015; Gao et al. 2018; Latres et al. 2005; Mavalli et al. 2010; Musar et al. 

2001; Rommel et al. 2001; Zou et al. 2018). The IGF1-PI3K-Akt/PKB-mTOR pathway can also 

be activated by secondary pathways involving phosphatidic acid, neuronal nitric oxide synthase 

(nNOS), and wingless-related integration site (Wnt)7a (Ito et al. 2013; Kobayashi et al. 2019; 

Hornberger et al. 2006; Ruas et al. 2012; Schiaffino et al. 2013; Le Grand et al. 2009; von 

Maltzahn et al. 2012). 

The myostatin pathway is initiated when myostatin, a member of the TGFβ superfamily, 

interacts and inhibits Akt and/or mTOR, thus inhibiting muscle growth (Fig 4; Trendelenburg et 

al. 2009; Schiaffino et al. 2013). Proteins that inhibit myostatin (e.g., follistatin) can induce 

muscle hypertrophy (Kalista et al. 2012; Schiaffino et al. 2013). 

Calcineurin is a serine/threonine phosphatase that is regulated by Ca2+ and calmodulin 

and regulates skeletal muscle differentiation, growth, and fiber type phenotype (Fig 5;  
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Table 1.The different adaptations which can be induced in skeletal muscles which experienced 

different environmental stimuli. 

Stimuli Reference Adaptations 

Resistance exercise (Gonyea 1980) 

 

 

(MacDougall et al. 

1982) 

 

(Yarasheski et al. 1990) 

 

 

(Tamaki et al. 1992) 

 

(Roth et al. 2001) 

 

(Koopman et al. 2006) 

 

 

(Kosek et al. 2006) 

 

 

(Martel et al. 2006) 

 

 

(Kryger and Andersen 

2007) 

 

(Bickel et al. 2011) 

 

 

 

(Farup et al. 2012) 

 

 

(Antonio-Santos et al. 

2016) 

 

(Miller et al. 2017) 

 

 

 

 

(Holloway et al. 2018) 

Increase in fiber diameter and fiber number 

(cat) 

 

Increase in total fiber number (human) 

 

 

Slow to fast fiber type switch and increase in 

type IIB fibers (rat) 

 

Increase in total fiber number (rat) 

 

Increase in muscle volume (human) 

 

Increase in type I fibers, increase in CSA of 

type II fibers compared to type I (human) 

 

Shift from type IIX to IIA and increases in 

the CSA of type I and II fibers (human) 

 

Increase in fibers CSA and type I fiber 

percentage (human) 

 

Slow to fast fiber type conversions(human) 

 

 

Increases in strength, myofiber size and 

muscle mass and fiber type switch from type 

IIX to type IIA (human) 

 

Increase in fiber size and total muscle CSA 

(human) 

 

Slow to fast fiber type switch (rat) 

 

 

Increases in the CSA of the quadriceps 

muscles and single fibers and increases in 

intermyofibrillar mitochondrial content due 

to increased mitochondrial size (human) 

 

Increases in the CSA of type I and type II 

muscle fibers (human) 
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Table 1 continued. 

Stimuli Reference Adaptations 

Endurance exercise 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hormones-IGF-1 

(Macková et al. 1986) 

 

 

(Coggan et al. 1992) 

 

 

(Harber et al. 2009) 

 

(Konopka et al. 2011) 

 

 

(Mikkola et al. 2012) 

 

 

(Van Linge 1962) 

 

(Holloszy 1967) 

 

 

(Howald et al. 1985) 

 

 

(Adams and McCue 

1998; Barton-Davis et 

al. 1999) 

 

(Yang and Goldspink 

2002; Hill and 

Goldspink 2003) 

 

 

(Schoenfeld 2010) 

 

 

 

 

(Dubé et al. 2016) 

 

(Ørtenblad et al. 2018) 

Increased mean diameter of muscles and fast to 

slow muscle fiber switch (human) 

 

Increase in CSA of type I and type IIA fibers and 

fast to slow fiber type switch (human) 

 

Increase in MHC I fiber size (human) 

 

Increased size and distribution of MHC I fibers 

(human) 

 

Increased CSA of quadriceps femoris muscles 

(human) 

 

Formation of new fibers (rat) 

 

Increased aerobic work capacity of mitochondria 

(rat) 

 

Increase in mitochondrial volume density in all 

fiber types (human) 

 

Increased rate of protein synthesis and recruitment 

of satellite cells (rodent). 

 

 

Fusion of muscle cell and satellite cells-myonuclei 

donation. Activation, differentiation, and 

proliferation of satellite cells during myoblast 

proliferation (rat and C2C12 mouse myoblasts) 

 

Increased protein metabolism and muscle growth. 

Activates gene expression of L-type Ca2+channels 

thus activation of anabolic pathways which cause 

hypertrophy (human, rodent) 

 

Fast to slow fiber type switch (human) 

 

Increased fiber size of type IIA fibers and no 

differences in IMF and SS mitochondria of type I 

and II fibers (human) 
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Table 1 continued. 

Stimuli Reference Adaptations 

Hormones-testosterone 

 

 

 

 

 

 

Hormone-GH 

 

 

 

 

Hypoxia 

(Griggs et al. 1989) 

 

 

(Sinha-Hikim et al. 

2006; Horwath et al. 

2020) 

 

(McCall et al. 1999) 

 

 

(Takarada et al. 2000) 

 

 

(Iida et al. 2004)  

 

(Kawada and Ishii 

2005) 

Increased muscle mass by increasing muscle 

protein synthesis (human) 

 

Increases in CSA of fibers and satellite cell number 

(human) 

 

 

Hypertrophy or increase in size of type I and type II 

muscle fibers (human) 

 

Hypertrophy and increase in strength of muscles 

(human) 

 

Induction of IGF-1 pathway (mouse) 

 

Increased weight of muscle and fiber CSA (rat) 
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Figure 3. The IGF1-PI3K-Akt/PKB-mTOR, Wnt7a, PA, and nNOS pathways which modulate 

skeletal muscle hypertrophy via protein synthesis. 

IGF1, insulin-like growth factor 1; IGF1R, insulin-like growth factor 1 receptor; PI3K, 

phosphatidylinositide-3-kinase ; Akt, protein kinase B; mTOR, mammalian target of rapamycin; 

p70S6k, ribosomal protein S6 kinase beta-1; ribosomal protein S6 , IL-4, interleukin-4; IL-

6,interleukin-6; SC, satellite cells; SRF, serum response factor; MAPK, mitogen-activated 

protein kinase; Akt, protein kinase B; SSC, satellite stem cell; Wnt7a, Wnt family member 7A; 

Fzd7,frizzled-7 protein; PA, phosphatidic acid; PLD, phospholipase D; TRPV1 SR, TRP channel 

sarcoplasmic reticulum; NO, nitric oxide; nNos, neuronal nitric oxide synthase. 
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Figure 4. The myostatin pathway which modulate skeletal muscle hypertrophy. 

ACVRI/II, activin receptor 1/2; Akt, protein kinase B; mTOR, mammalian target of rapamycin; 

p70S6k, ribosomal protein S6 kinase beta-1; S6, ribosomal protein S6. 
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Figure 5. The NFAT-calcineurin pathway which upregulates the hypertrophic gene program. 

NFAT, nuclear factor of activated T-cells; Ca2+, calcium. 
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(Frontera and Ochala 2015; Schiaffino et al. 2013; Fajardo et al. 2017c; Chin et al. 1998; Rao et 

al. 1997). Active calcineurin dephosphorylates nuclear factor of activated T-cells (NFAT), 

resulting in NFAT translocation into the nucleus where it induces skeletal muscle hypertrophy 

and a fast to slow fiber type switch (Chin et al. 1998; Delling et al. 2000; Dunn et al. 1999; Liu et 

al. 2013; Liu et al. 2001; McCullagh et al. 2004; Naya et al. 2000; Semsarian et al. 1999; 

Talmadge et al. 2004; Hogan et al. 2003; Park et al. 2016). Also, NFAT regulates the expression 

of remodeling and or hypertrophic genes like IGF-1, interleukin-6 (IL-6) and myogenin (Alfieri 

et al. 2007; Allen et al. 2010). 

The peroxisome proliferator-activated receptor-gamma coactivator (PGC1-α)-adenosine 

monophosphate-activated protein kinase (AMPK) pathway also aids skeletal muscle hypertrophy 

(Fig 6). AMPK is a heterotrimer that regulates energy homeostasis in muscle by acting as a 

metabolic sensor (Sakamoto et al. 2005; Herzig and Shaw 2018). AMPK can alter cellular 

metabolism by interacting with different transcription regulators, for example phosphorylation of 

PGC-1α (Puigserver 2005), a unique transcriptional coactivator that stimulates skeletal muscle 

fiber type conversions and is the master regulator of mitochondrial biogenesis (Jäger et al. 2007; 

Scarpulla 2008). Previous studies have shown a connection between PGC-1α and overload 

mediated hypertrophy of skeletal muscle (Pérez-Schindler et al. 2013; White et al. 2014). 

Finally, the interleukin-serum response factor (SRF) pathway is also needed for 

developmental muscle growth (Fig 7; Li et al. 2005). SRF's effect is mediated by the release of 

interleukin-4 (IL-4) and interleukin-6 (IL-6), which increase myonuclear number by enhancing 

the proliferation and fusion of satellite cells resulting in skeletal muscle hypertrophy (Charvet et 

al. 2006; Horsley et al. 2003; Guerci et al. 2012; Serrano et al. 2008). It is suspected that SRF  
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Figure 6. AMPK-PGC-1α pathway which regulates mitochondrial biogenesis. 

ADP, adenosine diphosphate; ATP, adenosine triphosphate; AMPK, AMP-activated protein 

kinase; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator. 
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Figure 7. Interleukin-SRF pathway involved in skeletal muscle hypertrophy. 

IL-4, interleukin-4; IL-6, interleukin-6; SC, satellite cells; SRF, serum response factor; Akt, 

protein kinase B; mTOR, mammalian target of rapamycin. 
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may also increase mTOR activity and thus protein synthesis in overload-mediated hypertrophied 

skeletal muscle (Schiaffino et al. 2013). 

Skeletal muscle hypertrophy models 

There are common models used to study skeletal muscle hypertrophy. These models 

allow an understanding of cellular signaling pathways, compounds, and/or conditions necessary 

to induce skeletal muscle hypertrophy. These models include neural frequency stimulation  

(NMES), myostatin knock-out, and compensatory hypertrophy, which include synergist ablation 

and tenotomy. 

NMES uses electrical current to enable skeletal muscle contraction (Gregory et al. 2007). 

NMES is done to imitate endurance and/or resistance exercise training to test the effects of 

changes in stimulation and frequency on skeletal muscle hypertrophy (Tsutaki et al. 2013b). 

NMES can be performed with intermittent, low frequencies and high frequencies greater than 60 

Hz (Eisuke et al. 2007; Ogasawara et al. 2013). The influence of electrical stimulation on muscle 

mass homeostasis has been extensively studied using NMES models (Table 2). Most of the 

studies which utilized NMES models noted increased muscle mass, increased CSA of muscle 

fibers and whole muscle, fast to slow fiber type transition (low frequency NMES), slow to fast 

fiber transition (high frequency NMES), greater myobundle size, and increased abundance of 

sarcomeric protein. NMES has the advantage of producing quantitative and reproducible results 

due to precise control over experimental design (especially at high frequencies), muscle fibers 

can be selectively activated whether they are fast or slow, hypertrophic and functional responses, 

and the availability of contralateral control muscles (Lowe and Alway 2002). However, NMES is 

limited as the contractions produced may be non-physiological (Lowe and Alway 2002), 

resulting in a higher metabolic demand compared to voluntary contraction at the same intensity   
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Table 2. Different adaptations induced in skeletal muscle in animals which serve as different 

models of hypertrophy. 

Model of hypertrophy Reference Adaptations 

Neural electrical 

stimulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Myostatin knock-out 

(KO) model 

 

 

 

 

 

 

 

 

(Kwong and Vrbová 

1981; Gondin et al. 

2010; Gondin et al. 

2011) 

 

(Gondin et al. 2005) 

 

 

(Dal Corso et al. 2007) 

 

(Tsutaki et al. 2013a) 

 

(Valenzuela et al. 2016) 

 

 

(Khodabukus et al. 

2019) 

 

(Ansay and Hanset 

1979) 

 

(Grobet et al. 1997) 

 

 

(Kambadur et al. 1997) 

 

 

(McPherron et al. 1997) 

 

 

(Lee 2007) 

 

 

 

(Amthor et al. 2009) 

 

 

 

(Crispo et al. 2015) 

Increased CSA of fibers and fast to slow fiber 

type transition (humans and rats). 

 

 

 

Increased muscle mass and CSA of individual 

fibers and whole muscle (humans). 

 

Increased CSA of type II fibers (humans). 

 

Slow to fast fiber type transition (rats). 

 

Increased muscle mass and increased CSA of 

muscle fibers (mice). 

 

Greater myotube size, myobundle size and the 

abundance of sarcomeric protein (humans) 

 

Double muscle phenotype – increased size of 

muscles (cow) 

 

Double muscled phenotype-increased muscle 

size (cow) 

 

Double-muscled phenotype and increases in 

body weight and mass (cow) 

 

Increased muscle mass, fiber number, mean 

fibre diameter and fiber CSA (mice) 

 

Increased muscle weight- doubling of muscle 

mass, muscle fiber number, mean fiber 

diameter (mice). 

 

Increase in number of myofibers, fiber area 

and fiber length. Decrease in satellite number 

and myonuclei per fiber (mice) 

 

Increased body weight and double muscle 

phenotype (sheep) 
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Table 2 continued. 

Model of hypertrophy Reference Adaptations 

Synergist ablation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tenotomy 

(Adams et al. 1999) 

 

 

(Dunn et al. 1999) 

 

 

(Bodine et al. 2001b) 

 

 

(Lee et al. 2003) 

 

(DiPasquale et al. 2007) 

 

 

(Marino et al. 2008) 

 

 

(Parvaresh et al. 2010) 

 

 

(Goodman et al. 2011) 

 

(Goodman et al. 2012) 

 

 

(Gordon et al. 2012) 

 

(Bentzinger et al. 2013) 

 

(Goldberg 1967) 

 

 

(Goldberg 1968) 

 

(Seiden 1976) 

 

 

 

(James 1979) 

 

 

(Vaughan and 

Goldspink 1979) 

Increased muscle wet weight and muscle 

protein (rat) 

 

Increased muscle mass, CSA of all fiber types 

(mouse) 

 

Increased muscle weight and fiber cross-

sectional area (rat) 

 

Increased muscle wet weight (rat) 

 

Increased muscle mass and total protein 

(mouse) 

 

Increased wet & dry muscle mass, myofiber 

CSA and total protein content (mouse) 

 

Increases in absolute and relative muscle 

mass, respectively (rat) 

 

Increased fiber size and fiber number (mouse) 

 

Increased protein synthesis and fiber CSA 

(mouse) 

 

Increased muscle wet weight (mouse) 

 

Increased muscle weight (mouse) 

 

Increased muscle cell diameters and wet 

weights of muscles (rat) 

 

Increased muscle weight (rat) 

 

Increase in cell volume due to increased 

mitochondrial volume and decrease in 

myofibrillar volume (rat) 

 

Increased muscle size and CSA of most fiber 

types (mouse) 

 

Increased muscle weight and fiber number 

and fiber hypertrophy (mouse) 
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Table 2 continued. 

Models of hypertrophy Reference Adaptations 

Tenotomy (cont’) (Augert et al. 1985) 

 

 

(Noble and Pettigrew 

1989) 

 

(Baillie and Garlick 1991) 

 

(Gardiner et al. 1991) 

 

 

(Moore et al. 2017) 

 

 

(Fajardo et al. 2017b) 

 

 

 

 

(Fajardo et al. 2017c) 

Increase in muscle protein and muscle 

wet weight (mouse) 

 

Increased muscle wet weight and a fast 

to intermediate -fast fiber type shift (rat) 

 

Increased muscle wet weights (rat) 

 

Increased muscle weight, type I fiber 

type content and total CSA (rat) 

 

Muscle hypertrophy and increased 

muscle mass (mouse) 

 

Increased muscle: body weight ratio, 

muscle mass, Taz protein content, CL 

content and CL18:2n6 content and fast to 

slow fiber type switch (mouse) 

 

Fast to slow fiber type shift, increased 

myofiber size, fiber number, muscle 

weight and muscle: body weight (mouse) 
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along with earlier and greater levels of muscle fatigue (Deley et al. 2006; Vanderthommen et al. 

2003). 

Myostatin, also known as growth/differentiation factor-8, is a member of the TGF-β 

family and a known negative regulator of muscle growth. Myostatin signaling may inhibit the 

activation of the protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway which 

is known to induce skeletal muscle hypertrophy (Trendelenburg et al. 2009). Thus, the inhibition 

or absence of myostatin results in skeletal muscle hypertrophy (Amthor et al. 2009). The 

myostatin knockout model has been developed to study the influence of myostatin on muscle 

mass homeostasis (Welle et al. 2007), demonstrating increased number of myofibers, fiber area, 

fiber length, muscle weight, and muscle mass. This model has the advantage in that the addition 

of a recombinase transgene can provide benefits such as a reduction in the effort and cost needed 

to study long term myostatin deficiency, genetic effect specificity, and a proper quantification of 

myostatin deficiency. However, there are some disadvantages, including the need for regular 

administration of a large supply of antibodies or other proteins in vivo which can inactivate 

myostatin and the uncertain extent and specificity of myostatin inactivation due to the 

administration of such proteins in vivo (Welle et al. 2007). Myostatin can also be found in other 

tissues like Purkinje heart fibers, adipose tissue, and non-lactating mammary glands (Sharma et 

al. 1999; Zheng et al. 2012), complicating the systemic effects of this model (Zheng et al. 2012). 

There is a specific form of hypertrophy known as compensatory hypertrophy which 

occurs with a constant increase in mechanical load or overloading of a skeletal muscle (Terena et 

al. 2017). There are different rodent models of compensatory hypertrophy but this thesis will 

focus on synergist ablation and tenotomy (Antonio and Gonyea 1993). 
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Synergistic ablation involves the complete or partial removal of synergistic muscles in a 

unilateral or bilateral manner in order to generate a chronic state of functional overload (Terena 

et al. 2017). Despite the occurrence of inflammation and edema within the first 3 days after the 

surgery, this model causes muscle hypertrophy in less than a week (DiPasquale et al. 2007; 

Parvaresh et al. 2010). Studies which used synergist ablation have noted increased muscle mass, 

increased muscle total protein, and increased muscle fiber cross-sectional area (Lowe and Alway 

2002; Terena et al. 2017). Synergistic ablation has the advantage of producing fast and large 

hypertrophic responses along with the availability of a contralateral control muscle (Lowe and 

Alway 2002). However, synergist ablation has some disadvantages including edema, infection, 

and inflammation (Lowe and Alway 2002; Terena et al. 2017). In fact, the hypertrophic 

responses on the first 3-5 days after surgery may be overestimated by inflammation induced by 

surgical trauma and the significant hypertrophy only occurs days or weeks later (Lowe and 

Alway 2002; Terena et al. 2017; Armstrong et al. 1979). 

Muscles can also experience compensatory hypertrophy by undergoing tenotomy. The 

most common form of tenotomy is active, when the muscle is actively contracting during the 

adaptive phase (Abrams et al. 2000). With active tenotomy, distal tendons of soleus and 

gastrocnemius muscles are severed, resulting in compensatory hypertrophy of plantaris (Ito et al. 

2013). In fact, plantaris is the most commonly studied muscle in tenotomy-mediated 

compensatory hypertrophy, demonstrating fast-to-slow fiber type shifts along with increased 

muscle mass, fiber CSA, muscle CSA, and muscle protein (Baillie and Garlick 1991; Fajardo et 

al. 2017c; Fajardo et al. 2017b; Goldberg 1967; Ito et al. 2013; Moore et al. 2017; Noble and 

Pettigrew 1989). Despite tenotomy possessing some disadvantages, such as acute inflammation 

and being irreversible, it has the advantage in that it induces large and relatively quick 
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hypertrophic responses (Lowe and Alway 2002), use of the contralateral leg as a control (Lowe 

and Alway 2002), and a simpler and more tolerable procedure allowing a quicker return to 

normal activity (Ditsios et al. 2012). 

The thesis will focus on active tenotomy and the overloaded response by plantaris. A 

recent study has demonstrated that two weeks post-tenotomy, overloaded plantaris had increased 

CL content, CL 18:2n6 side chain composition, and Taz protein content (Fajardo et al 2017). The 

authors concluded that these increases in CL content, 18:2n6 side chain composition and Taz 

protein expression was in order to support increased mitochondrial content in response to an 

overload stimulus (Fajardo et al 2017). However, it is not known if the protein content of Taz, or 

enzymes involved in CL biosynthesis, occur before or after changes to CL content and 

composition. Thus, this thesis will explore this relationship by examining temporal changes in 

CL biosynthetic and remodelling enzyme protein content along with CL content over 14 days 

post-tenotomy. 
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Purpose and statement of the problem 

Overall, skeletal muscle is very heterogenous and dynamic. It performs many functions 

which depend on muscle structure. In fact, skeletal muscle’s structure is quite complex; it is 

made up of many fibers which are determined by different MHCs. These fiber types also differ 

based on different contractile and metabolic properties such as mitochondria content. 

Mitochondria are essential in skeletal muscle form and function and may play an important role 

in muscle mass homeostasis. Mitochondrial membrane phospholipids, specifically CL, have been 

shown to be critical for mitochondrial function. In fact, it has been recently shown that CL and 

Taz are important during tenotomy-mediated overload-induced muscle hypertrophy (Fajardo et 

al. 2017a). However, it is not known if translation of Taz or other CL biosynthetic enzymes 

occur before or after CL biosynthesis. As a result, the purpose of this study is to examine the 

temporal relationship between the protein content of CL biosynthetic enzymes, including Taz, 

and CL content when overload-mediated hypertrophy occurs thus deepening the overall 

understanding of the molecular mechanisms which regulate muscle homeostasis. 

Objectives 

The objectives of the thesis are to: 

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

to CL content during the adaptive response to overloading. 

2. To determine the influence of overloading on protein expression of CL 

biosynthetic enzymes and how they may be affected temporally. 

3. To determine if requirements to synthesize CL during overloading will alter the 

content of PC and PE as substrates for Taz and if this can be detected at the whole 

tissue level. 
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Hypotheses 

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

tenotomy-mediated hypertrophy that: 

1. CL content will increase with overloading, which will be preceded by an increase 

in Taz protein content and result in decreased PE and PC content. 

2. Expression of proteins involved in CL biosynthesis will increase after 14 days of 

overloading due to the hypothesized increase in CL content. 

3. Protein expression of CL biosynthesis enzymes will increase before the 

hypothesized increase in CL content. 
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Chapter 2: Methodology 

Animals: 4-6-month-old C57BL/6 male mice were housed in an environmentally controlled room 

with a standard 12:12-hour light-dark cycle and access to food and water ad libitum. All 

procedures involving animals were reviewed and approved by the Brock Animal Care and 

Utilization Committee and carried out as outlined by the guidelines established by the Canadian 

Council on Animal Care. 

Mechanical overload of plantaris via tenotomy: Mice were anesthetized in a precision vaporizer 

with 2% isoflurane and remain anesthetized throughout the procedure using a rodent nose cone. 

Gastrocnemius and soleus tendons were transected on one hindlimb with the other acting as an 

internal control (Fajardo et al. 2017b; Fajardo et al. 2017c; Ito et al. 2013). Post-surgery, mice 

were placed in cages individually to recover. On days 3, 7, 10, and 14 post-tenotomy (n=6 for 

each time point), mice were anaesthetized (5% isoflurane), cervically dislocated, and plantaris 

removed from both hindlimbs. Plantaris were weighed and snap frozen in liquid nitrogen for 

future analyses. 

Phospholipid analyses: Muscles were homogenized 10:1 (v/w) in buffer (5mM HEPES, 0.2mM 

PMSF, 250mM sucrose, 0.2% [w/v] NaN3, pH 7.5) supplemented with protease inhibitor 

(P2714-1BTL, Sigma Life Sciences). Total lipids was extracted (Folch et al. 1957) from 25µl of 

muscle homogenates (2.3 mg). Lipid extract (1 ml) were spotted on high-performance thin layer 

chromatography plates (HPTLC; 5633-5, EMD Chemicals, Darmstadt, Germany) and developed 

using a chloroform: methanol: acetic acid: water (100:75:7:4) solvent system to separate 

individual phospholipids (Stefanyk et al. 2010). To quantify each phospholipid, each plate was 

loaded with known concentrations of individual phospholipids to generate standard curves. After 

30 min, plates were removed from the chamber, sprayed with 5% H2SO4 solution and charred at 
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180℃ (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: Western blotting was done to investigate the protein content of myosin heavy 

chain isoforms (MHCI, MHCIIA, MHCIIX, MHCIIB; Fajardo et al. 2017b), Taz (Fajardo et al. 

2017b) , and enzymes involved in CL biosynthesis (TAMM41, PGSP, PTPMT1, CRLS1). 

Proteins from muscle homogenates were solubilized using Laemmli buffer (Laemmli, 1970) and 

separated by electrophoresis using standard glycine-based SDS-PAGE. Based on the results of 

trouble shooting to obtain clear linear blots (please see Appendix), protocols were uniquely 

applied to each protein of interest (Table 3). Briefly, separated proteins were transferred onto 0.2 

µm polyvinylidene difluoride (PVDF; Immuno-Blot, BioRad, CA, USA), blocked with milk (5% 

(w/v) in Tris‐buffered saline tween [TBST]) or bovine serum albumin (BSA; 3% in TBST) for 1 

hour, and incubated overnight with their respective primary antibodies at 4°C. Primary 

antibodies, and their respective dilutions, include MHCI (1:100, BA-F8, Developmental Studies 

Hybridoma Bank [DHSB]), MHCIIA (1:100, SC-71, DHSB), MHCIIX (1:100, 6H1, DHSB), 

MHCIIB (1:100, BF-F3, DHSB), TAMM41 (1:1000, CUSABIO Biotech), PGS1 (1:500, 

ProteinTech Inc), PTPMT1 (1:2000, Santa Cruz Biotechnology), CRLS1 (1:2000, ProteinTech 

Inc.), and Taz (1:2000,Lu et al. 2016). After incubation with primary antibodies, membranes 

were washed three times for 5 min in TBST and incubated with HRP conjugated secondary 

antibody (specific to the primary antibody host) for 1 hour at room temperature. Membranes 

were washed again three times in TBST and visualized using Clarity Western ECL substrate 

(BioRad Inc) and a BioRad ChemiDoc Imager. Finally, all the images   
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Table 3. Western blotting protocol details for proteins of interest. 

Protein of interest Western blotting protocol 

MHC I Gels: 8% resolving and 4% stacking 

Protein loaded:16ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Wet transfer (0.4A for 90mins) 

Blocking solution: 3% BSA 

MHC IIA Gels: 8% resolving and 4% stacking 

Protein loaded:16ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Wet transfer (0.4A for 90mins) 

Blocking solution: 3% BSA 

MHC IIX Gels: 8% resolving and 4% stacking 

Protein loaded:5ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Wet transfer (0.4A for 90mins) 

Blocking solution: 3% BSA 

MHC IIB Gels: 8% resolving and 4% stacking 

Protein loaded:1.5ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Wet transfer (0.4A for 90mins) 

Blocking solution: 3% BSA 

Taz Gels: 12% resolving and 4% stacking 

Protein loaded:40ug 

Gel electrophoresis conditions: 100 V for 90 min 

Transfer: Semi-dry transfer (2.5 A, 25 V, 6 mins) 

Blocking solution: 5% milk 

TAMM41 Gels: 12% resolving and 4% stacking 

Protein loaded:10 ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Semi-dry transfer (2.5 A, 25 V, 6 mins) 

Blocking solution: 3% BSA 

PGS1 Gels: 12% resolving and 4% stacking 

Protein loaded:10 ug 

Gel electrophoresis conditions: 100V for 90 min 

Transfer: Wet transfer (0.4 A, 90mins) 

Blocking solution: 3% BSA 

PTPMT1 Gels: 12% resolving and 4% stacking 

Protein loaded:10 ug 

Gel electrophoresis conditions: 100V for 2hrs 



36 

Transfer: Semi-dry transfer (2.5 A, 25 V, 6 mins) 

Blocking solution: 3% BSA 

CRLS1 Gels: 12% resolving and 4% stacking 

Protein loaded:12 ug 

Gel electrophoresis conditions: 100V for 2hrs 

Transfer: Semi-dry transfer (2.5 A, 25 V, 6 mins) 

Blocking solution: 3% BSA 
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were analyzed using Image J software (National Institutes of Health, MA, USA) with blots 

normalized to total protein (Ponceau stain). 

Image analyses: With each image from either phospholipid, chemiluminescent Western blot, or 

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 (treatment and time) was used, and a Tukey’s post hoc tests 

was performed when significant interactive effects were seen. Statistical significance was set to p 

≤ 0.05. 

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

Anthropometrics 

Average body weight was significantly lower after day 3 compared to day 0 and 

remained low (Fig. 8A). Plantaris weight was significantly higher in overloaded compared to 

sham at day 3 and 7 post tenotomy and there was a significant main effect for treatment (Fig. 

8B). When expressed as a ratio of body weight, plantaris was significantly higher at day 7 post 

tenotomy with a significant main effect for treatment (Fig. 8C). Finally, when expressed as a 

percent of sham, plantaris:body weight was significantly higher at day 3 post tenotomy with a 

significant main effect for treatment (Fig. 8D). 
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A)       B) 

   

C)       D) 

   

Figure 8. Anthropometrics changes in response to tenotomy. 

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

weight and C) plantaris weight controlled for body weight ratio were significantly higher in the 

tenotomized leg compared to sham. D) Tenotomy resulted in an increase in plantaris weight to 

body weight ratio compared to sham at day 3 and as a main effect difference. Values are means ± 

SEM, n=6-8; * indicates significant difference from day 0; † indicates significant difference from 

sham; ‡ indicates significant main effect for treatment.  
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Myosin heavy chain protein expression 

MHC I was not detectible in either sham or overloaded plantaris. MHC IIA protein 

content was significantly higher in overloaded plantaris compared to sham (main effect) in both 

absolute (Fig 9A) and relative (Fig 9B) perspectives. MHC IIX showed no significant change in 

absolute protein content (Fig. 9C) but showed a significant main effect increase relative to sham 

(Fig 9D). Finally, MHC IIB demonstrated a lower (significant main effect for treatment) protein 

content in overloaded plantaris compared to sham in both absolute (Fig.9E) and relative (Fig 9F) 

perspectives. 
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A)       B) 

   

 

C)       D) 

   

  

0

0.1

0.2

0.3

0.4

0.5

0.6

3 7 10 14

M
H

C
 I

IA
 c

o
n

te
n

t 
(A

U
)

Days post tenotomy

Sham

Tenotomy

0

50

100

150

200

250

300

350

400

450

3 7 10 14

M
H

C
 I

IA
 c

o
n

te
n

t 
(%

 o
f 

sh
am

)

Days post tenotomy

Sham

Tenotomy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

3 7 10 14

M
H

C
 I

IX
 c

o
n
te

n
t 

(A
U

)

Days post tenotomy

Sham

Tenotomy

0

50

100

150

200

250

3 7 10 14

M
H

C
 I

IX
 c

o
n
te

n
t 

(%
 o

f 
sh

am
)

Days post tenotomy

Sham

Tenotomy
†

‡ ‡ † 

‡ 



42 

E)       F) 

   

Figure 9. Compared to sham, overloaded plantaris demonstrated a fiber shift from fast to slow. 

MHCIIA protein content demonstrated a significant main effect increase when expressed in A) 

absolute and B) relative terms. MHCIIX protein content demonstrated C) no significant absolute 

change but D) a significant main effect relative increase. MHCIIB protein content demonstrated 

a significant main effect increase when expressed in E) absolute and F) relative terms. Values 

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

difference from sham; MHC, myosin heavy chain.  
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Cardiolipin content 

Cardiolipin content was significantly lower (main effect) in overloaded plantaris 

compared to sham when expressed as absolute (Fig 10A) or relative (Fig 10B).  
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A)       B) 

   

Figure 10. Cardiolipin content in plantaris post tenotomy. 

Compared to sham, overloaded plantaris showed a significant main effect decrease in A) 

absolute and B) relative CL content. Values are means ± SEM, n=8; ‡ denotes significant main 

effect for treatment; CL, cardiolipin. 
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Cardiolipin biosynthetic and remodelling enzyme protein expression 

Compared to sham, overloaded plantaris did not show any difference in absolute protein 

content of cardiolipin biosynthesis enzymes (Fig 11A, C, E, G). In contrast, when expressed as a 

percent of sham, TAMM41 (Fig 11B) and PGS1 (Fig 11D) were not significantly different in 

overloaded plantaris whereas PTPMT1 (Fig 11F) and CRLS1 (Fig 11H) were significantly 

higher (main effect). 

Both absolute (Fig 12A) and relative (Fig 12B) protein content of the 26 kDa Taz isoform 

did not differ between overloaded and sham groups. Similarly, no significant difference in 

protein content was found for the 32 kDa isoform of Taz post tenotomy, regardless of if 

expressed as absolute (Fig 12C) or relative (Fig 12D). 
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A)       B) 

   

C)       D) 
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E)       F) 

   

G)       H) 

   

Figure 11. Protein content of cardiolipin biosynthesis enzymes in plantaris post tenotomy. 

Compared to sham, overloaded plantaris did demonstrate some changes to the protein content of 

cardiolipin biosynthesis and remodelling enzymes. TAMM41 (A) absolute and B) relative), and 

PGS1 (C) absolute and D) relative) content did not differ between groups. PTPMT1 E) absolute 

content did not differ but F) was higher in overloaded plantaris when expressed as a percentage 

of sham. Same was shown for CRLS1 where G) absolute content did not differ but H) was 

higher in overloaded plantaris when expressed as a percentage of sham. Values are means ± 

SEM, n=8; ‡ denotes significant main effect for treatment; TAMM41, translocator assembly and 

maintenance mitochondrial protein 41; PGS1, phosphatidyl glycerophosphate synthase 1; 

PTPMT1, protein tyrosine phosphatase mitochondrial 1; CRLS1, cardiolipin synthase 1.  
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A)       B) 

   

C)       D) 

   

Figure 12. Protein content of cardiolipin remodelling enzymes in plantaris post tenotomy. 

Compared to sham, there was no significant change in the 26 kDa A) absolute and B) relative 

content or the 32 kDa of C) absolute and D) relative content Taz isoforms between groups. 

Values are means ± SEM, n=8; Taz, tafazzin.
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Phosphatidylethanolamine and phosphatidylcholine content 

Regardless if expressed in absolute (Fig 13A) or relative (Fig 13B) terms, there were no 

significant differences in phosphatidylethanolamine content between overloaded plantaris and 

sham. The same held true for phosphatidylcholine, with no significant differences in absolute 

(Fig 14A) or relative (Fig 14B).  
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A)       B) 

   

Figure 13. Phosphatidylethanolamine content in plantaris post tenotomy. 

Compared to sham, overloaded plantaris showed no significant changes in A) absolute or B) 

relative PE content. Values are means ± SEM, n=8. PE, phosphatidylethanolamine. 
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A)       B) 

   

Figure 144. Phosphatidylcholine content in plantaris post tenotomy. 

Compared to sham, overloaded plantaris showed no significant changes in A) absolute or B) 

relative PC content. Values are means ± SEM, n=8; PC, phosphatidylcholine.  
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Chapter 4: Discussion 

The present study investigated the relationship between CL content and CL biosynthetic 

and remodelling enzymes in plantaris with overload-mediated skeletal muscle hypertrophy. 

Specifically, this is the first study to investigate the temporal relationship between CL content 

and expression of proteins involved in CL biosynthesis (TAMM41, PGS1, PTPMT1, CRLS1) 

and remodelling (Taz). The major and novel findings of the study are that compared to sham, 

overloaded plantaris demonstrated a decrease in CL content with no change in Taz protein 

content, of the CL biosynthesis enzymes, an increase in PTPMT1 and CRLS1, temporally, 

enzymes in CL biosynthesis appeared to increase after (PTPMT1) or along side (CRLS1) 

changes in CL content, and PE and PC content, as potential substrates for Taz in remodeling CL, 

did not change. 

Fast to slow fiber type switch and compensatory hypertrophy occurred in overloaded plantaris 

In response to tenotomy-mediated overload stimulus, plantaris demonstrated a 15-40% 

increase in weight and as a fraction of total body weight. These findings agree with previous 

rodent studies using tenotomy reporting a 15-80% significant increase in absolute weight 

(Fajardo et al. 2017c; Gardiner et al. 1991; Noble and Pettigrew 1989; Vaughan and Goldspink 

1979; Moore et al. 2017; Baillie and Garlick 1991; Goldberg 1967; Fajardo et al. 2017b). These 

findings support the fact that the model did impart an overload stimulus to plantaris, which 

responded with an increase in weight. 

In addition to a hypertrophic response, overloaded plantaris exhibited a fast to slow fiber 

type shift. Specifically, there was a significant increase in MHC I, IIA, and IIX and a decrease in 

MHC IIB. This fast to slow fiber type shift is consistent with previous studies which used 

tenotomy (Fajardo et al. 2017a; Gardiner et al. 1991). Additionally, these findings were also 

consistent with previous studies using other models of hypertrophy, including neuromuscular 
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electrical stimulation (Tsutaki et al. 2013a; Khodabukus et al. 2019; Dal Corso et al. 2007; 

Gondin et al. 2010) and synergist ablation (Dunn et al. 1999; Dunn and Michel 1997; Olha et al. 

1988). As previously mentioned, skeletal muscle is dynamic and adapts to varying environmental 

challenges. Tenotomy, through the unloading of the constitutively active soleus (Hennig and 

Lømo 1985; Schiaffino and Reggiani 2011), plantaris take on more of a postural role, resulting in 

a fiber type shift that favours a more oxidative phenotype (Fajardo et al. 2017b; Dunn et al. 

1999; Ito et al. 2013; Gardiner et al. 1991). 

CL content decreased during overload-mediated hypertrophy 

In the current study, CL content decreased 7-21% in plantaris when overloaded. This is in 

contrast to a previous study that demonstrated increased CL content 14 days after tenotomy in 

mouse plantaris (Fajardo et al. 2017b). A possible reason to account for the disparity between 

studies maybe the age of mice at the start of tenotomy. The current study examined male mice 

that averaged 36 g and 22 weeks of age. Based on average growth rates of C57BL/6 male mice 

(The Jackson Laboratory), a 36 g male mouse is approximately 23 weeks of age, which 

corresponds to the data from the current study. Based on an average body weight of 29 g for the 

male mice used in the previous study (Fajardo et al. 2017b), the approximate age would be 13 

weeks. Previous studies have shown that plantaris response to hypertrophic stimuli is blunted in 

aged versus young mice (Kirby et al. 2015; Thomson and Gordon 2005; Hwee and Bodine 2009; 

Degens and Alway 2003) and rats (Kirby et al. 2015; Thomson and Gordon 2005; Hwee and 

Bodine 2009; Degens and Alway 2003). The proposed mechanisms associated with this blunted 

hypertrophic response include impaired ribosome biogenesis, the main factor determining the 

rate of protein synthesis (Kirby et al. 2015; Thomson and Gordon 2005; Hwee and Bodine 2009; 

Degens and Alway 2003), increased activation of AMPK, which inhibits ATP-consuming 

processes including protein synthesis (Kirby et al. 2015; Thomson and Gordon 2005; Hwee and 
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Bodine 2009; Degens and Alway 2003), and a delay in the activation of Akt and downstream 

targets, including those responsible for protein synthesis (Kirby et al. 2015; Thomson and 

Gordon 2005; Hwee and Bodine 2009; Degens and Alway 2003). Although the mice examined 

in the current study were not as old as those in previous studies, defined as 25-30 months of age, 

they may have undergone a slight impairment in the hypertrophic response due to their older age. 

As a result, this may have translated to reduced mitochondrial density and CL content. Future 

research could correlate age to CL content response to overloaded hypertrophy to further 

examine this relationship. 

Availability of PA as a substrate for CL biosynthesis may be impacted in ways other than 

intraorganelle transport. Previous research has shown that during overload mediated hypertrophy 

mechanical stimuli, PA activates the Ras/Raf/MEK/ERK signalling pathway (Hornberger et al. 

2006; You et al. 2014) resulting in increased protein synthesis (Bodine et al. 2001a; Jefferies et 

al. 1994; Terada et al. 1994; Laurino et al. 2005). Redirection of PA towards pathways 

associated with increased protein synthesis may limit its availability for de novo CL biosynthesis. 

Future research is needed to confirm this hypothesis. 

CRLS1 and PTPMT1 content differentially increased temporally post-overloading. 

As previously mentioned, there are four identified steps of CL biosynthesis involving 

four enzymes. In relationship to temporal changes in CL content, CRLS1 and PTPMT1 protein 

content increased earlier and later, respectively, during the adaptation to tenotomy-mediated 

overload (Fig 15), potentially contributing to the aforementioned changes in CL content. 

Previous research indicates various mechanisms that regulate the CL biosynthetic pathway, 

including CL content (Baile et al. 2014). As such, it will be important to discuss changes in CL 

biosynthesis enzyme protein content their subsequent influence on CL content, and vice versa. 
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Figure 155. Heatmap generated to illustrate fold changes in TAMM41, PGS1, PTPMT1, 

CRLS1, and CL content changes over days 3,7,10 and 14, respectively. 

Values are means ± SEM, n=8. TAMM41, translocator assembly and maintenance mitochondrial 

protein 41; PGS1, phosphatidyl glycerophosphate synthase 1; PTPMT1, protein tyrosine 

phosphatase mitochondrial 1; CRLS1, cardiolipin synthase 1; CL, cardiolipin. 
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The current study demonstrated a significant main effect increase in CRLS1 protein (the 

CL biosynthetic enzyme which synthesizes from CL from PG to CDP DAG) in overloaded 

compared to sham plantaris and this change was most apparent at day 7. This increase may have 

supported the observed attenuation of decreased CL early on during the adaptation to overload-

mediated hypertrophy. Although difficult to compare to the current study due to different 

hypertrophy models and often poor associations between protein and mRNA, previous literature 

has demonstrated differing CRLS1 response to hypertrophy. In rodent models of skeletal muscle 

hypertrophy that increase mitochondrial density (e.g., chronic contractile activity), there is an 

increase in CL content with no change in CRLS1 mRNA (Ostojic et al. 2013; Baati et al. 2019). 

In contrast, rodent models of skeletal muscle hypertrophy that decrease mitochondrial density 

(e.g., myostatin knockout), there is a decrease in both CL content and CRLS1 mRNA (Ostojic et 

al. 2013; Baati et al. 2019). CRLS1 transcription, translation, and activity is regulated by various 

mediators, including signals responsible for mitochondrial biogenesis and, more specifically, CL 

content (Baile et al. 2014). In fact, a study looking a yeast with a deletion of the tafazzin gene, 

had lower steady state CL levels yet greater de novo CL biosynthesis compared to wild type 

yeast with no change in the expression of CL biosynthetic enzymes, namely PGS1 and CRD1 

(yeast homologue to mammalian CRLS1; Gu et al. 2004). As such, previous research suggests 

that de novo CL biosynthesis, and the activity of the enzymes responsible, maybe regulated by 

CL content. Although CRLS1 activity was not measured in the current study, CRLS1 protein 

content appeared to be negatively associated with CL content, suggesting CL content may also 

regulate CRLS1 translation. Future research should directly examine the enzyme activities of CL 

biosynthesis enzymes to confirm this relationship in mammals during overload-mediated 

hypertrophy. 
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Despite a significant main effect increase in PTPMT1 (CL biosynthetic enzyme which 

dephosphorylates PGP to form PG) in overloaded compared to sham plantaris, this change 

appeared to be dominated by an increase at day 14. To our knowledge, this is the first study to 

show PTPMT1 response to muscle overload hypertrophy and may indicate its role in supporting 

CL biosynthesis. Previous research has demonstrated an important role of PTPMT1 for 

cardiolipin biosynthesis and mitochondrial biogenesis in mouse embryonic fibroblasts (Zhang et 

al. 2011), mouse embryonic cardiomyocytes (Chen et al. 2021), and to maintain mouse T cell 

function (Corrado et al. 2020). In the current study, an increase in PTPMT1, more so at day 14 

post tenotomy, may also speak to the importance of this enzyme on CL biosynthesis during the 

later stages of adaptation to overload-mediated hypertrophy. Further research is required to 

confirm this association. 

CL remodeling, as estimated by Taz protein content, is not essential during overload-mediated 

hypertrophy. 

Subsequently, we decided to investigate CL remodeling in the plantaris muscle post 

tenotomy. The current study showed no change in Taz protein content of both isoforms 

compared to sham. Previous research in rodents has demonstrated that Taz protein content 

increased in plantaris post tenotomy (Fajardo et al. 2017b). A possible explanation for the 

discrepancy in Taz protein content between studies may be the source of antibodies in detecting 

the protein of interest. In mice, there exists two main isoforms; a splice variant lacking exon 5 

(~32 kDa) and a splice variant lacking both exons 5 and 9 (~26 kDa) (Schlame and Xu 2020; Lu 

et al. 2004; Xu et al. 2009). It has been suggested that in mammals, it is the splice variant lacking 

exon 5 that is the functional Taz protein (Schlame and Xu 2020). In the previous study (Fajardo 

et al. 2017b), a commercially available antibody (1B10, Novus Biologicals, CO, USA) was used 

and the authors indicated that this antibody detected a protein of ~27 kDa. In contrast, the current 
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study used an antibody supplied by Dr. Steven Claypool (Lu et al. 2016) and appears to detect 

both Taz isoforms (Fig A11), yet both isoforms did not change in response to overloaded 

hypertrophy. Conclusions made related to the 27 kDa isoform of Taz must be made with caution 

as research has suggested that this splice variant has a significant disruption to the catalytic 

domain, thus unlikely to have sufficient enzyme activity (Schlame and Xu 2020; Lu et al. 2004; 

Xu et al. 2009). 

Changes in the protein content of Taz, or lack there of, may not necessarily translate into 

changes in enzyme activity. Taz is unique in that its activity is not kinetic but driven by the 

membrane stresses seen in areas of high protein concentration, such as mitochondrial cristae 

regions that house the densely packed oxidative phosphorylation enzymes (Horvath and Daum 

2013). It has been proposed that a potential mismatch between the hydrophobic and hydrophilic 

regions of the membrane phospholipids and membrane bound proteins cause excessive 

membrane stress and Taz’s role may be to produce lipids that impose negative curvature (e.g., 

TLCL) and reduce the “energy cost of protein crowding” (Schlame and Xu 2020). In fact, the 

presence of Taz does not translate into activity, as measured by TLCL, unless there is imposed 

membrane bound protein crowding and subsequent membrane stress (Xu et al. 2021). Although 

CL side chain composition was not measured in the current study (infrastructure challenges), it 

remains a priority to confirm if changes in Taz protein expression are necessary to alter CL side 

chain composition. 

PE and PC content remains unchanged at the whole tissue level during the adaptive response to 

overloading. 

 The current study found no significant changes in PE and PC content in overloaded 

plantaris. Previous research has shown PE did not change but PC increased in overloaded mouse 

plantaris (Fajardo et al. 2018). Although the PE results agree with our current study, the PC 
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results differs between the studies possibly due to the aforementioned age differences between 

the mice used in the studies. As mentioned before, previous studies have shown that plantaris’ 

response to hypertrophic stimuli is blunted in aged versus young mice (Kirby et al. 2015; 

Thomson and Gordon 2005; Hwee and Bodine 2009; Degens and Alway 2003) and so this may 

translate to reduced CL and possibly unchanged PC content. It is known that both PE and PC are 

known substrates for CL remodelling (Chu et al. 2022; Xu et al. 2003; Schlame et al. 2017). In 

fact, PC is the most preferred substrate for CL biosynthesis due to its high similarity to CL 

compared to the other phospholipids in different tissues including skeletal muscle (Oemer et al. 

2020). Future research could correlate age to PC content response to overloaded hypertrophy to 

further examine this relationship. 

 Conclusions around PE and PC content and their role in overload-mediated changes in 

CL content must be taken with caution as the study was conducted at a whole muscle level rather 

than the mitochondrial. PE and PC make up about 70% of the PL content in membranes 

(Blackard et al. 1997) and are asymmetrically distributed in intracellular membranes, including 

mitochondria (Mitchell et al. 2004; Rothman and Lenard 1977; Devaux 1991). Future research 

should confirm the findings of the current study by examining isolated mitochondria from 

overloaded and sham plantaris. 

Conclusions and future directions 

This study was done to investigate if Taz, TAMM41, PTPMT1, PGS1 and CRLS1 

transcription and translation follow or precede the increase in CL content & composition in 

overloaded plantaris, which was examined temporally (days 3, 7, 10 and 14). Based on the 

results it can be concluded that in overload-mediated hypertrophic plantaris, total CL content 

decreased 14 days post tenotomy despite no change in Taz content and increases in CRLS1 and 

PTPMT1 content which occurred either simultaneously to or after changes in CL. Also, PE and 
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PC which are both potential substrates for Taz, did not show any content changes, but without 

data about CL composition a proper conclusion about CL remodelling during hypertrophy cannot 

be made. Additionally, based on the results, there are possible future directions for this study. 

These include isolating mitochondria before PC and PE content analyses, measuring enzymatic 

activities of CL biosynthetic enzymes and their role in tenotomy induced overloading, and 

examining the role of transcription factors PGC1-α and NFAT, and other possible regulatory 

mechanisms associated with CL biosynthesis, in overload-mediated hypertrophy. 

Strengths and limitations 

This study possesses many strengths. Firstly, this study is providing novel findings in the 

field of research concerning skeletal muscle homeostasis. This is the first study to examine the 

temporal relationship between TAMM41, PGS1, PTPMT1 and CRLS1 content and CL content 

in overloaded skeletal muscles specifically those overloaded via tenotomy. Other studies which 

investigated CL biosynthetic enzymes did not study temporal relationships between these 

enzymes and CL content and most used other models rather than tenotomy in different tissues 

such as in rat muscle (Ostojic et al. 2013), mice hearts (Croston et al. 2013), rat heart (Saini-

Chohan et al. 2009), yeast cells (Kutik et al. 2008; Chang et al. 1998; Claypool et al. 2006), 

mouse embryonic fibroblasts (Zhang et al. 2011) and Drosophila melanogaster cells (Xu et al. 

2006). Compared to other models of overload hypertrophy, tenotomy is much less invasive with 

a faster recovery and less inflammation.(Terena et al. 2017; Goldberg et al. 1975; Pereira et al. 

2017; Thompson et al. 2006) Tenotomy also utilizes a sham internal control, thus controlling for 

any systemic variables that may influence the overload response (Lowe and Alway 2002; 

Fajardo et al. 2017b; Goldberg et al. 1975; Goldberg 1968; Fajardo et al. 2017c). Additionally, 

the study utilized passive tenotomy which is actually advantageous since active tenotomy is 

more likely to cause injury to muscle since it causes a drastic tension release in the muscle 
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(Abrams et al. 2000). Furthermore, the research studies lipids and proteins at a whole muscle 

level instead of the mitochondrial level which is essential since CL is exclusive to mitochondria. 

Additionally, other studies which investigated cardiac hypertrophy noted increases in PC and no 

change in PE in pressure overloaded rat hearts (Reibel et al. 1986), diabetic hypertrophied rat 

hearts (Dong et al. 2017), no changes in PC content in myopathic hamster hearts (Choy 1982), 

no change in PC content in severe/moderate pressure overloaded mice hearts (Tham et al. 2018a) 

and a decrease in both PC and PE in younger myopathic mice heart (Tham et al. 2018b). Note 

that these studies used cardiac muscle while the current study used skeletal muscle which differ 

metabolically as aforementioned. 

 Despite the many strengths that the study possesses, it also has some limitations. Firstly, 

in addition to the protein content of the CL biosynthetic enzymes their respective enzymatic 

activities should have also been measured. It is important to study enzymatic activity as these do 

not always correlate with protein content (Ou et al. 2018; Razgulin et al. 2011). Although no 

studies have investigated the activities of such enzymes in skeletal muscle, studies have 

investigated CL biosynthetic enzymatic activity via enzymatic assays (sometimes in addition to 

mRNA expression ) in rat heart (Saini-Chohan et al. 2009; Hatch and McClarty 1996; Hatch et 

al. 1995; Hatch 1994) and hamster lung (Rusnak et al. 1997). As a result, we cannot make firm 

conclusions about the activities of such enzymes; we can only make inferences and correlations 

between the protein concentration and the suspected respective activities of such enzymes. Also, 

the study is lacking in mitochondrial indicators, other than cardiolipin, as a biomarker of changes 

to mitochondrial content. Other accepted biomarkers of mitochondrial content that can be used in 

future studies include citrate synthase or subunits of the electron transport chain complexes (e.g., 

cytochrome C oxidase subunit IV; Larsen et al. 2012). Additionally, since this was the first study 
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to examine CL biosynthetic enzymes protein content, we did not consider the possible post 

translational modifications such as the possible phosphorylation of PGS1,which has been shown 

to decrease enzyme activity with no change in protein content (Ostojic et al. 2013; Saini-Chohan 

et al. 2009). Lastly, although it is advantageous that whole muscle was used for the 

quantification of CL content (since CL is exclusive to the mitochondria) the use of whole muscle 

versus isolated mitochondria posed a limitation for the quantification of PE and PC content. As 

mentioned before, PE and PC are found in mitochondria and many other membranes and so 

whole muscle quantification of PC and PE is not a true reflection of mitochondrial PE and PC 

content (Mitchell et al. 2004; Rothman and Lenard 1977; Devaux 1991). 

  



63 

References 

Abrams RA, Tsai AM, Watson B, Jamali A, Lieber RL (2000) Skeletal muscle recovery after 

tenotomy and 7-day delayed muscle length restoration. Muscle & Nerve 23 (5):707-714. 

Adams GR, Caiozzo VJ, Haddad F, Baldwin KM (2002) Cellular and molecular responses to 

increased skeletal muscle loading after irradiation. Am J Physiol 283 (4):C1182-1195. 

Adams GR, Haddad F, Baldwin KM (1999) Time course of changes in markers of myogenesis in 

overloaded rat skeletal muscles. J Appl Physiol 87 (5):1705-1712. 

Adams GR, McCue SA (1998) Localized infusion of IGF-I results in skeletal muscle 

hypertrophy in rats. J Appl Physiol 84 (5):1716-1722. 

Adrian RH, Costantin LL, Peachey LD (1969) Radial spread of contraction in frog muscle fibres.  

J Physiol 204 (1):231-257. 

Al-Qusairi L, Laporte J (2011) T-tubule biogenesis and triad formation in skeletal muscle and 

implication in human diseases. Skelet Muscle 1:26. 

Alfieri CM, Evans-Anderson HJ, Yutzey KE (2007) Developmental regulation of the mouse 

IGF-I exon 1 promoter region by calcineurin activation of NFAT in skeletal muscle. Am 

J Physiol 292 (5):C1887-C1894. 

Ali AT, Boehme L, Carbajosa G, Seitan VC, Small KS, Hodgkinson A (2019) Nuclear genetic 

regulation of the human mitochondrial transcriptome. Elife 8. 

Allen DL, Uyenishi JJ, Cleary AS, Mehan RS, Lindsay SF, Reed JM (2010) Calcineurin 

activates interleukin-6 transcription in mouse skeletal muscle in vivo and in C2C12 

myotubes in vitro. Am J Physiol 298 (1):R198-R210. 

Amthor H, Otto A, Vulin A, Rochat A, Dumonceaux J, Garcia L, Mouisel E, Hourdé C, 

Macharia R, Friedrichs M, Relaix F, Zammit PS, Matsakas A, Patel K, Partridge T (2009) 

Muscle hypertrophy driven by myostatin blockade does not require stem/precursor-cell 

activity. PNAS 106 (18):7479-7484. 

Ansay M, Hanset R (1979) Anatomical, physiological and biochemical differences between 

conventional and double-muscled cattle in the Belgian blue and white breed. Livestock 

Product Sci 6 (1):5-13. 

Antonio-Santos J, Ferreira DJS, Gomes Costa GL, Matos RJB, Toscano AE, Manhães-de-Castro 

R, Leandro CG (2016) Resistance training alters the proportion of skeletal muscle fibers 

but not brain neurotrophic factors in young adult rats. J Strength Cond Res 30 (12):3531-

3538. 

Antonio J, Gonyea WJ (1993) Skeletal muscle fiber hyperplasia. Med Sci Sports Exer 25 

(12):1333. 

Arentson-Lantz EJ, English KL, Paddon-Jones D, Fry CS (2016) Fourteen days of bed rest 

induces a decline in satellite cell content and robust atrophy of skeletal muscle fibers in 

middle-aged adults. J Appl Physiol 120 (8):965-975. 

Armstrong RB, Marum P, Tullson P, Saubert CW (1979) Acute hypertrophic response of skeletal 

muscle to removal of synergists. J Appl Physiol Respir Environ Exerc Physiol 46 

(4):835-842. 

Arnarez C, Marrink SJ, Periole X (2013) Identification of cardiolipin binding sites on 

cytochrome c oxidase at the entrance of proton channels. Sci Rep 3:1263. 

Arnarez C, Marrink SJ, Periole X (2016) Molecular mechanism of cardiolipin-mediated 

assembly of respiratory chain supercomplexes. Chem Sci 7 (7):4435-4443. 



64 

Ascenzi F, Barberi L, Dobrowolny G, Villa Nova Bacurau A, Nicoletti C, Rizzuto E, Rosenthal 

N, Scicchitano BM, Musarò A (2019) Effects of IGF‐1 isoforms on muscle growth and 

sarcopenia. Aging Cell 18 (3). 

Augert G, Van de Werve G, Le Marchand-Brustel Y (1985) Effect of work-induced hypertrophy 

on muscle glucose metabolism in lean and obese mice. Diabetologia 28 (5):295-301. 

Baati N, Feillet-Coudray C, Fouret G, Vernus B, Goustard B, Jollet M, Bertrand-Gaday C, 

Coudray C, Lecomte J, Bonnieu A, Koechlin-Ramonatxo C (2019) New evidence of 

exercise training benefits in myostatin-deficient mice: Effect on lipidomic abnormalities. 

Biochem Biophys Res Comm 516 (1):89-95. 

Baile MG, Lu YW, Claypool SM (2014) The topology and regulation of cardiolipin biosynthesis 

and remodeling in yeast. Chem Phys Lipids 179:25-31. 

Baillie AG, Garlick PJ (1991) Protein synthesis in adult skeletal muscle after tenotomy: 

responses to fasting and insulin infusion. J Appl Physiol 71 (3):1020-1024. 

Baldwin KM, Valdez V, Herrick RE, MacIntosh AM, Roy RR (1982) Biochemical properties of 

overloaded fast-twitch skeletal muscle. J Appl Physiol Respir Environ Exerc Physiol 52 

(2):467-472. 

Baron AD, Brechtel G, Wallace P, Edelman SV (1988) Rates and tissue sites of non-insulin- and 

insulin-mediated glucose uptake in humans. American Journal of Physiology-Endocrinol 

Metab 255 (6):E769-E774. 

Barton-Davis ER, Shoturma DI, Sweeney HL (1999) Contribution of satellite cells to IGF-I 

induced hypertrophy of skeletal muscle. Acta Physiol Scand 167 (4):301-305. 

Bentzinger CF, Lin S, Romanino K, Castets P, Guridi M, Summermatter S, Handschin C, 

Tintignac LA, Hall MN, Rüegg MA (2013) Differential response of skeletal muscles to 

mTORC1 signaling during atrophy and hypertrophy. Skelet Muscle 3:6. 

Beyer K, Klingenberg M (1985) ADP/ATP carrier protein from beef heart mitochondria has high 

amounts of tightly bound cardiolipin, as revealed by 31P nuclear magnetic resonance. 

Biochemistry 24 (15):3821-3826. 

Bickel CS, Cross JM, Bamman MM (2011) Exercise dosing to retain resistance training 

adaptations in young and older adults. Med Sci Sports Exerc 43 (7):1177-1187. 

Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR (1995) Increased rates of muscle 

protein turnover and amino acid transport after resistance exercise in humans. Am J 

Physiol 268 (3):E514-E520. 

Blackard WG, Li J, Clore JN, Rizzo WB (1997) Phospholipid fatty acid composition in type I 

and type II rat muscle. Lipids 32 (2):193-198. 

Bloemberg D, Quadrilatero J (2012) Rapid determination of myosin heavy chain expression in 

rat, mouse, and human skeletal muscle using multicolor immunofluorescence analysis. 

PLOS ONE 7 (4):e35273. 

Bodine SC (2006) mTOR Signaling and the Molecular Adaptation to Resistance Exercise. Med 

Science Sports Exer 38 (11):1950. 

Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, Poueymirou WT, Panaro FJ, 

Na E, Dharmarajan K, Pan ZQ, Valenzuela DM, DeChiara TM, Stitt TN, Yancopoulos 

GD, Glass DJ (2001a) Identification of ubiquitin ligases required for skeletal muscle 

atrophy. Science 294 (5547):1704-1708. 

Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, Zlotchenko E, 

Scrimgeour A, Lawrence JC, Glass DJ, Yancopoulos GD (2001b) Akt/mTOR pathway is 



65 

a crucial regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in 

vivo. Nature Cell Biol 3 (11):1014-1019. 

Bottinelli R, Betto R, Schiaffino S, Reggiani C (1994) Maximum shortening velocity and 

coexistence of myosin heavy chain isoforms in single skinned fast fibres of rat skeletal 

muscle. J Muscle Res Cell Motil 15 (4):413-419. 

Bottinelli R, Schiaffino S, Reggiani C (1991) Force-velocity relations and myosin heavy chain 

isoform compositions of skinned fibres from rat skeletal muscle. J Physiol 437:655-672. 

Cao J, Shen W, Chang Z, Shi Y (2009) ALCAT1 is a polyglycerophospholipid acyltransferase 

potently regulated by adenine nucleotide and thyroid status. Am J Physiol 296 (4):E647-

E653. 

Chang S-C, Heacock PN, Clancey CJ, Dowhan W (1998) The PEL1 Gene (Renamed PGS1) 

Encodes the Phosphatidylglycero-phosphate Synthase ofSaccharomyces cerevisiae. Int J 

STD AIDS 273 (16):9829-9836. 

Charvet C, Houbron C, Parlakian A, Giordani J, Lahoute C, Bertrand A, Sotiropoulos A, Renou 

L, Schmitt A, Melki J, Li Z, Daegelen D, Tuil D (2006) New role for serum response 

factor in postnatal skeletal muscle growth and regeneration via the interleukin 4 and 

insulin-like growth factor 1 pathways. Mol Cell Biol 26 (17):6664-6674. 

Chen Z, Zhu S, Wang H, Wang L, Zhang J, Gu Y, Tan C, Dhanani M, Wever E, Wang X, Xie B, 

Wang S, Huang L, van Kampen AHC, Liu J, Han Z, Patel HH, Vaz FM, Fang X, Chen J, 

Ouyang K (2021) PTPMT1 Is Required for Embryonic Cardiac Cardiolipin Biosynthesis 

to Regulate Mitochondrial Morphogenesis and Heart Development. Circulation 144 

(5):403-406. 

Chesley A, MacDougall JD, Tarnopolsky MA, Atkinson SA, Smith K (1992) Changes in human 

muscle protein synthesis after resistance exercise. J Appl Physiol 73 (4):1383-1388. 

Chin ER, Olson EN, Richardson JA, Yang Q, Humphries C, Shelton JM, Wu H, Zhu W, Bassel-

Duby R, Williams RS (1998) A calcineurin-dependent transcriptional pathway controls 

skeletal muscle fiber type. Genes Dev 12 (16):2499-2509. 

Chock SP (1981) The mechanism of skeletal muscle myosin ATPase. Interaction of myosin 

active center with ATP and with ADP. Int J STD AIDS 256 (21):10954-10960. 

Choi S-Y, Huang P, Jenkins GM, Chan DC, Schiller J, Frohman MA (2006) A common lipid 

links Mfn-mediated mitochondrial fusion and SNARE-regulated exocytosis. Nature Cell 

Biol 8 (11):1255-1262. 

Choy PC (1982) Control of phosphatidylcholine biosynthesis in myopathic hamster hearts. J Biol 

Chem 257 (18):10928-10933. 

Christoffolete MA, Silva WJ, Ramos GV, Bento MR, Costa MO, Ribeiro MO, Okamoto MM, 

Lohmann TH, Machado UF, Musarò A, Moriscot AS (2015) Muscle IGF-1-Induced 

Skeletal Muscle Hypertrophy Evokes Higher Insulin Sensitivity and Carbohydrate Use as 

Preferential Energy Substrate. Biomed Res Int 2015:282984. 

Chu I, Chen Y-C, Lai R-Y, Chan J-F, Lee Y-H, Balazova M, Hsu Y-HH (2022) 

Phosphatidylglycerol Supplementation Alters Mitochondrial Morphology and Cardiolipin 

Composition. Membranes 12 (4):383. 

Claypool SM, McCaffery JM, Koehler CM (2006) Mitochondrial mislocalization and altered 

assembly of a cluster of Barth syndrome mutant tafazzins. J Cell Biol 174 (3):379-390. 

Coggan AR, Spina RJ, King DS, Rogers MA, Brown M, Nemeth PM, Holloszy JO (1992) 

Skeletal muscle adaptations to endurance training in 60- to 70-yr-old men and women. J 

Appl Physiol 72(5):1780. 



66 

Cogswell AM, Stevens RJ, Hood DA (1993) Properties of skeletal muscle mitochondria isolated 

from subsarcolemmal and intermyofibrillar regions. Am J Physiol 264 (2):C383-C389. 

Conley KE (2016) Mitochondria to motion: optimizing oxidative phosphorylation to improve 

exercise performance. J Exp Biol 219 (2):243-249. 

Corrado M, Edwards-Hicks J, Villa M, Flachsmann LJ, Sanin DE, Jacobs M, Baixauli F, 

Stanczak M, Anderson E, Azuma M, Quintana A, Curtis JD, Clapes T, Grzes KM, Kabat 

AM, Kyle R, Patterson AE, Geltink RK, Amulic B, Steward CG, Strathdee D, Trompouki 

E, O’Sullivan D, Pearce EJ, Pearce EL (2020) Dynamic Cardiolipin Synthesis Is 

Required for CD8+ T Cell Immunity. Cell Metab 32 (6):981-995.e987. 

Crispo M, Mulet AP, Tesson L, Barrera N, Cuadro F, Santos-Neto PCd, Nguyen TH, Crénéguy 

A, Brusselle L, Anegón I, Menchaca A (2015) Efficient Generation of Myostatin Knock-

Out Sheep Using CRISPR/Cas9 Technology and Microinjection into Zygotes. PLOS 

ONE 10 (8):e0136690. 

Croston TL, Shepherd DL, Thapa D, Nichols CE, Lewis SE, Dabkowski ER, Jagannathan R, 

Baseler WA, Hollander JM (2013) Evaluation of the cardiolipin biosynthetic pathway 

and its interactions in the diabetic heart. Life Sci 93 (8):313-322. 

Dal Corso S, Nápolis L, Malaguti C, Gimenes AC, Albuquerque A, Nogueira CR, De Fuccio 

MB, Pereira RDB, Bulle A, McFarlane N, Nery LE, Neder JA (2007) Skeletal muscle 

structure and function in response to electrical stimulation in moderately impaired COPD 

patients. Resp Med 101 (6):1236-1243. 

Daum G, Vance JE (1997) Import of lipids into mitochondria. Prog Lipid Res 36 (2):103-130. 

de Kroon AIPM, Dolis D, Mayer A, Lill R, de Kruijff B (1997) Phospholipid composition of 

highly purified mitochondrial outer membranes of rat liver and Neurospora crassa. Is 

cardiolipin present in the mitochondrial outer membrane? Biochim Biophys Acta 1325 

(1):108-116. 

DeFronzo RA, Ferrannini E, Sato Y, Felig P, Wahren J (1981) Synergistic interaction between 

exercise and insulin on peripheral glucose uptake. J Clin Invest 68 (6):1468-1474. 

Degens H, Alway SE (2003) Skeletal muscle function and hypertrophy are diminished in old 

age. Muscle Nerve 27 (3):339-347. 

del Pozo EC (1942) Transmission fatigue and contraction fatigue. Am J Physiol 135 (3):763-771. 

Deley G, Millet GY, Borrani F, Lattier G, Brondel L (2006) Effects of Two Types of Fatigue on 

the V·O2 Slow Component. Int J Sports Med 27 (06):475-482. 

Delling U, Tureckova J, Lim HW, De Windt LJ, Rotwein P, Molkentin JD (2000) A Calcineurin-

NFATc3-Dependent Pathway Regulates Skeletal Muscle Differentiation and Slow 

Myosin Heavy-Chain Expression. Mol Cell Biol 20 (17):6600-6611. 

Delp MD, Duan C (1996) Composition and size of type I, IIA, IID/X, and IIB fibers and citrate 

synthase activity of rat muscle. J Appl Physiol 80 (1):261-270. 

Dennis EA, Cao J, Hsu Y-H, Magrioti V, Kokotos G (2011) Phospholipase A2 Enzymes: 

Physical Structure, Biological Function, Disease Implication, Chemical Inhibition, and 

Therapeutic Intervention. Chem Rev 111 (10):6130-6185. 

Desaphy J-F, Pierno S, Liantonio A, De Luca A, Didonna MP, Frigeri A, Nicchia GP, Svelto M, 

Camerino C, Zallone A, Camerino DC (2005) Recovery of the soleus muscle after short- 

and long-term disuse induced by hindlimb unloading: effects on the electrical properties 

and myosin heavy chain profile. Neurobiol Dis 18 (2):356-365. 

Devaux PF (1991) Static and dynamic lipid asymmetry in cell membranes. Biochemistry 30 

(5):1163-1173. 



67 

DiPasquale D, Cheng M, Billich W, Huang S, Van Rooijen N, Hornberger T, Koh T (2007) 

Urokinase-type plasminogen activator and macrophages are required for skeletal muscle 

hypertrophy in mice. Am J Physiol 293:C1278-1285. 

Ditsios K, Agathangelidis F, Boutsiadis A, Karataglis D, Papadopoulos P (2012) Long Head of 

the Biceps Pathology Combined with Rotator Cuff Tears. Advances Ortho 2012:405472. 

Dong S, Zhang R, Liang Y, Shi J, Li J, Shang F, Mao X, Sun J (2017) Changes of myocardial 

lipidomics profiling in a rat model of diabetic cardiomyopathy using UPLC/Q-TOF/MS 

analysis. Diabetology & Metabolic Syndrome 9 (1):56. 

Dowling JJ, Lawlor MW, Dirksen RT (2014) Triadopathies: An Emerging Class of Skeletal 

Muscle Diseases. Neurotherapeutics 11 (4):773-785. 

Dubé JJ, Broskey NT, Despines AA, Stefanovic-Racic M, Toledo FGS, Goodpaster BH, Amati F 

(2016) Muscle Characteristics and Substrate Energetics in Lifelong Endurance Athletes. 

Med Sci Sports Exer 48 (3):472-480. 

Dudek J (2017) Role of Cardiolipin in Mitochondrial Signaling Pathways. Front Cell Dev Biol 5. 

Duncan A (2020) Monolysocardiolipin (MLCL) interactions with mitochondrial membrane 

proteins. Biochem Soc Trans 48(3):993. 

Dunn SE, Burns JL, Michel RN (1999) Calcineurin Is Required for Skeletal Muscle 

Hypertrophy. Int J STD AIDS 274 (31):21908-21912. 

Dunn SE, Michel RN (1997) Coordinated expression of myosin heavy chain isoforms and 

metabolic enzymes within overloaded rat muscle fibers. Am J Physiol 273 (2 Pt 1):C371-

383. 

Eble KS, Coleman WB, Hantgan RR, Cunningham CC (1990) Tightly associated cardiolipin in 

the bovine heart mitochondrial ATP synthase as analyzed by 31P nuclear magnetic 

resonance spectroscopy. J Biol Chem 265 (32):19434-19440. 

Edström L, Kugelberg E (1968) Histochemical composition, distribution of fibres and 

fatiguability of single motor units. Anterior tibial muscle of the rat. J Neurol Neurosurg 

Psychiatry 31 (5):424-433. 

Eisuke O, Naokata I, Koichi N (2007) Effects of Acute Eccentric Contractions on Rat Ankle 

Joint Stiffness. J Sports Sci Med 6 (4):543-548. 

Evans PL, McMillin SL, Weyrauch LA, Witczak CA (2019) Regulation of Skeletal Muscle 

Glucose Transport and Glucose Metabolism by Exercise Training. Nutrients 11 

(10):2432. 

Fajardo VA, Bombardier E, McMillan E, Tran K, Wadsworth BJ, Gamu D, Hopf A, Vigna C, 

Smith IC, Bellissimo C, Michel RN, Tarnopolsky MA, Quadrilatero J, Tupling AR 

(2015) Phospholamban overexpression in mice causes a centronuclear myopathy-like 

phenotype. Dis Model Mech 8 (8):999-1009. 

Fajardo VA, Gamu D, Mitchell A, Bloemberg D, Bombardier E, Chambers PJ, Bellissimo C, 

Quadrilatero J, Tupling AR (2017a) Sarcolipin deletion exacerbates soleus muscle 

atrophy and weakness in phospholamban overexpressing mice. PLOS ONE 12 (3). 

Fajardo VA, Mikhaeil JS, Leveille CF, Saint C, LeBlanc PJ (2017b) Cardiolipin content, linoleic 

acid composition, and tafazzin expression in response to skeletal muscle overload and 

unload stimuli. Sci Rep 7 (1):1-9. 

Fajardo VA, Mikhaeil JS, Leveille CF, Tupling AR, LeBlanc PJ (2018) Elevated whole muscle 

phosphatidylcholine: phosphatidylethanolamine ratio coincides with reduced SERCA 

activity in murine overloaded plantaris muscles. Lipids Health Dis 17 (1):47. 



68 

Fajardo VA, Rietze BA, Chambers PJ, Bellissimo C, Bombardier E, Quadrilatero J, Tupling AR 

(2017c) Effects of sarcolipin deletion on skeletal muscle adaptive responses to functional 

overload and unload. Am J Physiol 313 (2):C154-C161. 

Farup J, Kjølhede T, Sørensen H, Dalgas U, Møller AB, Vestergaard PF, Ringgaard S, Bojsen-

Møller J, Vissing K (2012) Muscle morphological and strength adaptations to endurance 

vs. resistance training. J Strength Cond Res 26 (2):398-407. 

Ferraro E, Giammarioli AM, Chiandotto S, Spoletini I, Rosano G (2014) Exercise-induced 

skeletal muscle remodeling and metabolic adaptation: redox signaling and role of 

autophagy. Antioxid Redox Signal 21 (1):154-176. 

Fitts RH, Trappe SW, Costill DL, Gallagher PM, Creer AC, Colloton PA, Peters JR, 

Romatowski JG, Bain JL, Riley DA (2010) Prolonged space flight-induced alterations in 

the structure and function of human skeletal muscle fibres. J Physiol 588 (Pt 18):3567-

3592. 

Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the isolation and purification of 

total lipides from animal tissues. J Biol Chem 226 (1):497-509. 

Fosset M, Jaimovich E, Delpont E, Lazdunski M (1983) [3H]nitrendipine receptors in skeletal 

muscle. Int J STD AIDS 258 (10):6086-6092. 

Frontera WR, Ochala J (2015) Skeletal Muscle: A Brief Review of Structure and Function. 

Calcif Tissue Int 96 (3):183-195. 

Fry M, Green DE (1981) Cardiolipin requirement for electron transfer in complex I and III of the 

mitochondrial respiratory chain. J Biol Chemistry 256 (4):1874-1880. 

Fujii T, Namba K (2017) Structure of actomyosin rigour complex at 5.2 Å resolution and 

insights into the ATPase cycle mechanism. Nature Comm 8 (1):13969. 

Gao B, Wang W, Wu H, Chen C, Shen D, Wang S, Chen W, Zhang L, Chan S, Song C (2018) 

Changes in Skeletal Muscle and Body Weight on Sleeping Beauty Transposon-Mediated 

Transgenic Mice Overexpressing Pig mIGF-1. Biochem Genet 56 (4):341-355. 

Gardiner PF, Jasmin BJ, Corriveau P (1991) Rostrocaudal pattern of fiber-type changes in an 

overloaded rat ankle extensor. J Appl Physiol 71 (2):558-564. 

Goh Q, Millay DP (2017) Requirement of myomaker-mediated stem cell fusion for skeletal 

muscle hypertrophy. eLife 6:e20007. 

Goldberg AL (1967) Work-induced growth of skeletal muscle in normal and hypophysectomized 

rats. Am J Physiol 213 (5):1193-1198. 

Goldberg AL (1968) PROTEIN SYNTHESIS DURING WORK-INDUCED GROWTH OF 

SKELETAL MUSCLE. J Cell Biol 36 (3):653-658. 

Goldberg AL (1969) Protein Turnover in Skeletal Muscle I. PROTEIN CATABOLISM 

DURING WORK-INDUCED HYPERTROPHY AND GROWTH INDUCED WITH 

GROWTH HORMONE. Int J STD AIDS 244 (12):3217-3222. 

Goldberg AL, Etlinger JD, Goldspink DF, Jablecki C (1975) Mechanism of work-induced 

hypertrophy of skeletal muscle. Med Science Sports Exer 7 (3):185-198. 

Gollnick PD, Timson BF, Moore RL, Riedy M (1981) Muscular enlargement and number of 

fibers in skeletal muscles of rats. J Appl Physiol Respir Environ Exerc Physiol 50 

(5):936-943. 

Gondin J, Brocca L, Bellinzona E, D'Antona G, Maffiuletti NA, Miotti D, Pellegrino MA, 

Bottinelli R (2010) Neuromuscular electrical stimulation training induces atypical 

adaptations of the human skeletal muscle phenotype: a functional and proteomic analysis. 

J Appl Physiol 110 (2):433-450. 



69 

Gondin J, Brocca L, Bellinzona E, D'Antona G, Maffiuletti NA, Miotti D, Pellegrino MA, 

Bottinelli R (2011) Neuromuscular electrical stimulation training induces atypical 

adaptations of the human skeletal muscle phenotype: a functional and proteomic analysis. 

J Appl Physiol (1985) 110 (2):433-450. 

Gondin J, Guette M, Ballay Y, Martin A (2005) Electromyostimulation Training Effects on 

Neural Drive and Muscle Architecture. Med Sci Sports Exer 37 (8):1291-1299. 

Gonyea WJ (1980) Role of exercise in inducing increases in skeletal muscle fiber number. J 

Appl Physiol 48 (3):421-426. 

Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You J-S, Hornberger TA (2011) 

The role of skeletal muscle mTOR in the regulation of mechanical load-induced growth. J 

Physiol 589 (Pt 22):5485-5501. 

Goodman CA, Kotecki JA, Jacobs BL, Hornberger TA (2012) Muscle Fiber Type-Dependent 

Differences in the Regulation of Protein Synthesis. PLOS ONE 7 (5). 

Gordon AM, Homsher E, Regnier M (2000) Regulation of contraction in striated muscle. Physiol 

Rev 80 (2):853-924. 

Gordon BS, Díaz DCD, White JP, Carson JA, Kostek MC (2012) Six1 and Six1 cofactor 

expression is altered during early skeletal muscle overload in mice. J Physiol Sci 62 

(5):393-401. 

Greaser ML, Gergely J (1973) Purification and Properties of the Components from Troponin. Int 

J STD AIDS 248 (6):2125-2133. 

Gregory CM, Dixon W, Bickel CS (2007) Impact of varying pulse frequency and duration on 

muscle torque production and fatigue. Muscle & Nerve 35 (4):504-509. 

Griggs RC, Kingston W, Jozefowicz RF, Herr BE, Forbes G, Halliday D (1989) Effect of 

testosterone on muscle mass and muscle protein synthesis. J Appl Physiol 66 (1):498-

503. 

Grobet L, Martin LJ, Poncelet D, Pirottin D, Brouwers B, Riquet J, Schoeberlein A, Dunner S, 

Ménissier F, Massabanda J, Fries R, Hanset R, Georges M (1997) A deletion in the 

bovine myostatin gene causes the double-muscled phenotype in cattle. Nature Genetics 

17 (1):71-74. 

Gu Z, Valianpour F, Chen S, Vaz FM, Hakkaart GA, Wanders RJA, Greenberg ML (2004) 

Aberrant cardiolipin metabolism in the yeast taz1 mutant: a model for Barth syndrome. 

Molecular Microbiol 51 (1):149-158. 

Guerci A, Lahoute C, Hébrard S, Collard L, Graindorge D, Favier M, Cagnard N, Batonnet-

Pichon S, Précigout G, Garcia L, Tuil D, Daegelen D, Sotiropoulos A (2012) Srf-

dependent paracrine signals produced by myofibers control satellite cell-mediated 

skeletal muscle hypertrophy. Cell Metab 15 (1):25-37. 

Hackenbrock CR (1968) ULTRASTRUCTURAL BASES FOR METABOLICALLY LINKED 

MECHANICAL ACTIVITY IN MITOCHONDRIA. J Cell Biol 37 (2):345-369. 

Hajra AK, Bishop JE (1982) Glycerolipid Biosynthesis in Peroxisomes Via the Acyl 

Dihydroxyacetone Phosphate Pathway*. Ann New York Acad Sci 386 (1):170-182. 

Harber MP, Konopka AR, Douglass MD, Minchev K, Kaminsky LA, Trappe TA, Trappe S 

(2009) Aerobic exercise training improves whole muscle and single myofiber size and 

function in older women. Am J Physiol 297 (5):R1452-R1459. 

Hatch GM (1994) Cardiolipin biosynthesis in the isolated heart. Biochem J 297(Pt 1):201-208. 



70 

Hatch GM, Cao SG, Angel A (1995) Decrease in cardiac phosphatidylglycerol in streptozotocin-

induced diabetic rats does not affect cardiolipin biosynthesis: evidence for distinct pools 

of phosphatidylglycerol in the heart. Biochem J 306 (Pt 3):759-764. 

Hatch GM, McClarty G (1996) Regulation of cardiolipin biosynthesis in H9c2 cardiac myoblasts 

by cytidine 5'-triphosphate. J Biol Chem 271 (42):25810-25816. 

Haun CT, Vann CG, Roberts BM, Vigotsky AD, Schoenfeld BJ, Roberts MD (2019) A Critical 

Evaluation of the Biological Construct Skeletal Muscle Hypertrophy: Size Matters but So 

Does the Measurement. Front Physiol 10. 

Hennig R, Lømo T (1985) Firing patterns of motor units in normal rats. Nature 314 (6007):164-

166. 

Herzig S, Shaw RJ (2018) AMPK: guardian of metabolism and mitochondrial homeostasis. Nat 

Rev Mol Cell Biol 19 (2):121-135. 

Hill M, Goldspink G (2003) Expression and splicing of the insulin-like growth factor gene in 

rodent muscle is associated with muscle satellite (stem) cell activation following local 

tissue damage. J Physiol 549 (Pt 2):409-418. 

Hogan PG, Chen L, Nardone J, Rao A (2003) Transcriptional regulation by calcium, calcineurin, 

and NFAT. Genes Dev 17 (18):2205-2232. 

Holloszy JO (1967) Biochemical Adaptations in Muscle EFFECTS OF EXERCISE ON 

MITOCHONDRIAL OXYGEN UPTAKE AND RESPIRATORY ENZYME ACTIVITY 

IN SKELETAL MUSCLE. Int J STD AIDS 242 (9):2278-2282. 

Holloway GP, Fajardo VA, McMeekin L, LeBlanc PJ (2012) Unsaturation of Mitochondrial 

Membrane Lipids is Related to Palmitate Oxidation in Subsarcolemmal and 

Intermyofibrillar Mitochondria. J Membrane Biol 245 (4):165-176. 

Holloway TM, Snijders T, Van Kranenburg J, Van Loon LJC, Verdijk LB (2018) Temporal 

Response of Angiogenesis and Hypertrophy to Resistance Training in Young Men. Med 

Sci Sports Exerc 50 (1):36-45. 

Homsher E (1987) MUSCLE ENTHALPY PRODUCTION AND ITS RELATIONSHIP TO 

ACTOMYOSIN ATPase. Ann Rev Physiol 49 (1):673-690. 

Hood DA (2001) Invited Review: Contractile activity-induced mitochondrial biogenesis in 

skeletal muscle. J Appl Physiol 90 (3):1137-1157. 

Hornberger TA, Chu WK, Mak YW, Hsiung JW, Huang SA, Chien S (2006) The role of 

phospholipase D and phosphatidic acid in the mechanical activation of mTOR signaling 

in skeletal muscle. Proc Natl Acad Sci U S A 103 (12):4741-4746. 

Horsley V, Jansen KM, Mills ST, Pavlath GK (2003) IL-4 Acts as a Myoblast Recruitment 

Factor during Mammalian Muscle Growth. Cell 113 (4):483-494. 

Horvath SE, Daum G (2013) Lipids of mitochondria. Prog Lipid Res 52 (4):590-614. 

Horwath O, Apró W, Moberg M, Godhe M, Helge T, Ekblom M, Hirschberg AL, Ekblom B 

(2020) Fiber type-specific hypertrophy and increased capillarization in skeletal muscle 

following testosterone administration in young women. J Appl Physiol 128 (5):1240-

1250. 

Houtkooper RH, Rodenburg RJ, Thiels C, Lenthe Hv, Stet F, Poll-The BT, Stone JE, Steward 

CG, Wanders RJ, Smeitink J, Kulik W, Vaz FM (2009) Cardiolipin and 

monolysocardiolipin analysis in fibroblasts, lymphocytes, and tissues using high-

performance liquid chromatography–mass spectrometry as a diagnostic test for Barth 

syndrome. Anal Biochem 387 (2):230-237. 



71 

Howald H, Hoppeler H, Claassen H, Mathieu O, Straub R (1985) Influences of endurance 

training on the ultrastructural composition of the different muscle fiber types in humans. 

Pflugers Arch 403 (4):369-376. 

Hsu Y-H, Dumlao DS, Cao J, Dennis EA (2013) Assessing Phospholipase A2 Activity toward 

Cardiolipin by Mass Spectrometry. PLOS ONE 8 (3). 

Hwee DT, Bodine SC (2009) Age-related deficit in load-induced skeletal muscle growth. J 

Gerontol A Biol Sci Med Sci 64 (6):618-628. 

Iida K, Itoh E, Kim D-S, del Rincon JP, Coschigano KT, Kopchick JJ, Thorner MO (2004) 

Muscle mechano growth factor is preferentially induced by growth hormone in growth 

hormone-deficient lit/lit mice. J Physiol 560 (Pt 2):341-349. 

Ikon N, Ryan RO (2017) Cardiolipin and mitochondrial cristae organization. Biochim Biophys 

Acta 1859 (6):1156-1163. 

Inui M, Saito A, Fleischer S (1987) Isolation of the ryanodine receptor from cardiac 

sarcoplasmic reticulum and identity with the feet structures. J Biol Chem 262:15637-

15642. 

Ito N, Ruegg UT, Kudo A, Miyagoe-Suzuki Y, Takeda Si (2013) Activation of calcium signaling 

through Trpv1 by nNOS and peroxynitrite as a key trigger of skeletal muscle 

hypertrophy. Nature Med 19 (1):101-106. 

Jäger S, Handschin C, St.-Pierre J, Spiegelman BM (2007) AMP-activated protein kinase 

(AMPK) action in skeletal muscle via direct phosphorylation of PGC-1α. PNAS 104 

(29):12017-12022. 

James NT (1979) Studies on the responses of different types of muscle fibre during surgically 

induced compensatory hypertrophy. J Anat 129 (Pt 4):769-776. 

Jefferies HB, Reinhard C, Kozma SC, Thomas G (1994) Rapamycin selectively represses 

translation of the "polypyrimidine tract" mRNA family. Proc Natl Acad Sci U S A 91 

(10):4441-4445. 

Kadi F, Eriksson A, Holmner S, Butler-Browne GS, Thornell LE (1999) Cellular adaptation of 

the trapezius muscle in strength-trained athletes. Histochem Cell Biol 111 (3):189-195. 

Kalista S, Schakman O, Gilson H, Lause P, Demeulder B, Bertrand L, Pende M, Thissen JP 

(2012) The Type 1 Insulin-Like Growth Factor Receptor (IGF-IR) Pathway Is Mandatory 

for the Follistatin-Induced Skeletal Muscle Hypertrophy. Endocrinology 153 (1):241-253. 

Kambadur R, Sharma M, Smith TPL, Bass JJ (1997) Mutations in myostatin (GDF8) in Double-

Muscled Belgian Blue and Piedmontese Cattle. Genome Res 7 (9):910-915. 

Kawada S, Ishii N (2005) Skeletal Muscle Hypertrophy after Chronic Restriction of Venous 

Blood Flow in Rats. Med Sci Sports Exer 37 (7):1144-1150. 

Khodabukus A, Madden L, Prabhu NK, Koves TR, Jackman CP, Muoio DM, Bursac N (2019) 

Electrical stimulation increases hypertrophy and metabolic flux in tissue-engineered 

human skeletal muscle. Biomaterials 198:259-269. 

Kirby TJ, Lee JD, England JH, Chaillou T, Esser KA, McCarthy JJ (2015) Blunted hypertrophic 

response in aged skeletal muscle is associated with decreased ribosome biogenesis. J 

Appl Physiol (1985) 119 (4):321-327. 

Kirby TJ, Patel RM, McClintock TS, Dupont-Versteegden EE, Peterson CA, McCarthy JJ (2016) 

Myonuclear transcription is responsive to mechanical load and DNA content but 

uncoupled from cell size during hypertrophy. Mol Biol Cell 27 (5):788-798. 

Kirkwood SP, Munn EA, Brooks GA (1986) Mitochondrial reticulum in limb skeletal muscle. 

Am J Physiol 251 (3):C395-C402. 



72 

Kirschbaum BJ, Kucher HB, Termin A, Kelly AM, Pette D (1990) Antagonistic effects of 

chronic low frequency stimulation and thyroid hormone on myosin expression in rat fast-

twitch muscle. Int J STD AIDS 265 (23):13974-13980. 

Kobayashi J, Uchida H, Kofuji A, Ito J, Shimizu M, Kim H, Sekiguchi Y, Kushibe S (2019) 

Molecular regulation of skeletal muscle mass and the contribution of nitric oxide: A 

review. FASEB Bioadv 1 (6):364-374. 

Konopka AR, Harber MP (2014) Skeletal Muscle Hypertrophy after Aerobic Exercise Training. 

Exer Sport Sci Rev 42 (2):53-61. 

Konopka AR, Trappe TA, Jemiolo B, Trappe SW, Harber MP (2011) Myosin Heavy Chain 

Plasticity in Aging Skeletal Muscle With Aerobic Exercise Training. J Gerontol A Biol 

Sci Med Sci 66A (8):835-841. 

Koopman R, Zorenc AHG, Gransier RJJ, Cameron-Smith D, van Loon LJC (2006) Increase in 

S6K1 phosphorylation in human skeletal muscle following resistance exercise occurs 

mainly in type II muscle fibers. Am J Physiol 290 (6):E1245-E1252. 

Kosek DJ, Kim J-s, Petrella JK, Cross JM, Bamman MM (2006) Efficacy of 3 days/wk 

resistance training on myofiber hypertrophy and myogenic mechanisms in young vs. 

older adults. J Appl Physiol 101 (2):531-544. 

Koves TR, Noland RC, Bates AL, Henes ST, Muoio DM, Cortright RN (2005) Subsarcolemmal 

and intermyofibrillar mitochondria play distinct roles in regulating skeletal muscle fatty 

acid metabolism. Am J Physiol 288 (5):C1074-1082. 

Kroemer G, Petit P, Zamzami N, Vayssière JL, Mignotte B (1995) The biochemistry of 

programmed cell death. FASEB J 9 (13):1277-1287. 

Kryger AI, Andersen JL (2007) Resistance training in the oldest old: consequences for muscle 

strength, fiber types, fiber size, and MHC isoforms. Scand J Med Sci Sports 17 (4):422-

430. 

Kutik S, Rissler M, Guan XL, Guiard B, Shui G, Gebert N, Heacock PN, Rehling P, Dowhan W, 

Wenk MR, Pfanner N, Wiedemann N (2008) The translocator maintenance protein 

Tam41 is required for mitochondrial cardiolipin biosynthesis. J Cell Biol 183 (7):1213-

1221. 

Kwong WH, Vrbová G (1981) Effects of low-frequency electrical stimulation on fast and slow 

muscles of the rat. Pflugers Arch 391 (3):200-207. 

Lange C, Nett JH, Trumpower BL, Hunte C (2001) Specific roles of protein-phospholipid 

interactions in the yeast cytochrome bc1 complex structure. EMBO J 20 (23):6591-6600. 

Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder HD, Boushel R, 

Helge JW, Dela F, Hey-Mogensen M (2012) Biomarkers of mitochondrial content in 

skeletal muscle of healthy young human subjects. J Physiol 590 (Pt 14):3349-3360. 

Latres E, Amini AR, Amini AA, Griffiths J, Martin FJ, Wei Y, Lin HC, Yancopoulos GD, Glass 

DJ (2005) Insulin-like Growth Factor-1 (IGF-1) Inversely Regulates Atrophy-induced 

Genes via the Phosphatidylinositol 3-Kinase/Akt/Mammalian Target of Rapamycin 

(PI3K/Akt/mTOR) Pathway. Int J STD AIDS 280 (4):2737-2744. 

Laurino L, Wang XX, Houssaye BAdl, Sosa L, Dupraz S, Cáceres A, Pfenninger KH, Quiroga S 

(2005) PI3K activation by IGF-1 is essential for the regulation of membrane expansion at 

the nerve growth cone. J Cell Sci 118 (16):3653-3662. 

Le Grand F, Jones AE, Seale V, Scimè A, Rudnicki MA (2009) Wnt7a Activates the Planar Cell 

Polarity Pathway to Drive the Symmetric Expansion of Satellite Stem Cells. Cell Stem 

Cell 4 (6):535-547. 



73 

Lee S-J (2007) Quadrupling Muscle Mass in Mice by Targeting TGF-ß Signaling Pathways. 

PLOS ONE 2 (8). 

Lee WJ, Thompson RW, McClung JM, Carson JA (2003) Regulation of androgen receptor 

expression at the onset of functional overload in rat plantaris muscle. Am J Physiol 285 

(5):R1076-R1085. 

Li J, Romestaing C, Han X, Li Y, Hao X, Wu Y, Sun C, Jefferson LS, Xiong J, LaNoue KF, 

Chang Z, Lynch CJ, Wang H, Shi Y (2010) Cardiolipin Remodeling by ALCAT1 Links 

Oxidative Stress and Mitochondrial Dysfunction to Obesity. Cell Metab 12 (2):154-165. 

Li P, Akimoto T, Zhang M, Williams RS, Yan Z (2006) Resident stem cells are not required for 

exercise-induced fiber-type switching and angiogenesis but are necessary for activity-

dependent muscle growth. Am J Physiol 290 (6):C1461-1468. 

Li S, Czubryt MP, McAnally J, Bassel-Duby R, Richardson JA, Wiebel FF, Nordheim A, Olson 

EN (2005) Requirement for serum response factor for skeletal muscle growth and 

maturation revealed by tissue-specific gene deletion in mice. Proc Natl Acad Sci U S A 

102 (4):1082-1087. 

Lieber RL (1986) Skeletal Muscle Adaptability. I: Review of Basic Properties. Dev Med Child 

Neuro 28 (3):390-397. 

Liu H-l, Zhao G, Zhang H, Shi L-d (2013) Long-term treadmill exercise inhibits the progression 

of Alzheimer's disease-like neuropathology in the hippocampus of APP/PS1 transgenic 

mice. Behav Brain Res 256:261-272. 

Liu Y, Cseresnyés Z, Randall WR, Schneider MF (2001) Activity-dependent nuclear 

translocation and intranuclear distribution of NFATc in adult skeletal muscle fibers. J 

Cell Biol 155 (1):27-40. 

London DR, Foley TH, Webb CG (1965) Evidence for the Release of Individual Amino-acids 

from the Resting Human Forearm. Nature 208 (5010):588-589. 

Lowe DA, Alway SE (2002) Animal Models for Inducing Muscle Hypertrophy: Are They 

Relevant for Clinical Applications in Humans? J Orthop Sports Phys Ther 32 (2):36-43. 

Lu B, Kelher MR, Lee DP, Lewin TM, Coleman RA, Choy PC, Hatch GM (2004) Complex 

expression pattern of the Barth syndrome gene product tafazzin in human cell lines and 

murine tissues. Biochem Cell Biol 82 (5):569-576. 

Lu Y-W, Claypool SM (2015) Disorders of phospholipid metabolism: an emerging class of 

mitochondrial disease due to defects in nuclear genes. Front Genet 6. 

Lu YW, Galbraith L, Herndon JD, Lu YL, Pras-Raves M, Vervaart M, Van Kampen A, Luyf A, 

Koehler CM, McCaffery JM, Gottlieb E, Vaz FM, Claypool SM (2016) Defining 

functional classes of Barth syndrome mutation in humans. Human Mol Genetics 25 

(9):1754-1770. 

Lundby C, Jacobs RA (2016) Adaptations of skeletal muscle mitochondria to exercise training. 

Exp Physiol 101 (1):17-22. 

Lymn RW, Taylor EW (1971) Mechanism of adenosine triphosphate hydrolysis by actomyosin. 

Biochemistry 10 (25):4617-4624. 

MacDougall JD, Sale DG, Elder GC, Sutton JR (1982) Muscle ultrastructural characteristics of 

elite powerlifters and bodybuilders. Eur J Appl Physiol 48 (1):117-126. 

MacIntosh BR, Holash RJ, Renaud J-M (2012) Skeletal muscle fatigue – regulation of 

excitation–contraction coupling to avoid metabolic catastrophe. J Cell Sci 125 (9):2105. 

Macková E, Melichna J, Havlícková L, Placheta Z, Blahová D, Semiginovský B (1986) Skeletal 

muscle characteristics of sprint cyclists and nonathletes. Int J Sports Med 7 (5):295-297. 



74 

MacLennan DH, Brandl CJ, Korczak B, Green NM (1985) Amino-acid sequence of a Ca 2+ + 

Mg 2+ -dependent ATPase from rabbit muscle sarcoplasmic reticulum, deduced from its 

complementary DNA sequence. Nature 316 (6030):696-700. 

Mak AS, Smillie LB (1981) Non-polymerizable tropomyosin: Preparation, some properties and 

F-actin binding. Biochem Biophys Res Comm 101 (1):208-214. 

Marino JS, Tausch BJ, Dearth CL, Manacci MV, McLoughlin TJ, Rakyta SJ, Linsenmayer MP, 

Pizza FX (2008) β2-Integrins contribute to skeletal muscle hypertrophy in mice. Am J 

Physiol 295 (4):C1026-C1036. 

Martel GF, Roth SM, Ivey FM, Lemmer JT, Tracy BL, Hurlbut DE, Metter EJ, Hurley BF, 

Rogers MA (2006) Age and sex affect human muscle fibre adaptations to heavy-

resistance strength training. Exp Physiol 91 (2):457-464. 

Mavalli MD, DiGirolamo DJ, Fan Y, Riddle RC, Campbell KS, Groen Tv, Frank SJ, Sperling 

MA, Esser KA, Bamman MM, Clemens TL (2010) Distinct growth hormone receptor 

signaling modes regulate skeletal muscle development and insulin sensitivity in mice. J 

Clin Invest 120 (11):4007-4020. 

McCall GE, Byrnes WC, Fleck SJ, Dickinson A, Kraemer WJ (1999) Acute and Chronic 

Hormonal Responses to Resistance Training Designed to Promote Muscle Hypertrophy. 

Can J Appl Physiol 24 (1):96-107. 

McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, Lawson BA, 

Grimes B, Keller C, Van Zant G, Campbell KS, Esser KA, Dupont-Versteegden EE, 

Peterson CA (2011) Effective fiber hypertrophy in satellite cell-depleted skeletal muscle. 

Development 138 (17):3657-3666. 

McCullagh KJA, Calabria E, Pallafacchina G, Ciciliot S, Serrano AL, Argentini C, Kalhovde 

JM, Lømo T, Schiaffino S (2004) NFAT is a nerve activity sensor in skeletal muscle and 

controls activity-dependent myosin switching. Proc Natl Acad Sci U S A 101 (29):10590-

10595. 

McPherron AC, Lawler AM, Lee SJ (1997) Regulation of skeletal muscle mass in mice by a new 

TGF-beta superfamily member. Nature 387 (6628):83-90. 

Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, Shearwood A-MJ, Haugen E, Bracken 

CP, Rackham O, Stamatoyannopoulos JA, Filipovska A, Mattick JS (2011) The human 

mitochondrial transcriptome. Cell 146 (4):645-658. 

Mikkola J, Rusko H, Izquierdo M, Gorostiaga EM, Häkkinen K (2012) Neuromuscular and 

Cardiovascular Adaptations During Concurrent Strength and Endurance Training in 

Untrained Men. Int J Sports Med 33 (09):702-710. 

Miller MS, Callahan DM, Tourville TW, Slauterbeck JR, Kaplan A, Fiske BR, Savage PD, Ades 

PA, Beynnon BD, Toth MJ (2017) Moderate-intensity resistance exercise alters skeletal 

muscle molecular and cellular structure and function in inactive older adults with knee 

osteoarthritis. J Appl Physiol 122 (4):775-787. 

Mishra P, Varuzhanyan G, Pham AH, Chan DC (2015) Mitochondrial dynamics is a 

distinguishing feature of skeletal muscle fiber types and regulates organellar 

compartmentalization. Cell Metab 22 (6):1033-1044. 

Mitchell TW, Turner N, Hulbert AJ, Else PL, Hawley JA, Lee JS, Bruce CR, Blanksby SJ (2004) 

Exercise alters the profile of phospholipid molecular species in rat skeletal muscle. J 

Appl Physiol 97 (5):1823-1829. 



75 

Moore TM, Mortensen XM, Ashby CK, Harris AM, Kump KJ, Laird DW, Adams AJ, Bray JK, 

Chen T, Thomson DM (2017) The effect of caffeine on skeletal muscle anabolic 

signaling and hypertrophy. Appl Physiol Nutr Metab 42 (6):621-629. 

Musar, McCullagh K, Paul A, Houghton L, Dobrowolny G, Molinaro M, Barton E, Sweeney H, 

Rosenthal N (2001) Localized Igf-1 transgene expression sustains hypertrophy and 

regeneration in senescent skeletal muscle. Nature Genetics 27:195-200. 

Naya FJ, Mercer B, Shelton J, Richardson JA, Williams RS, Olson EN (2000) Stimulation of 

Slow Skeletal Muscle Fiber Gene Expression by Calcineurin in Vivo. Int J STD AIDS 

275 (7):4545-4548. 

Noble EG, Pettigrew FP (1989) Appearance of "transitional" motor units in overloaded rat 

skeletal muscle. J Appl Physiol 67 (5):2049-2054. 

Nunnari J, Suomalainen A (2012) Mitochondria: In Sickness and in Health. Cell 148 (6):1145-

1159. 

Oemer G, Koch J, Wohlfarter Y, Alam MT, Lackner K, Sailer S, Neumann L, Lindner HH, 

Watschinger K, Haltmeier M, Werner ER, Zschocke J, Keller MA (2020) Phospholipid 

Acyl Chain Diversity Controls the Tissue-Specific Assembly of Mitochondrial 

Cardiolipins. Cell Rep 30 (12):4281-4291 e4284. 

Ogasawara R, Kobayashi K, Tsutaki A, Lee K, Abe T, Fujita S, Nakazato K, Ishii N (2013) 

mTOR signaling response to resistance exercise is altered by chronic resistance training 

and detraining in skeletal muscle. J Appl Physiol 114 (7):934-940. 

Ogata T, Murata F (1969) Cytological features of three fiber types in human striated muscle. 

Tohoku J Exp Med 99 (3):225-245. 

Olha AE, Jasmin BJ, Michel RN, Gardiner PF (1988) Physiological responses of rat plantaris 

motor units to overload induced by surgical removal of its synergists. J Neurophysiol 60 

(6):2138-2151. 

Olofsson G, Sparr E (2013) Ionization constants pKa of cardiolipin. PLOS ONE 8 (9):e73040-

e73040. 

Ørtenblad N, Nielsen J, Boushel R, Söderlund K, Saltin B, Holmberg H-C (2018) The Muscle 

Fiber Profiles, Mitochondrial Content, and Enzyme Activities of the Exceptionally Well-

Trained Arm and Leg Muscles of Elite Cross-Country Skiers. Front Physiol 9. 

Ostojic O, O'Leary MF, Singh K, Menzies KJ, Vainshtein A, Hood DA (2013) The effects of 

chronic muscle use and disuse on cardiolipin metabolism. J Appl Physiol (1985) 114 

(4):444-452. 

Ou Y, Wilson RE, Weber SG (2018) Methods of Measuring Enzyme Activity Ex Vivo and In 

Vivo. Ann Rev Analyt chem 11 (1):509-533. 

Park S-Y, Yun Y, Lim J-S, Kim M-J, Kim S-Y, Kim J-E, Kim I-S (2016) Stabilin-2 modulates 

the efficiency of myoblast fusion during myogenic differentiation and muscle 

regeneration. Nature Comm 7. 

Parvaresh KC, Huber AM, Brochin RL, Bacon PL, McCall GE, Huey KA, Hyatt J-PK (2010) 

Acute vascular endothelial growth factor expression during hypertrophy is muscle 

phenotype specific and localizes as a striated pattern within fibres. Exp Physiol 95 

(11):1098-1106. 

Paul AC, Rosenthal N (2002) Different modes of hypertrophy in skeletal muscle fibers. J Cell 

Biol 156 (4):751-760. 

Pereira MG, Dyar KA, Nogara L, Solagna F, Marabita M, Baraldo M, Chemello F, Germinario 

E, Romanello V, Nolte H, Blaauw B (2017) Comparative Analysis of Muscle 



76 

Hypertrophy Models Reveals Divergent Gene Transcription Profiles and Points to 

Translational Regulation of Muscle Growth through Increased mTOR Signaling. Front 

Physiol 8:968. 

Pérez-Schindler J, Summermatter S, Santos G, Zorzato F, Handschin C (2013) The 

transcriptional coactivator PGC-1α is dispensable for chronic overload-induced skeletal 

muscle hypertrophy and metabolic remodeling. Proc Natl Acad Sci U S A 110 

(50):20314-20319. 

Pfeiffer K, Gohil V, Stuart RA, Hunte C, Brandt U, Greenberg ML, Schägger H (2003) 

Cardiolipin Stabilizes Respiratory Chain Supercomplexes. Int J STD AIDS 278 

(52):52873-52880. 

Phillips SM (2004) Protein requirements and supplementation in strength sports. Nutrition 20 

(7):689-695. 

Puigserver P (2005) Tissue-specific regulation of metabolic pathways through the transcriptional 

coactivator PGC1- α. Int J Obesity 29 (1):S5-S9. 

Randrianarison-Huetz V, Papaefthymiou A, Herledan G, Noviello C, Faradova U, Collard L, 

Pincini A, Schol E, Decaux JF, Maire P, Vassilopoulos S, Sotiropoulos A (2018) Srf 

controls satellite cell fusion through the maintenance of actin architecture. J Cell Biol 217 

(2):685-700. 

Rao A, Luo C, Hogan PG (1997) Transcription factors of the NFAT family: regulation and 

function. Annu Rev Immunol 15:707-747. 

Razgulin A, Ma N, Rao J (2011) Strategies for in vivo imaging of enzyme activity: an overview 

and recent advances. Chem Soc Rev 40 (7):4186-4216. 

Reibel DK, O'Rourke B, Foster KA, Hutchinson H, Uboh CE, Kent RL (1986) Altered 

phospholipid metabolism in pressure-overload hypertrophied hearts. Am J Physiol 250 (1 

Pt 2):H1-6. 

Renner LD, Weibel DB (2011) Cardiolipin microdomains localize to negatively curved regions 

of Escherichia coli membranes. PNAS 108 (15):6264-6269. 

Richter-Dennerlein R, Korwitz A, Haag M, Tatsuta T, Dargazanli S, Baker M, Decker T, 

Lamkemeyer T, Rugarli EI, Langer T (2014) DNAJC19, a mitochondrial cochaperone 

associated with cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin 

remodeling. Cell Metab 20 (1):158-171. 

Robinson NC (1993) Functional binding of cardiolipin to cytochromec oxidase. J Bioenerg 

Biomembr 25 (2):153-163. 

Rommel C, Bodine S, Clarke B, Rossman R, Nunez L, Stitt T, Yancopoulos G, Glass D (2001) 

Mediation of IGF-1-induced skeletal myotube hypertrophy by Pl(3)K/Alt/mTOR and 

Pl(3)K/Akt/GSK3 pathways. Nature Cell Biology 3:1009-1013. 

Roth SM, Ivey FM, Martel GF, Lemmer JT, Hurlbut DE, Siegel EL, Metter EJ, Fleg JL, Fozard 

JL, Kostek MC, Wernick DM, Hurley BF (2001) Muscle Size Responses to Strength 

Training in Young and Older Men and Women. J Am Geriatrics Soc 49 (11):1428-1433. 

Rothman JE, Lenard J (1977) Membrane asymmetry. Science 195 (4280):743-753. 

Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, Greene NP, Wu J, Estall JL, 

Irving BA, Lanza IR, Rasbach KA, Okutsu M, Nair KS, Yan Z, Leinwand LA, 

Spiegelman BM (2012) A PGC-1α isoform induced by resistance training regulates 

skeletal muscle hypertrophy. Cell 151 (6):1319-1331. 



77 

Rusnak A, Mangat R, Xu F, McClarty G, Hatch GM (1997) Cardiolipin remodeling in a Chinese 

hamster lung fibroblast cell line deficient in oxidative energy production. J Bioenerg 

Biomembr 29 (3):291-298. 

Russell B, Motlagh D, Ashley WW (2000) Form follows function: how muscle shape is 

regulated by work. J Appl Physiol 88 (3):1127-1132. 

Saini-Chohan HK, Holmes MG, Chicco AJ, Taylor WA, Moore RL, McCune SA, Hickson-Bick 

DL, Hatch GM, Sparagna GC (2009) Cardiolipin biosynthesis and remodeling enzymes 

are altered during development of heart failure. J Lipid Res 50 (8):1600-1608. 

Sakamoto K, McCarthy A, Smith D, Green KA, Grahame Hardie D, Ashworth A, Alessi DR 

(2005) Deficiency of LKB1 in skeletal muscle prevents AMPK activation and glucose 

uptake during contraction. EMBO J 24 (10):1810-1820. 

Sandri M (2013) Protein breakdown in muscle wasting: Role of autophagy-lysosome and 

ubiquitin-proteasome. Int J Biochem Cell Biol 45 (10):2121-2129. 

Sathappa M, Alder NN (2016) The ionization properties of cardiolipin and its variants in model 

bilayers. Biochim Biophys Acta 1858 (6):1362-1372. 

Scarpulla R (2008) Transcriptional Paradigms in Mammalian Mitochondrial Biogenesis and 

Function. Physiol Rev 88:611-638. 

Schägger H, Pfeiffer K (2000) Supercomplexes in the respiratory chains of yeast and mammalian 

mitochondria. EMBO J 19 (8):1777-1783. 

Schiaffino S, Dyar KA, Ciciliot S, Blaauw B, Sandri M (2013) Mechanisms regulating skeletal 

muscle growth and atrophy. FEBS J 280 (17):4294-4314. 

Schiaffino S, Gorza L, Sartore S, Saggin L, Ausoni S, Vianello M, Gundersen K, Lømo T (1989) 

Three myosin heavy chain isoforms in type 2 skeletal muscle fibres. J Muscle Res Cell 

Motil 10 (3):197-205. 

Schiaffino S, Reggiani C (2011) Fiber Types in Mammalian Skeletal Muscles. Physiol Rev 91 

(4):1447-1531. 

Schlame M, Blais S, Edelman-Novemsky I, Xu Y, Montecillo F, Phoon CKL, Ren M, Neubert 

TA (2012) Comparison of cardiolipins from Drosophila strains with mutations in putative 

remodeling enzymes. Chem Phys Lipids 165 (5):512-519. 

Schlame M, Kelley RI, Feigenbaum A, Towbin JA, Heerdt PM, Schieble T, Wanders RJA, 

DiMauro S, Blanck TJJ (2003) Phospholipid abnormalities in children with Barth 

syndrome. Journal of the Am Coll Cardiol 42 (11):1994-1999. 

Schlame M, Ren M (2009) The role of cardiolipin in the structural organization of mitochondrial 

membranes. Biochim Biophys Acta 1788 (10):2080-2083. 

Schlame M, Xu Y (2020) The Function of Tafazzin, a Mitochondrial Phospholipid-

Lysophospholipid Acyltransferase. J Mol Biol 432 (18):5043-5051. 

Schlame M, Xu Y, Ren M (2017) The Basis for Acyl Specificity in the Tafazzin Reaction. J Biol 

Chem 292 (13):5499-5506. 

Schoenfeld BJ (2010) The Mechanisms of Muscle Hypertrophy and Their Application to 

Resistance Training. J Strength Cond Res 24 (10):2857-2872. 

Seiden D (1976) Quantitative analysis of muscle cell changes in compensatory hypertrophy and 

work-induced hypertrophy. Am J Anat 145 (4):459-465. 

Semsarian C, Sutrave P, Richmond DR, Graham RM (1999) Insulin-like growth factor (IGF-I) 

induces myotube hypertrophy associated with an increase in anaerobic glycolysis in a 

clonal skeletal-muscle cell model. Biochem J 339 (Pt 2):443-451. 



78 

Serrano AL, Baeza-Raja B, Perdiguero E, Jardí M, Muñoz-Cánoves P (2008) Interleukin-6 Is an 

Essential Regulator of Satellite Cell-Mediated Skeletal Muscle Hypertrophy. Cell Metab 

7 (1):33-44. 

Sharma M, Kambadur R, Matthews KG, Somers WG, Devlin GP, Conaglen JV, Fowke PJ, Bass 

JJ (1999) Myostatin, a transforming growth factor-beta superfamily member, is expressed 

in heart muscle and is upregulated in cardiomyocytes after infarct. J Cell Physiol 180 

(1):1-9. 

Sinha-Hikim I, Cornford M, Gaytan H, Lee ML, Bhasin S (2006) Effects of Testosterone 

Supplementation on Skeletal Muscle Fiber Hypertrophy and Satellite Cells in 

Community-Dwelling Older Men. J Clin Endocrinol Metab 91 (8):3024-3033. 

Sivaramakrishnan M, Burke M (1982) The free heavy chain of vertebrate skeletal myosin 

subfragment 1 shows full enzymatic activity. J Biol Chem 257 (2):1102-1105. 

Smeets JSJ, Horstman AMH, Vles GF, Emans PJ, Goessens JPB, Gijsen AP, van Kranenburg 

JMX, van Loon LJC (2019) Protein synthesis rates of muscle, tendon, ligament, cartilage, 

and bone tissue in vivo in humans. PLOS ONE 14 (11). 

Sola OM, Christensen DL, Martin AW (1973) Hypertrophy and hyperplasia of adult chicken 

anterior latissimus dorsi muscles following stretch with and without denervation. Exp 

Neurol 41 (1):76-100. 

Staron RS, Pette D (1993) The continuum of pure and hybrid myosin heavy chain-based fibre 

types in rat skeletal muscle. Histochemistry 100 (2):149-153. 

Stefanyk LE, Coverdale N, Roy BD, Peters SJ, LeBlanc PJ (2010) Skeletal Muscle Type 

Comparison of Subsarcolemmal Mitochondrial Membrane Phospholipid Fatty Acid 

Composition in Rat. J Membrane Biol 234 (3):207-215. 

Takarada Y, Takazawa H, Sato Y, Takebayashi S, Tanaka Y, Ishii N (2000) Effects of resistance 

exercise combined with moderate vascular occlusion on muscular function in humans. J 

Appl Physiol 88 (6):2097-2106. 

Talmadge RJ, Otis JS, Rittler MR, Garcia ND, Spencer SR, Lees SJ, Naya FJ (2004) Calcineurin 

activation influences muscle phenotype in a muscle-specific fashion. BMC Cell Biol 

5:28. 

Tamaki T, Uchiyama S, Nakano S (1992) A weight-lifting exercise model for inducing 

hypertrophy in the hindlimb muscles of rats. Med Sci Sports Exer 24 (8):881-886. 

Taylor WA, Hatch GM (2003) Purification and Characterization of Monolysocardiolipin 

Acyltransferase from Pig Liver Mitochondria. Int J STD AIDS 278 (15):12716-12721. 

Teague WE, Soubias O, Petrache H, Fuller N, Hines KG, Rand RP, Gawrisch K (2013) Elastic 

properties of polyunsaturated phosphatidylethanolamines influence rhodopsin function. 

Faraday Discuss 161 (0):383-395. 

Terada N, Patel HR, Takase K, Kohno K, Nairn AC, Gelfand EW (1994) Rapamycin selectively 

inhibits translation of mRNAs encoding elongation factors and ribosomal proteins. Proc 

Natl Acad Sci U S A 91 (24):11477-11481. 

Terena SML, Fernandes KPS, Bussadori SK, Deana AM, Mesquita-Ferrari RA (2017) 

Systematic review of the synergist muscle ablation model for compensatory hypertrophy. 

Rev Assoc Med Bras (1992) 63 (2):164-172. 

Tham YK, Bernardo BC, Huynh K, Ooi JYY, Gao XM, Kiriazis H, Giles C, Meikle PJ, 

McMullen JR (2018a) Lipidomic Profiles of the Heart and Circulation in Response to 

Exercise versus Cardiac Pathology: A Resource of Potential Biomarkers and Drug 

Targets. Cell Rep 24 (10):2757-2772. 



79 

Tham YK, Huynh K, Mellett NA, Henstridge DC, Kiriazis H, Ooi JYY, Matsumoto A, Patterson 

NL, Sadoshima J, Meikle PJ, McMullen JR (2018b) Distinct lipidomic profiles in models 

of physiological and pathological cardiac remodeling, and potential therapeutic strategies. 

Biochim Biophys Acta Mol Cell Biol Lipids 1863 (3):219-234. 

Thompson RW, McClung JM, Baltgalvis KA, Davis JM, Carson JA (2006) Modulation of 

overload-induced inflammation by aging and anabolic steroid administration. Exp 

Gerontol 41 (11):1136-1148. 

Thomson DM, Gordon SE (2005) Diminished overload-induced hypertrophy in aged fast-twitch 

skeletal muscle is associated with AMPK hyperphosphorylation. J Appl Physiol 98 

(2):557-564. 

Timson BF, Dudenhoeffer GA (1990) Skeletal muscle fibre number in the rat from youth to 

adulthood. J Anat 173:33-36. 

Toyoshima C (2008) Structural aspects of ion pumping by Ca2+-ATPase of sarcoplasmic 

reticulum. Arch Biochem Biophys 476 (1):3-11. 

Trappe S, Costill D, Gallagher P, Creer A, Peters JR, Evans H, Riley DA, Fitts RH (2009) 

Exercise in space: human skeletal muscle after 6 months aboard the International Space 

Station. J Appl Physiol 106 (4):1159-1168. 

Trappe S, Trappe T, Gallagher P, Harber M, Alkner B, Tesch P (2004) Human single muscle 

fibre function with 84 day bed-rest and resistance exercise. J Physiol 557 (Pt 2):501-513. 

Trappe SW, Costill DL, Fink WJ, Pearson DR (1995) Skeletal muscle characteristics among 

distance runners: a 20-yr follow-up study. J Appl Physiol 78 (3):823-829. 

Trendelenburg AU, Meyer A, Rohner D, Boyle J, Hatakeyama S, Glass DJ (2009) Myostatin 

reduces Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and myotube 

size. Am J Physiol 296 (6):C1258-1270. 

Tsutaki A, Ogasawara R, Kobayashi K, Lee K, Kouzaki K, Nakazato K (2013a) Effect of 

Intermittent Low-Frequency Electrical Stimulation on the Rat Gastrocnemius Muscle. 

Biomed Res Int 2013:480620. 

Tsutaki A, Ogasawara R, Kobayashi K, Lee K, Kouzaki K, Nakazato K (2013b) Effect of 

Intermittent Low-Frequency Electrical Stimulation on the Rat Gastrocnemius Muscle. 

Biomed Res Int 2013. 

Valenzuela PL, Aroeira A, Torrella J, de la Villa P (2016) The effect of high-frequency 

neuromuscular electrical stimulation training on skeletal muscle properties in mice. Arch 

Biol Sci 69:110-110. 

Valianpour F, Wanders RJ, Overmars H, Vreken P, Van Gennip AH, Baas F, Plecko B, Santer R, 

Becker K, Barth PG (2002) Cardiolipin deficiency in X-linked cardioskeletal myopathy 

and neutropenia (Barth syndrome, MIM 302060): a study in cultured skin fibroblasts. J 

Pediatr 141 (5):729-733. 

Van Linge B (1962) The response of muscle to strenuous exercise. Journal Bone Joint Surg 

British 44-B (3):711-721. 

van Loon LJC (2014) Is there a need for protein ingestion during exercise? Sports Med 44 Suppl 

1:S105-111. 

Vanderthommen M, Duteil S, Wary C, Raynaud JS, Leroy-Willig A, Crielaard JM, Carlier PG 

(2003) A comparison of voluntary and electrically induced contractions by interleaved 

1H- and 31P-NMRS in humans. J Appl Physiol 94 (3):1012-1024. 

Vaughan HS, Goldspink G (1979) Fibre number and fibre size in a surgically overloaded muscle. 

J Anat 129 (Pt 2):293-303. 



80 

Vaz FM, Houtkooper RH, Valianpour F, Barth PG, Wanders RJ (2003) Only one splice variant 

of the human TAZ gene encodes a functional protein with a role in cardiolipin 

metabolism. J Biol Chem 278 (44):43089-43094. 

von Maltzahn J, Renaud J-M, Parise G, Rudnicki MA (2012) Wnt7a treatment ameliorates 

muscular dystrophy. Proc Natl Acad Sci U S A 109 (50):20614-20619. 

von der Malsburg K, Müller Judith M, Bohnert M, Oeljeklaus S, Kwiatkowska P, Becker T, 

Loniewska-Lwowska A, Wiese S, Rao S, Milenkovic D, Hutu Dana P, Zerbes Ralf M, 

Schulze-Specking A, Meyer Helmut E, Martinou J-C, Rospert S, Rehling P, Meisinger C, 

Veenhuis M, Warscheid B, van der Klei Ida J, Pfanner N, Chacinska A, van der Laan M 

(2011) Dual Role of Mitofilin in Mitochondrial Membrane Organization and Protein 

Biogenesis. Dev Cell 21 (4):694-707. 

Wallace DC (2007) Why Do We Still Have a Maternally Inherited Mitochondrial DNA? Insights 

from Evolutionary Medicine. Annu Rev Biochem 76 (1):781-821. 

Wang YX, Rudnicki MA (2012) Satellite cells, the engines of muscle repair. Nature Rev Mol 

Cell Biol 13 (2):127-133. 

Welle S, Bhatt K, Pinkert CA, Tawil R, Thornton CA (2007) Muscle growth after 

postdevelopmental myostatin gene knockout. Am J Physiol 292 (4):E985-991. 

White JP, Wrann CD, Rao RR, Nair SK, Jedrychowski MP, You JS, Martínez-Redondo V, Gygi 

SP, Ruas JL, Hornberger TA, Wu Z, Glass DJ, Piao X, Spiegelman BM (2014) G 

protein-coupled receptor 56 regulates mechanical overload-induced muscle hypertrophy. 

Proc Natl Acad Sci U S A 111 (44):15756-15761. 

White RB, Biérinx A-S, Gnocchi VF, Zammit PS (2010) Dynamics of muscle fibre growth 

during postnatal mouse development. BMC Dev Biol 10:21. 

Widrick JJ, Maddalozzo GF, Hu H, Herron JC, Iwaniec UT, Turner RT (2008) Detrimental 

effects of reloading recovery on force, shortening velocity, and power of soleus muscles 

from hindlimb-unloaded rats. Am J Physiol 295 (5):R1585-R1592. 

Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA, Rennie MJ 

(2008) Differential effects of resistance and endurance exercise in the fed state on 

signalling molecule phosphorylation and protein synthesis in human muscle. J Physiol 

586 (Pt 15):3701-3717. 

Wolfe RR (2006) The underappreciated role of muscle in health and disease. Am J Clin Nutr 84 

(3):475-482. 

Wollweber F, von der Malsburg K, van der Laan M (2017) Mitochondrial contact site and cristae 

organizing system: A central player in membrane shaping and crosstalk. Biochim 

Biophys Acta 1864 (9):1481-1489. 

Wu F, Jeneson JAL, Beard DA (2007) Oxidative ATP synthesis in skeletal muscle is controlled 

by substrate feedback. Am J Physiol 292 (1):C115-124. 

Xu Y, Erdjument-Bromage H, Phoon CKL, Neubert TA, Ren M, Schlame M (2021) Cardiolipin 

remodeling enables protein crowding in the inner mitochondrial membrane. EMBO J 40 

(23):e108428. 

Xu Y, Kelley RI, Blanck TJJ, Schlame M (2003) Remodeling of Cardiolipin by Phospholipid 

Transacylation. Int J STD AIDS 278 (51):51380-51385. 

Xu Y, Malhotra A, Ren M, Schlame M (2006) The Enzymatic Function of Tafazzin. Int J STD 

AIDS 281 (51):39217-39224. 



81 

Xu Y, Zhang S, Malhotra A, Edelman-Novemsky I, Ma J, Kruppa A, Cernicica C, Blais S, 

Neubert TA, Ren M, Schlame M (2009) Characterization of tafazzin splice variants from 

humans and fruit flies. J Biol Chem 284 (42):29230-29239. 

Yang SY, Goldspink G (2002) Different roles of the IGF-I Ec peptide (MGF) and mature IGF-I 

in myoblast proliferation and differentiation. FEBS Letters 522 (1-3):156-160. 

Yarasheski KE, Lemon PW, Gilloteaux J (1990) Effect of heavy-resistance exercise training on 

muscle fiber composition in young rats. J Appl Physiol 69 (2):434-437. 

You JS, Lincoln HC, Kim CR, Frey JW, Goodman CA, Zhong XP, Hornberger TA (2014) The 

role of diacylglycerol kinase ζ and phosphatidic acid in the mechanical activation of 

mammalian target of rapamycin (mTOR) signaling and skeletal muscle hypertrophy. J 

Biol Chem 289 (3):1551-1563. 

Zhang J, Guan Z, Murphy AN, Wiley SE, Perkins GA, Worby CA, Engel JL, Heacock P, 

Nguyen OK, Wang JH, Raetz CRH, Dowhan W, Dixon JE (2011) Mitochondrial 

phosphatase PTPMT1 is essential for cardiolipin biosynthesis. Cell Metab 13 (6):690-

700. 

Zhang M, Mileykovskaya E, Dowhan W (2002) Gluing the respiratory chain together. 

Cardiolipin is required for supercomplex formation in the inner mitochondrial membrane. 

J Biol Chem 277 (46):43553-43556. 

Zheng Y-l, Ma H-m, Zheng Y-m, Wang Y-s, Zhang B-w, He X-y, He X-n, Liu J, Zhang Y 

(2012) Site-directed mutagenesis of the myostatin gene in ovine fetal myoblast cells in 

vitro. Res Vet Sci 93 (2):763-769. 

Zou Y, Dong Y, Meng Q, Zhao Y, Li N (2018) Incorporation of a skeletal muscle-specific 

enhancer in the regulatory region of Igf1 upregulates IGF1 expression and induces 

skeletal muscle hypertrophy. Sci Rep 8 (1):2781. 

 

  



82 

Appendix 

  



83 

A)       B) 

   

C) 

 

Figure A1. A) HPTLC of CL (5, 10, 15, 20, and 25 µg) spotted consecutively from left to right. 

B) Linearity plot of CL (µg) against band intensity (AU). C) Representative HPTLC plate. 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; AU, arbitrary units; CL, cardiolipin; 

HPTLC, high performance thin layer chromatography. 
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Figure A2. A) HPTLC of PE (5, 10, 15, 20, and 25 µg) spotted consecutively from left to right. 

B) Linearity plot of PE (µg) against band intensity (AU). C) Representative HPTLC plate. 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; AU, arbitrary units; PE, 

phosphatidyl ethanolamine; HPTLC, high performance thin layer chromatography. 
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Figure A3. A) HPTLC of PC (5, 10, 15, 20, and 25 µg) spotted consecutively from left to right. 

B) Linearity plot of PC (µg) against band intensity (AU). C) Representative HPTLC plate. 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; AU, arbitrary units; PC, 

phosphatidyl choline; HPTLC, high performance thin layer chromatography. 
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Figure A4. A) Chemiluminescence Western blot image showing MHC IIA expression in 

plantaris (2, 4, 6, 8, 10, 12, 14, 16, and 18 µg protein) loaded consecutively from left to right. B) 

Linearity plot for MHC IIA expression in plantaris with total protein (µg) plotted against MHC 

IIA chemiluminescence band intensity (AU). C) Representative Western blot and Ponceau 

image. D) Representative full lane western blot. 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; AU, arbitrary units; MHC, myosin heavy chain. 
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Figure A5. A) Chemiluminescence Western blot image showing MHC IIX expression in 

plantaris (2, 4, 6, 8, 10, 12, and 14 µg protein) loaded consecutively from left to right. B) 

Linearity plot for MHC IIX expression in plantaris with total protein (µg) plotted against MHC 

IIX chemiluminescence band intensity (AU). C) Representative Western blot and Ponceau 

image. D) Representative full lane western blot. 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; AU, arbitrary units; MHC, myosin heavy chain.  
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Figure A6. A) Chemiluminescence Western blot image showing MHC IIB expression in 

plantaris (1, 1.25, 1.5, 1.75, and 2 µg protein) loaded consecutively from left to right. B) 

Linearity plot for MHC IIB expression in plantaris with total protein (µg) plotted against MHC 

IIB chemiluminescence band intensity (AU). C) Representative Western blot and Ponceau 

image. D) Representative full lane western blot. 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; AU, arbitrary units; MHC, myosin heavy chain.  
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Figure A7. A) Chemiluminescence Western blot image showing TAMM41 expression in 

plantaris (2, 4, 6, and 8 µg protein) loaded consecutively from left to right. In mice, TAMM41 is 

found as both 37 and 25 kDa isoforms, however the 37 kDa isoform is the canonical isoform; 

UniProt Knowledgebase, uniport.org). B) Linearity plot for TAMM41 expression in plantaris 

with total protein (µg) plotted against TAMM41 chemiluminescence band intensity (AU). C) 

Representative Western blot and Ponceau image. D) Representative full lane western blot. 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; AU, arbitrary units; TAMM41, 

translocator assembly and maintenance mitochondria homolog 41.  
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Figure A8. A) Chemiluminescence Western blot image showing CRLS1 expression in plantaris 

(2, 4, 6, 8, 10, and 12µg protein) loaded consecutively from left to right. In mice, CRLS1 is 

found as both 50 and 32 kDa isoforms, however the 32 kDa isoform is the canonical isoform; 

UniProt Knowledgebase, uniport.org). B) Linearity plot for CRLS1 expression in plantaris with 

total protein (µg) plotted against CRLS1 chemiluminescence band intensity (AU). C) 

Representative Western blot and Ponceau image. D) Representative full lane western blot. 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; AU, arbitrary units; CRLS1, 

cardiolipin synthase 1.  
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Figure A9. A) Chemiluminescence Western blot image showing PTPMT1 expression in 

plantaris (2, 4, 6, 8,10, and 12 µg protein) loaded consecutively from left to right. In mice, 

PTPMT1 is found as ~35 and ~25 kDa isoforms along with smaller molecular weight fragments, 

however the 25 kDa isoform is the canonical isoform; UniProt Knowledgebase, uniport.org). B) 

Linearity plot for PTPMT1 expression in plantaris with total protein (µg) plotted against 

PTPMT1 chemiluminescence band intensity (AU). C) Representative Western blot and Ponceau 

image. D) Representative full lane western blot. 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; AU, arbitrary units; PTPMT1, protein tyrosine phosphatase mitochondrial 1. 
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Figure A10. A) Chemiluminescence Western blot image showing PGS1 expression in the 

plantaris (2, 4, 6, 8,10, and 12 µg protein) loaded consecutively from left to right. The 

manufacturer indicates reactivity with a protein at ~62 kDa in mouse liver which is also the 

complete protein, however there are a number of fragments that have been identified, including 

at 15 and 39 kDa (UniProt Knowledgebase, uniport.org). B) Linearity plot for PGS1 expression 

in plantaris with total protein (µg) plotted against PGS1 chemiluminescence band intensity (AU). 

C) Representative Western blot and Ponceau image. D) Representative full lane western blot. 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; AU, arbitrary units; PGS1, 

phosphatidylglycerophosphate synthase 1.  
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Figure A11. A) Chemiluminescence Western blot image showing Taz expression in the plantaris 

(10, 15, 20, 25, 30, 35, and 40 µg protein) loaded consecutively from left to right. B) Linearity 

plot for 32 kDa Taz expression in plantaris with total protein (µg) plotted against Taz 

chemiluminescence band intensity (AU). C) Representative Western blot and Ponceau image. D) 

Representative full lane western blot. 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; AU, arbitrary units; Taz, tafazzin. 
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