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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; RichterDennerlein 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 Ttubule, 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;

14

Table 1.The different adaptations which can be induced in skeletal muscles which experienced
different environmental stimuli.
Stimuli
Reference
Adaptations
Resistance exercise
(Gonyea 1980)
Increase in fiber diameter and fiber number
(cat)
(MacDougall et al.
1982)

Increase in total fiber number (human)

(Yarasheski et al. 1990)

Slow to fast fiber type switch and increase in
type IIB fibers (rat)

(Tamaki et al. 1992)

Increase in total fiber number (rat)

(Roth et al. 2001)

Increase in muscle volume (human)

(Koopman et al. 2006)

Increase in type I fibers, increase in CSA of
type II fibers compared to type I (human)

(Kosek et al. 2006)

Shift from type IIX to IIA and increases in
the CSA of type I and II fibers (human)

(Martel et al. 2006)

Increase in fibers CSA and type I fiber
percentage (human)

(Kryger and Andersen
2007)

Slow to fast fiber type conversions(human)

(Bickel et al. 2011)

Increases in strength, myofiber size and
muscle mass and fiber type switch from type
IIX to type IIA (human)

(Farup et al. 2012)

Increase in fiber size and total muscle CSA
(human)

(Antonio-Santos et al.
2016)

Slow to fast fiber type switch (rat)

(Miller et al. 2017)

Increases in the CSA of the quadriceps
muscles and single fibers and increases in
intermyofibrillar mitochondrial content due
to increased mitochondrial size (human)

(Holloway et al. 2018)

Increases in the CSA of type I and type II
muscle fibers (human)

15

Table 1 continued.
Stimuli
Endurance exercise

Hormones-IGF-1

Reference
(Macková et al. 1986)

Adaptations
Increased mean diameter of muscles and fast to
slow muscle fiber switch (human)

(Coggan et al. 1992)

Increase in CSA of type I and type IIA fibers and
fast to slow fiber type switch (human)

(Harber et al. 2009)

Increase in MHC I fiber size (human)

(Konopka et al. 2011)

Increased size and distribution of MHC I fibers
(human)

(Mikkola et al. 2012)

Increased CSA of quadriceps femoris muscles
(human)

(Van Linge 1962)

Formation of new fibers (rat)

(Holloszy 1967)

Increased aerobic work capacity of mitochondria
(rat)

(Howald et al. 1985)

Increase in mitochondrial volume density in all
fiber types (human)

(Adams and McCue
1998; Barton-Davis et
al. 1999)

Increased rate of protein synthesis and recruitment
of satellite cells (rodent).

(Yang and Goldspink
2002; Hill and
Goldspink 2003)

Fusion of muscle cell and satellite cells-myonuclei
donation. Activation, differentiation, and
proliferation of satellite cells during myoblast
proliferation (rat and C2C12 mouse myoblasts)

(Schoenfeld 2010)

Increased protein metabolism and muscle growth.
Activates gene expression of L-type Ca2+channels
thus activation of anabolic pathways which cause
hypertrophy (human, rodent)

(Dubé et al. 2016)

Fast to slow fiber type switch (human)

(Ørtenblad et al. 2018)

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
Hormones-testosterone

Hormone-GH

Reference
(Griggs et al. 1989)

Adaptations
Increased muscle mass by increasing muscle
protein synthesis (human)

(Sinha-Hikim et al.
2006; Horwath et al.
2020)

Increases in CSA of fibers and satellite cell number
(human)

(McCall et al. 1999)

Hypertrophy or increase in size of type I and type II
muscle fibers (human)

(Takarada et al. 2000)

Hypertrophy and increase in strength of muscles
(human)

(Iida et al. 2004)

Induction of IGF-1 pathway (mouse)

(Kawada and Ishii
2005)

Increased weight of muscle and fiber CSA (rat)

Hypoxia
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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; IL6,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
Neural electrical
stimulation

Myostatin knock-out
(KO) model

Reference
(Kwong and Vrbová
1981; Gondin et al.
2010; Gondin et al.
2011)

Adaptations
Increased CSA of fibers and fast to slow fiber
type transition (humans and rats).

(Gondin et al. 2005)

Increased muscle mass and CSA of individual
fibers and whole muscle (humans).

(Dal Corso et al. 2007)

Increased CSA of type II fibers (humans).

(Tsutaki et al. 2013a)

Slow to fast fiber type transition (rats).

(Valenzuela et al. 2016)

Increased muscle mass and increased CSA of
muscle fibers (mice).

(Khodabukus et al.
2019)

Greater myotube size, myobundle size and the
abundance of sarcomeric protein (humans)

(Ansay and Hanset
1979)

Double muscle phenotype – increased size of
muscles (cow)

(Grobet et al. 1997)

Double muscled phenotype-increased muscle
size (cow)

(Kambadur et al. 1997)

Double-muscled phenotype and increases in
body weight and mass (cow)

(McPherron et al. 1997)

Increased muscle mass, fiber number, mean
fibre diameter and fiber CSA (mice)

(Lee 2007)

Increased muscle weight- doubling of muscle
mass, muscle fiber number, mean fiber
diameter (mice).

(Amthor et al. 2009)

Increase in number of myofibers, fiber area
and fiber length. Decrease in satellite number
and myonuclei per fiber (mice)

(Crispo et al. 2015)

Increased body weight and double muscle
phenotype (sheep)
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Table 2 continued.
Model of hypertrophy
Synergist ablation

Reference
(Adams et al. 1999)

Adaptations
Increased muscle wet weight and muscle
protein (rat)

(Dunn et al. 1999)

Increased muscle mass, CSA of all fiber types
(mouse)

(Bodine et al. 2001b)

Increased muscle weight and fiber crosssectional area (rat)

(Lee et al. 2003)

Increased muscle wet weight (rat)

(DiPasquale et al. 2007) Increased muscle mass and total protein
(mouse)

Tenotomy

(Marino et al. 2008)

Increased wet & dry muscle mass, myofiber
CSA and total protein content (mouse)

(Parvaresh et al. 2010)

Increases in absolute and relative muscle
mass, respectively (rat)

(Goodman et al. 2011)

Increased fiber size and fiber number (mouse)

(Goodman et al. 2012)

Increased protein synthesis and fiber CSA
(mouse)

(Gordon et al. 2012)

Increased muscle wet weight (mouse)

(Bentzinger et al. 2013)

Increased muscle weight (mouse)

(Goldberg 1967)

Increased muscle cell diameters and wet
weights of muscles (rat)

(Goldberg 1968)

Increased muscle weight (rat)

(Seiden 1976)

Increase in cell volume due to increased
mitochondrial volume and decrease in
myofibrillar volume (rat)

(James 1979)

Increased muscle size and CSA of most fiber
types (mouse)

(Vaughan and
Goldspink 1979)

Increased muscle weight and fiber number
and fiber hypertrophy (mouse)
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Table 2 continued.
Models of hypertrophy
Reference
Tenotomy (cont’)
(Augert et al. 1985)

Adaptations
Increase in muscle protein and muscle
wet weight (mouse)

(Noble and Pettigrew
1989)

Increased muscle wet weight and a fast
to intermediate -fast fiber type shift (rat)

(Baillie and Garlick 1991)

Increased muscle wet weights (rat)

(Gardiner et al. 1991)

Increased muscle weight, type I fiber
type content and total CSA (rat)

(Moore et al. 2017)

Muscle hypertrophy and increased
muscle mass (mouse)

(Fajardo et al. 2017b)

Increased muscle: body weight ratio,
muscle mass, Taz protein content, CL
content and CL18:2n6 content and fast to
slow fiber type switch (mouse)

(Fajardo et al. 2017c)

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
MHC I

MHC IIA

MHC IIX

MHC IIB

Taz

TAMM41

PGS1

PTPMT1

Western blotting protocol
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
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
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
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
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
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
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
Gels: 12% resolving and 4% stacking
Protein loaded:10 ug
Gel electrophoresis conditions: 100V for 2hrs

35

CRLS1

Transfer: Semi-dry transfer (2.5 A, 25 V, 6 mins)
Blocking solution: 3% BSA
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.

37

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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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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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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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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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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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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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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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 overloadmediated 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 (SainiChohan 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).
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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.

84

A)

B)
35000

Band intensity (AU)

30000
25000
20000
15000
10000

R² = 0.9747

5000

0
0

10

20

30

PC (µg)

C)
S3

T3

S7

T7

S10

T10

S14

T14

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.
90

A)

B)
12000
R² = 0.8897

Band intensity (AU)

10000
8000
6000
4000
2000
0
0

C)

5
10
Total protein (µg)

15

D)
S3 T3

S7

T7 S10 T10 S14 T14

PTPMT1

Ponceau

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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