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Abstract 
Skeletal muscle is composed of fiber types that differ in mitochondrial content, 

antioxidant capacity, and susceptibility to apoptosis. Ceramides have been linked to 

apoptosis by increasing mitochondrial permeability, a common hallmark of apoptotic 

signalling. The enzyme neutral sphingomyelinase (nSMase) generates ceramides by 

hydrolysing sphingomyelin. Despite the role of ceramides in mediating apoptosis, there 

is a gap in the literature regarding nSMase in skeletal muscle mitochondria. This study 

aimed to characterize activity and content of nSMase isoforms in isolated 

subsarcolemmal (SS) mitochondria from soleus, diaphragm, plantaris, and extensor 

digitorum longus (EDL). Total nSMase activity did not differ between isolated SS 

mitochondria. nSMase2 content was higher in SS mitochondria from EDL compared to 

soleus or diaphragm, and positively correlated to total nSMase activity in soleus. 

nSMase3 was undetectable in all samples, suggesting it is not associated with SS 

mitochondria, and likely does not contribute to total nSMase activity in SS mitochondria.  
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Chapter 1 - Introduction 

 Lipids are essential for the development and evolution of life. Due to their 

amphipathic nature, lipids can aggregate and form lipid bilayers, allowing for the 

compartmentalization of regions within the cell and providing a barrier of protection 

from the external environment. The compartmentalized regions within the cell all have 

specialized functions, which is determined not only by the type of lipids, but also by the 

types of proteins found embedded within the membrane. One class of lipids found in all 

eukaryotic cells are known as sphingolipids (SL). Originally believed to be purely 

structural, recent evidence has shown that SL are very bioactive, mediating a vast array 

of cell signals and responses such as autophagy, cell senescence, and apoptosis. 

Ceramides are widely regarded as an important SL, as they function as a “hub” in SL 

signalling. Ceramides are known regulators of apoptosis, as evidenced by their increase 

after exposure to pro-apoptotic agents. In skeletal muscle, apoptosis is increased during 

prolonged periods of disuse resulting in atrophy and impaired function. Skeletal muscle 

is composed of a mixture of fiber types (type I, IIa, IIx, and IIb). Literature shows that 

different muscle types have different susceptibility to apoptosis and atrophy. 

Differences in ceramide generation may be responsible for this difference in 

susceptibility to atrophy. Neutral sphingomyelinases (nSMase) are important enzymes 

which produce ceramides through sphingomyelin hydrolysis. There are 4 isoforms of 

nSMase (nSMase 1-3, as well as a mitochondrial specific MA-nSMase). The level of 

expression, content and activity of the various nSMase isoforms have not been 

characterized in muscles of varying fiber type composition. 
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Chapter 2 - Literature Review 

 This chapter will review the current literature as it relates to (a) skeletal muscle 

heterogeneity, complexity, and fiber type composition, (b) mitochondrial structure, 

function, its role as a crucial mediator of apoptosis and its importance to skeletal 

muscle, and (c) the role calcium, sphingolipid metabolites, and neutral 

sphingomyelinase plays in influencing mitochondrial-mediated apoptosis, as these are 

topics that are important to the rationale of the current study. 

Skeletal Muscle 

Skeletal muscle is a metabolically active organ, which makes up roughly 40-50% 

total bodyweight of an individual. It is also highly plastic, able to undergo acute and 

chronic adaptions in response to changes in energy demand. Skeletal muscle is very 

heterogenous, displaying a range of phenotypic characteristics within a single muscle 

group. For example, any given muscle is composed of a mixture of fast and slow twitch 

muscle fibers, with different metabolic preferences, fatigability, and contractile 

properties (Schiaffino and Reggiani, 2011; Tavi and Westerblad, 2011). Metabolic 

preference refers to the choice of fuel for the fiber to generate ATP for energy. Fast 

fibers rely on glycolysis from glycogen to generate ATP without the involvement of 

mitochondria, which provides the advantage of quick ATP synthesis, but comes at the 

expense of fatiguing rather quickly. On the other hand, slow muscle fibers rely on 

oxidative metabolism to produce ATP and rely more on mitochondria to produce this 

energy. The disadvantage here is the relatively slower rate of ATP synthesis, but these 

muscles are fatigue resistant (Schiaffino and Reggiani, 2011) 
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Skeletal Muscle Fiber Type Composition 

 There are four types of skeletal muscle fibers identified to date; the slow 

oxidative type I, the fast oxidative-glycolytic type IIa, and the fast-glycolytic type IIb and 

IIx (Schiaffino and Reggiani, 2011). In any muscle, there is a mixture of these four fiber 

types, with various composition of each depending on the functional role of the muscle 

itself. For example, postural muscles such as soleus, which are active for extended 

periods of time, are composed of greater type I fibers compared to the transiently active 

extensor digitorum longus (EDL), which has a greater proportion of type II fibers 

(Schiaffino and Reggiani, 2011). The various skeletal muscle fiber types also differ in 

oxidative capacity and mitochondrial content, being higher in type I and IIa compared to 

type IIx and IIb (Delp and Duan, 1996; Schiaffino and Serrano, 2002). 

Mitochondrial Subpopulations 

Mitochondria are organelles found throughout the cell, essential for providing 

energy. It is composed of an outer mitochondrial membrane, which is highly porous and 

separates the cytosol from the intermembrane space, as well as an inner membrane, 

which is highly selective and provides a barrier between the intermembrane space and 

the mitochondrial matrix. Skeletal muscle contains two subpopulations of mitochondria; 

subsarcolemmal (SS) and intermyofibrillar (IMF). SS mitochondria are found within close 

proximity to the sarcolemma, on the periphery of the cell, where as IMF mitochondria 

are found between the myofibrils (Hollander et al., 2014; Kuznetsov et al., 2006; 

Schiaffino and Reggiani, 2011). These two subpopulations of mitochondria have some 

key differences that are matched to their respective role in energy production. For 

example, IMF mitochondria contain higher content and expression of proteins 
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associated with oxidative phosphorylation compared with SS mitochondria (Ferreira et 

al., 2010b). This is likely due to their location, as contracting muscle requires large 

amounts of ATP, which is generated from IMF mitochondria. On the other hand, SS 

mitochondria provide ATP for the variety of membrane pumps and proteins found on 

the sarcolemma. Interestingly, there appears to be differences between IMF and SS in 

terms of reactive oxygen species (ROS) production sensitivity. Specifically, IMF 

mitochondria have a higher sensitivity to H2O2-induced apoptosis, despite producing 

almost 3-fold less ROS when compared to SS mitochondria (Adhihetty et al., 2005, 

2007). These differences in susceptibility to apoptosis between the two mitochondrial 

fractions are likely attributed to differences in the expression of key proteins known to 

mediate mitochondrial permeability (see section below titled Mitochondrial 

Permeability Transition Pore) Despite differences in mitochondrial subpopulations, most 

of the literature has studied SS mitochondria due to the technical difficulties associated 

with isolating IMF mitochondria. As such, for the purpose of this thesis, the focus will be 

on SS mitochondria.  

Mitochondria and Reactive Oxygen Species in Skeletal Muscle 

The topological organization of mitochondria is crucial to its ability to generate 

ATP via the electron transport chain (ETC) (Mannella, 2006). The ETC is a series of 

enzymes found exclusively embedded in the inner mitochondrial membrane. These 

enzymes are reduced, and subsequently oxidized through a series of redox reactions, 

which is ultimately driven by molecular oxygen. The transfer of electrons along the 

membrane through the ETC is coupled with the active transport of protons across the 
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membrane through the different complexes of the ETC, thus establishing a proton 

gradient across the inner mitochondrial membrane. The passive flow of hydrogen from a 

high to low concentration gradient provides energy, which is coupled to ATP synthase to 

generate ATP (Mailloux et al., 2014).  

 As electrons are being transported from donor to acceptor enzymes of the ETC, 

there is a possibility that some of these electrons will “slip” and leak before reaching 

oxygen, leading to the generation of ROS (Fig. 1). If only one electron leaks, it will form 

superoxide, whereas if a pair of electrons leak, hydrogen peroxide will be generated 

(Brand, 2016; Echtay et al., 2005). In skeletal muscle, there are different types of ROS 

produced, the main ones being nitrous oxide (NO) and superoxide (Dillard et al., 1978; 

Jackson, 2005; Powers and Jackson, 2008; Steinbacher and Eckl, 2015). ROS generation 

in the mitochondria comes mainly from complex I and III of the ETC, glycerol-3-

phosphate dehydrogenase, and as a by product of fatty acid beta-oxidation (Görlach et 

al., 2015). Skeletal muscle contains a variety of enzymatic and non-enzymatic systems 

that provide protection against ROS. Superoxide dismutase 1 (SOD1) and SOD2 are the 

main enzymes that neutralize the highly reactive superoxide molecules by converting 

them to H2O2 (Fig. 1). SOD1 is located in the intermembrane space, while SOD2 is found 

in the mitochondrial matrix (Fukai and Ushio-Fukai, 2011). 

Historically, mitochondria were believed to be a major site of ROS production in 

skeletal muscle (Boveris et al., 1972; Turrens, 2003), and it was believed to be elevated 

during exercise (Dillard et al., 1978; Jackson, 2005; Powers and Jackson, 2008). Logically, 

this would make sense, given that contracting muscle requires a constant supply of ATP.   
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Figure 1. ROS generation from the electron transport chain.  

ROS are generated in the ETC primarily at complex I and complex III. As electrons are 

being shuttled from one complex to the next, there exists the possibility that some of 

these electrons will slip prematurely before reaching complex IV. This electron can 

reduce molecular oxygen leading to the formation of superoxide. Superoxide Dismutase 

(SOD), found in the mitochondrial matrix (SOD2) and in the intermembrane space 

(SOD1), produces H2O2 and water from superoxide.  
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The enzymes of the ETC are highly active in contracting muscle, and electron flow 

through these complexes occurs much more frequently, increasing the chance of 

slippage and ROS formation. However, previous research suggested that ROS generation 

is highest when mitochondrial membranepotential is also high (Korshunov et al., 1997). 

This situation (high membrane potential) is often seen in skeletal muscle when 

transitioning from exercise (maximal ADP stimulated state 3 respiration) to rest (basal 

state 4 respiration) (Kavazis et al., 2014; Korshunov et al., 1997; Murphy, 2009). At the 

cessation of exercise, energy demand and ATP synthesis decreases relatively quickly, 

thus the shuttling of electrons is no longer coupled to ATP generation. During this 

transition, the proton motive force promotes superoxide formation, which leads to an 

increase in ROS generation from the mitochondria (Mason et al., 2020; Sharaf et al., 

2017). Furthermore, Anderson & Neufer (2006) also demonstrated that mitochondria 

from predominantly glycolytic muscle produced more ROS per amount of oxygen 

consumed compared to more oxidative muscle. Together, this suggests that transiently 

active muscles (i.e. tibialis anterior, white gastrocnemius, extensor digitorum longus) 

that are more likely to undergo frequent exercise-to-rest transitions will produce more 

mitochondrial ROS compared to constitutively active muscles (i.e. soleus, diaphragm). 

Furthermore, type I fibers contain a stronger antioxidant defense system, equipped with 

more enzymes, thus making these fibers much better at neutralizing ROS compared to 

type II fibers (Anderson and Neufer, 2006; Kavazis et al., 2014). Therefore, the influence 

of ROS is greater in glycolytic muscle compared to oxidative muscle. 
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At physiological levels, ROS play a beneficial role in skeletal muscle, regulating 

adaptive responses during muscle training such as gene expression, force production, 

and fatigue (Jackson, 2005; Kavazis et al., 2014; Steinbacher and Eckl, 2015). Under 

conditions where ROS is elevated for extended periods of time, it can have detrimental 

effects in the cell; including increased expression of genes that regulate the proteolysis 

pathway, activation of calpain and caspase 3 (Powers et al., 2012), and peroxidation of 

lipids, proteins, and nucleic acids, resulting in cell death (Ayala et al., 2014; Echtay et al., 

2005; Nita and Grzybowski, 2016; Rhoads, 2006). 

Cell Death 

Biological Relevance 

Cell death is an event in which a biologically active cell ceases to carry out its 

functions. This may occur naturally, as is the case when a cell reaches the end of its life 

cycle and needs to be removed to make room for newer cells. Cell death can also be a 

result of tissue damage, infections, radiation etc. There are two types of cell death; 

necrosis and programmed cell death (which includes apoptosis and autophagy). 

Necrosis and apoptosis are two different processes, each of which display very distinct 

characteristics that help identify the two. 

Necrosis 

Necrosis is almost always caused by an external signal, such as traumatic tissue 

damage, UV radiation, infection, exposure to extreme weather etc. During necrosis, cells 

experience uncontrolled swelling, which eventually leads to a rupture of the plasma 

membrane and spillage of the cell contents into the extracellular space. This event is 
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followed by macrophage infiltration to remove the foreign material, and often results in 

damage to the surrounding healthy tissue (Elmore, 2007; Orrenius et al., 2015). 

Autophagy and Apoptosis 

In contrast to necrosis, autophagy and apoptosis is very tightly regulated and 

controlled, with no inflammation or secondary tissue damage (Bohm, 2003; 

Proskuryakov et al., 2003). Autophagy is a self-degradation mechanism that aims to 

protect the cell from progressing to death under stress. This mechanism is responsible 

for removing and recycling misfolded proteins and damaged organelles (Glick et al., 

2010). In this regard, autophagy may be a protective mechanism promoting cell survival. 

When autophagy is not enough to rescue the cell, apoptosis may be triggered. Apoptosis 

can be initiated internally or externally. The external signal of apoptosis is initiated by 

the binding of a ligand to a death receptor found on the cell membrane, which results in 

caspase activation (Kantari and Walczak, 2011). Briefly, ligand binding to the death 

receptor results in a conformational change to initiator caspases such as caspase 8 and 

10. These active caspases can cleave and activate other caspases such as caspase 3 and 

7, initiating the apoptotic cascade (Ichim and Tait, 2016). The intrinsic pathway of 

apoptosis is different in that this signaling cascade initiates from within an individual 

cell, rather than from outside. 

Intrinsic Pathway of Apoptosis 

 The intrinsic pathway of apoptosis can be triggered by a variety of different 

signals, such as high mitochondrial calcium, oxidative stress, and mitochondrial 

membrane permeabilization (see subsequent sections below). Intrinsic apoptosis 
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involves many proteins and signals that initiate from mitochondria that are coordinated 

to act on specific targets, eventually resulting in mitochondrial fragmentation, swelling, 

and mitochondrial membrane permeabilization (Fig 2; Cosentino and García-Sáez, 2014; 

Elmore, 2007). This is followed by the release of cytochrome c (cyt C) and other 

proapoptotic factors from the mitochondria such as apoptotic inducing factor (AIF), 

endonuclease G (Endo G), and second mitochondria-derived activator of caspases/direct 

IAP-binding protein with low PI (SMAC/DIABLO) (Bernardi and Di Lisa, 2015; Bernardi et 

al., 2006; Bonora and Pinton, 2014; Kagan et al., 2005). The Bcl-2 family of proteins are 

responsible for regulating apoptosis in mitochondria (Cosentino and García-Sáez, 2014; 

Desagher and Martinou, 2000; Elmore, 2007). These proteins can be classified as pro-

apoptotic such as Bax, Bak, Bim, and Bid, or anti-apoptotic which includes Bcl-2, Bcl-XL, 

and Bcl-x (Elmore, 2007; Tsujimoto, 1998). The fate of the cell ultimately depends on the 

interplay between these pro- and anti-apoptotic proteins (Gómez-Fernández, 2014). For 

example, overexpression of Bax has been shown to induce cyt C release from the 

mitochondria, which leads to an activation of caspases and the initiation of apoptosis. 

However, overexpression of Bcl-XL can prevent cyt C release and caspase activation by 

Bax, demonstrating its anti-apoptotic activity (Desagher and Martinou, 2000). 

The Bcl-2 Protein Family 

Features and Localization 

 As previously stated, the Bcl-2 family of proteins are classified as pro-apoptotic 

and anti-apoptotic. The pro-apoptotic proteins can either directly promote apoptosis 

through mitochondrial outer membrane permeabilization (MOMP), or indirectly, by 

activating the pro-apoptotic proteins that cause MOMP. For example, Bax and Bak form   
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Figure 2. Intrinsic pathway of apoptosis.  

The intrinsic pathway of apoptosis is regulated by the mitochondria. (1) Cellular stress 

can trigger apoptosis through the Bcl-2 family of proteins. (2) BH3-only proteins can 

promote apoptosis by activating the pro-apoptotic Bcl-2 proteins, or by inhibiting the 

anti-apoptotic proteins. Bcl-2 inhibits BAX activation. BH3-only proteins inhibit Bcl-2, 

leading to BAX activation and translocation to outer mitochondrial membrane. (3) BAK is 

inhibited by Bcl-xL. Again, BH3-only proteins inhibit Bcl-xL, leading to BAK activation. (4) 

Active BAK and BAX oligomerize, forming large pores in the mitochondrial outer 

membrane. (5) This permeabilization leads to the release of Cytochrome C from the 

inner membrane, which (6) activates caspase 9 and caspase 3, eventually leading to 

apoptosis.  
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large pores in the outer mitochondrial membrane, leading to MOMP. Bid and Bim, also 

known as the BH3-only proteins, exert their pro-apoptotic actions by either activating 

Bax and/or Bak, or by inhibiting the activity of the anti-apoptotic proteins such as Bcl-2 

or Bcl-XL, thus relieving their inhibitory effects on the pro-apoptotic proteins (Cosentino 

and García-Sáez, 2014). 

 Due to conserved regions in all members of the Bcl-2 family, many of these 

proteins can form homo- and heterodimers, allowing them to be regulated by one 

another (Desagher and Martinou, 2000; Tsujimoto, 1998). When a pro-apoptotic 

member forms a heterodimer with an anti-apoptotic member of the family, the activity 

is inhibited, thus blocking any apoptotic effect. The localization of the various Bcl-2 

proteins is ultimately determined by the proteins specific structure and amino acid 

sequence. In addition, most Bcl-2 proteins contain a hydrophobic tail region known as 

the transmembrane domain, which allows these proteins to be anchored to specific 

membranes. The amino acid sequence directly upstream or downstream from the 

transmembrane domain itself will determine the localization of the protein to a specific 

membrane (Schinzel et al., 2004). For example, Bcl-2, Bcl-XL, and Bak contain 

hydrophobic regions which allow it to insert itself into lipid bilayers, specifically the 

endoplasmic reticulum (ER) and the outer mitochondrial membrane (OMM), 

respectively. In contrast, Bax, while also possessing a hydrophobic region, maintains this 

region hidden or “buried” which allows for its solubility within the cytosol (Petros et al., 

2004; Schinzel et al., 2004). 
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Translocation During Apoptosis 

 Most members of the Bcl-2 family require some type of modification for them to 

translocate to the location where they can carry out their function. These modifications 

may be a conformational change of the protein or a post translational cleavage (Schinzel 

et al., 2004). After an apoptotic stimulus is received, Bax migrates to the OMM, where it 

inserts itself in the membrane, and associates with Bak, forming large pores in the 

mitochondrial membrane (Fig. 2; Gómez-Fernández, 2014; Schinzel et al., 2004). The 

formation of these large pores leads to an event known as the mitochondrial 

permeability transition (mPT). 

Mitochondrial Permeability Transition Pore 

 In the past decades, there has been an extensive amount of literature published 

characterizing various intracellular signals, which are able to modulate apoptosis within 

the cell. Oxidative stress and calcium toxicity has been observed to be mediators of 

permeability transition, modulating the formation of the mitochondrial permeability 

transition pore (mPTP) (Brookes et al., 2004; Orrenius et al., 2015; Tajeddine, 2016; 

Zhao, 2004), a large non-selective pore in the mitochondrial membrane that allows the 

passage of molecules of up to 1,500 Da in size (Bernardi, 2013; Halestrap, 2009; Kinnally 

et al., 2011; Pérez and Quintanilla, 2017). 

 The formation of the mPTP is commonly seen as the point of no return for a cell 

undergoing apoptosis (Chipuk et al., 2006). This event is believed to be a last-ditch effort 

when the cells metabolic machinery can no longer keep up with demand, as formation 

of this pore is accompanied by mitochondrial swelling, membrane depolarization, 
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rupture of the outer mitochondrial membrane and release of intermembrane proteins 

into the cytosol (Bernardi and Di Lisa, 2015; Bernardi et al., 2006; Bonora and Pinton, 

2014; Kagan et al., 2005).  

Components of the mPTP 

 Since its initial discovery in the 1970’s, there have been a myriad of studies 

which aimed to identify the molecular make up of the mPTP. Some of the early studies 

on mPTP structure suggested that the mPTP must span across both the inner and outer 

mitochondrial membrane (Kinnally et al., 2011). Initially, the adenine nucleotide 

translocator (ANT) was believed to be one of the essential proteins involved in the 

formation of the mPTP (Bernardi, 2013; Kinnally et al., 2011), following the discovery 

that ANT inhibitors could prevent membrane permeabilization. However, ANT was 

found not to be essential for mPTP formation when researchers discovered that 

mitochondria lacking all ANT isoforms were still able to form mPTP (Bernardi, 2013; 

Bonora and Pinton, 2014; Kinnally et al., 2011; Kokoszka et al., 2004). Another 

component initially thought to be an essential part of the mPTP was the voltage-

dependent anion channel (VDAC) (Bernardi, 2013; Kinnally et al., 2011). VDAC is an 

outer mitochondrial membrane protein which functions as a link between the cytoplasm 

and the mitochondria. VDAC is important in the regulation and transport of metabolites 

across the membrane such as ATP, ADP, and pyruvate (Forte and Blachly-Dyson, 2001). 

Once again, by using knockout models, it was found that VDAC was not essential in 

mPTP formation (Bernardi, 2013; Bonora and Pinton, 2014; Javadov and Kuznetsov, 

2013). Recent studies have led to the implication of cyclophilin D (CypD), a 
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mitochondrial protein, as being a potential regulator of mPTP (Bernardi, 2013; 

Mnatsakanyan et al., 2017). CypD is able to bind to ATP synthase, which is an integral 

member of the mPTP complex, increasing the open probability of the mPTP itself 

(Halestrap, 2009). 

CypD has been observed to bind to the lateral stalk of ATP synthase, modulating 

its activity. Specifically, binding of CypD to the lateral stalk decreases ATP synthase 

activity, where as cyclosporin A (CsA) binding to CypD decrease its affinity for ATP 

synthase (Bernardi, 2013; Giorgio et al., 2009). Evidence for the ability of CypD to 

modulate mPTP opening came after it was found that benzodiazepine 423 (BZ-423), a 

known inhibitor of ATP synthase that binds to the same site as CypD, also induced mPTP 

formation (Giorgio et al., 2013). Further evidence for the role of CypD came from the 

ablation of the Ppif gene, which encodes for CypD. Baines and colleagues (2005) showed 

that mitochondria isolated from CypD knockout mice were resistant to permeability 

transition, while those from wild type mice did not exhibit this protection. Furthermore, 

wild type mice treated with CsA had the same level of protection as the Ppif knockouts 

(Baines et al., 2005). 

While ANT is not an essential member of the mPTP complex (Kokoszka et al., 

2004), there is no doubt that it plays regulatory roles in its formation. For example, ANT 

knockout mitochondria still displayed mPTP, but were capable of retaining double the 

amount of calcium compared to wild type mitochondria (Pérez and Quintanilla, 2017). 

This finding supports the idea that ANT mediates mPTP formation by regulating 

sensitivity to calcium, a topic which will be discussed later in this document. While the 
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structural components of the mPTP are still largely unknown, it is assumed that 

permeability transition requires contact sites between the inner and outer 

mitochondrial membrane (Bernardi et al., 2006). Figure 3 illustrates the currently 

accepted model, which shows that inner membrane permeability occurs through ATP 

synthase and is regulated by CypD, while permeabilization of the outer membrane is 

regulated by the Bcl-2 family of proteins (Fig 3; Bernardi et al., 2006; Chipuk and Green, 

2008; D’Orsi et al., 2017; Karch and Molkentin, 2014). 

Initiators of mPTP 

Opening of the mPTP is induced by various factors such as high mitochondrial 

Ca2+ levels, reactive oxygen species (ROS) and inorganic phosphate (Giorgio et al., 2013; 

Mnatsakanyan et al., 2017). CsA can desensitize mPTP opening due to calcium which 

means that more calcium is required to stimulate opening, but it is not able to 

completely block it (Bernardi, 2013). This means that CsA can decrease the likelihood of 

mPTP formation at a given concentration of calcium. Another proposed model of mPTP 

opening comes from the observation that mPTP opening can be inhibited by ATP, ADP 

and the antibiotic bongkrekic acid, all of which act as inhibitors of ANT, decreasing the 

sensitivity to mitochondrial calcium (Halestrap, 2009). This provides evidence for ANT 

being a potential modulator of mPTP but not an essential component. ROS can sensitize 

the mPTP to calcium, possibly through interaction with certain regions of ANT, 

promoting CypD binding to ATP synthase (Javadov and Kuznetsov, 2013). Further 

evidence for the role of calcium in mPTP opening has been obtained from cancer 

research. For example, cancer cells avoid extensive calcium signalling from the ER by   
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Figure 3. Current model for mitochondrial permeability transition pore. 

 Most recent and currently accepted model of the mitochondrial permeability transition 

pore (mPTP). Outer membrane permeabilization occurs through the oligomerization of 

the pro-apoptotic members of the Bcl-2 family of proteins, while the mPTP is on the 

inner mitochondrial membrane. Complex V of the electron transport chain, also known 

as ATP synthase, is proposed to be a key component, with its activity being regulated by 

CypD and the adenine nucleotide translocase.  
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inhibition of the inositol 3 phosphate receptor (IP3R), which is the channel responsible 

for calcium release from the ER (Bonora and Pinton, 2014). This reduction in calcium 

release inevitably leads to a decreased probability of mPTP opening. In skeletal muscle 

that undergoes large fluxes in cytosolic calcium, calcium is tightly regulated by a variety 

of enzymes and sinks, all which help maintain calcium homeostasis and potentially 

mediate mPTP opening and apoptosis.  

Skeletal Muscle Calcium Homeostasis 

 Under normal conditions, large changes in cytosolic calcium are necessary for 

muscular contraction (Calderón et al., 2014). Under basal conditions, calcium is 

maintained at very low levels compared to extracellular fluid (Hajnóczky et al., 2003). 

Calcium release is tightly regulated, and its concentration is finely tuned to match the 

requirement of exercising muscle. After a rise in cytosolic calcium and subsequent 

muscular contraction, calcium must be effectively removed from the cytosol. This action 

is achieved by various membrane proteins (Fig 4), one of which is on the sarcoplasmic 

reticulum (SR) known as the sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) 

(Periasamy and Kalyanasundaram, 2007). SERCA is a transmembrane protein and a 

major transporter of cytosolic calcium. SERCA hydrolyses ATP and the energy released in 

the process is harnessed to pump cytosolic calcium back into the SR. The removal of 

cytosolic calcium after a muscle contraction is an important step in excitation-

contraction coupling, as it is required for the muscle to relax. Thus, SERCA activity and 

the speed at which it hydrolyzes ATP to pump calcium back into the SR is one of the 

main determinants of contraction speed. For example, slow twitch postural muscles 

primarily express SERCA2a, which displays slower kinetics, while the transiently active   
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Figure 4. Skeletal muscle calcium homeostasis.  

Skeletal muscle calcium homeostasis is maintained by a series of calcium pumps and 

buffers. After an action potential and subsequent ryanodine receptor-mediated calcium 

release from internal stores, there is a transient increase in calcium concentrations in 

localized regions. Calcium can then diffuse and bind to Troponin C where it mediates 

muscle contractions. The sarco(endo)plasmic reticulum calcium ATPase (SERCA) is the 

primary calcium pump that removes cytosolic calcium, thus mediating relaxation. Other 

enzymes that help lower cytosolic calcium include the calcium pump and 

sodium/calcium exchanger on the cell membrane, as well as the mitochondrial calcium 

uniport (MCU) found in the mitochondria.  
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fast twitch muscle fibers posses SERCA1a, which displays faster kinetics (Fajardo et al., 

2013). 

Mitochondria as a Calcium Buffer 
 The ability of the mitochondria to uptake calcium was discovered when probes 

showed a high calcium microdomain near mitochondria (Harrington and Murphy, 2015). 

Normally, Ca2+ levels in mitochondria are kept roughly 1000-10000-fold lower compared 

to SR (Clapham, 2007). Ca+ increases in mitochondria activate Ca2+-dependent 

dehydrogenases such as pyruvate dehydrogenase, alpha-ketoglutarate dehydrogenase, 

and isocitrate dehydrogenase, which ultimately results in upregulation of ATP 

production (Contreras et al., 2010; Harrington and Murphy, 2015). During periods of 

increased muscle contraction, there is an efflux of calcium ions from the SR into the 

cytosol. Microdomains near the SR will experience a large spike in calcium concentration 

that is not necessarily reflective of cytosolic calcium levels. These microdomains are rich 

in mitochondria, as there exists a close interaction between mitochondria and the SR 

(Harrington and Murphy, 2015; Reddish et al., 2017). When calcium levels are 

chronically high (like in the case of Duchenne muscular dystrophy or during 

reperfusion), mitochondria can become overwhelmed, and elevated calcium along with 

low ATP levels and elevated ROS triggers the opening of the mPTP (Harrington and 

Murphy, 2015). 

The Mitochondrial Calcium Uniporter 

 While the outer mitochondrial membrane is highly permeable to calcium ions, 

the inner mitochondrial membrane is not. The outer mitochondrial membrane is 

permeable to calcium through VDAC, while the inner mitochondrial membrane is much 
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more selective (Görlach et al., 2015). Calcium transport across the inner mitochondrial 

membrane and into the matrix must occur through specific pores. Calcium transport 

into the mitochondrial matrix is primarily achieved through the mitochondrial calcium 

uniport (MCU), a transmembrane protein localized to the inner mitochondrial 

membrane (Harrington and Murphy, 2015). As expected, overexpression of the MCU 

leads to a corresponding increase in mitochondrial calcium levels, making these cells 

more sensitive to apoptotic stimulus such as H2O2 and ceramides (De Stefani et al., 

2011; Harrington and Murphy, 2015). 

Apoptosis in Skeletal Muscle 

 Skeletal muscle can undergo apoptosis as a result of aging (Dirks and 

Leeuwenburgh, 2002), prolonged periods of disuse (Powers et al., 2012), denervation, 

cancer, cachexia, starvation (Schwartz, 2008), and muscle myopathies such as 

Duchenne’s muscular dystrophy (Imbert et al., 1995; Millay et al., 2009; Robert et al., 

2001). There are a variety of pathways which may activate apoptosis in skeletal muscle. 

These pathways initiate from various sources but ultimately lead to caspase activation. 

 A common example of apoptosis in skeletal muscle is the muscle mass loss 

associated with aging. Sarcopenia is defined as the age-associated loss of skeletal 

muscle mass and strength (Evans, 2010; Lynch, 2011). There are many factors which 

play an important role in the development of sarcopenia such as changes in the levels of 

circulating hormones, decreased physical activity and metabolic alterations associated 

with age (Lynch, 2011). Mitochondria from aged subjects have been observed to have a 

reduced capacity for generating ATP, produce more ROS, and show impairments in 
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calcium handling (Hepple, 2011). ROS generation is heavily dependent on calcium, as 

calcium activates ROS generating enzymes (Gordeeva et al., 2003; Görlach et al., 2015). 

One of the ways mitochondrial calcium may promote ROS production is through its 

stimulatory effects on the TCA cycle and oxidative phosphorylation. Increased 

mitochondrial calcium leads to an increase in ETC activity which in turn leads to 

increases in ATP production, and this can result in a higher probability of electron 

slippage (Peng and Jou, 2010).  

Just as calcium signalling can stimulate ROS production, the opposite is also true. 

There exists an extensive amount of cross-talk between the two signalling molecules 

that may serve as a “feed-forward” loop inside the cell (Peng and Jou, 2010). Increased 

ROS can lead to further increases in calcium, possibly through its interactions with 

various proteins involved in calcium signalling. For example, ROS has been shown to 

increase channel opening of various voltage-dependent calcium channels on the plasma 

membrane, allowing calcium influx from the extracellular space, as well as the 

ryanodine receptor, which allows efflux of calcium from the SR into the cytosol (Görlach 

et al., 2015). ROS can even uncouple SERCA activity, leading to a decreased clearance of 

cytosolic calcium (Brookes et al., 2004; Görlach et al., 2015; Peng and Jou, 2010). This 

self amplifying signal between ROS and calcium eventually leads to mPTP opening, once 

mitochondrial calcium levels reach a critical point, and ROS levels surpass the cells 

antioxidant capacities (Fig 5). Unchecked ROS is capable of oxidizing mitochondrial 

membrane proteins and lipids, promoting pore formation and cyt C release (Ayala et al., 

2014; Bernardi, 2013; Kinnally et al., 2011).  
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Figure 5. Elevated levels or ROS or calcium can promote mPTP formation. 

Under pathological conditions, elevated levels of ROS or calcium can lead to 

mitochondrial calcium overload and apoptosis through mPTP formation. During periods 

of prolonged limb immobilization and muscle disuse, ROS levels can become chronically 

high, promoting calcium mobilization and elevated calcium levels within the cytosol. 

This calcium can then promote further ROS generation, creating a feed-forward loop 

leading to both ROS and calcium accumulation, eventually resulting in apoptosis.  
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“Two-Hit” Hypothesis 

When looking at contractile tissues, a paradox arises in which calcium can be a 

stimulus for ATP synthesis but also stimulate apoptosis. This begs the question, how do 

contractile tissues, which constantly undergoes large fluxes in Ca2+ avoid apoptosis? This 

discrepancy has led to the development of a “two-hit” hypothesis. The “two-hit” 

hypothesis postulates that high Ca2+ levels are not enough to stimulate opening of the 

mPTP on its own and another stimulus must also be present (Brookes et al., 2004). As 

such, the combination of calcium plus another stimulus can lead to opening of the 

mPTP. This other stimulus could be the accumulation of ceramides, which have been 

implicated in mPTP formation and apoptotic signalling (Tirodkar and Voelkel-Johnson, 

2012).  

Ceramides 

Ceramides play a role in a wide array of cell signalling processes, mediating the 

cells response to stress. Evidence has shown that ceramides play a role in cell processes 

such as apoptosis, cell senescence, autophagy and cell cycle arrest (Hannun, 1996; 

Hannun and Obeid, 2008; Siskind et al., 2010). They belong to the sphingolipid family, 

which all share a common 18 carbon amino-alcohol backbone. These molecules can be 

modified to form more complex molecules. Sphingosine, phytosphingosine, and 

dihydrosphingosine are the basic sphingolipids, which can be phosphorylated to form 

important signalling molecules such as sphingosine-1-phosphate, phytosphingosine-1-

phosphate, and dihydrosphingosine-1-phosphate (Airola and Hannun, 2013; Gault et al., 

2010; Khavandgar and Murshed, 2015). These basic molecules can also be acylated, to 
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produce ceramides, phytoceramides or dihydroceramide. These ceramide species can 

be further modified into more complex lipids known glycosphingolipids (Gault et al., 

2010).  

Ceramide Homeostasis 

Ceramides are central in sphingolipid metabolism, and its concentration and 

relative contribution in biological membranes all depends on a balance between 

synthases and hydrolases. For example, ceramides can be broken down to form 

sphingosine by various ceramidases, whereas the reverse reaction is catalyzed by 

ceramide synthases (Khavandgar and Murshed, 2015). Any alteration that may perturb 

this balance leads to pathologies. For example, a decrease in ceramides as a result of 

high ceramidases was observed in tumorigenic cells, while tumor suppression was 

achieved by inhibiting these ceramidases (Selzner et al., 2001). On the opposite end of 

the scale, elevated levels of ceramides in the brain has been associated with the 

progression of Parkinson’s Disease (Filippov et al., 2012; Plotegher et al., 2019). These 

studies highlight the importance of maintaining a balance in ceramide homeostasis, as 

any perturbation in either direction could lead to disease. 

Ceramide Accumulation and Apoptosis 

There is ample evidence linking ceramides to apoptotic processes. For example, 

many agents which cause growth suppression also induce ceramide formation (e.g. 

tumor necrosis factor-alpha, Interleukin-1, nitrous oxide, cell senescence etc.; (Birbes et 

al., 2002)). Furthermore, ceramide accumulation in response to these various agents 

occurs prior to activation of caspases in apoptosis (Hannun, 1996). Another piece of 
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evidence for ceramides role in modulating apoptosis comes from a study conducted by 

Selzner and colleagues (2001) which showed that inhibition of ceramidases resulted in 

an increased level of ceramides and activation of apoptosis in tumor cells. In skeletal 

muscle, ceramides have also been shown to lead to muscle dysfunction, as 

demonstrated by decreased force production, increased oxidant production, increased 

fatigue and muscle atrophy (Ferreira et al., 2010a; Loehr et al., 2015; Moylan et al., 

2014). In cultured myotubes, ceramides have been shown to increase apoptosis through 

caspase 3 activation, contributing to insulin resistance through inhibition of protein 

kinase B, whose activity is required for Glut4 translocation to the cell membrane 

(Summers and Goodpaster, 2016; Turpin et al., 2006). Thus, ceramides are an important 

mediator of apoptotic signalling and skeletal muscle function, as there is ample evidence 

from the literature highlighting its physiological role in various cell types. 

The role of ceramides in the induction of mPTP formation is still a debated topic. 

Several experiments have shown that an accumulation of ceramides on the outer 

mitochondrial membrane is positively correlated with mPTP formation and apoptosis 

(Rego et al., 2012; Siskind, 2005; Siskind et al., 2006), while another group showed that 

mPTP formation, after ceramide accumulation, is strictly an inner membrane event 

(Novgorodov et al., 2005). These inconsistencies may be attributed to the ceramide 

species used in the experiment. In the first model, ceramides on the outer membrane 

can aggregate to form large pores in the membrane (Siskind et al., 2006). Cyt C release 

has been observed following addition of short chain and naturally occurring ceramides 

to the outer membrane (Siskind, 2005; Siskind et al., 2006). In the alternative model, 
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ceramide membrane permeabilization is believed to be an inner membrane event, in 

which permeabilization is likely due to the activation of protein transporters of the inner 

mitochondrial membrane as opposed to the formation of lipid channels on the outer 

membrane (Novgorodov et al., 2005). Here, a positively charged ceramide was used, 

which allowed for the accumulation in the mitochondrial matrix, however, whether 

these ceramides occur naturally is a matter of debate. 

Ceramide synthesis can occur through one of two ways: the de novo pathway, in 

which ceramides are synthesized from scratch, and the sphingomyelin hydrolysis 

pathway. The de novo pathway of ceramide formation begins in the ER with the 

condensation of serine and palmitoyl CoA, which is then reduced to form 

dihydrosphingosine. Ceramide synthase acylates dihydrosphingosine producing 

dihydroceramide, and this is then desaturated to form ceramide (Birbes et al., 2002). 

However, this pathway of ceramide synthesis appears to be relatively slow, as it relies 

on a series of enzymatic reactions before making ceramide. In fact, there is evidence 

that another pathway may be the primary method of ceramide formation within the 

cell. This pathway relies on the hydrolysis of sphingomyelin by an enzyme known as 

sphingomyelinase (Dobrzyń and Górski, 2002; Mathias et al., 1998)  

In the sphingomyelin hydrolysis pathway, ceramide is formed by the action of 

sphingomyelinase (SMase), an enzyme that cleaves sphingomyelin to form 

phosphocholine and ceramide. To date, various isoforms of SMases, which differ in the 

pH at which they are optimally active, have been identified. The acid SMase (aSMase) is 

commonly found in lysosomes and is active at a pH of ~ 5. Alkaline SMases (alkSMase) 
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located primarily in the digestive tract. Finally, neutral SMase (nSMase) found 

associated with various cellular membranes, including mitochondria, has an optimal 

activity at pH ~ 7 (Castro et al., 2014; Khavandgar and Murshed, 2015). 

Neutral Sphingomyelinases 

nSMase1 (SMPD2) 

 Since the discovery of the first SMase over 40 years ago, there have been four 

different genes in mammals that have been cloned and characterized (Airola and 

Hannun, 2013). Table 1 summarizes key details currently known about the various 

isoforms. The first one was nSMase1, which is encoded by the SMPD2 gene. nSMase1 

was initially discovered and cloned based on significant sequence homology to bacterial 

SMases (Airola and Hannun, 2013; Tomiuk et al., 1998). Endogenous nSMase1 localizes 

to the nuclear matrix (Mizutani et al., 2001), while overexpressed nSMase1 is reportedly 

localized to the ER (Hofmann et al., 2000; Tomiuk et al., 1998).  

Initial studies put into question the role of nSMase1, as it did not appear to 

posses any in vivo SMase activity (Clarke and Hannun, 2006; Mizutani et al., 2000; Sawai 

et al., 1999; Tomiuk et al., 2000). Additionally, while research has shown that nSMase2 

knock out models present themselves with diseases and defects ranging from cell 

growth inhibition to dwarfism and chondrodysplasia (Stoffel et al., 2005, 2007, 2016), 

nSMase1 KO mice have no apparent metabolic or phenotypic defects or abnormalities 

(Zumbansen and Stoffel, 2002). These results suggest nSMase1 does not play a role in SL 

metabolism, thus the role of this isoform in generating ceramides in skeletal muscle will 

not be discussed further. 
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nSMase2 (SMPD3) 

 The most widely studied nSMase is nSMase2, which is encoded by the SMPD3 

gene. Co-localization studies have concluded that nSMase2 is primarily found on the 

Golgi, while activation by tumor necrosis factor (TNF), oxidative stress and cell 

confluence, can trigger translocation to the inner leaflet of the plasma membrane 

(Airola and Hannun, 2013; Gault et al., 2010; Goñi and Alonso, 2002; Levy et al., 2006). 

 nSMase2 activity is dependent on anionic phospholipids such as 

phosphatidylserine (Airola and Hannun, 2013; Airola et al., 2017) and magnesium ions 

(Goñi and Alonso, 2002), and is inhibited by GW4869 (a potent but non-specific nSMase 

inhibitor) and the antioxidant glutathione (Levy et al., 2006; Shamseddine et al., 2015). 

In fact, nSMase2 appears to play a huge role in oxidant mediated apoptosis, which can 

be inhibited with glutathione. Research showed that nSMase2 activity can be decreased 

by the phosphatase calcineurin (CaN) (Filosto et al., 2010; Goldkorn and Filosto, 2010). 

CaN is a calcium and calmodulin dependent protein phosphatase, meaning it can 

remove phosphates from target proteins, thus decreasing their level of activity. 

nSMase2 activity is modulated by its level of phosphorylation on five serine residues 

(Filosto et al., 2012). Upon exposure to oxidative stress (i.e. elevation in H2O2), nSMase 

activity can be increased through the activation of p38 mitogen-activated protein kinase 

(MAPK), which is believed to be upstream in nSMase phosphorylation (Filosto et al., 

2010). Oxidative stress can also act on CaN by inhibiting it, thus leading to elevated 

levels of nSMase2 phosphorylation and higher activity (Goldkorn and Filosto, 2010). The 

role of CaN in decreasing nSMase2 activity by dephosphorylating serine residues was 
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further confirmed using an nSMase2 mutant incapable of binding CaN. These mutants 

were shown to be much more phosphorylated compared to wild type controls, thus 

having higher nSMase activity (Filosto et al., 2010). 

The highest levels of nSMase2 protein and mRNA was observed in brain 

(Hofmann et al., 2000; Wu et al., 2010a). In skeletal muscle however, its expression is 

rather limited. Moylan and colleagues (2014) showed that while mRNA levels of 

nSMase2 was minimal in mouse diaphragm, and almost non-existent in human 

diaphragm, the mRNA of nSMase3, another isoform of nSMase, was highest in skeletal 

muscle. 

nSMase3 (SMPD4) 

 nSMase3, which is encoded by SMPD4, has the highest expression in skeletal 

muscle (Krut et al., 2006; Moylan et al., 2014; Wu et al., 2010a). This protein, which was 

originally isolated from bovine brain, displays low sequence homology to the other 

nSMases. Despite this, nSMase3 showed similar biochemical properties to nSMase2 

such as a dependence of Mg+ or Mn+, and was also stimulated by anionic phospholipids 

such as phosphatidylserine (Krut et al., 2006), however whether it is also regulated by 

CaN has not been investigated. nSMase3 is a C-tail anchored transmembrane protein 

characterized by a single transmembrane domain followed by a short polar sequence of 

less than 30 residues (Borgese and Fasana, 2011). 

 The localization of nSMase3 was observed to be on ER as well as Golgi and 

plasma membranes (Corcoran et al., 2008; Krut et al., 2006; Moylan et al., 2014). The 

expression and activity of nSMase3 are stimulated by exposure to TNF (Corcoran et al., 
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2008; Krut et al., 2006; Moylan et al., 2014), and it appears to be involved in skeletal 

muscle ROS signalling, possibly as a downstream target for P38 or PKC (Ferreira et al., 

2010a; Loehr et al., 2015; Moylan et al., 2014).  

Mitochondrial Neutral Sphingomyelinase (MA-nSMase) 

Recently, a group of researchers identified the latest nSMase which is encoded 

by the SMPD5 gene. They were successful in identifying and purifying this nSMase 

homologue in rodents which is exclusively localized to the mitochondria (MA-nSMase) 

(Wu et al., 2010b). This is an important finding as increased mitochondrial ceramides 

have been shown to modulate apoptosis. Specifically, Birbes and colleagues (2001) 

showed that when bacterial nSMase was overexpressed in various subcellular regions 

(i.e. plasma membrane, cytosol, mitochondria, Golgi etc.), apoptosis occurred only when 

nSMase was localized to the mitochondria, and not other regions. 

Since the discovery of MA-nSMase, researchers have also identified important 

characteristics for this isoform as well. Rajagopalan and colleagues have found that MA-

nSmase contains a specific sequence of amino acids which tethers the protein to the 

outer mitochondrial membrane, and the catalytic subunit of the enzyme is on the 

cytosolic side, which suggests that this enzyme plays a role in generating ceramides on 

the outer mitochondrial membrane, likely by hydrolysing mitochondrially-bound 

sphingomyelin, and even cytosolic sphingomyelin (Rajagopalan et al., 2015). It is 

important to note that while MA-nSMase is found to be localized on the mitochondrial 

membrane, it is unknown whether this protein is always found on the mitochondria 

after its synthesis, or if this isoform is instead localized to another region, and then 
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transported to the outer mitochondrial membrane when necessary (Rajagopalan et al., 

2015). The level of post-translational modification and regulation of this protein is still 

largely unknown. 

Despite the potential importance of this isoform, over the past decade since the 

initial study by Wu and colleagues (2010b), very little research has been published 

regarding MA-nSMase, questioning the physiological role of this isoform in ceramide 

synthesis. In addition, the antibody used to detect this protein is based on epitope 

tagging in which the protein of interest must be genetically modified (Fritze and 

Anderson, 2000), limiting the antibody’s use in a physiological context. As such, the role 

of this isoform in generating ceramides in skeletal muscle will not be discussed further. 

Skeletal Muscle and nSMase 

The individual muscle fibers that make up any given muscle (e.g. postural 

muscles such as soleus, or ventilatory muscles such diaphragm) exist in a spectrum 

ranging from slow oxidative type I fibers, to fast glycolytic type II fibers (Schiaffino and 

Reggiani, 2011). The combination of these muscle fibers is determined by the functional 

property of the muscle and can shift to favor more of one type of fiber than another, 

based on demand. There are a variety of differences between muscle fibers that could 

lead to a difference in nSMase activity and expression. First, the levels of oxidative stress 

and antioxidant defense system varies among fiber types. Also, the presence and 

activity of the enzyme CaN, a major regulator of nSMase activity, is different as well. 

Finally, total SM and ceramide content appears to vary slightly in different skeletal 

muscles, being found in higher concentrations in predominantly type I muscles 
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compared to type II muscles (Dobrzyń et al., 2004; Stefanyk et al., 2010; Zabielski et al., 

2017). Due to these main reasons, the activity of nSMase is likely different in different 

muscle fibers as well. 

 Research has shown that nSMase is an enzyme involved in the cells response to 

oxidative stress (Clarke and Hannun, 2006; Levy et al., 2006; Moylan et al., 2014). 

Multiple studies have highlighted the fact that nSMase activity is elevated in response to 

the presence of ROS, whether its exogenous ROS such as H2O2 or as a result of some 

stress that leads to elevated ROS generation within the cell (Goldkorn and Filosto, 2010; 

Levy et al., 2006; Rutkute et al., 2007). Therefore, in skeletal muscle that experiences 

high levels of ROS (such as predominantly type II muscles), nSMase activity is likely 

elevated, which potentially implicates this enzyme as a contributor to the observed 

increase in ceramide productions after periods of elevated oxidative stress (Empinado et 

al., 2014; Jung et al., 2011; Petrov et al., 2019). Furthermore, type I muscle fibers also 

have higher amounts of the enzyme CaN, as CaN is associated with the oxidative 

phenotype typically seen in type I muscles (Sakuma and Yamaguchi, 2010; Schiaffino and 

Serrano, 2002; Talmadge et al., 2004). CaN is a known regulator of nSMase, capable of 

physically binding to the enzyme and dephosphorylating it, decreasing its activity 

(Filosto et al., 2010, 2012). Since predominantly type I muscle contain higher levels of 

CaN, these muscles most likely also experience less nSMase activity. 

 Based on evidence from the literature, an argument can be made that nSMase 

possibly plays a role in skeletal muscle atrophy and apoptosis during periods of high 

oxidative stress. Perhaps nSMase is one factor leading to the difference in susceptibility 
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to muscle atrophy and apoptosis that is observed between type I and type II muscle 

fibers. If predominantly type II muscle experience higher levels of ROS, have less 

mitochondrial content, and contain less CaN compared to predominantly type I muscle, 

then perhaps nSMase activity is elevated in these muscles, which means these muscles 

experience an elevated rate of ceramide generation which could lead to increased 

apoptosis. However, currently there exists a gap in the literature regarding this topic. 

The role of nSMase in mediating apoptosis in skeletal muscle is unknown, as this has not 

yet been investigated.  
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Table 1. Summary of nSMase isoforms 

Gene Protein Localization Misc. Notes 

SMPD2 nSMase11 • Endogenous 
nSMase1 found in 
nuclear matrix 

• Overexpressed 
nSMase found in 
endoplasmic 
reticulum 

• No in vivo SMase activity 
• Has been proposed to function 

as a lyso-PAF phospholipase 

SMPD3 nSMase22 • Localizes to Golgi 
membrane 

• Upon activation, 
nSMase2 
translocates to inner 
leaflet of plasma 
membrane 
 

• Hydrophobic N-terminal 
domain, while C-terminal is 
hydrophilic. 

• Requires anionic phospholipids 
for activation. 

• Can also be activated by tumor 
necrosis factor, cell confluence, 
oxidative stress and 
phosphorylation. 

SMPD4 nSMase33 • Found 
predominantly in 
endoplasmic 
reticulum and 
mitochondrial-
associated 
membranes 
 

• Believed to be striated muscle 
specific isoform of the 
nSMases. 

• Activated by tumor necrosis 
factor 

• Low sequence homology to 
other nSMase proteins but 
maintains conserved regions 

SMPD5 MA-
nSMase4 

• Predominantly on 
the outer 
mitochondrial 
membrane. 

• Small fraction found 
on endoplasmic 
reticulum 

• Cloned from zebrafish and 
found to have SMase activity on 
mitochondrial membrane. 

• Whether it is naturally 
expressed in skeletal muscle is 
unknown 

1Airola and Hannun, 2013; Clarke and Hannun, 2006; Hofmann et al., 2000; Mizutani et al., 2000 

2Airola and Hannun, 2013; Filosto et al., 2012; Gault et al., 2010; Milhas et al., 2010 

3Corcoran et al., 2008; Krut et al., 2006; Moylan et al., 2014 

4Rajagopalan et al., 2015; Wu et al., 2010b  
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Chapter 3 - Purpose, Objectives, and Hypotheses 
Purpose 

Skeletal muscle is a highly dynamic and metabolically active organ. It is 

composed of various muscle fibers, which differ in oxidative capacity, mitochondrial 

content (Delp and Duan, 1996; Schiaffino and Reggiani, 2011; Schiaffino and Serrano, 

2002; Tavi and Westerblad, 2011), and more importantly, susceptibility to apoptosis 

(Ciciliot et al., 2013). A main hallmark of apoptosis in any cell is the increased 

permeability of the mitochondrial membrane (Baines et al., 2005; Bonora and Pinton, 

2014; Halestrap, 2009; Halestrap and Pasdois, 2009; Javadov and Kuznetsov, 2013; 

Mnatsakanyan et al., 2017; Pérez and Quintanilla, 2017). Ceramides, a central 

sphingolipid, have been extensively linked to the increase in mitochondrial permeability 

prior to apoptosis (Novgorodov et al., 2005; Rego et al., 2012; Siskind et al., 2006; Turpin 

et al., 2006). The hydrolysis of sphingomyelin is believed to be a primary way of 

generating ceramides, which is facilitated by the enzyme nSMase. Currently, four main 

isoforms of nSMase have been identified (nSMase1, 2, 3, and MA-nSMase) and they 

appear to be activated in response to oxidative stress (Corcoran et al., 2008; Goldkorn 

and Filosto, 2010; Krut et al., 2006; Moylan et al., 2014). Localization of nSMases on the 

mitochondria can serve as an important factor in ROS mediated signalling and cell 

death. Importantly, the different types of skeletal muscles (slow oxidative vs fast 

glycolytic) have been shown to differ in their ability to defend against oxidative stress, as 

slow oxidative muscles are equipped with a better antioxidant defense system to 

counteract ROS compared to fast glycolytic muscle (Loureiro et al., 2016; Pinho et al., 

2017). This leads to question whether ceramide generating enzymes such as nSMase in 
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the mitochondria of skeletal muscle play a role in the differential susceptibility to 

apoptosis experienced by the various muscle fiber types. However, there is currently no 

information on the characterization of nSMase and its expression or activity in skeletal 

muscle mitochondria. Thus, the purpose of the present study is to characterize total 

nSMase activity and content of the various isoforms of nSMase in mitochondria isolated 

from skeletal muscle of varying fiber type compositions. 

Objectives 
 The proposed study aims to:  

1) characterize the activity of nSMase in SS mitochondria isolated from skeletal 

muscles composed of predominantly type I fibers (soleus: 97% type I, 3% IIa; 

diaphragm: 44% type I, 6% IIa, 18% IIx ), predominantly type II (extensor 

digitorum longus: 4% type I, 20% IIa, 30% IIx, 35% IIb), and muscle composed of a 

mixture (plantaris: 8% type I, 21% IIa, 45% IIx, 17% IIb; Bloemberg and 

Quadrilatero, 2012; Delp and Duan, 1996). 

2) characterize the protein content of the various nSMase isoforms in SS 

mitochondria isolated from the various skeletal muscles previously mentioned. 

3) determine whether total nSMase activity is correlated with specific nSMase 

isoform content in isolated SS mitochondria 

Hypothesis 

Given the vast number of factors that have been shown to influence nSMase 

expression and activity, we expect to see differences in total nSMase activity and 
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isoform content when looking at muscles with varying fiber types. Specifically, we 

hypothesize:  

1) nSMase activity will be higher in SS mitochondria isolated from predominantly 

type II fibers compared to type I fibers. 

2) Protein content of nSMase2 and 3 isoforms will be highest in SS mitochondria 

isolated from predominantly type II muscles compared to predominantly type I 

muscles, with nSMase3 having the highest expression. 

3) Total nSMase activity will be positively correlated with nSMase3 content similarly 

in SS mitochondria isolated from the various skeletal muscles. 
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Chapter 4 - Methods 

Animals 

 Ten Male Wistar rats were purchased from Charles River (14 weeks of age). 

Animals were housed in a climate and temperature-controlled room with access to food 

and water ad libitum. This study was approved by the Animal Care Committee at Brock 

University. 

Muscle Dissection and Preparation 

 Animals were anaesthetized using isoflurane (2-5% at 1-2L/min flow rate) and 

were kept under at a constant rate of (0.3-5% at 1-2L/min). Soleus, plantaris, extensor 

digitorum longus muscles were dissected from each hind limb, and diaphragm was 

removed after all other muscle were dissected. 

Isolation of Subsarcolemmal (SS) Mitochondria 

 Individual muscles were weighed and subsequently minced in ice cold buffer 

(100mM KCl, 40mM Tris-HCl, 10mM Tris base, 5mM MgSO2, 5mM Na2EDTA, 1mM ATP) 

for isolation of subsarcolemmal mitochondria (Stefanyk et al., 2010). Briefly, muscle was 

minced in 10 volumes of ice-cold buffer and homogenized using a mechanical Teflon on 

glass homogenizer. Homogenate was centrifuged at 700 x g for 10 min. The supernatant 

was extracted, and centrifuged at 14,000 x g for 10 min. The resulting pellet containing 

the SS mitochondrial fraction was washed, resuspended and pelleted in 10 volumes of 

wash buffer (100mM KCl, 40mM Tris-HCl, 10mM Tris base, 1mM MgSO2, 0.1mM 

Na2EDTA, 0.25mM ATP & 1% BSA) two more times at 7,000 x g for 10 min. The final 

pellet obtained was resuspended in one volume of final resuspension buffer (220mM 

sucrose, 70mM mannitol, 10mM Tris-HCl & 0.1 mM Na2EDTA). Although it was not 
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measured, the protocol employed to isolate our SS mitochondria has been shown to 

result in negligible contamination from other subcellular regions, thus it can be 

presumed that in our isolated SS mitochondria, there was also little to no contamination 

as well (Stefanyk et al., 2010) 

To calculate SS mitochondrial quality and recovery, citrate synthase (CS) activity 

assays were conducted (Peters et al., 2001a). A small amount of the final SS 

mitochondrial suspension was diluted 20 times in 1mM Tris Base and was subdivided 

into two fractions. CS activity was measured in whole muscle homogenate (CSWM), in 

intact mitochondria (CSEM), and in total suspension (CSTS), which was measured after 

mitochondria was freeze-thawed twice. Triton X (0.1%) was used in the measurement 

for (CSWM) and (CSTS). Mitochondrial recovery was calculated as % fractional recovery = 

[(CSTS - CSEM)/ (CSWM)] X 100 and mitochondrial quality was measured as % intact 

mitochondria = [(CSTS - CSEM)/ (CSTS)] X 100 (Stefanyk et al., 2010). 

Neutral Sphingomyelinase Activity 

 nSMase activity was measured using a modified Amplex Red SMase Assay as per 

Moylan et al. (2014) in order to optimize the assay for maximal nSMase activity. Since 

the nSMase Amplex Red assay is an enzyme-linked assay, we needed to make sure that 

the activity being measured was due to maximal nSMase activity, and not another rate-

limiting enzyme in the chain. To ensure this, we ran the assay as per Moylan et al. (2014) 

and recorded the maximal activity. Then, we gradually increased the concentration of 

each enzyme one at a time, comparing the new activity measure with the previous one. 

Once the increase in concentration of the enzyme no longer resulted in an increase in 
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activity (i.e both nSMase activity measures were the same before and after the increase 

in enzyme concentration), we were sure the enzyme was in excess, and moved on to the 

next enzyme in the chain, repeating the process once more. In the end, maximal enzyme 

activity was measured by employing the following steps: Isolated SS mitochondria were 

diluted to 1µg/µL in water, and a total of 20µg of mitochondrial protein was mixed in a 

96-well plate with 0.4U horseradish peroxidase, 1.3U choline oxidase, 1.6U alkaline 

phosphatase, 0.05mM Amplex Red and brought up to a total volume of 200µL with 1x 

reaction buffer (0.1mM Tris-HCl & 10mM MgCL2, pH 7.0). Triton-X was omitted from the 

mixture, as it has been previously found to interfere with nSMase activity (Moylan et al., 

2014). Sphingomyelin substrate was excluded to acquire background nSMase activity, 

which was measured for the first ten minutes. After background fluorescence was 

measured, 0.5 mM of SM was added to each well and again fluorescence was read every 

30 seconds, for a total of 10 minutes. The reaction was incubated at 37°C, and 

fluorescent measurements were conducted at an excitation wavelength of 530 nm and 

emission wavelength of 590 nm. Triplicates were averaged at every time point, and 

slopes were calculated as the change in fluorescence over time. To calculate SM-

dependent activity, slopes from non-SM containing measurements were subtracted 

from the slopes after SM substrate was added. The nSMase assay is an enzyme-linked 

fluorometric assay which monitors nSMase activity indirectly through the generation of 

10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red Reagent) which is a fluorogenic probe 

for H2O2. nSMase hydrolyzes SM to generate ceramide and phosphorylcholine. 

Phosphorylcholine is then hydrolyzed by alkaline phosphatase yielding choline, which is 
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then oxidized by choline oxidase to form betaine and H2O2. In the presence of 

horseradish peroxidase, H2O2 reacts with Amplex Red to generate the highly fluorescent 

product resorufin. 

Western Blot Analysis 

 Western blot analysis was conducted on isolated SS mitochondria to determine 

the protein content of nSMase2 and nSMase3. nSMase1 was omitted from the study 

due to its lack of apparent relevancy in vivo (see section above titled nSMase1), and MA-

nSMase was omitted as there are no commercially available antibodies for that isoform 

as previous research has been conducted on transfected cells that contain a V5 tag used 

as a target for Western blotting. Isolated SS mitochondria were diluted to 1µg/µL in 

Laemelli buffer (50mM Tris-HCl [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate, 10% 

[vol/vol] glycerol, 5% [vol/vol] 2-mercaptoethanol, and 0.1% [wt/vol] bromophenol 

blue) (LeBlanc et al., 2008). Proteins were separated based on size by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis using 30µg of total protein with a 4% stacking 

gel and a 7.5% running gel. Once separated, proteins were transferred to a 

polyvinylidene fluoride membrane (Bio-Rad, Mississauga, ON) using Trans-Blot Turbo 

(Bio-Rad) semi-dry system with 1X transfer buffer (Bio-Rad). The membranes were then 

incubated for 1 hour with 5% milk in Tris-buffered saline-Tween (TBST; 20mM Tris base, 

137 mM NaCl, 100mM HCl, 1% [vol/vol] Tween-20, pH 7.5) to block nonspecific binding 

sites. Membranes were then incubated in 5% milk-TBST containing polyclonal antibody 

for nSMase2 and nSMase3 (MW 75 and 85 kDa, respectively; ECM Biosciences, 

Versailles, KY) at room temperature for two hours. Membranes were then washed 3 
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times for 5 minutes in TBST, followed by secondary incubation for 1 hour in 5% milk 

containing anti-rabbit secondary antibody (Jackson Immuno Research Labs, West Grove, 

PA). Membranes were washed once again, and proteins were visualized using Li-Cor 

imaging system (LI-COR Biosciences, Lincoln, NE). Ponceau stain (Bioshop, Burlington, 

ON) was used to normalize protein loading. 

Statistical Analysis 

 All results are expressed as the mean ± standard deviation. Comparisons among 

isolated SS mitochondria from the four different muscles were made using one-way 

ANOVA. A Tukey’s multiple comparison post hoc test was used to compare the means, 

with significance accepted at P ≤ 0.05. For the correlation between total nSMase activity 

and nSMase2 content, a one-tailed correlation analysis was conducted, with an alpha 

value of P ≤ 0.05 as well.  
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Chapter 5 - Results 

Citrate synthase activity and mitochondrial preparation  

Citrate synthase activity, as a surrogate of tissue oxidative potential, 

demonstrated skeletal muscle hierarchy of diaphragm>soleus>plantaris>EDL (Table 2), 

which agrees with previous literature (Delp and Duan, 1996; Schiaffino and Reggiani, 

2011). SS mitochondrial recovery and quality were similar between skeletal muscle 

types and comparable to previously published studies (LeBlanc et al., 2008; Peters et al., 

2001b; Stefanyk et al., 2010). 

Neutral sphingomyelinase activity 

 Total neutral sphingomyelinase activity expressed per mg of mitochondrial 

protein, in SS mitochondria did not differ between muscle types (Fig 6). 

Neutral sphingomyelinase isoform protein content 

nSMase2 

 The predicted molecular weight of nSMase2 is 80 KDa, which corresponded to 

the band detected in the Western blot analysis (Fig. 7a). nSMase2 content was found to 

be significantly higher in SS mitochondria isolated from EDL compared to both soleus 

and diaphragm, as well as plantaris compared to diaphragm (p<0.05; Fig. 7b). There 

were no significant differences observed in nSMase2 protein content between isolated 

SS mitochondria from soleus and plantaris, soleus and diaphragm, and plantaris and EDL 

(p=0.24, p=0.10, p=0.10, respectively). 

nSMase3 

nSMase3 (SMPD4) protein content was below the level of detection in isolated 

SS mitochondria when 25 µg of mitochondrial protein was loaded (Fig 8). To confirm 

detectability of nSMase3, whole muscle homogenate was loaded in increasing protein   
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Table 2. Citrate synthase activity in whole muscle homogenate, and percent recovery 
and quality of isolated subsarcolemmal mitochondria.  

 Soleus Plantaris Extensor 
digitorum 

longus 

Diaphragm 

Whole Muscle 
(µMol/min/mg 
tissue 

12.7 ± 0.5c 15.6 ± 0.5b 12.6 ± 0.8c 27.0 ± 2.1a 

Recovery (%) 8.3 ± 1.0 18.0 ± 2.8 12.2 ± 1.4 14.9 ± 1.6 

Quality (%) 86 ± 1 86 ± 2 84 ± 1 82 ± 2 
All values are expressed as means ± standard error (n=9). Values with different letters indicate 

significant difference from each other (p<0.05). 
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Figure 6. Total nSMase activity in isolated subsarcolemmal mitochondria. 

Values are expressed as mean activity ± standard error (n=9). Dia, diaphragm; Plant, 

plantaris; EDL, extensor digitorum longus.  
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Figure 7. nSMase2 protein content in subsarcolemmal mitochondria isolated from 

various muscle groups. 

Each lane had a total protein load of 25 µg. A) Representative western blot of nSMase2. 

Predicted molecular weight of nSMase2 is 80 KDa. B) Mean arbitrary units (A.U) ± 

standard error (n=9) standardized to total protein using Ponceau staining. Values with 

nSMase2 

75 kDa 

100 kDa 
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different letters indicate significant difference from each other (p<0.05). Plant, plantaris; 

EDL, extensor digitorum longus; Dia, diaphragm.  
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Figure 8. nSMase3 protein content in subsarcolemmal mitochondria isolated from 

various muscle groups.  

The blot demonstrates that nSMase3 is below the level of detection for all muscle types 

at 25 µg of mitochondrial protein. Plant, plantaris; EDL, extensor digitorum longus; Dia, 

diaphragm.

nSMase3 → 

75 kDa 

100 kDa 
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concentration, with detectability at 8 µg and clearly visible at 32 µg (Fig. 9). To ensure 

adequate SS mitochondrial protein was loaded, a protein gradient (4-64 µg) was 

conducted, as well as 25µg whole hindlimb homogenate was used as a positive control 

(Fig. 10). Even at the highest amount of mitochondrial protein, nSMase3 was not 

detectable in isolated mitochondria, but was present in the whole hindlimb 

homogenate.  

nSMase2 content and neutral sphingomyelinase activity 

  To assess the relative contribution of nSMase2 to total neutral 

sphingomyelinase activity, nSMase2 protein content was correlated to total activity in SS 

mitochondria isolated from respective muscles (Fig 11A-D). While there was no 

significant correlation between nSMase2 protein content and total activity in plantaris 

and EDL (Fig. 11 B&C; p > 0.05), there was a significant positive correlation observed 

when examining SS mitochondria from soleus (Fig. 11A; p < 0.05).  
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Figure 9. nSMase3 antibody linearity. 

(A) Western blot for nSMase3 protein content in mixed hindlimb homogenate in 

increasing protein concentrations, and (B) graphical representation of the optical 

density of observed bands.  

nSMase3 → 

75 kDa 

100 kDa 
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Figure 10. nSMase3 content in whole muscle and isolated subsarcolemmal 

mitochondria. 

 Western blot for nSMase3 (SMPD4) in whole muscle (25 µg) and subsarcolemmal 

mitochondria isolated from diaphragm in increasing protein content (4-64 µg). nSMase3 

(~85 kDa) was detectable in whole muscle but not detectable up to 64 µg of 

mitochondrial protein.  

  

nSMase3 → 
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Figure 11. Total nSMase activity correlated against nSMase2 protein content in 

subsarcolemmal mitochondria isolated from different muscle groups. 

A: Soleus, B: Plantaris, C: EDL, D: Diaphragm. A significant positive correlation was 

observed between total nSMase activity and nSMase2 protein content in 

subsarcolemmal mitochondria isolated from soleus (p=0.035).  
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Chapter 6 - Discussion  

To our knowledge, this is the first study to examine neutral sphingomyelinase 

activity and protein content in SS mitochondria isolated from skeletal muscle of varying 

fiber type compositions. Due to intrinsic differences between muscle fiber types, 

specifically type II fibers having greater sensitivity to apoptosis and oxidative stress, we 

hypothesized that nSMase content and activity would be highest in SS mitochondria 

isolated from predominantly type II fibers compared to predominantly type I. 

Specifically, we hypothesized that 1) total nSMase activity would be higher in isolated SS 

mitochondria from predominantly type II muscles compared to type I muscles, 2) the 

protein content of various nSMase isoforms would be higher in SS mitochondria isolated 

from predominantly type II muscles compared to predominantly type I, and finally 3) 

total nSMase activity would be positively correlated with nSMase3 protein content in SS 

mitochondria isolated from skeletal muscles of varying fiber type composition, with no 

significant differences in correlation across the various muscles. 

Our findings suggest, contrary to the hypothesis, that total nSMase activity in SS 

mitochondria did not correlate to muscle fiber type composition, as there were no 

significant differences observed in total enzyme activity in SS mitochondria from the 

four muscles when activity was expressed per mg of mitochondrial protein. Secondly, 

we discovered that nSMase2 protein content was higher in SS mitochondria isolated 

from a predominantly fast twitch muscle (e.g. EDL) compared to a predominantly slow 

twitch muscle (e.g. soleus and diaphragm). This finding was in accordance with our 

hypothesis, due to greater amounts of oxidative stress experienced by predominantly 
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type II muscles. In contrast, nSMase3 protein content was not detectable in SS 

mitochondria from the four muscles examined. Finally, we also determined that while 

nSMase2 protein content was positively correlated with total nSMase activity in SS 

mitochondria isolated from slow twitch soleus muscle, no significant correlations were 

found in the other muscles examined. 

nSMase activity was not dependent on muscle fiber type predominance 

Total nSMase activity was not found to be significantly different in SS 

mitochondria isolated from the various muscles when expressed per mg mitochondrial 

protein content. These findings are consistent with previously published results 

examining whole muscle homogenates demonstrating that nSMase activity did not 

differ between muscles of varying fiber type composition (Błachnio-Zabielska et al., 

2011; Moylan et al., 2014). In fact, Moylan and colleagues reported that brain was the 

only tissue which had significantly higher nSMase activity compared to the other tissues 

examined. As such, total nSMase activity does not appear to differ between muscle 

types based on whole cell or mitochondrial analyses. 

This lack of observed differences could stem from a variety of factors. First, the 

regulation of nSMase translocation and activity appears to be highly coordinated and 

independent processes. Upon translocation to the plasma membrane, nSMase must 

undergo further post-translational modifications in order to be activated, thus protein 

abundance does not necessarily equate to higher protein activity. Second, the 

subcellular localization of the mitochondrial sample analyzed may have also played a 

role as SS mitochondria are not localized proximally to CaN, a putative regulator of 
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nSMase activity found primarily along the contractile units and t-tubles. Finally, SS 

mitochondria do not appear to be as susceptible to ROS mediated apoptosis compared 

to their IMF counterpart. These points could help explain our observed lack of 

differences of nSMase activity in isolated SS mitochondria. 

Activation of nSMase requires post-translational modifications 

 nSMase has been shown to be primarily localized to the Golgi apparatus and the 

plasma membrane. Research has suggested that nSMase is trafficked between the Golgi 

to the plasma membrane upon phosphorylation of specific serine residues (Filosto et al., 

2012; Milhas et al., 2010). Once present at the plasma membrane, the enzyme must 

undergo some post translational modifications to be activated, including binding of Mg2+ 

and anionic phospholipids (such as phosphatidylserine, phosphatidic acid, and 

cardiolipin), changes in oligomeric state, and palmitoylation of cysteine residues (Airola 

and Hannun, 2013; Airola et al., 2017; Dotson et al., 2015; Shanbhogue et al., 2019; Tani 

and Hannun, 2007). Taken together, these requirements for regulating activity highlights 

the complexity behind the regulatory mechanisms of this enzyme. 

 The requirement of anionic phospholipids for regulating the activity of nSMase 

has been the topic of investigation for a long time, however the actual mechanism 

through which this occurs was largely unknown until recently. Research conducted by 

Shanbhogue and colleagues (2019) has shown the activation of the enzyme is 

dependent on binding of phosphatidylserine, which leads to a change in conformational 

shape via what is known as the juxtamembrane region of nSMase. Binding of anionic 

phospholipids and subsequent shift of the juxtamembrane region leads to a shift in 
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positioning of the catalytic domain of nSMase into the active conformation (Shanbhogue 

et al., 2019). This catalytic region is kept in a blocked position by a “DK switch” (Airola et 

al., 2017), which uncouples upon binding of anionic phospholipids allowing access of 

substrate (i.e. SM) to the catalytic region. 

 The ability of anionic phospholipids to regulate nSMase activity may provide 

further support for the role of this enzyme in apoptotic signalling in skeletal muscle. 

Interestingly, nSMase activity is highly dependent on presence of cardiolipin (Wu et al., 

2010b, 2010a). Cardiolipin is exclusively a mitochondrial lipid, which plays an important 

role in maintaining the integrity and shape of the inner mitochondrial membrane (Lu 

and Claypool, 2015). During the early stages of apoptosis, cardiolipin has been observed 

to become highly concentrated in contact sites between the inner and outer 

mitochondrial membrane, along with the reorganization of other key lipids such as 

phosphatidylserine to the outer mitochondrial membrane (Cristea and Degli Esposti, 

2004; Manganelli et al., 2015). This highlights a potential mechanism through which the 

accumulation of anionic phospholipids to the outer mitochondrial membrane can 

activate nSMase and increase the concentration of ceramides to trigger apoptosis. 

Further research should confirm the relationship between the reorganizations of these 

key lipids on the outer mitochondrial mitochondria membrane and its effect on nSMase 

activation. 

nSMase in SS mitochondria may experience less inhibition from CaN 

One of the major regulators for nSMase activity is phosphorylation on five highly 

conserved serine sites (Fig. 12; Filosto et al., 2010, 2012), where phosphorylation is   
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Figure 12: Proposed model for neutral sphingomyelinase (nSMase) regulation.  

nSMase serine (Ser) residues can be phosphorylated by protein kinase C (PKC) or P38 

mitogen-activated protein kinase (P38). Calcineurin (CaN), a calcium-dependent protein 

phosphatase, is capable of physically binding to nSMase, dephosphorylating its serine 

residues, and thus reducing its level of activity. Upon exposure to oxidative stress, CaN 

dissociates from nSMase and is unable to bind, eventually leading to degradation of the 

CaN. This allows the serine residues to remain phosphorylated on nSMase, leading to 

increased activity, which ultimately leads to increased hydrolysis of sphingomyelin (SM) 

and generation of ceramides.  
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positively correlated with activity. The exact mechanism of phosphorylation of these 

sites is still unclear, but research has alluded that this occurs downstream of protein 

kinase c (PKC) and P38 mitogen-activated protein kinase (P38 MAPK). Calcineurin (CaN) 

is a serine/threonine phosphatase that is capable of dephosphorylating nSMase Ser 

sites, acting as a “break pedal” by maintaining tight control over nSMase activity (Filosto 

et al., 2010; Goldkorn and Filosto, 2010). CaN is primarily localized along the transverse 

tubules near the ryanodine receptor (Torgan and Daniels, 2006), as well as along the Z-

line (Frey and Olson, 2002; Frey et al., 2000; Ørtenblad et al., 2018). Given that IMF 

mitochondria populate closer to the contractile filaments (Ogata and Yamasaki, 1985), it 

can be suggested that CaN may interact more closely with IMF rather than SS 

mitochondria . Under periods of oxidative stress, CaN is inhibited and unable to bind to 

nSMase, which leads to a degradation of CaN and removing its inhibitory effects on 

nSMase phosphorylation (Bogumil et al., 2000; Goldkorn and Filosto, 2010). Bogumil and 

colleagues (2000) have suggested that the inactivation of CaN by oxidative stress likely 

occurs due to a conformational change to the enzyme. As such, nSMase associated with 

IMF mitochondria could experience much tighter control on its activity by CaN 

compared to SS mitochondria, and possibly demonstrate muscle-specific differences in 

total nSMase activity not seen when SS mitochondria are examined. Further research 

should be conducted to characterize nSMase content and activity in this mitochondrial 

subpopulation. 
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SS mitochondria may not be as susceptible to ROS-induced apoptosis 

Previous research examining SS and IMF mitochondrial subpopulations has 

revealed functional and morphological differences, such as differences in H2O2-induced 

apoptosis, lipid and protein content, and ability to generate ROS (Adhihetty et al., 2005, 

2007; Cogswell et al., 1993; Ferreira et al., 2010b; Hollander et al., 2014; Kuznetsov et 

al., 2006; Schiaffino and Reggiani, 2011). However, sphingomyelin content does not 

appear to differ between SS and IMF mitochondria, with content sitting at about 15% 

total lipid in these two populations (Holloway et al., 2012; Stefanyk et al., 2010). One 

key difference between mitochondrial subpopulations that may speak to a lack of 

difference in nSMase activity in SS mitochondria is that despite SS mitochondria 

producing significantly more ROS, IMF mitochondria are much more sensitive and 

susceptible to ROS-induced apoptosis (Adhihetty et al., 2005, 2007). Thus, SS 

mitochondria may experience greater control on enzymes that promote pro-apoptotic 

processes such as nSMase. Furthermore, SS mitochondria have a higher antioxidant 

defense system compared to IMF mitochondria, which has been shown to supress 

nSMase activity in young hepatocytes (Babenko et al., 2015; Ferreira et al., 2010a; 

Loureiro et al., 2016; Pinho et al., 2017). The exact mechanism by which GSH is able to 

inhibit nSMase activity has not been explored, however it is hypothesize that the 

protective effects of GSH to oxidative stress indirectly prevents CaN inhibition and 

resulting downregulation of nSMase activity. This suggests that IMF mitochondria may 

be central in mediating apoptosis within muscle, being more responsive to apoptotic 

stimuli, including ceramide generation and accumulation. Future studies should examine 
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nSMases activity and expression in IMF mitochondria to confirm their potential role in 

apoptosis. 

Collectively, requirement of post-translational modification, as well as the 

mitochondrial subpopulation examined and how these factors may have influenced the 

potential regulation of nSMase may have contributed to a lack of observed differences 

in nSMase activity between the muscle examined. As previously stated, the activation of 

nSMase, potentially mediated by oxidative stress, and subsequent increase in ceramides 

is an important trigger to initiate cell death (Hernández-Corbacho et al., 2017; Siskind, 

2005). Despite these important facts about nSMase and the role that CaN and oxidative 

stress plays in the regulation of nSMase, it is important to note that in our study, the 

muscle was not challenged in any way. Theoretically, during periods of elevated 

oxidative stress, nSMase activity would be increased (through inhibition of CaN and 

phosphorylation on Ser residues), leading to an increase in ceramides. Under these 

conditions, we hypothesize that the activity of nSMase may be significantly different in 

IMF mitochondria, as this mitochondrial population is more susceptible and responsive 

to apoptotic stimuli compared to its SS counterpart (Adhihetty et al., 2005, 2007). 

However, under basal conditions, there are no indications that results in IMF 

mitochondria would be any different than what was observed in SS, as the muscle is not 

being exposed to any type of stress. 



- 62 - 
 

nSMase2 has higher expression in mitochondria from fast twitch muscle compared to 

slow twitch muscles 

 Despite no different in total nSMase activity between SS mitochondria isolated 

from muscles with different fiber type compositions, nSMase2 protein content was 

higher in EDL (predominately type II muscle) compared to soleus (a predominately type I 

muscle). In predominantly type II muscle, nSMase may experience a higher level of 

phosphorylation due to lower levels of antioxidants (Pereira et al., 1994; Picard et al., 

2008; Qaisar et al., 2016), lower amount and activity of CaN (Chin et al., 1998; Oh et al., 

2005), and higher amounts of oxidative stress (Loureiro et al., 2016; Pinho et al., 2017), 

as previously stated. Previous research in MCF-7 cells (human breast cancer cell line) has 

shown that nSMase2, primarily found on the Golgi membrane, translocates to the 

plasma membrane upon phosphorylation (Milhas et al., 2010) where there is a high 

abundance of sphingomyelin (Airola and Hannun, 2013; Gault et al., 2010; Goñi and 

Alonso, 2002; Levy et al., 2006). As such, a greater availability of nSMase2 associated 

with SS mitochondria, coupled with other post-transformational properties of nSMase 

activation discussed above, may contribute to predominately type II muscles being more 

susceptible to apoptosis compared to predominately type I muscles. 

nSMase2 content is positively correlated with total nSMase activity in soleus 

 Contrary to our hypothesis, we found that total nSMase activity was only 

correlated to nSMase2 protein content in SS mitochondria isolated from soleus, and not 

the other muscles examined. This finding could be explained by the fiber type 

composition and/or the amount of mitochondrial sphingomyelin available of a given 

muscle examined. First, out of the skeletal muscles examined, soleus is the only muscle 
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that is almost entirely homogenous, possessing ~97% type I fibers (Bloemberg and 

Quadrilatero, 2012; Delp and Duan, 1996). As a result, it is possible that a greater 

variability in fiber type composition seen in the other muscles analyzed could introduce 

variability, making it more difficult to demonstrate significant correlations between 

nSMase2 and total nSMAse activity 

 Another possible reason for a positive correlation between nSMase2 and total 

nSMase activity in soleus may be due to the amount of SM, the important substrate for 

nSMase. Previous research has demonstrated that SM content in both whole muscle 

(Dobrzyń and Górski, 2002) and SS mitochondria (Stefanyk et al., 2010) appear to be 

higher in soleus compared to other muscles in rats. With more SM substrate available in 

soleus, this could provide an explanation for the significant positive correlation of 

nSMase activity and nSMase2 protein content. 

nSMase3 is not detectable in SS mitochondria 

 nSMase3 was below the level of detection in isolated SS mitochondria, a result 

that contradicted our hypothesis as previous research has shown it to be the primary 

isoform found in whole muscle homogenate (Clarke and Hannun, 2006; Gault et al., 

2010). Although nSMase3 is less studied that nSMase2, it is known that nSMase3 is 

primarily localized to the ER/SR and MAM in various cell types, including skeletal muscle 

(Airola and Hannun, 2013; Corcoran et al., 2008; Krut et al., 2006; Moylan et al., 2014). 

SS mitochondria are more closely associated with the sarcolemma compared to IMF 

mitochondria are found between the myofibrils and have been shown to physically 

interact with SR in skeletal muscle (Boncompagni et al., 2009; Eisner et al., 2014). Thus, 
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due to potential colocalization, nSMase3 may be associated with IMF rather than SS 

mitochondria, preventing detection in the SS mitochondrial fraction. Future research 

should examine IMF mitochondria and nSMase3 protein content. 

Conclusion 

 In the current study, the main objectives were to characterize and compare the 

activity and protein content of nSMase in mitochondria isolated from various skeletal 

muscles, and to determine whether total nSMase activity was positively correlated with 

a certain isoform. The results of the study determined that 1) total nSMase activity in 

isolated SS mitochondria is not dependent on skeletal muscle fiber type composition, 2) 

nSMase2 protein is found in higher concentration in SS mitochondria from 

predominantly fast twitch muscle compared to predominantly slow twitch muscle, 3) 

nSMase2 protein content is positively correlated to total nSMase activity in SS 

mitochondria isolated from soleus but not the other muscles examined, and 4) nSMase3 

content was not detectable in SS mitochondria from any of the muscles analyzed, 

despite previous literature suggesting this is the primary isoform found in skeletal 

muscle. This study is the first to report total activity and isoform expression in SS 

mitochondria isolated from skeletal muscle. The role that nSMase plays in mitochondrial 

mediated apoptosis through its ability to generate ceramides is still largely unknown, 

however this study provides a foundation for future research. Further studies are 

needed in order to fully elucidate the specific contributions of each nSMase isoform in 

generating mitochondrial ceramides in skeletal muscle, and its potential effects on 

mediating apoptosis. 
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Strengths and Limitations  
This study provided some new information regarding nSMase specifically in 

skeletal muscle. Importantly, this study was the first to: 1) examine nSMase activity and 

content in isolated SS mitochondria from skeletal muscle, 2) examine whether nSMase 

activity and protein content in isolated SS mitochondria is fiber type dependent, and 3) 

examine whether a specific nSMase isoform is the primary contributor to total nSMase 

activity in isolated SS mitochondria. Here, we were able to show that in SS mitochondria 

isolated from skeletal muscle, nSMase3 was not a contributor to total nSMase activity, 

and it was in fact nSMase2 that was primarily detected in these samples. Research of 

nSMase in previous years have mainly focused on using a variety of different cell lines 

such as cardiomyocytes (Krown et al., 1996; Oral et al., 1997), vascular smooth muscle 

cells (Kolmakova et al., 2004), HBE1 cells (Filosto et al., 2010), airway epithelial cells 

(Filosto et al., 2010; Goldkorn and Filosto, 2010) and many others. In skeletal muscle, 

research has been primarily aimed at examining nSMase effects on a cellular level. For 

instance, its effect on contractile properties of muscle (Błachnio-Zabielska et al., 2011; 

Ferreira et al., 2010a; Loehr et al., 2015) and the effects of exercise and muscle disuse 

on nSMase activity and SL metabolism (Błachnio-Zabielska et al., 2011; Dobrzyń and 

Górski, 2002; Görski et al., 2006; Petrov et al., 2019). However, despite the 

overwhelming evidence for the role of mitochondrial ceramides and apoptosis, no 

research has investigated nSMases potential contribution to ceramides in skeletal 

muscle SS mitochondria and this research establishes a much-needed foundation to 

continue research in this area. 
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Despite these strengths, there are some limitations. First, IMF mitochondria 

were not examined. Isolation of IMF mitochondria requires the use of proteases to 

breakdown contractile proteins to allow access to this subpopulation. It has been shown 

that proteases negatively impact mitochondrial proteins, specifically those located on 

the outer mitochondrial membrane (Bezaire et al., 2004; Koves et al., 2005; 

MacPherson, 2008). This may prove to be a challenge, as various nSMases have been 

shown to be associated with the outer mitochondrial membrane. For example, MA-

nSMase is found on anchored on the outer mitochondrial membrane (Rajagopalan et al., 

2015; Wu et al., 2010b, 2010a), while the localization of nSMase3 within the cell has 

been determined to be in the ER and mitochondrial-associated membranes (MAM; 

Corcoran et al., 2008; Krut et al., 2006; Moylan et al., 2014). MAM’s are an area of 

extensive research, and its well understood that these sites are regions of high 

interactions between the outer mitochondrial membrane and the ER/SR (Vance, 2014). 

As such, alternative methods are needed to isolate IMF mitochondria without negatively 

affecting proteins associated with the outer mitochondrial membrane. With 

methodology aimed at isolating IMF mitochondria without impacting outer 

mitochondrial membrane proteins, future research could examine nSMase activity and 

protein content associated with this subpopulation in skeletal muscle. As previously 

mentioned, SS and IMF mitochondria differ both morphologically, spatially and 

metabolically, which could mean that they may experience differences in nSMase 

activity, content, and regulation. 
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Furthermore, future research could examine the cellular and subcellular location 

of the various nSMase isoforms in skeletal muscle using immunohistochemistry, similar 

to previous literature (Mizutani et al., 2000; Moylan et al., 2014; Rajagopalan et al., 

2015; Tomiuk et al., 2000). Using isoform specific fluorophores with fluorescent fiber 

type analysis, nSMase proteins could be visualized to determine if any fiber type 

dependent exists. Alternatively, co-localization of isoform specific fluorophores with 

fluorescent probes associated with proteins localized to specific subcellular regions (e.g. 

sarcolemma, mitochondria, Golgi) may provide more insight into location of nSMases in 

skeletal muscle. 

In addition, oxidatively stressed muscles may demonstrate differing activities 

and/or regulation of nSMase. Hindlimb unloading has been shown to increase oxidative 

stress (Chen and Thompson, 2013; Lawler, 2003; Pellegrino et al., 2011). As such, future 

research could use hindlimb unloading as a model of oxidative stress to examine how 

nSMase activity and regulation may differ in a muscle specific fashion. 

Finally, using genetically modifiable models (e.g. Drosophila or immortal cell lines 

like C2C12 cells), individual nSMase isoforms could be selectively down (knockout) or up 

(knockin) regulate. With this approach, the impact of the change in nSMase isoform 

expression on total nSMase activity could be assessed. Coupled with a pro-apoptotic 

environment, these approaches could further our understanding of the role of nSMase 

and its isoforms in regulating apoptosis.  
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Figure A1: nSMase2 antibody linearity. Western blot for nSMase2 protein content in 

whole muscle homogenate in increasing protein concentrations (A), with a graphical 

representation of the optical density of observed bands (B). 
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Figure A2: Full western blot for nSMase2 detected at 80 kDa range in isolated SS 

mitochondria from animals one and two (top) with ponceau stain as a loading control 

(bottom).  
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Figure A3: Full western blot for nSMase2 detected at 80 kDa range in isolated SS 

mitochondria from animals three and four (top) with ponceau stain as a loading control 

(bottom).  
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Figure A4: Full western blot for nSMase2 detected at 80 kDa range in isolated SS 

mitochondria from animals five and six (top) with ponceau stain as a loading control 

(bottom).  
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Figure A5: Full western blot for nSMase2 detected at 80 kDa range in isolated SS 

mitochondria from animals seven, eight, and nine (top) with ponceau stain as a loading 

control (bottom). 


