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ABSTRACT 

Mitochondria represent dynamic structures which undergo various changes in 

morphology in order to rapidly respond to changes in cellular physiology. Changes in 

mitochondrial dynamics are observed in various pathological events and represent a potential 

target for therapeutics. In this thesis, I first investigated the role of zinc supplementation on rat 

aortic endothelial (RAENDO) and smooth muscle (RASMC) cell mitochondrial form and 

function to elucidate the underlying mechanisms by which zinc prevents the development of 

smooth muscle neointimal hyperplasia in vivo. I discovered that zinc differentially alters the 

gene expression of several mitochondria-associated genes in cells treated with ZnSO4 for 7 days. 

In agreement with this, an increase in mitochondrial network fragmentation (fission) is observed 

in RAENDO cells, whereas fusion is observed in RASMC cells with zinc treatment. I determined 

that cell-type specific differences in zinc storage and buffer capacity necessitating different 

mitochondrial quality control mechanisms may underscore differential responses to zinc 

exposure in vivo. These results highlight mitochondria as an important target for the treatment or 

prevention of neointimal hyperplasia in vivo. The potential to modulate mitochondrial network 

morphology to alter cellular function lead to the second study of this thesis, in which a 

mitochondrial-targeting moiety, triphenylphosphonium (TPP), is employed to target 

mitochondrial lipid composition. Here, I evaluated the use of TPP-linoleic acid (TPP-LA) to 

modulate mitochondrial cardiolipin (CL) composition in a tafazzin knockout (TAZKO) mouse 

myoblast model of Barth syndrome, a disease characterized by abnormal CL composition. My 

results indicate that TPP-LA non-significantly enhances mitochondrial membrane potential and 

apparent fusion in TAZKO and isogenic wildtype (WT) cells. CL analyses reveal that TPP-LA 

administration for 14 days during differentiation may rescue the CL profile of TAZKO cells. 

TPP-LA treatment also enhances biochemical differentiation in WT cells but fails to rescue 

differentiation in TAZKO cells. These results highlight the complex relationship between 

mitochondrial lipid composition and modulation of mitochondrial dynamics. Taken together, 

these two projects highlight the plastic nature of mitochondria, their role in pathological 

conditions and potential as therapeutic targets.   
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Chapter 1.0 Introduction and Literature Review  

 

Portions of this chapter have been published as:  

 

Bagshaw, O.R.M., Atkinson, J., Fajardo, V.A., LeBlanc, P.J., Stuart, J.A. (2020). Therapeutic 

targeting of cardiolipin composition in injury and disease using TPP-conjugated compounds. 

Chapter in Clinical Bioenergetics. Ed. Ostojic S. Elsevier. 

 

Bagshaw, O.R.M., Balardo, C.J., Bland, N.A., Pardiwalla, N., Samuel, I.A.J., Zoso, S.L.S, 

Stuart, J.A. (2020). Impaired mitochondrial dynamics is disease. Chapter in Mitochondrial 

protection for health and aging. Ed. Marco de Oliveira. Elsevier.  
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1.1 General Introduction 

 

Mitochondria are highly plastic organelles which allow them to adapt via morphological 

and functional changes in response to cellular signals (Bahat et al. 2019). Mitochondria form a 

network of dynamic structures which adopt various morphologies ranging from a highly 

interconnected network to a more fragmented population of discrete, punctate structures. 

Changes in mitochondrial network morphology are essential for various cellular processes 

including proliferation, differentiation, stress, changes in nutrient availability and cell death 

(Liesa et al. 2009).  

Individual mitochondria undergo various fusion and fission events in order to modulate 

the mitochondrial network. Recent advances in microscopy and molecular modeling have led to 

a detailed understanding of the underlying mechanisms which support these processes. 

Mitochondria possess an inner (IMM) and outer (OMM) membrane which require coordination 

during fusion/fission events. Mitochondrial fusion is facilitated by optic atrophy 1 (Opa1) and 

mitofusins (Mfn1/2) at the inner and outer mitochondrial membranes, respectively. 

Mitochondrial fission is modulated primarily by dynamic-related protein 1 (Drp1) along with 

various adaptor and effector proteins (Tilokani et al. 2018). Mitochondrial dynamics machinery 

is highly regulated by protein-protein interactions, protein-phospholipid interactions and post-

translational modifications which allow for highly concise regulation in response to various 

changes in mitochondrial and cellular function. Fission may precede mitophagy, the autophagic 

removal of mitochondria, in order to maintain a healthy population. Mitochondrial quality 

control can also be maintained by mitochondrial derived vesicles which selectively remove 

dysfunctional sections of mitochondrial structures without sacrificing the entire organelle 

(Roberts et al. 2016). In addition, several signaling pathways are understood to promote the 
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biosynthesis of mitochondria in response to physiological stimuli including increased energy 

demand, long-term exposure to cold temperature and differentiation (Ventura-Clapier et al. 

2008). Importantly, mutation or disruption of the mitochondrial fusion/fission or mitophagy 

machinery results in profound mitochondrial dysfunction which contributes to several disease 

conditions including Charcot-Marie-Tooth 2A, autosomal dominant optic atrophy, ischemia-

reperfusion injury, Parkinson’s disease, as well as various cancers and hyperproliferative 

diseases (Liesa et al. 2009).  Emerging evidence suggests that the mitochondrial metabolome 

facilitates epigenetic changes by functioning as epigenetic enzyme cofactors (Bahat et al. 2019, 

Schartzman et al. 2018). These changes in gene expression can facilitate widespread changes in 

mitochondrial form and function to increase cell survival. Indeed, mitochondria are highly plastic 

organelles which can respond to a wide range of cellular stimuli in order to maintain cellular 

function.  

1.2 Mitochondrial structure and function 

Mitochondria are essential eukaryotic organelles primarily appreciated for their role in 

ATP production through oxidative phosphorylation (OXPHOS). However, mitochondria also 

contribute to several essential cellular activities including metal ion homeostasis, redox 

signalling, apoptosis and innate immunity (Cena et al. 2012). Due to the interdependent role of 

mitochondria in cellular function, it is unsurprising that dysregulation and/or dysfunction of 

mitochondria has been implicated in a wide range of pathological conditions including several 

neurodegenerative diseases, cancer, diabetes, and ischemia-reperfusion injury (Liesa et al. 2009). 

 Mitochondria consist of two phospholipid bilayers, organized into the inner (IMM) and 

outer mitochondrial membranes (OMM) (Figure 1.1). The porous OMM separates the inner 

membrane space (IMS) from the cytosol whereas the highly impermeable IMM demarcates the 
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innermost compartment known as the mitochondrial matrix. The IMM forms dynamic tubular 

and lamellar membrane invaginations into the matrix called cristae. The highly negative 

membrane curvature of the cristae is facilitated in part by high enrichment of the unique lipid 

species, cardiolipin (CL).  

 

Figure 1.1. Mitochondrial structure. Organization of the mitochondrial membranes and 

compartments. Abbreviations: OMM, outer mitochondrial membrane; IMS, inner membrane 

space; IMM, inner mitochondrial membrane; IBM, inner boundary membrane; MCU, 

mitochondrial calcium uniporter; MICOS, mitochondrial contact site and organizing system; 

OPA1, optic atrophy 1. Modified from Giacomello et al. 2020.  

 

The mitochondrial respiratory complexes are found on the IMM where they work 

together to catalyze the oxidation of NADH and FADH2, coupled to ATP synthesis. There are 

four respiratory complexes (C-I, C-II, C-III, C-IV) which function to transfer electrons from 

NADH/FADH2 to oxygen while simultaneously pumping protons (H+) across the IMM into the 

IMS. This generates the highly negative electrochemical gradient across the IMM which drives 

the synthesis of ATP through ATP synthase (C-V) (Figure 1.2).  
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Figure 1.2. The mammalian mitochondrial respiratory chain. Molecular models of the 

respiratory complexes demonstrating the pumping of protons into the inner membrane space and 

synthesis of ATP. IMS, inner membrane space, H+, proton, Q, ubiquinone, QH2, ubiquinol. 

Modified from Letts et al. 2017.  

 

The organization of the respiratory complexes was originally described by the ‘fluid 

state’ model in which all components diffuse freely in the IMM (Hackenbrock et al. 1986). 

However, the use of blue native polyacrylamide gel electrophoresis revealed that the respiratory 

complexes assemble into large multicomplex proteins or supercomplexes (Schagger et al. 2000). 

Early studies determined that SCs form in various stoichiometric ratios and combinations 

including C-I+C-III, C-III+ C-IV, as well as the respirasome (C-I+C-III+C-IV) facilitated by 

binding interactions between the individual complexes (Javadov et al. 2020). Phospholipid 

composition of the inner membrane can alter supercomplex stability and alter complex structure. 

Evidence suggests that CL stabilizes supercomplex assembly whereas phosphatidylethanolamine 

facilitates their disintegration (Bottinger et al. 2012). In addition, several proteins are involved in 

the regulation and stability of supercomplexes including stomatin-like protein 1 (SLP1) and 

Opa1 which are implicated in mitochondrial biogenesis and mitochondrial fusion, respectively 

(Christie et al. 2011, Mitsopoulos et al. 2015, Cipolat et al. 2004). These interactions allow for 

the dynamic regulation of mitochondrial respiratory function.  
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1.2.1 Mitochondrial fusion 

Mitochondrial fusion is facilitated by Mfn1/2 at the OMM and Opa1 at the IMM. Mfn1/2 

are dynamin-like GTPase proteins which consist of an N-terminal GTPase domain and two C-

terminal heptad-repeat (HR) domains which surround a transmembrane domain (Liesa et al. 

2009). It is well established that the yeast Mfn orthologue, Fzo1, has a transmembrane region 

consisting of two transmembrane domains allowing for outer membrane insertion and 

positioning of both the amino and carboxy termini in the cytoplasm (N-out C-out conformation) 

(Mattie et al. 2018). Early observations indicated that the mammalian Mfn outer membrane 

topology was equivalent to the yeast homologue. However, more recent analyses suggest that 

vertebrate Mfns may have only one transmembrane domain resulting in the N-terminus residing 

in the cytoplasm while the C-terminus resides in the intermembrane space (N-out C-in 

conformation). This domain organization was observed with human Mfn1 and Mfn2 (Mattie et 

al. 2018). It was also demonstrated that C-terminal tagging of Mfn2 to force its exposure in the 

cytoplasm can partially, but significantly, rescue mitochondrial fusion in Mfn2 knockout cells 

indicating that IMS localization is not essential, and thus suggesting a role for both 

conformations (Mattie et al. 2018). The N-out C-in conformation solves a previously 

confounding element of the cytosolic redox regulation of Mfns. Previous work suggested that 

cellular oxidative stress promotes the formation of higher order Mfn2 oligomers through the 

formation of disulfide bonds (Shutt et al. 2012). However, the cytosol is generally a reducing-

environment, making redox-regulation of Mfn2 in the cytosolic environment less likely. The 

positioning of the C-terminus in the intermembrane space solves this discrepancy (Mattie et al. 

2018). It has also been proposed that the N-out C-in topology may facilitate coordinated fusion 
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of the inner and outer membranes by interacting with inner membrane fusion machinery (Cohen 

et al. 2018).  

Fusion of two OMMs occurs through a series of steps: tethering, docking, hemifusion, 

and fusion. There are a number of molecular models to describe how Mfns mediate 

mitochondrial fusion. In general, fusion involves GTP hydrolysis to drive conformational 

changes in Mfns, leading to membrane fusion. The N-out C-out topology places the HR2 domain 

in the cytosol. Here, Mfns from opposing mitochondrial membranes can physically interact in 

trans, forming antiparallel dimers between HR2 domains. The HR2-HR2 interaction will tether 

two opposing mitochondria but is insufficient to produce mitochondrial fusion on its own (Filadi 

et al. 2018, Koshiba at el 2004). Consistent with this, the isolated HR2 domain of MFN1 is able 

to mediate liposome docking in vitro (Daste et al. 2018). In addition, recent research has 

indicated that trans Mfn dimers also form through GTPase domains (Cao et al. 2017, Qi et al. 

2016).  

Recent cryo-electron tomography structural analyses in yeast indicate that the Mfn 

orthologue Fzo1 forms a docking ring complex through the oligomerization both within the same 

membrane and across opposing membranes (Brandt et al. 2016). This study further showed that 

docking and fusion of yeast mitochondria occurred through distinct substages. First, isolated 

mitochondria undergo long-distance docking followed by cycles of GTP hydrolysis to gradually 

bring opposing mitochondria closer together (Brandt et al. 2016). Further GTP hydrolysis 

facilitates membrane fusion at the point within the mitochondrial docking complex where 

membrane curvature is most pronounced (Brandt et al. 2016). Following close apposition, 

membranes must be destabilized to allow transition from lamellar (bilayer) to inverted-hexagonal 

(non-bilayer) lipid phases to promote membrane fusion.  
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Studies on mammalian mitochondria have demonstrated that the HR1 domain of Mfns is 

required for fusion possibly by destabilizing the lipid bilayer structure (Cohen et al. 2018, Daste 

et al. 2018). The GTP-hydrolysis induced conformational changes during docking are predicted 

to bring together the transmembrane domains of opposing Mfn proteins. This pulling mechanism 

may locally deform lipid bilayers around the transmembrane domains allowing for HR1 to 

efficiently interact with and disturb the bilayer structure. Close proximity of two highly curved 

and destabilized membranes may then result in spontaneous fusion (Cohen et al. 2018). 

However, this model is based on the OMM topology of Mfns based on the yeast orthologue 

Fzo1. Recent phylogenetic analysis suggests that the HR2 domain resides in the IMS. Here, 

redox mediated disulphide modifications may induce MFN dimerization and oligomerization to 

promote tethering or GTPase activity required for membrane fusion (Mattie et al. 2018, Tilokani 

et al. 2018). Overall, the molecular mechanism(s) of Mfns in mediating OMM fusion is still not 

completely clear, and further research is required.  

While OMM fusion in mammals is dictated by Mfn1 and Mfn2, IMM fusion requires the 

dynamin-related GTPase, Opa1. Mutations in OPA1 are commonly associated with the 

development of autosomal dominant optic atrophy, a pediatric condition characterized by the 

degeneration of retinal ganglion cells (RGC). Concomitantly with its role in IMM fusion, Opa1 

is required for maintenance of cristae organization, respiratory chain function, and mitochondrial 

DNA integrity (Olichon et al. 2003). Either knockdown or overexpression of Opa1 can result in 

fragmentation of the mitochondrial network (Liesa et al. 2009) indicating that the balance of 

Opa1 activity is critical to network homeostasis.  

Opa1 is a unique dynamin family GTPase in that it undergoes significant proteolytic 

processing. Differential splicing of the OPA1 gene produces at least eight distinct mRNA splice 
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forms (Delettre et al. 2001) that are translated as precursor proteins, each containing a 

mitochondrial leader sequence that is cleaved by mitochondrial processing peptidase (MPP). In 

addition to the MPP cleavage site, the polypeptides encoded by the mRNA splice forms contain 

an S1 cleavage site (exon 5), with some splice variants containing an additional S2 cleavage site 

(exon 5b), both of which are located N-terminal to the GTPase domain (Ishihara et al. 2006). In 

principle, each Opa1 splice variant can produce a long-isoform (due to MPP cleavage alone) and 

one or more short isoforms (due to cleavage at S1 or S2).  Interestingly, four of the eight mRNA 

splice variants appear to rescue >50% of mitochondrial fusion when individually expressed in 

OPA1-null cells (Song et al. 2007). The remaining four splice variants produce modest to little 

fusion. All of the splice variants that promote high levels of fusion produce both a long form 

OPA1 and one or more short forms, whereas the mRNA splice variants that promote little fusion 

yield only short forms (Song et al. 2007). Taken together, this suggests that the short isoforms 

produced at cleavage sites S1 and S2 have little independent activity. However, isoforms with an 

S1 mutation, which thus produce only a long form, lose their ability to rescue mitochondrial 

fusion in Opa1-null cells, suggesting that proteolytic processing is required for optimal Opa1 

function (Song et al. 2007). Furthermore, co-expression of long form Opa1 with any of the splice 

forms demonstrating little to no fusion activity results in a synergistic increase in mitochondrial 

tubulation (Song et al. 2007). Together these results demonstrate that long and short forms of 

Opa1 work together to promote mitochondrial fusion.  

Proteolytic processing of Opa1 involves Ymel1 and Oma1. Ymel1, an i-AAA protease 

anchored in the IMM, processes Opa1 at the S2 cleavage site whereas the IMM peptidase Oma1 

cleaves Opa1 at S1 (Anand et al. 2014). Oma1 deletion impairs S1 processing but does not 

significantly alter mitochondrial morphology (Ehses et al. 2009, Head et al. 2009). In contrast, 



 10 

Ymel1 depletion not only impairs S2 cleavage but induces mitochondrial fragmentation, altered 

cristae morphology, respiratory effects, and susceptibility to apoptosis (Song et al. 2007, 

Stiburek et al. 2012). Oma1 activity is stimulated by membrane depolarization and plays an 

important role in stress-induced IMM fragmentation (Anand et al. 2014, Ehses et al. 2009). 

Taken together, control of Opa1 proteolysis by proteases altered by mitochondrial function links 

IMM morphology with bioenergetics.  

 Opa1 is found as both a membrane-spanning inner mitochondrial membrane protein and a 

soluble form in the IMS (Alexander et al. 2000). Both the long and short form Opa1 protein 

consist of a GTPase domain, stalk region with a paddle-like membrane interaction domain and 

an N-terminal GTPase effector domain (Faelber et al. 2019, Ramachandran et al. 2018). C-

terminal to the mitochondrial import sequence, there is a putative transmembrane domain that is 

predicted to anchor long form Opa1 in the IMM (Olichon et al. 2002). A recent crystal structure 

of the yeast Opa1 orthologue, Mgm1, indicates that the paddle-like membrane-interaction 

domain containing a series of hydrophobic residues allowing it to dip into the membrane bilayer 

(Faelber et al. 2019). Structural studies of short form Mgm1 revealed a series of self-assembly 

interfaces along the stalk region allowing for Mgm1 oligomerization (Faelber et all. 2019). The 

N-terminal GTPase effector domain is a coiled-coil domain involved in oligomerization and 

activation of dynamins (Chappie et al. 2009). Self-assembly of Opa1 complexes through 

interaction of coiled-coil domains has been observed in vitro (Akepati et al. 2008). It is also 

possible that the N-terminal coiled-coil domain functions as a binding site for Opa1-Mfn1 

interactions, as in vivo Opa1 fusion likely interacts with Mfn1 to couple outer and inner 

membrane fusion (Cipolat et al. 2004). Taken together, the nature and exact structure of the 

fusogenic Opa1 complex remains to be elucidated but likely involves several protein-protein 
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interactions. Adequate function of the GTPase domain is essential for mitochondrial fusion, since 

blocking GTP hydrolysis by mutation or treatment with a non-hydrolysable nucleotide analogue 

severely impairs mitochondrial fusion (Ge et al. 2020). Importantly, many OPA1 mutations 

associated with dominant optic atrophy involve disruption of the GTPase domain and 

concomitant impairment of mitochondrial fusion (Ban et al. 2010).  

In order to promote membrane fusion, Opa1 likely undergoes a nucleotide-dependent 

conformational change coupled with domain rearrangement to overcome the physical energy 

barriers of membrane fusion, consistent with how other dynamin proteins function (Chappie et 

al. 2010, Faelber et al. 2011). Membrane fusion requires several sequential steps: tethering of 

apposing membranes, membrane docking, hemifusion (lipid mixing) and content release via pore 

opening. Opa1 GTPase activity in vitro is stimulated by cardiolipin, a dimeric, negatively 

charged lipid that is highly enriched at the inner mitochondrial membrane. This phospholipid has 

a unique structure with two phosphate head groups and four acyl chains. Cardiolipin has 

important roles in maintaining respiratory complex assembly, regulating cytochrome c release, 

and mitophagy (Saric et al. 2016).  

A recent study employed a total internal reflection fluorescence (TIRF)-based supported 

bilayer/liposome assay to analyze the Opa1 mechanism of membrane fusion. In this study, long 

and short Opa1 isoforms were purified and individually added to liposomes with phospholipid 

composition consistent with the IMM. The results of this study indicate that long isoform Opa1 

(l-Opa1) tethers liposomes in a homotypic fashion through protein interactions with l-Opa1 on 

the target bilayer (Ge et al. 2020). This tethering can occur in the absence of nucleotide but is 

enhanced by GTP. Importantly, when cardiolipin is absent, homotypic tethering is not affected 

by GTP. The non-hydrolysable GTP analogue GMPPCP disrupts tethering, suggesting a role for 
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the hydrolysis transition state in tethering (Ge et al. 2020). Further, l-Opa1 containing liposomes 

will tether to bilayers that lack a protein binding partner, as long as cardiolipin is present in the 

opposing bilayer. This heterotypic tethering is thought to be mediated through the lipid binding 

‘paddle’ insertion in the Opa1 stalk domain (Ge et al. 2020). Further, the homotypic and 

heterotypic arrangement of l-Opa1 can produce efficient membrane docking in the presence of 

GTP.  

Hemifusion and pore-opening are the final steps in mitochondrial fusion, in which 

membrane leaflets merge and matrix contents can mix. While both the homotypic and 

heterotypic arrangements of l-Opa1 can facilitate hemifusion, albeit more efficiently in the 

homotypic arrangement, only the homotypic arrangement supports pore-opening and content 

mixing (Ge et al. 2020). This result differs from previous reports, which indicate that l-Opa in 

the heterotypic format is sufficient to induce partial but significant fusion when cardiolipin is 

present in the opposing membrane (Ban et al. 2017). These results have also been confirmed in 

vitro using Opa1-deficient hybrid HeLa cells and hybrid mouse embryonic fibroblasts in which 

Opa1-deficient IMMs are able to fuse with Opa1-intact IMMs (Ban et al. 2017, Song et al. 

2007). This suggests that heterotypic fusion through cardiolipin may function in vivo to enhance 

homotypic fusion. In contrast, Opa1 short-isoforms (s-Opa1) alone are sufficient only to tether 

cardiolipin-containing liposomes to a cardiolipin-containing bilayer, but not sufficient to 

facilitate any further membrane fusion steps (Ge et al. 2020).  

Disruption of the IMM potential has been shown to promote proteolytic processing of 

Opa1, causing the accumulation of short isoforms and fragmented mitochondria (Duvezin-

Caubet et al. 2006, Ishihara et al. 2006). Together this suggests that s-Opa1 may function to 

suppress fusion, likely to promote autophagy of damaged mitochondria. Additional work by Ge 
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et al. (2020) indicated that combining s-Opa1 and l-Opa1 in a homotypic liposome/bilayer 

experiment increases hemifusion and pore-opening efficiency. Maximal efficiency is observed at 

equimolar levels of s-Opa1 and l-Opa1. When s-Opa1 levels exceed those of l-Opa1, efficiency 

is reduced as s-Opa1 likely begins to disrupt l-Opa1:l-Opa1 binding (Ge et al. 2020). This may 

provide insight as to why Opa1 overexpression results in fragmented mitochondria, as high 

expression may promote proteolytic cleavage and accumulation of s-Opa1, disrupting fusion 

machinery and promoting fragmentation.  

1.2.2 Mitochondrial fission  

Mitochondrial fission is facilitated primarily by the recruitment and activity of the large 

GTPase, Drp1. Drp1 is a cytosolic protein that is recruited to the mitochondrial membrane to 

initiate fission. Drp1 consists of an N-terminal GTPase domain, stalk middle domain and a C-

terminal GED domain (Liesa et al. 2009, Tilokani et al. 2018). A variable domain exists between 

the middle and GED domains which is subject to alternative splicing of the DRP1 transcript 

(Macdonald et al. 2016). There are 20 exons in the DRP1 transcript, of which exons 3, 16, and 

17 are differentially expressed. Exon 3 encodes a polypeptide insert (A-insert) located within the 

GTPase domain and exons 16 and/or 17 encode the B-insert found in the variable domain. While 

some splice variants exhibit cell type specific expression, the splice variant that has neither the A 

or B inserts is referred to as Drp1 isoform 3 and is ubiquitously expressed (Macdonald et al. 

2016). Drp1 activity plays essential roles in cell-cycle progression, cardiac and muscle 

differentiation, and apoptosis (Liesa et al. 2009).  

Drp1 is regulated by reversible phosphorylation. Cyclin dependent kinase 1 was shown to 

phosphorylate rat Drp1 isoform 1 (ser-616) during mitosis to allow proper allocation of 

mitochondria in daughter cells (Taguchi et al. 2007). Protein kinase A is reported to 
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phosphorylate ser-637 which appears to block interactions between the GED and GTPase/middle 

domain of Drp1 isoform 1, reducing GTPase activity. This results in an overall reduction in 

mitochondrial fission, and the formation of elongated mitochondria (Chang et al. 2007, Cribbs et 

al. 2007). However, this mechanism has been disputed as phosphorylation of the rat equivalent 

serine does not alter GTPase activity (Cribbs et al. 2007). Co-immunoprecipitation experiments 

support calcineurin as the phosphatase responsible for dephosphorylation of ser-637 and 

calcineurin inhibitors can prevent calcium-dependent dephosphorylation of Drp1 (Cereghetti et 

al. 2008, Cribbs et al. 2007). Drp1 isoform 3 is also phosphorylated at ser-600 (equivalent to ser-

637 in isoform 1) by Ca2+-calmodulin dependent kinase (CaMKl𝛼). This phosphorylation is 

observed upon calcium influx through voltage-dependent calcium channels, increasing Drp1 

isoform 3 binding to the outer membrane and thus mitochondrial fission (Han et al. 2008). Taken 

together, calcium can induce Drp1 recruitment to the OMM by dephosphorylation of Drp1 

isoform 1 or phosphorylation of Drp1 isoform 3. It is not clear why phosphorylation of the same 

serine residue in different Drp1 isoforms has the opposite effect on Drp1 recruitment. These 

studies indicate how intracellular signals can rapidly affect mitochondrial morphology. Further, 

Drp1 recruitment to the outer mitochondrial membrane occurs concomitantly with ER calcium 

release during apoptosis. Therefore, the mechanism of calcium-dependent phosphorylation may 

partially underly mitochondrial fragmentation during apoptosis (Breckenridge et al. 2003).  

Once recruited to the outer membrane, Drp1 monomers form a ring-link structure around 

mitochondria causing narrowing of the membrane (Frohlich et al. 2013, Ingerman et al. 2005, 

Smirnova et al. 2001). GTP hydrolysis enhances this membrane constriction, thereby marking a 

future site of mitochondrial fission (Mears et al. 2011). The stalk middle domain of Drp1 

mediates the assembly of oligomeric helices that start at two points on the membrane (Frohlich et 
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al. 2013, Koirala et al. 2013). The canonical mechanism in which Drp1 is directly recruited to a 

constriction site has recently been challenged with the proposal of a ‘targeted equilibrium’ 

mechanism. In this mechanism, Drp1 oligomers and dimers exist in a dynamic equilibrium with 

the cytosol and outer mitochondrial membrane. Membrane-bound Drp1 puncta are incorporated 

into a larger Drp1 oligomer and are capable of translocating along the mitochondrial tubule to 

fission sites, possibly through interactions with actin filaments (Ji et al. 2015).  

Since Drp1 does not contain a domain that directly binds membrane phospholipids, 

recruitment to the outer mitochondrial membrane requires adaptor proteins. In mammals, the tail-

anchored proteins, mitochondrial fission factor (MFF), and mitochondrial dynamics proteins 49 

and 51 (Mid49 and Mid51) act as receptors for Drp1 (Tilokani et al. 2018). In vitro studies have 

demonstrated that MFF can recruit high oligomeric forms of Drp1 and stimulate GTPase activity 

to enhance membrane constriction (Liu et al. 2015, Macdonald et al. 2016). These receptors have 

distinct but complementary functions, where Mid49/51 recruit GTP-bound Drp1 to facilitate 

oligomerization and MFF selectively recruits oligomeric and active forms (Tilokani et al. 2018). 

Previously, cryo-EM imaging in yeast demonstrated that the yeast Drp1 homologue, Dnm1, can 

facilitate membrane constriction but not at a level capable of producing membrane scission 

(Naylor et al. 2006). As a result, it has been proposed that an additional protein is required for 

this final step. In mammals, Dnm2, a GTPase that also assembles a ring-like structure around 

constricting membranes of budding vesicles, is thought to perform this function. Dnm2 appears 

to function downstream of Drp1 as live-cell imaging evidence suggests it is recruited to Drp1-

induced constriction sites (Lee et al. 2016). In addition, silencing of Dnm2 results in 

mitochondrial elongation and the development of narrow super-constriction sites, suggesting it is 

required for the final scission step (Lee et al. 2016).  
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Recent research indicates that the ER plays an essential role in mitochondrial fission. 

High resolution EM tomography images have shown that ER tubules can wrap around 

mitochondria and induce mitochondrial constriction (Friedman et al. 2011). This step decreases 

the average mitochondrial diameter from 300-500 nm to approximately 150 nm, allowing Drp1 

ring formation and subsequent constriction (Friedman et al. 2011). Recent evidence suggests 

calcium and phospholipids play a role in mitochondrial division, and these ER-mitochondrial 

contact sites may promote metabolite exchange and membrane remodelling prior to fission 

(Chakrabarti et al. 2018, Kameoka et al. 2018, Tilokani et al. 2018). It is unclear how the ER 

identifies and marks future sites of mitochondrial fission. However, recent live-cell imaging 

experiments have indicated that replicating mtDNA spatially accumulates at mitochondrial- ER 

contact sites and may indicate future sites of division, to ensure adequate distribution of mtDNA 

(Lewis et al. 2016).  

While the mechanism for outer membrane fission is well established, only recently has a 

possible mechanism for inner membrane fission been proposed. Stimulation of ER-induced 

calcium release to mitochondria results in constriction of the IMM prior to Drp1 assembly or 

outer membrane constriction (Chakrabarti et al. 2018, Cho et al. 2017). This result is lost in the 

absence of the mitochondrial calcium uniporter, which also leads to mitochondrial elongation 

(Cho et al., 2017). Taken together, these results suggest a role of ER-mitochondrial contact sites 

and calcium transfer in IMM fission. Further, calcium release to mitochondria reduces the 

mitochondrial membrane potential, leading to processing of the IMM fusion protein, Opa1, 

resulting in the accumulation of short form Opa1. Short form Opa1 disrupts tethering of the outer 

and inner mitochondrial membrane which may allow for independent membrane constriction 

(Cho et al. 2017). This is consistent with the observation that overexpression of short form Opa1 
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results in mitochondrial fragmentation (Ge et al. 2020). Nonetheless, further research is required 

to determine a high-resolution mechanism for inner membrane fusion. 

1.3 Mitochondria and metal ion homeostasis  

 Metal ion homeostasis is maintained through the dynamic uptake, storage and secretion 

of ions within cells (Nelson et al. 1999). A number of metal ions function as co-factors in a 

variety of metabolic pathways and as such the balance of metal ions inside and outside of the 

mitochondria influences significant cellular processes including maintaining ATP production, 

maintaining mitochondrial volume, regulating ROS production, controlling signal transduction 

and mitochondrial dynamics (Wang et al. 2021). Therefore, it is unsurprising that mitochondrial 

metal ion dys-homeostasis is implicated in several pathologies (Nam et al. 2018, Matak et al. 

2016, Horowitz et al. 2010, Wang et al. 2014, Wang et al. 2017, Ummarino 2017). Although 

current research on mitochondrial metal ion transport is limited, several specific ion channels and 

transporters have been found on both the inner and outer mitochondrial membranes responsible 

for transporting Ca2+, K+, Na+, Mg2+, Zn2+ and Fe2+/Fe3+ (Reviewed in Wang et al. 2021) 

1.3.1 Mitochondrial Ca2+ 

Mitochondrial Ca2+ regulates several mitochondrial dehydrogenases to increase NADH 

and facilitate ATP production (Glancy et al. 2013, Finkel et al. 2015). In addition, Ca2+ has been 

shown to activate ATP synthase (Territo et al. 2000). Ca2+ is transported into mitochondrial via 

the voltage dependent ion channels (VDACs) and mitochondrial calcium uniporter (MCU) 

(Baughman et al. 2011, Shoshan-Barmatz et al. 2006). Influx of mitochondrial Ca2+ induces 

fission through Drp1-regulation. In contrast, mitochondrial Ca2+ depletion results in hyperfusion 

(Romera-Garcia et al. 2019, Oshima et al. 2017). Mitochondrial trafficking along microtubules is 

facilitated by the Miro/Milton complex (Misko et al. 2010). Interestingly, high Ca2+ levels inhibit 
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mitochondrial motility through Miro1 regulation and may contribute to abnormal mitochondrial 

distribution in the long peripheral axons of individuals suffering from Charcot-Marie Tooth 2A 

(CMT2A) (Misko et al. 2010, MacAskill et al.2009). CMT2A is caused by mutations in the 

Mfn2 gene leading to disruption of mitochondrial-ER contact and dysregulation of intracellular 

Ca2+ storage (Bernard-Marissal et al., 2019). Mitochondrial Ca2+ handling is also important in the 

progression and initiation of autophagy and apoptosis (Gherardi et al. 2019, Chen et al. 2005). 

Taken together, these suggest an important role for Ca2+ homeostasis in maintenance of 

mitochondrial function.  

1.3.2 Mitochondrial Zn2+  

Mitochondrial Zn2+ is implicated primarily for its role in protecting antioxidant enzymes 

and modulating cellular energy production via inhibition of the respiratory complexes and 

tricyclic acid cycle (TCA) enzymes (Adebayo et al. 2016, Sharpley et al. 2006, Giachini et al. 

2007, Lorusso et al. 1991, Link et al. 1995, Martino et al. 2011, Costello et al. 1997, Brown et al. 

2010). Overloading of mitochondria with Zn2+ results in reduction of mitochondrial membrane 

potential, increases of ROS production and reduction of ATP levels (Dineley et al. 2003, 

Pochwat et al. 2015). While several studies have indicated that Zn2+ can be transported into 

mitochondria by the MCU, many additional zinc transporters (Znts) and Zrt-Irt-like proteins 

(ZIPS) have been localized to the mitochondrial membrane (Reviewed in Wang et al. 2021).  

Recently, several studies have indicated a role for Zn2+ in mitochondrial dynamics. In several cell 

types, zinc-mediated activation of the mitochondrial fission protein Drp1 is facilitated by ROS-

induced lysosomal Zn2+ release (Abuarab et al. 2017, Li et al. 2017a, Li et al. 2017b, Li et al. 

2019, Qi et al. 2019). In addition, mitochondrial Zn2+ promotes PINK/Parkin mediated-

mitophagy during hypoxia-reoxygenation conditions (Bian et al. 2018). Further studies have 
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indicated that Zn2+ overloading can impair mitochondrial trafficking and motility in neurons and 

that Zn2+ chelation can rescue mitochondrial motility following short-term exposure (Chang et 

al., 2006; Malaiyandi et al., 2005). Recent research has described a mechanism for zinc-mediated 

mitochondrial quality control (Cho et al. 2019). The removal of damaged mitochondria can be 

initiated by a focal reduction of mitochondrial membrane potential followed by Drp1-mediated 

mitochondrial fission (Cereghetti et al. 2008, Bras et al. 2007). Cho et al. demonstrated that the 

zinc transporter ZIP1 localizes at putative fission sites marked by Drp1 and Mff and that 

suppression of ZIP1 prevented Drp1- mediated reduction of mitochondrial membrane potential 

without preventing fission. ZIP1 was found to form a complex with the MCU. Inhibition or 

knockdown of the MCU also prevented the Drp1-mediated reduction of mitochondrial 

membrane potential (Cho et al. 2019). Taken together, these results suggested that an important 

role for Zn2+ in the maintenance of mitochondrial control. Indeed, long-term inhibition of the 

Drp1-ZIP1 interaction leads to increased ROS production which may indicate accumulation of 

dysfunctional mitochondria (Cho et al. 2019).   

1.4 Lipids of mitochondria  

The double-membrane organization for mitochondria allows for specialization and 

compartmentalization of mitochondrial function. The OMM forms a smooth lipid surface with 

high membrane fluidity, whereas the IMM is highly folded and demonstrates a high protein to lipid 

ratio (Horvath et al. 2013). Phospholipids are asymmetrically distributed between membranes and 

across lipid bilayers. The lipid profile of the inner mitochondrial membrane is characterized by 

high levels of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) and the presence of 

the uniquely mitochondrial phospholipid, cardiolipin (CL) (Horvath et al. 2013).  CL was first 

isolated from beef heart in 1942 and has since been shown to play vital roles in many cellular 
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functions (Pangborn, 1942). CL comprises approximately 20% of inner mitochondrial lipids and 

is required for several vital mitochondrial processes, including respiratory complex efficiency, 

mitophagy, and apoptosis (Paradies et al. 2014). CL differs from typical phospholipids in 

having two stereochemically non-equivalent phosphatidyl moieties attached by a glycerol 

backbone and four, variable, fatty acyl chains. The presence of two phosphate groups with 

differing ionization constants gives rise to two negative charges (Olofsson et al. 2013). At neutral 

pH, CL may have a single charge as one proton gets trapped in a bicyclic resonance structure 

formed by the two phosphates and the glycerol hydroxyl group (Schlame et al. 2008). This four-

acyl chain structure confers a conical shape to the phospholipid, which underlies the role of CL in 

mitochondrial functions (Huang et al. 2006).    

1.4.1 Cardiolipin fatty acyl composition and biosynthesis   

The functional importance of CL is directly related to its unique structure and acyl chain 

composition. Cardiolipin acyl chain composition is highly tissue and organism specific 

(Pennington et al. 2019). In mammalian cardiac mitochondria, linoleic acid (LA, 18:2) 

constitutes 80-90% of total CL acyl chains (Schlame et al. 2005). Consistent with this, 

tetralinoleoyl-cardiolipin [TLCL, (18:2n6)4-CL] is the most abundant CL species in cardiac 

mitochondria. In addition, LA is the most abundant acyl species in mammalian skeletal muscle 

CL (Pennington et al. 2019, Song et al. 2010). The high abundance of TLCL is important for 

mitochondrial cristae formation and the functions of a variety of inner mitochondrial membrane 

(IMM) proteins. Loss or reduction of TLCL content underlies several disease pathologies such as 

Barth syndrome, a rare genetic disease which leads to progressive cardiomyopathy (Claypool et 

al. 2012). Therefore, synthesis and maintenance of TLCL content is important for normal 

mitochondrial function.  
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While most membrane lipids are synthesized in the endoplasmic reticulum, CL is 

synthesized exclusively at the inner mitochondrial membrane through a series of condensation 

and remodelling reactions (Mejia et al. 2014). First, glycerol-3-phosphate (G3P) is double-

acylated to produce phosphatidic acid (PA). PA is converted into cytidine diphosphate-

diacylglycerol (CDP-DAG) by CDP-DAG synthase, coupled to the hydrolysis of cytidine 

triphosphate (CTP). CDP-DAG is then converted into phosphatidylglycerol phosphate (PGP) and 

subsequently dephosphorylated by an unidentified phosphatase to produce phosphatidylglycerol 

(PG). Lastly, a condensation of PG and CDP-DAG, catalyzed by CL synthase produces nascent 

CL (Figure 1.3) (Claypool et al. 2012, Mejia et al. 2014, Ren et al. 2014, Saric et al. 2016). The 

enzymes for de novo CL synthesis do not demonstrate acyl chain specificity. Immature CL must 

undergo remodelling to produce symmetric TLCL. 
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Figure 1.3. Cardiolipin biosynthesis and remodelling. Putative mechanisms of cardiolipin 

synthesis and remodelling in mammalian cells. MLCL is a target for re-acylation as well as de-

acylated and subsequent degradation. Abbreviations: ALCAT1, Acyl-CoA:lysocardiolipin 

acyltransferase 1; CDP-DAG, cytidine diphosphate-diacylglycerol; CDS, CDP-DAG synthase; 

CS, CL synthase; CMP, cytidine monophosphate; CTP, cytidine triphosphate; DLCL, dilyso-CL; 

FFA, free fatty acid; G3P, glycerol-3-phosphate; LPC, lysophosphatidyl choline; LPE, 

lysophosphatidylethanolamine; MLCL, monolyso-CL; MLCLAT 1, MLCL acyltransferase 1; 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PG-P 

phosphatidylglycerol phosphate; PGPP, phosphatidylglycerol phosphate phosphatase; PGPS, 

phosphatidylglycerol phosphate synthase; Pi, inorganic phosphate; PLA2, phospholipase A2; 

tafazzin, transacylase. Adapted from Saric et al. 2016.  
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1.4.2 Cardiolipin remodelling 

Immature CL contains saturated fatty acyl chains (Huang et al. 2006). There are two main 

mechanisms of cardiolipin remodelling: a two-step de-acylation-re-acylation reaction known as 

Lands’ cycle, or a single-step transacylation. In Lands’ cycle, CL is deacylated by a 

phospholipase producing monolysocardiolipin (MLCL) (Saric et al. 2016). Subsequently, acyl 

groups are transferred to MLCL from acyl-CoA or neighbouring phospholipids via 

acyltransferases or transacylases. Alternatively, neighbouring phospholipids can exchange acyl 

chains via single-step transacylation reactions. There are three main contributors to the re-

acylation step of CL remodelling (Figure 1.3) (Claypool et al. 2012, Ren et al. 2014, Saric et al. 

2016). Monolyso-cardiolipin acyltransferase-1 (MLCLAT-1) is a CoA-dependent acyltransferase 

located on the inner leaflet of the inner mitochondrial membrane. MLCLAT-1 only re-acylates 

MLCL with acyl chains in acyl-CoA (Saric et al. 2016). MLCLAT-1 demonstrates specificity for 

linoleoyl-CoA and thus supports the production of TLCL (Taylor et al. 2009, Taylor et al. 2012). 

Alternatively, acyl-CoA: lysocardiolipin acyltransferase-1 (ALCAT-1) resides on the 

mitochondrial associated membranes of the ER, where phospholipid trafficking between the ER 

and mitochondria occurs. Its contribution to CL remodelling is unclear. ALCAT1 incorporates 

longer chain polyunsaturated fatty acyl chains into CL that are more susceptible 

to rapid peroxidation and degradation (Saric et al. 2016, Ng et al. 2005). Finally, tafazzin 

catalyzes a reversible transacylation between MLCL and a neighbouring phospholipid. Tafazzin 

is located within the outer mitochondrial membrane, partly projecting into the intermembrane 

space (Schlame 2013). Tafazzin exhibits acyl-specificity and is highly dependent on the physical 

properties of the lipids in the immediate environment (Schlame et al. 2017). Lipid recovery 

experiments show that tafazzin requires lipids in a non-bilayer state in order to remodel CL 
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(Schlame et al. 2017). While any phospholipid can function as an acyl donor for tafazzin, it 

displays preference for PE and PC (Xu et al. 2003). Tafazzin characterization studies 

demonstrate that tafazzin transfers different acyl chains with variable efficiency but there is a 

strong correlation between transacylation rates and environmental lipid composition at 

equilibrium (Schlame et al. 2017). As an example, tafazzin transfers 18:2 acyl chains faster than 

other acyl species but this does not imply catalytic specificity but may reflect the relative 

abundances of CL in the equilibrium state (Schlame et al. 2017).  

1.4.3 Cardiolipin and mitochondrial function  

The mitochondrial inner membrane is characterized by a high protein to lipid ratio largely 

due to the presence of the respiratory chain complexes and associated proteins (Horvath et al. 

2013). The respiratory chain couples electron transfer to proton pumping across the inner 

membrane generating the highly negative mitochondrial membrane potential. This membrane 

potential then drives ATP synthesis. It has been well established that CL plays an important role 

in maintaining mitochondrial bioenergetics, and CL has been found to interact with and support 

the function of the respiratory complexes (Ren et al. 2014, Claypool et al. 2012, Paradies et al. 

2014, Paradies et al. 2019, Dudek 2017). Together, the ETC components catalyze electron 

transport from electron carriers such as NADH to molecular oxygen, coupled to the movement of 

matrix protons into the inter-membrane space. CL is required for the structural integrity and 

activity of all of the ETC complexes (Paradies et al. 2019). CL binding sites have been identified 

in complexes I, III and IV (Musatov et al. 2017, Lange et al. 2001). Removal of bound CL from 

complex III and IV results in almost complete loss of functionality and dissociation of subunits 

(Musatov et al. 2014). Reassociation of these complexes with CL stabilizes the quaternary 

structure and restores activity, suggesting that CL is an allosteric ligand essential for maintaining 
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functional conformations (Musatov et al. 2014). CL molecules have been resolved in the crystal 

structures of complex II, III, and IV. These CL molecules are buried deep in pockets between 

transmembrane helices indicating a possible role in complex subunit stabilization (Poyry et al. 

2013, Musatov et al. 2017). This may also relate to CL’s proposed role in the proton-conducting 

activities of complexes III and IV (Lange et al. 2001). ATP synthase activity is also dependent 

on CL and solid-state NMR experiments have indicated a high-affinity interaction between FoF1-

ATPase and CL (Smith Eble et al. 1990). Recent evidence indicates that CL interacts specifically 

with the K-ring membrane motor of ATP synthase with a 1:1 stoichiometry of CL to K-ring 

subunits (Zhou et al. 2011). Electron tomography studies indicate a key role of CL in ATP 

synthase oligomerization and, as a result, mitochondrial cristae morphology (Acehan et al. 2011). 

Taken together, these results indicate the essential roles played by CL in establishing ETC 

architecture and activity (Figure 1.4).  
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Figure 1.4. Respiratory supercomplex assembly facilitated by cardiolipin at the IMM. The 

conical structure of cardiolipin facilitates membrane curvature and respiratory supercomplex 

assembly. Abbreviations: C, cytochrome c; IMS, inner membrane space; PC, 

phosphatidylcholine; CL, cardiolipin. Modified from Szeto et al. 2014.  

 

The model of ETC organization began to shift due to the development of blue native gel 

electrophoresis, which allowed the visualization of multi-complex assemblies termed 

respiratory super-complexes (Milenkovic et al. 2017). Initially, super-complexes were thought to 

be artifacts of detergent solubilization, but modified experiments utilizing non-ionic detergents 

and separation via ultracentrifugation techniques validated their presence (Acin-Perez et al. 

2004, Dudkina et al. 2005, Milenkovic et al 2017). Further, super-complex assemblies were 

observed in the absence of detergent in intact inner membranes (Davies et al. 2011). There are 

several models of super-complex assembly involving different combinations of ETC complexes 
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such as the combination of complex I, III, and IV monomers proposed in mammalian 

mitochondria (Genova et al. 2014, Enriquez 2016, Schagger 2000). The formation of super-

complexes is thought to increase the efficiency of electron transfer and to reduce reactive oxygen 

species (ROS) production (Paradies et al. 2019). CL has been widely proposed to stabilize super-

complex assemblies (Claypool 2009, Mileykovskaya et al. 2014). Indeed, defective CL 

synthesis/remodelling, as observed in Barth syndrome, results in fewer and unstable respiratory 

super-complexes (McKenzie et al. 2006). In addition, super-complexes of complex III and IV 

can only be reconstituted in liposomes when CL is present (Bazan et al. 2013). The unique 

structure of CL may facilitate the strong protein interactions underlying super-complex 

formation, since the negatively charged hydrophilic domain of CL is able to insert into grooves 

and provide ionic bridges at the water-hydrophobic interface of proteins (Paradies et al. 2019).  

 CL further contributes to mitochondrial bioenergetics by interacting with several other 

IMM proteins. The mitochondrial carrier family mediates the translocation of various 

metabolites across the IMM (Palmieri et al. 2010). Maintaining optimal function of the 

mitochondrial carrier family is important to ensure normal bioenergetics and mutations in the 

corresponding genes are involved in several disease pathologies (Palmieri et al. 2016). CL both 

interacts with and is required for optimal function of several mitochondrial carrier proteins 

including the ADP/ATP carrier (ANT), carnitine/acylcarnitine translocase, phosphate carrier, 

pyruvate carrier, and the tricarboxylate carrier (Klingenberg 2009, Paradies et al. 2014). By 

supporting respiratory super-complex assembly and ANT activity, it is thought that CL increases 

the efficiency of oxidative phosphorylation by at least 35% (Claypool et al. 2008).  

1.4.4 Cardiolipin and mitochondrial morphology 
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 Mitochondria exist as highly dynamic networks that are constantly undergoing fusion, 

fission, biogenesis, and mitophagy under highly regulated quality control mechanisms (Kiriyama 

et al. 2018). Mitochondrial dynamics maintain mitochondrial function, respond to periods of 

stress and initiate re-programming events during cellular differentiation (Liesa et al. 2009). CL 

appears to be important in virtually all aspects of mitochondrial dynamics including biogenesis, 

mitophagy, fusion, fission and cristae remodelling (Palikaras et al. 2018, Lemasters 2005, 

Ventura-Clapier et al, 2008, Liesa et al. 2009).  

Mitochondrial fission is mediated by Drp1, a cytosolic GTPase that is recruited to the 

OMM (Cereghetti et al. 2008). There Drp1 interacts with adaptor proteins (e.g., Mff, Mid49, 

Mid51, Fis1) to form a Drp1 oligomer ring-complex that facilitates membrane constriction via 

GTP hydrolysis (Mao et al. 2013). CL has been shown to stimulate this oligomerization of Drp1 

monomers (Stepanyants et al. 2015). CL also facilitates the transition from bilayer to non-

lamellar inverted hexagonal configuration that occurs during localized membrane constriction 

necessary for fission (Ikon et al. 2017, Paradies et al. 2009). It has been proposed that Drp1 

intercalates into the hydrophobic core of the inner membrane and specifically interacts with CL, 

restricting its motion and facilitating the transient non-bilayer conformation (Kameoka et al. 

2018, Stepanyants et al. 2015).  

Mitochondrial fusion is mediated by two groups of membrane-anchored proteins: 

MFN1/2 mediate OMM fusion and OPA-1 mediates IMM fusion (Liesa et al. 2009). Loss of 

function mutations in these proteins results in highly fragmented mitochondrial networks and/or 

accumulation of damaged mitochondria which plays a role in the development of several 

neurological disorders (e.g. Charcot-Marie-Tooth disease, optic atrophy) (Liesa et al. 2009). CL 

interacts with mitochondrial fusion machinery, including the inner membrane fusion protein, 
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OPA-1 (Ban et al. 2017). In reconstituted liposomes, OPA-1 forms a complex with CL that 

promotes membrane fusion. Membrane fusion does not occur in liposomes containing a low 

level of CL, indicating the requirement of sufficient CL presence for mitochondrial fusion (Ban 

et al. 2017). In addition, the length and degree of unsaturation of CL fatty acyl species appears to 

influence mitochondrial fusion; with longer acyl chains and higher degrees of unsaturation 

promoting membrane fusion (Ban et al. 2017). CL hydrolysis to phosphatidic acid is mediated by 

phospholipase-D promoting outer membrane curvature prior to fusion, allowing MFN tethering 

(Kameoka et al. 2018).  

The conical nature of CL also plays an important role in mitochondrial cristae 

morphology (Ikon et al. 2017). The presence of membrane invaginations, termed cristae, is a 

distinguishing feature of the IMM. Cristae increase the surface area of the IMM by up to 4-fold 

relative to the outer membrane, increasing available space for mitochondrial respiratory proteins 

(Ikon et al. 2017). Studies using giant unilamellar vesicles (GUV) indicate that CL is required for 

the formation of tubular cristae-like morphology (Khalifat et al. 2008, Khalifat et al. 2011). The 

cone-shaped structure of CL facilitates high negative membrane curvature at the inner membrane 

by reducing packing strain. Consistent with this, CL is asymmetrically segregated into the 

negatively curved inner leaflet of the IMM (Ikon et al. 2017, Horvath et al, 2013). Taken 

together, CL plays an important role in maintaining mitochondrial cristae morphology to support 

bioenergetics.  

In addition to changes in mitochondrial network morphology, changes in mitochondrial 

size, number and mass may be triggered by various environmental stressors such as cold 

temperatures, exercise, caloric restriction, oxidative stress, cell division and differentiation 

(Ventura-Clapier et al. 2008). The process of mitochondrial biogenesis requires the coordinated 
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synthesis of mitochondrial and nuclear-encoded genes (Ventura-Clapier et al. 2008). The vast 

majority of mitochondrial proteins are synthesized in the cytosol as precursor proteins that are 

escorted by molecular chaperones and transported into the mitochondria via the translocase of 

the outer membrane (TOM) and translocase of the inner membrane (TIM) protein complexes 

(Baker et al. 2007, Hood et al. 2003). CL is required to mediate receptor-channel interactions of 

the TIM23 complex (Malhotra et al. 2017). In addition, the process of mitochondrial biogenesis 

requires the proliferation of mitochondrial lipid bilayers (Ventura-Clapier et al. 2008). CL 

biogenesis is interdependently regulated with the function of protein import machinery. 

Translocator and maintenance protein 41 (Tam41) coordinates both mitochondrial protein import 

and CL synthesis during mitochondrial biogenesis by playing a regulatory role in both pathways. 

Tam41 is involved in the assembly and maintenance of the TIM23 complex and appears to 

influence CL synthesis at the CDP-DAG stage (Gohil et al. 2009). Thus, CL contributes to 

mitochondrial biogenesis, and therefore, abundance, via its interactions with the protein import 

apparatus. 

Mitophagy is the selective degradation of superfluous or damaged mitochondria via the 

autophagosome (Palikaras et al. 2018, Lemasters 2005). Damaged or excess mitochondria are 

incorporated into the double-membranous phagophore, forming the autophagosome (Palikaras et 

al. 2018). The autophagosome subsequently fuses with a lysosome and the mitochondrial content 

is degraded and recycled. Mitochondrial damage and depolarization can induce the externalization 

of CL to the OMM where it is exposed to the cytosol and may function as an autophagy receptor 

(Chu et al. 2013, Palikaras et al. 2018). CL in the OMM appears to form a platform for binding 

with microtubule-associated protein light chain 3 (LC3) on the phagophore membrane. CL-LC3 

binding contributes to the recognition of damaged mitochondria and augments autophagosome 
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formation (Chu et al. 2013). Beclin 1, which regulates mitophagy was also found to directly bind 

CL on the OMM, further indicating an involvement of CL in mitophagy (Choubey et al, 2014). 

Dysregulation of mitophagy and related machinery may be involved with the pathogenesis of 

several disease states (i.e. Parkinson’s disease) and age-related decline of cellular function 

(Palikaras et al. 2015).  

1.5 Mitochondrial targeting  

Several lipophilic cations, including alkyl-triphenylphosphonium (TPP+) and cationic 

peptides can be covalently attached to bioactive molecules to facilitate their import into 

mitochondria and accumulation in the matrix (Murphy, 2008). Lipophilic cations can pass 

directly through membrane bilayers without a specific uptake mechanism and accumulate in the 

mitochondrial matrix dependent on the inner membrane potential (∆𝜓𝑚) (Murphy, 2008, 

Zielonka et al. 2017). Lipophilic cations will accumulate until a sufficiently large concentration 

gradient equalizes the electrochemical potential of the cation between the two compartments. At 

this equilibrium, the relative concentrations of free cations in the two compartments are 

described by the Nernst equation (Murphy, 2008, Zielonka et al. 2017). At physiological 

temperature, there is a 10-fold accumulation of cation for every ~60 mV increase in membrane 

potential (Murphy, 2008).  

The mitochondrial membrane potential (∆𝜓𝑚) across the inner membrane ranges from -

150 mV to -180 mV (Murphy, 2008, Zielonka et al. 2017). This highly negative membrane 

potential allows for the efficient and effective accumulation of positively charged molecules in 

the matrix. Combined with the negative membrane potential of the plasma membrane (-40 mV to 

-70 mV) this allows for a 100-1000 fold accumulation relative to the extracellular concentration 

(Figure 1.5) (Murphy, 2008, Zielonka et al. 2017). As a result, relatively low extracellular or 
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cytosolic concentrations of a compound can provide relatively high mitochondrial 

concentrations, minimizing extramitochondrial metabolism or toxicity. In addition, covalent 

conjugation to lipophilic cations can also allow for the effective delivery of molecules that 

normally do not accumulate in the mitochondria due to physical impediments, e.g. hydrophilicity 

(Smith et al. 2012). 

 
Figure 1.5. Cellular uptake of TPP-conjugated compounds driven by plasma membrane 

and mitochondrial membrane potentials. This schematic shows the accumulation of lipophilic 

cations in the mitochondrial matrix as demonstrated by TPP-conjugated molecules (shown as 

TPP attached to X moiety) driven by the negative membrane potential of the plasma and 

mitochondrial inner membranes. TPP, triphenylphosphonium. Reprinted from Bagshaw et al. 

2021. 

 

1.5.1 Triphenylphosphonium (TPP): A mitochondrial-targeting moiety  

Triphenylphosphonium (TPP+) is a lipophilic cation that has become widely used to 

target bioactive ‘cargo’ molecules to the mitochondrial matrix and associated membranes 
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(Zielonka et al. 2017). TPP+ and other lipophilic cations readily pass through bilayers due to 

their large ionic radius (charge is dispersed across the functional group) and extensive 

hydrophobic surface area, which lowers the activation energy for membrane passage (Murphy et 

al. 2007). The activation energy for transport is described as the energy required to move the 

cation from the aqueous environment to the hydrophobic core of the membrane. The activation 

energy for transport is raised by the Born energy of the ion and is reduced by the hydrophobic 

energy of the molecule (Honig et al. 1986, Murphy et al. 2007). The hydrophobic energy is 

defined as that required to move an uncharged molecule of the same radius and hydrophobicity 

from an aqueous environment to the hydrophobic membrane environment (Honig et al. 1986). 

The greater the surface area of the cation, the larger the hydrophobic effect. Therefore, the large 

hydrophobic radius of the TPP+ moiety makes it more efficient at membrane passage relative to 

other lipophilic cations (Murphy et al. 2007). There is a distinctive trend of potential energy as 

the TPP+ moiety moves through the bilayer, with a large energy barrier occurring at the center of 

the membrane (Figure 1.6) (Murphy et al. 2007, Ketterer et al. 1971). Near the surface of the 

membrane the attractive hydrophobic forces become very large, lowering the energy barrier for 

passage. During membrane transport, lipophilic cations first adsorb to the outer surface of the 

membrane in this low potential energy ‘well’. The cations then pass through the hydrophobic 

core to the energy well near the inner surface of the membrane and subsequently desorb into the 

matrix (Murphy et al. 2007, Ketterer et al. 1971). TPP+ cations have very low solubility and 

therefore the concentration of cations within the hydrophobic core of the membrane is negligible 

(Murphy et al. 2007). These molecules have a high tendency to adsorb as a monolayer on the 

surface of bilayers due to the low potential energy well at this site (Murphy et al. 2007, Ross et 

al. 2005). The more hydrophobic the TPP-conjugated molecule, the greater the tendency to 
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adsorb to the membrane (Murphy et al. 2007). The hydrophobic alkyl chain inserts into the 

hydrophobic core of the membrane during adsorption while the TPP+ moiety remains in the 

potential energy well (Murphy et al. 2007). Since the inner mitochondrial membrane often has a 

large surface area owing to extensive cristae convolutions, there can be much more surface area 

than matrix volume. As a result, the majority of TPP-conjugated molecules within the matrix are 

membrane-bound. For example, MitoE2 (TPP-conjugated to 𝛼-tocopherol), is 84% membrane-

bound at equilibrium (Smith et al. 1999). This has important consequences for the proposed 

function of the bioactive cargo molecule.  

 
Figure 1.6. Uptake of lipophilic cations through phospholipid bilayers.  

TPP-conjugated molecules will initially bind to the potential energy well on the outer side of the 

membrane and pass through the bilayer to the potential energy well on the inner side of the 

membrane. TPP, triphenylphosphonium. Modified from Murphy et al. 2007.  

 

1.5.2 Applications of TPP-conjugated compounds 

 Alkylated TPP cations were originally used as probes to study the coupling of 

mitochondrial membrane potential with oxidative phosphorylation and subsequently used for the 

relative quantification of mitochondrial membrane potential (Zielonka et al. 2017, Liberman et 

al.1969).  Effective delivery of attached cargo via lipophilic cations was first demonstrated with 
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rhodamine 123, a fluorescent probe used for mitochondrial visualization (Zielonka et al. 2017, 

Johnson et al, 1980). Since then, TPP-conjugation has become a robust and well-established 

method for targeting molecules to the mitochondrial matrix for a variety of purposes including in 

vivo labelling of mitochondria using positively charged nitroxide enhanced and gadolinium 

enhanced magnetic resonance imaging and targeting of therapeutic compounds such as 

metformin and anti-tumor agents (e.g. Mito-geldamycin). 99mTc-labeled TPP derivatives are used 

for diagnostic imaging in breast cancers (Zielonka et al. 2017). Most prominently, several 

antioxidant compounds have been targeted to mitochondria to reduce the oxidative stress 

associated with some diseases (Murphy et al. 2007).  

To function therapeutically, a TPP-conjugated molecule must be able to reach the 

mitochondrial matrix within cells of whole organisms effectively and efficiently. The ability of 

TPP+ cations to pass membrane bilayers should allow them to effectively traverse the digestive 

tract and enter the bloodstream for further distribution.  Indeed, TPP-conjugated molecules have 

demonstrated reasonable oral bioavailability in mice (e.g. TPMP, MitoE2, MitoQ10) making them 

viable for pharmaceutical applications (Murphy et al. 2007). TPP-conjugated molecules 

administered to mice are rapidly cleared from the plasma and accumulate in the heart, brain, 

kidney and liver; organs of high blood perfusion (Smith et al. 2003, Fukuda et al. 1986, 

Srivastava et al. 1985). However, this presents a limitation to the use of TPP-conjugated 

molecules therapeutically as they are not organ specific and tend to accumulate in all organs with 

high mitochondrial content (Murphy et al. 2007).  

One of the more prominent and continuously developing uses of TPP-conjugation is the 

targeting of antioxidant molecules to the mitochondrial matrix (Murphy et al. 2007). 

Mitochondrial dysfunction leading to the production of reactive oxygen species (ROS) is 
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implicated in a wide range of pathological conditions including aging, cancer, Huntington’s 

disease, Alzheimer’s disease, Parkinson’s disease, and ischemia-reperfusion injury (Enns 2003, 

Fariss et al. 2005). The first TPP-conjugated antioxidant investigated was a chain shortened 

version of 𝛼-tocopherol, the active component of Vitamin E (MitoE2) (Smith et al. 1999). The 

chromanol component of Vitamin E functions as a chain-breaking antioxidant and prevents 

mitochondrial lipid peroxidation (James et al. 2004, Maguire et al, 1989). MitoE2 is rapidly taken 

up by isolated mitochondria and is more effective at preventing lipid peroxidation than non-

targeted 𝛼-tocopherol (Smith et al, 1999). Later, this approach was used to target the ubiquinol 

moiety of coenzyme Q to mitochondria (MitoQ10) (James et al. 2004). Ubiquinol also functions 

as a chain-neutralizing antioxidant that prevents lipid peroxidation (James et al. 2005). Similar to 

MitoE2, MitoQ10 rapidly accumulates in isolated mitochondria. Once within the mitochondria, 

MitoQ10 can be reduced to the antioxidant ubiquinol at several sites (Ross et al. 2005, James et 

al. 2005). Reduced ubiquinol is oxidized to ubiquinone during antioxidant reactions, which is 

rapidly reduced by complex II, thus restoring antioxidant function (James et al. 2005). Therefore, 

MitoQ10 is recycled and reused, making it a highly efficacious antioxidant. Furthermore, MitoQ10 

and MitoE2 have both shown protection against oxidative damage in a wide range of cell types 

(Murphy et al. 2007). In multiple studies, MitoQ10 and MitoE2 reduced cytosolic ROS levels as 

measured by dichlorofluorescein fluorescence (Siler-Marsiglio et al. 2005, Pletjushkina et al. 

2005). MitoQ10  may exert antioxidant effects at several sites, but nearly all MitoQ10 is adsorbed 

to the matrix IMM surface following uptake which supports the notion that the primary function 

of MitoQ10 is to reduce IMM lipid peroxidation (Koopman et al. 2005, Murphy et al .2007).  

Oral administration of MitoQ10 to rodents is safe and protects against oxidative damage in 

many animal models of ROS-related pathology including ischemia-reperfusion injury, 
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hypertension, sepsis, kidney damage in diabetes and aging (Murphy et al. 2007, Braakhuis et al. 

2018). Success in in vivo animal studies lead to human clinical trials for the efficacy of MitoQ10 

for Parkinson’s disease, but demonstrated no positive effects as compared to the placebo (Snow 

et al. 2010). However, this did indicate that MitoQ10 can be safely administered to humans for at 

least a year. In an additional clinical trial for chronic hepatitis C infection, MitoQ10 treatment 

resulted in a decrease in markers related to liver damage (Gane et al. 2010). This was the first 

report of a clinical benefit for MitoQ10 in humans. Current clinical trials are evaluating the effects 

of MitoQ10 on cardiovascular function, particularly age-related decline in vascular diastolic 

function. Preliminary data indicates a reduction in plasma oxidized low-density lipoprotein - a 

marker of oxidative stress. MitoQ10 administration also reduces aortic stiffness and increases 

brachial artery flow-mediated dilation (Rossman et al. 2018).  

Atkinson et al. developed a mitochondrial-targeted apoptotic inhibitor using TPP-

conjugation to disrupt the peroxidase activity of cyt c (Atkinson et al. 2011). The peroxidase 

activity of cyt c is due in part to partial unfolding induced by the CL interaction. Partial 

unfolding of cyt c prevents the Met80  residue from acting as a ligand of the heme-iron group 

(Kagan et al. 2005). TPP-conjugated imidazole substituted oleic acid (TPP-IOA) and TPP-

conjugated stearic acid (TPP-ISA) were synthesized to target their respective fatty acid cargo to 

the mitochondria and inhibit cyt c by providing a strong, specific ligand for the heme-iron 

coordination bond via the hydrophobic channel (Atkinson et al. 2011).  

Using high-performance liquid chromatography (HPLC) and electrospray ionization mass 

spectrometry (ESI-MS) most of TPP-IOA administered to mouse embryonic cells was found in 

mitochondria (Atkinson et al. 2011). Endogenous mitochondrial and cytosolic esterases, cleave 

the IOA ‘cargo’ from the TPP+ moiety. Therefore, both TPP-IOA and its de-esterified form, 
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IOA, accumulates in the mitochondria (Atkinson et al. 2011). ATP synthesis and mitochondrial 

superoxide production were unaltered by TPP-IOA administration suggesting that TPP-IOA has 

no deleterious effects on bioenergetics (Atkinson et al. 2011). In order for TPP-IOA to inhibit 

apoptosis, it must prevent the peroxidation of oxidizable TLCL. In the presence of H2O2, TPP-

IOA and TPP-ISA inhibited cyt c / H2O2 induced peroxidation of TLCL in a dose-dependent 

manner (Atkinson et al. 2011).  

To evaluate the potential use of TPP-IOA and TPP-ISA as radiomitigators in vivo, 

C57BL/6NTac female mice were exposed to 9.25 Gy body irradiation. Irradiation in non-treated 

control mice resulted in death within 13-15 days. Injection of TPP-IOA and TPP-ISA (5 mg per 

kg body weight) demonstrated strong radio-mitigative effects as evidenced by statistically 

significant increases in survivability over several weeks following irradiation (Atkinson et al. 

2011). Further, TPP-IOA demonstrated protective effects when administered 5 and 24 hours 

following irradiation and 10 minutes and 1 hour before irradiation (Atkinson et al. 2011).  TPP-

IOA tissue quantification indicated that TPP-IOA was found in radiosensitive tissues (e.g., bone 

marrow and small intestine) (Atkinson et al. 2011). Hydrolysis of IOA from TPP occurred at 

different rates in different tissue types which is an important consideration for all TPP-

conjugated molecules. However, TPP-IOA and de-esterified IOA both exhibit potent cyt c 

peroxidase inhibition and therefore hydrolysis is not a limiting factor in this case (Atkinson et al. 

2011).  

TPP-IOA has potential as a therapeutic intervention for several diseases which involve 

ongoing and progressive cell death (e.g., neurodegenerative diseases).  TPP-IOA is targeted to 

mitochondria and interacts with cyt c by presenting a ligand (i.e., imidazole) to the heme-iron. 

The heme-iron serves as the catalytic site for both peroxidase activity and as the site for electron 
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transfer between complex III and IV along the respiratory chain (Atkinson et al. 2011). Therefore 

TPP-IOA has the potential to interfere with oxidative phosphorylation. In contrast to Atkinson et 

al., Maddelena et al. found that the rate of cyt c reduction is dose-dependently inhibited by TPP-

IOA and thus negatively impacts bioenergetics (Maddalena et al. 2017). However, the dose-

response of TPP-IOA inhibition of cyt c peroxidase and electron transfer activity, indicates a 

therapeutic index of 8.12 (Maddalena et al. 2017). This indicates that there is a narrow window 

for therapeutic applicability of TPP-IOA. Analyses of isolated rat liver mitochondrial respiratory 

states indicated that TPP-IOA reduces state 3 respiration and oxidative phosphorylation coupling 

efficiency, indicating that TPP-IOA reduces phosphorylating respiration (Maddalena et al. 2017).  

The concentrations of TPP-IOA required to inhibit peroxidase activity correspond with 

reductions in respiratory parameters, indicating that therapeutic concentrations of TPP-IOA 

interferes with oxidative phosphorylation, in isolated mitochondria (Maddalena et al. 2017). 

Similarly, mitochondrial membrane potential and FCCP-uncoupled oxygen consumption rates 

were significantly reduced in intact cells exposed to TPP-IOA (Maddalena et al. 2017). Loss of 

mitochondrial membrane potential indicates a reduction of electron transfer and proton pumping 

efficiency along the respiratory chain that promotes mitochondrial fragmentation (Maddalena et 

al. 2017). Conversely, fluorescent imaging of mitochondrial networks in live cells exposed to 1 

M TPP-IOA demonstrated evidence of fragmentation within 45 minutes and significant 

fragmentation within 90 minutes (Maddalena et al. 2017). This effect was similar to FCCP (1 

M) treated cells. Taken together, this suggests that TPP-IOA has an uncoupling effect on 

isolated and intact mitochondria. Mitochondria with reduced membrane potential polarity can be 

selectively degraded via mitophagy. If TPP-IOA functions as a potent inhibitor of cyt c 

reduction, exposure may significantly reduce mitochondrial content over time. Using two 
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measures of mitochondrial content: citrate synthase activity and voltage-dependent anion channel 

(VDAC) expression, it was found the TPP-IOA stimulated a reduction in mitochondrial content 

within 3 hours of exposure (Maddalena et al. 2017). Since TPP-IOA disrupts oxidative 

phosphorylation at concentrations required for peroxidase inhibition, it may suggest that TPP-

IOA’s anti-apoptotic activity may be dependent on cell-type reliance on oxidative respiration. 

Culturing cells in growth medium supplemented with galactose as the primary carbon source, 

forces cells to rely more heavily on oxidative phosphorylation. It was demonstrated that when 

exposed to H2O2 to trigger an apoptotic response, cells grown in galactose medium were more 

sensitive to H2O2 induced cell death (Maddalena et al. 2017). Caspase-3 activity was suppressed 

by TPP-IOA in cells grown in glucose medium but had no effect on caspase-3 activity of cells 

growing in galactose (Maddalena et al. 2017). Taken together, this suggests that TPP-IOA 

effectively exerts an anti-apoptotic effect on cells which are primarily glycolytic but not cell 

types which rely more heavily on oxidative phosphorylation (Maddalena et al. 2017). This has 

profound consequences for the application of TPP-IOA as an anti-apoptotic agent. Given that 

TPP-IOA appears to elicit mitochondrial fragmentation and mitophagy, this may actually be the 

mechanism which confers the anti-apoptotic activity by reducing the available pool of 

mitochondria to initiate apoptosis (Maddalena et al. 2017). In fact, enhanced mitophagy has been 

shown to reduce cyt c release and apoptosis. Highly glycolytic cells such as undifferentiated, 

proliferative cells (e.g. cancer cells) are more tolerant to perturbations in oxidative 

phosphorylation as most of the cellular energy demand is supported by glycolysis. As a result, 

increased mitophagy in an environment in which glucose is readily available likely does not 

drastically perturb cell function. Therefore, it is logical that TPP-IOA function as an anti-
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apoptotic agent in this condition. Any applicability of TPP-IOA as an anti-apoptotic agent will 

be restricted to highly glycolytic cell types (Maddalena et al. 2017). 

1.6 Thesis outline  

In the first data chapter, I explore the effects of chronic and short-term zinc treatment in 

vascular endothelial and smooth muscle cells. Here, we found that short-term zinc treatment has 

little to no effect on mitochondrial form and function but chronic treatment results in widespread 

changes in gene expression related to mitochondrial function and metal ion homeostasis. 

Consistent with this, we found cell type-specific changes in mitochondrial network dynamics and 

cellular energy metabolism. We determined that chronic treatment may better model the long-

term response to therapeutics in vivo. In the second data chapter, I evaluated the use of a 

mitochondrial targeting moiety, triphenylphosphonium (TPP)-conjugated to linoleic acid (TPP-

LA) to modulate cardiolipin composition in a tafazzin knockout mouse myoblast model of Barth 

Syndrome. Our results indicated that TPP-LA treatment modestly enhanced mitochondrial 

membrane potential and apparent mitochondrial fusion in proliferating cells. In addition, TPP-

LA treatment enhanced total cardiolipin content in differentiating tafazzin knockout cells, but did 

not alter the disruption of CL species. A major limitation of these two projects is found in that 

current cell culture composition does not physiologically-represent trace metals or lipids. The 

vast majority of these nutrients are supplied by serum supplementation and are thus subject to 

batch variability. Nonetheless, these projects underscore the plastic nature of mitochondria in 

response to chronic treatment and suggest that mitochondrial structure and function represent an 

important therapeutic target for a wide range of conditions. 
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Chapter 2.0 Bioabsorbable metal zinc differentially affects mitochondrial form and 

function in vascular endothelial and smooth muscle cells  

 

 This chapter is published as: Bagshaw, O.R.M., Moradi, F., Moffatt, C. S., Hettwer, H. 

A., Liang, P., Goldman, J. Drelich, J. W., Stuart, J. A. (2021). Bioabsorbable metal zinc 

differentially affects mitochondria in vascular endothelial and smooth muscle cells. Biomaterials 

and Biosystems. 4: 100027.  

 

Supplemental data is published in: Bagshaw, O. R. M., Oropeza, R. A., Goldman, J., Drelich, J. 

W. Stuart, J. A. (2021). Mitochondrial zinc toxicity. In: Mitochondrial Intoxication Ed. Marcos 

de Oliveira. Elsevier. 
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2.1 Abstract  

 

 Zinc is an essential trace element having various structural, catalytic and regulatory 

interactions with an estimated 3000 proteins. Zinc has drawn recent attention for its use, both as 

pure metal and alloyed, in arterial stents due to its biodegradability, biocompatibility, and low 

corrosion rates. Previous studies have demonstrated that zinc metal implants prevent the 

development of neointimal hyperplasia, which is a common cause of restenosis following 

coronary intervention. This suppression appears to be smooth muscle cell-specific, as 

reendothelization of the neointima is not inhibited. To better understand the basis of zinc’s 

differential effects on rat aortic smooth muscle (RASMC) versus endothelial (RAENDO) cells, 

we conducted a transcriptomic analysis of both cell types following one-week continuous 

treatment with 5 μM or 50 μM zinc. This analysis indicated that genes whose protein products 

regulate mitochondrial functions, including oxidative phosphorylation and fusion/fission, are 

differentially affected by zinc in the two cell types. To better understand this, we performed 

Seahorse metabolic flux assays and quantitative imaging of mitochondrial networks in both cell 

types. Zinc treatment differently affected energy metabolism and mitochondrial 

structure/function in the two cell types. For example, both basal and maximal oxygen 

consumption rates were increased by zinc in RASMC but not in RAENDO. Zinc treatment 

increased apparent mitochondrial fusion in RASMC cells but increased mitochondrial fission in 

RAENDO cells. These results provide some insight into the mechanisms by which zinc treatment 

differently affects the two cell types and this information is important for understanding the role 

of zinc treatment in vascular cells and improving its use in biodegradable metal implants. 
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2.2 Introduction 

Percutaneous coronary intervention is a common practice to establish revascularization 

during stenotic arterial disease. This procedure is typically accompanied by the surgical 

placement of a stent to prevent post-angioplasty restenosis (Kastrati et al. 1997). In the past, such 

stents remained in the artery for the lifetime of the patient resulting in the development of 

adverse side effects including smooth muscle neointimal hyperproliferation, thrombogenesis and 

destructive inflammation (Guillory et al. 2019, Bai et al. 1994). The advent of biodegradable/ 

bioabsorbable metal stents, which persist long enough to allow the return of normal vascular 

function, has been useful in preventing the development of long-term side effects (Onuma et al. 

2011).  

Several metals have been evaluated for use in biodegradable/bioabsorbable stents 

including iron and magnesium, both as pure metal and alloyed. However, assessment of these 

metals has revealed several limitations; iron has a low corrosion rate- leading to similar adverse 

effects as found in permanent stents, and magnesium has poor mechanical strength and increased 

corrosion rates leading to local alkalization and early loss of mechanical integrity (Levi et al. 

2017, Zheng et al. 2014, Ma et al. 2015, Kubasek et al. 2016, Liu et al. 2015, Aghion et al. 2012, 

Ma et al, 2016, Zhao et al. 2017). More recently, there has been significant progress in the use of 

zinc-based alloys for bioabsorbable stents. Zinc is an essential trace metal in the body which 

interacts with an estimated 3000 proteins; participating in several critical cellular functions 

including nucleic acid/protein metabolism as well as cell growth and division (Plum et al. 2010, 

Vallee et al. 1993, Krezel et al. 2016). Recent studies have observed a beneficial suppressive 

effect of neointimal hyperplasia in the presence of zinc metal implants. In a model of stent 

implantation, a zinc metal wire was surgically placed in the abdominal aorta of Sprague-Dawley 
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rats for 6 months. Here, confluent endothelization along the luminal surface of the zinc metal 

wire implant was observed in addition to a decreasing gradient of smooth muscle cells close to 

the implant surface (Bowen et al. 2015). Consistent with this, a similar gradient was observed 

with pure zinc stent implants in rabbit abdominal aorta (Yang et al. 2017). These results suggest 

that zinc corrosion products released from metal implants suppress smooth muscle cell 

hyperproliferation but do not affect endothelization or smooth muscle cells in the medial layer of 

the aorta (Guillory et al. 2020, Bowen et al. 2015). To examine this effect further, an ex vivo 

arterial culture study washed tissue slices prepared from the thoracic aorta of rats with 0.5-1.5 

mM Zn-acetate to simulate zinc corrosion products. Suppression of caspase-8 and -9 activity was 

observed at high concentrations, as well as a dose-dependent activation of caspase-3 activity 

(Guillory et al. 2020). These results are consistent with studies that have demonstrated decreased 

cell viability in response to zinc exposure (Ma et al. 2015, Ma et al. 2016). While it may be 

accepted that zinc acts as a potent inhibitor of caspase-3, -8 and -9 activity at concentrations 

above 100 µM, most of such studies have been performed in isolated enzyme systems which lack 

many of the critical compartments, organelles and competing proteins which may render such 

effects negligible in vivo (Huber et al. 2012, Perry et al. 1997, Stennicke et al. 1997, Guillory et 

al. 2020). Collectively, these results indicate a complex relationship between zinc exposure and 

caspase activation in intact cells which likely translates to other zinc effects evaluated in isolated 

mitochondria.  

We describe herein the effects of one-week continuous zinc exposure in vascular cells to 

model their response to zinc-based stents in vivo. Previous studies have evaluated the cellular 

response of rat aortic smooth muscle and endothelial cells for up to 24 hours (Ma et al. 2015, Ma 

et al 2016). While this approach may highlight cellular signaling pathways targeted by 
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exogenous zinc, it does not model the more relevant physiological adaptation of cells exposed to 

a slowly degrading metal implant in vivo. A typical zinc-based stent is approximately 50 mg of 

pure metal (Mostaed et al. 2018, Bowen et al. 2013, Seitz et al. 2015). If we assume the stent 

degrades completely within 18 months (ideal bioabsorption: 12-24 months), this results in 

approximately 90 μg zinc released per day (Bowen et al. 2016; Mostaed et al, 2018). High 

velocity blood flow in coronary arteries (~250 ml/min) likely facilitates rapid clearance of zinc 

degradation products from the lumen (Ramanathan et al. 2005), but not those released from the 

surface in contact with the neointima surrounding the stent (Guillory et al. 2020). We do not 

have data on the concentrations of zinc that develop in the neointima, and indeed a concentration 

gradient will be present from the stent to surrounding tissue cells. We chose to treat cells with a 

relatively low concentration of zinc (5 μM) and a ten-fold higher concentration (50 μM). We 

predict that, in vivo, cells in the neointima of a stent-containing artery would encounter zinc 

concentrations within this range. RNA-seq analyses of rat aortic endothelial and smooth muscle 

cells in these experiments revealed significant effects of zinc on gene expression in both cell 

types, with a primarily mitochondrial response at low concentration (5 µM) and upregulation of 

proteins required for regulation of metal homeostasis at higher concentrations (50 µM). 

Evaluation of cellular respiration and mitochondrial network characteristics of both cell types 

following zinc treatment revealed differential effects on oxidative phosphorylation and 

mitochondrial dynamics.  

2.3 Materials and Methods  

2.3.1 Zinc sulphate solution 

 ZnSO4- heptahydrate (Sigma, Z-0251) was dissolved in Milli-Q water obtained from a 

GenPure UV/UF xCAD plus Ultrapure water purification system (Thermo Scientific, 50136151) 
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and subsequently autoclaved. 100 mM stock solutions were stored at -20º C. Serial dilutions 

were made in sterile- filtered (0.20 µm polyethersulfone) Milli-Q water prior to each experiment.  

2.3.2 Cell culture  

 Primary rat aortic endothelial cells (Cell Biologics, RN-6052) and rat aortic smooth 

muscle cells (Lonza, R-ASM-580) were cultured in physiologically-representative media 

(Plasmax) formulated as described in Vande Voorde et al. 2019. Plasmax media was 

supplemented with 10% fetal bovine serum (FBS) (Sigma, F1051), 1% penicillin/streptomycin 

(Sigma, P4333), 6.5 mM L-glutamine and 1 mM sodium pyruvate. Cells were cultured in a 

humidified, 5% CO2/ 5% O2 atmosphere Thermo Forma Series II water- jacketed incubator, 

maintained at 37º C. Cells were grown and maintained in 100 mm cell culture treated, 

polystyrene plates (Corning, 430167) and passaged at approximately 80% confluency. To 

passage, cells were washed with phosphate buffered saline (PBS) and 0.25% trypsin/EDTA 

solution (Sigma, T4049) was added to plates and incubated for 3 minutes at 37º C. Following 

incubation, an equal volume of culture media was added to neutralize trypsin. Cell suspensions 

were collected into conical tubes and centrifuged for 3 minutes at 3400 RPM. The subsequent 

supernatant was discarded, and the cell pellet was re-suspended in fresh culture media. The cell 

suspension was distributed into new cell culture plates and 10 mL of fresh cell culture media was 

added before returning to the incubator. Media was refreshed every 24 hours. Cells were exposed 

to ZnSO4 acutely (~1 hour) at final concentrations of Control (Milli-Q H2O), 5 µM, 10 µM, 25 

µM, or 50 µM and chronically (7 days) at final concentrations of Control (Milli-Q H2O), 5 µM 

or 50 µM.  

2.3.3 RNA Isolation and Sequencing 
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 Total cellular RNA was extracted using the RNEasy Plus Mini Kit (Qiagen, 74131) 

according to the manufacturer’s protocol. RNA concentration and purity were evaluated as 

A260/280 ratio using a Thermo Fisher Scientific Nanodrop spectrometer. RNA samples were 

then snap frozen in liquid nitrogen and stored at -80 °C until being sent to Novogene 

(Sacramento, CA) for sequencing and analysis. Pair-ends at 150 bp (PE150) high throughput 

Illumina sequencing was performed at read-depth of 40 million reads. The HISAT2 algorithm 

(Kim et al. 2019) was used to align reads to the reference genome (Rattus Norvegicus). Gene 

expression levels were estimated by calculating FPKM (fragments per kilobase of transcript per 

million mapped sequence reads), which were further adjusted using trimmed mean of M values 

(TMM) (Robinson et al. 2010) before differential expression analysis was performed using the 

EdgeR R package (Robinson et al. 2010). 

2.3.4 Gene ontology (GO) term analysis 

 GO term analysis was performed using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID) v.6.8 with the default settings (https://david.ncifcrf.gov). The GO 

direct annotation level was used to obtain enriched GO terms. Gene lists of differentially 

expressed genes (DEG) provided by Novogene were reduced to genes with a Benjamini 

adjusted p-value < 0.005 in order to produce a concise list of GO terms which reflect the most 

strongly affected genes. 

2.3.5 Cellular Respiration 

  Cellular respiration parameters were measured using a Seahorse Extracellular Flux 

Analyzer XFe24 Mito Stress test (Agilent, Santa Clara, CA). On Day 5 of treatment, cells were 

trypsinized and collected in suspension from 100 mm growth plates. Cell density (cells/mL) was 

calculated using triplicate hemocytometer counts. Subsequently, the cell suspension was diluted 

https://david.ncifcrf.gov/
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such that 100 µL of cell suspension was needed to seed the required number of cells. 100 µL of 

the diluted cell suspension was carefully added to the center of each well with minimal 

disturbance. Cells were allowed to settle and attach for 1 hour at room temperature with a 

Biological Safety Cabinet. Once cells had attached, 150 µL of media was carefully added to each 

well and returned to the incubator. On Day 7, media was removed and replaced with Plasmax 

media without sodium bicarbonate, FBS, or penicillin/streptomycin. Cells were placed in a CO2 

free incubator 1 hour prior to the assay. Cell culture media was replaced with fresh Plasmax 

media (without sodium bicarbonate, FBS or penicillin/streptomycin) immediately prior to 

starting the assay. The Mito Stress test was performed using 1 µM oligomycin (Sigma, 579-13-

5), 1 µM FCCP (Sigma, C2920) , and 0.5 µM Rotentone (Sigma, 83-79-4) /antimycin A (Sigma, 

1379-94-0), added according to standard protocol. At the end of the assay, cells were trypsinized, 

isolated and resuspended in fresh media. The cell suspension was counted in triplicate using a 

hemocytometer. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

were normalized to total cell count.  

2.3.6  Fluorescence microscopy 

Cells were seeded on 35 mm Mattek cell culture imaging plates (L- lysine-coated) on 

Day 5 of zinc treatments. On Day 7, media was removed and replaced with media containing 10 

nM tetramethyl rhodamine methyl ester (TMRM) (Biotium, 70017) and incubated for 30 

minutes. Images were obtained on a Zeiss Cell Observer SD spinning disk confocal microscope 

equipped with Teledyne Photometric Prime BSI and Yokogawa Sensor Cameras. Images were 

analyzed using ImageJ.  

2.3.7 Measurement of mitochondrial membrane potential 
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 TMRM fluorescence images were cropped into individual cells, while minimizing 

overlap of nearby cells. Cells containing multiple nuclei (actively dividing) or which were too 

close together to reliably delineate individual cells were not used in the analysis. TMRM is a 

lipophilic cation that accumulates in the mitochondria according to mitochondrial membrane 

potential. TMRM fluorescence was analyzed using our TMRM analysis script for the Fiji 

distribution of ImageJ. This tool uses a thresholding operation (Otsu) to designate all pixels as 

being either mitochondrial or background (Otsu, 1979). The average pixel intensity is then 

calculated for both mitochondria and background, and the average background intensity is 

subtracted from the average mitochondrial intensity for each image.  

2.3.8 Quantitative analysis of mitochondrial network morphology  

 Mitochondrial network morphology was assessed using the Mitochondrial Network 

Analysis Tool (MiNA) for the Fiji distribution of ImageJ (Valente et al. 2017). Several pre-

processing tools were used to enhance contrast and sharpen mitochondrial images, to ensure 

quantification by MiNA that closely represents the true fluorescence image. Differences in 

mitochondrial network abundance and complexity may require different image pre-processing to 

ensure that MiNA detection is accurate. For analysis of RASMC treated acutely, a median filter 

(radius =1) was applied to enhance contrast by replacing each pixel with the neighbourhood 

median. Second, an unsharp mask (sigma=3) was used to sharpen edges by subtracting a blurred 

version of the image (unsharp mask) from the image. To create the unsharp mask, the original 

image undergoes Gaussian blurring which is then multiplied by the mask weight (0.8). For 

chronically treated RASMC images, an unsharp mask (sigma=1) and a mask weight (0.8) were 

used followed by a median filter (radius=1). For all RAENDO images, an unsharp mask 

(sigma=3) and a mask weight (0.9) were used followed by a median filter (radius=1). Briefly, 
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images underwent thresholding using the Otsu thresholding operation to produce a binary image 

(Otsu, 1979). Mitochondrial footprint was calculated from the total area of mitochondrial-signal 

positive pixels. Mitochondrial form interconnected, branching networks in which branches are 

connected at a node. Following binarization, a morphological skeleton was then produced using 

the Skeletonize 2D/3D plug-in (Arganda-Carreras et al. 2010; Lee, Kashyap, and Chu 1994). 

This method employs iterative thinning to create a skeleton of mitochondrial structures, one pixel 

wide. Length measurements are then deduced from the morphological skeleton using the 

Analyze Skeleton plug-in. Mean branch length is calculated as the average length of a 

mitochondrial structure between two nodes. Mean network size was calculated by computing the 

sum of all branch lengths within an independent network and dividing this by the total number of 

individual networks within a cell. 

2.3.9 Cell growth analysis 

 To evaluate changes in cellular growth rate over 7 Days of ZnSO4 treatment, a known 

amount of cells were seeded at each passage (initial seed count) and time elapsed (t) between 

passages was recorded. Cells were isolated by trypsinization and resuspended in 1 mL of media 

or PBS (Day 7 only). 10 µL of the cell suspension was loaded onto a hemocytometer and viewed 

using a Hund Wetzlar Wilovert A inverted microscope. Total cells were counted in each of the 

four large corner squares. Hemocytometer counts were repeated in triplicate to determine cell 

density (cells/mL) of the cell suspension. Cell density was multiplied by the total volume (1 mL) 

to determine final cell count after time (t).  Doubling time was calculated by the following 

formula:  

 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
𝑡 ∙ ln(2)

ln (
𝐹𝑖𝑛𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡

𝐼𝑛𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑 𝑐𝑜𝑢𝑛𝑡
)
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2.3.10 Trypan blue exclusion assay for cell viability analysis  

 On Day 7 of ZnSO4 treatment, cells were isolated by trypsinization and resuspended in 1 

mL PBS. 50 µL of 0.4% Trypan blue (Bioshop, TRY477) in PBS and 50 µL of cell suspension 

were mixed and incubated at room temperature for approximately 3 minutes. Following 

incubation, the solution was re-suspended and 10 µL was loaded onto a hemocytometer. The 

hemocytometer was viewed using a Hund Wetzlar Wilovert A inverted microscope and the 

number of clear (viable) and blue (nonviable) cells were counted in each of the four large corner 

squares. Hemocytometer counts were repeated three times for each sample. Percent cell viability 

was determined by the following formula:  

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 ×  100 

2.3.11 Statistical Analysis  

Data are presented as means ± standard deviation. A one-way analysis of variance (ANOVA) 

with Tukey’s multiple comparison post-hoc analyses were performed for each data set. P values 

≤ 0.05 were considered significant. All statistical analyses were performed using GraphPad 

Prism version 9.1.0 (San Diego, CA).  

2.4 Results 

 

2.4.1 5 µM Zn2+ treatment targets primarily mitochondrial transcripts while 50 µM induces 

primarily metal regulatory pathways 

 

In initial experiments we measured the effects of continuous ZnSO4 treatment for 7 days 

on the growth and viability of RAENDO and RASMC cells (Supplemental Figure 1). At 

concentrations up to 50 µM, ZnSO4 did not affect either growth or viability. We elected to use 5 

µM and 50 µM as representative sublethal low and high ZnSO4  treatments. To evaluate the 

effect of long-term zinc supplementation on rat aortic endothelial and smooth muscle global gene 
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expression, we treated cells with 0 (Control), 5 µM or 50 µM of ZnSO4 for 7 days, following 

which RNA was extracted and subsequently sequenced by Novogene (Sacramento, CA). 5 µM 

ZnSO4 treatment elicited differential expression of 251 transcripts in endothelial cells and 317 in 

smooth muscle cells. 60 of these genes were differentially regulated in both endothelial and 

smooth muscle cells (Figure 2.1). GO term analysis using the DAVID tool indicated that these 

60 genes were associated primarily with ATP biosynthetic processes and oxidative 

phosphorylation, suggesting a mitochondrial and/or metabolic response at this concentration 

(Figure 2.1 A,C). 50 µM ZnSO4 treatment elicited differential expression of 325 genes in 

endothelial cells and 368 genes in smooth muscle cells. Of these, 77 genes were commonly 

differentially regulated in both endothelial and smooth muscle cells. GO term analyses indicated 

that these 77 genes were associated with several biological processes including mitochondrial 

fusion/fission dynamics, histone acetylation, negative regulation of growth, nitric oxide 

signalling, post-translational modification (i.e. neddylation, ubiquitination) and cellular response 

to/detoxification of metal ions (Figure 2.1 B,C).  
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Figure 2.1. Venn diagrams of differentially expressed genes (DEGs) in RAENDO and 

RASMC cells. Cells were treated with (a) 5 µM ZnSO4 or (b) 50 µM ZnSO4 compared to 

control (0 µM). (c) GO terms (biological process) of DEGs associated with the overlapping 

regions of Venn diagrams. 

 

GO term analyses were also performed on DEG lists comparing 5 µM and 50 µM 

treatments to the respective cell-type control. The DEG lists were reduced to genes with a p-

value <0.005 (Supplemental Table 1-8) in order to produce very concise GO term analyses. GO 

term analyses of gene lists containing genes with a p-value of <0.05 results in a very similar GO 

term enrichment profile with some terms being excluded when the p-value is reduced to <0.005 

(data not shown). Several cell-type specific responses to chronic zinc treatment were observed 

(Figure 2.2). At 5 µM ZnSO4, ATP biosynthetic processes and oxidative phosphorylation are 

strongly affected biological processes in RAENDO cells, whereas in RASMC cells glycolytic 
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process and gluconeogenesis are affected. At 50 µM, both cell types demonstrate a strong effect 

of zinc treatment on metal ion regulation and cellular response to metal ions as well as protein 

neddylation and negative regulation of growth. The most strongly affected cellular compartment 

at 5 µM ZnSO4 in RAENDO cells was the nucleus, whereas in RASMC cells it was the cytosolic 

large ribosomal subunit. There are no enriched cellular compartment GO terms for RAENDO 

cells at 50 µM, but the mitochondrion and nucleolus are the most strongly affected in RASMC 

cells. At 5 µM, nucleotide binding is the most affected molecular function in RAENDO cells, 

whereas in RASMC cells various protein binding molecular functions are affected. At 50 µM, 

protein binding activity is affected in both cell types, with various hydrolase activities targeted in 

RAENDO cells and metal ion binding activity in RASMC cells. Notably, the most strongly 

affected molecular function for RASMC cells treated with 50 µM ZnSO4 was zinc ion binding.  

  

 

Figure 2.2. GO term analysis of differentially expressed genes following chronic zinc 

treatment. RAENDO (A) and RASMC (B) cells were treated with 5 µM or 50 µM ZnSO4 

compared to control (0 µM). DEG lists for this analysis were reduced to genes with the 

Benjamini adjusted p-value <0.005. *positive regulation of, †with glutamine as amido-N-donor, 

‡acting on ester bonds.  
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Genes related to mitochondrial processes, including oxidative phosphorylation (e.g., Ndufa1 and 

Atp5f1), protein import (Timm17b) and network dynamics (Mff and Mfn2) were amongst the 

transcripts with the greatest differences in levels in response to ZnSO4 (Figure 2.3). In addition, 

several metallothionein genes are up-regulated in response to zinc treatment with no concomitant 

differential regulation of zinc-specific transporter proteins (e.g. Znts and ZIPs). Notably, the 

complex 1 gene Ndufa1 was up-regulated in RAENDO cells, but down-regulated in RASMC 

cells. Transcripts related to mitochondrial network dynamics also showed different responses in 

the two cell types. Up-regulation of mitochondrial fission factor (Mff) in RAENDO cells 

suggests increased mitochondrial network fission, whereas up-regulation of mitofusin-2 (Mfn2) 

in RASMC cells suggests increased mitochondrial fusion. Together these data indicate that 

mitochondria are a major target of ZnSO4, and we therefore focused on analyses of 

mitochondrial form and function in cells exposed to ZnSO4 continuously for 7 days. 

 

Figure 2.3. Significantly differentially expressed genes following chronic zinc treatment. 

RAENDO (A) and RASMC (B) cells were treated with 5 µM or 50 ZnSO4 treatment and compared 

to control (0 µM). The top 5 most significant protein-coding DEGs were selected from each gene 
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list, and compared within cell types. Ndufa1; NADH dehydrogenase (ubiquinone) 1 alpha 

subcomplex 1, Pcdp5-like; programmed cell death protein 5-like (ENSEMBL gene ID: 
ENSRNOG00000050827), Mff; mitochondrial fission factor, Mrpl53; mitochondrial ribosomal 

protein L53, Hprt1; hypoxanthine phosphoribosyltransferase 1, Lig1-like; DNA ligase 1-like 

(ENSEMBL gene ID: ENSRNOG00000047206), ttpa-like; tissue-type plasminogen activator like 

(ENSEMBL gene ID: ENSRNOG00000060898), Mt1; metallothionein 1, Exoc7; exocyst complex 

component 7, Atp5f1; ATP synthase H+ transporting mitochondrial Fo complex subunit B1, 

Ebna1np2; EBNA1 binding protein 2, Faah; fatty acid amide hydrolase, rCG54286-like; 

LOC1003619 (ENSEMBL gene ID: ENSRNOG00000020628), Cetn3-like; centrin-3-like 

(ENSEMBL gene ID: ENSRNOG00000050877), Uncharacterized A; AABR07066510.1 

(ENSEMBL gene ID: ENSRNOG00000049123), Slc29a2; solute carrier family 29 member 2, 

Timm17b; translocase of the inner membrane 17b, Sepw1; selenoprotein W1, Mfn2; mitofusin 2, 

Echs-like; enoyl-CoA hydratase mitochondrial-like (ENSEMBL gene ID: 

ENSRNOG00000047565), Mt1a; metallothionein 1A, Mt2a; metallothionein 2A,  Nfs1; NFS1 

cysteine desulferase, Uncharacterized B; LOC100909555 (ENSEMBL gene ID: 

ENSRNOG00000047746), Polr2l-like; DNA-directed RNA polymerase II subunit RPB9-like, 

Gstm5; glutathionine S-transferase mu 5, Uncharacterized C; AABR07028989.1 (ENSEMBL 

gene ID: ENSRNOG00000050441, DGCR1-like; integral membrane protein DGCR2/IDD-like 

(ENSEMBL gene ID: ENSRNOG00000049965), B9D1-like; B9 domain containing protein 1-like 

(ENSEMBL gene ID: ENSRNOG00000002462), Nhp2; NHP2 ribonucleoprotein.  

 

2.4.2 Chronic zinc treatment has no effect on RAENDO OCR or ECAR but stimulate 

RASMC OCR and ECAR at 50 µM 

 

To determine the effect of zinc supplementation on cellular energy metabolism, a 

Seahorse Mito Stress Test was performed following 1 hour or 7 days of treatment. No changes in 

cellular energy metabolism were observed in either cell type when treated acutely for 1 hour 

(Supplemental Figure 2). Similarly, no significant changes in basal or maximal OCR were 

observed in RAENDO cells at either concentration of ZnSO4 following chronic zinc treatment 

(Figure 2.4 A). In addition, there were no effects on ATP-linked or proton leak-linked OCR in 

these cells, or on ECAR, suggesting that zinc supplementation has little significant effect on the 

energy metabolism of RAENDO cells.  

In contrast, chronic ZnSO4 treatment had substantial effects on energy metabolism in 

RASMC cells.  Dose-dependent increases in basal and maximal OCR were observed 

concomitantly with dose-dependent increases in ECAR (Figure 2.4 B).  
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Figure 2.4. Basal and maximal oxygen consumption rates (OCR) and extracellular 

acidification rates (ECAR) following chronic zinc treatment. RAENDO (A) and RASMC (B) 

were treated for 7 days with 0- 50 µM ZnSO4. Basal oxygen consumption is subdivided into non-

mitochondrial (Non-mitochondrial), proton leak oxygen consumption (Leak) and ATP-linked 

oxygen consumption (ATP-linked). Spare respiratory capacity (Spare Capacity) is indicated on 

the maximal OCR bar. * p-value ≤ 0.05. n=4-12.  

 

2.4.3 Chronic zinc treatment reduces mitochondrial membrane potential in a dose-

dependent manner in both cell types but does not affect apparent mitochondrial abundance 

 

Following acute and chronic treatment, we semi-quantitatively determined mitochondrial 

membrane potential using TMRM, a positively charged fluorescent dye that accumulates in the 

mitochondrial matrix relative to the membrane potential (Supplemental Figure 3A, Figure 2.5). 
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Figure 2.5. Live cell TMRM fluorescent images of RAENDO and RASMC cells following 7 

days of treatment with 0-50 µM ZnSO4. On Day 7, cells were incubated with 10 nM TMRM 

for 30 minutes and subsequently imaged at 630x magnification using a Zeiss Cell Observer SD 

spinning disk confocal microscope. Scale bars represent 10 µm.  

 

Interestingly, chronic ZnSO4 treatment induced declines in membrane potential in both 

cell types, despite the absence of metabolic effects in RAENDO cells (Figure 2.6 A). 

Mitochondrial footprint (Figure 2.6 B) is the area of the cell in the binarized TMRM image that 

is occupied by mitochondria. This is a proxy of mitochondrial abundance, where an increase or 

decrease may indicate mitochondrial biogenesis or mitophagy, respectively. Interestingly, there 

was no evidence that mitochondrial footprint was affected by ZnSO4 treatment in either cell type. 

Consistent with cellular energy metabolism, acute (1 hour) ZnSO4 treatment had no effect on 

mitochondrial membrane potential or mitochondrial footprint (Supplemental Figure B, C). 
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Figure 2.6. Relative mitochondrial membrane potential and mitochondrial footprint 

following chronic zinc treatment. RAENDO (A) RASMC (B) cells were treated for 7 days with 

0-50 µM ZnSO4. Cells were seeded on Day 5 of treatment, on Day 7, media was replaced with 

media containing 10 nM TMRM. Relative fluorescence intensity was evaluated to determine 

relative mitochondrial membrane potential. Total area of mitochondrial signal positive pixel was 

evaluated to determine mitochondrial footprint. ** p-value ≤ 0.01, **** p- value ≤ 0.0001. n= 49-

144.  
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2.4.4. Chronic zinc treatment cell-type specifically affects network morphological 

parameters 

Mitochondria form dynamic, branching networks in which individual mitochondrial structures 

can fuse with or divide from a larger mitochondrial network. These processes are highly 

regulated and responsive to changes in activities of two of the gene products identified as being 

differentially expressed in the RNA-seq experiment: Mff and Mfn2. To evaluate mitochondrial 

morphology, we used our mitochondrial network analysis (MiNA) tool for the Fiji distribution of 

ImageJ. We measured mean branch length and mean summed branch length. Mean branch length 

and mean summed branch length measure the average length of mitochondrial structures, and the 

average summed length of branches within a network respectively, allowing for quantitative 

assessment of the extent to which mitochondria are fused into larger structures or fragmented 

into smaller structures. In RAENDO cells, a dose-dependent reduction in mean branch length 

and mean summed branch length was observed, consistent with greater mitochondrial 

fragmentation. This result is in agreement with the dose-dependent reduction in mitochondrial 

membrane potential and increased expression of Mff (Tilokani et al. 2018, Youle et al. 2012). In 

RASMC cells, a dose-dependent increase in mean branch length and mean summed branch 

length, which suggests that chronic zinc treatment enhances mitochondrial fusion and/or inhibits 

mitochondrial fission. A dose-dependent reduction in mitochondrial membrane potential is also 

observed in RASMC cells, which in addition to larger network structures, may indicate a 

mechanism of mitochondrial complementation to optimize mitochondrial function during wide-

spread mitochondrial dysfunction or enhanced energy demands (Schon et al. 2010, Youle et al. 

2012). These results are consistent with our RNA-seq data, where RASMC demonstrate an up-

regulation of the mitochondrial fusion gene, mitofusin-2 (Mfn2). Consistent with previous 
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results, acute (1 hour) treatment had no effect on mitochondrial network parameters of either cell 

type (Supplemental Figure 3 D, E).  

 

Figure 2.7. Mitochondrial network morphology analysis (MiNA) following chronic zinc 

treatment. RAENDO (A) and RASMC (B) cells were analyzed following 7 days of treatment 

with 0-50 µM ZnSO4. Cells were seeded on Day 5 of treatment, on Day 7, media was replaced 

with media containing 10 nM TMRM. Mean branch length was defined as the average length of a 

mitochondrial structure between two nodes. Mean summed branch length was calculated by 

computing the sum of all branch lengths within an independent network and dividing this by the 
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total number of individual networks within a cell.  ** p-value ≤ 0.01, **** p- value ≤ 0.0001. n= 

49-144.  

 

2.5 Discussion  

Materials selected for use as stents are ideally biologically inert as to not interfere with 

local or systemic biological function. However, materials used in the past have failed to prevent 

the development of neointimal hyperplasia when applied in an atherosclerotic artery, leading to 

incorporation of drug-eluting coatings that slowly release drugs such as rapamycin to prevent the 

development of smooth muscle hyperplasia (Guillory et al. 2020, Jinnouchi et al. 2018, Htay et 

al. 2005). Several studies have indicated that aortic zinc metal implants result in confluent 

endothelization along the neointima and a decreasing gradient of smooth muscle cells near the 

implant surface (Bowen et al. 2015, Yang et al. 2017, Guillory et al. 2020). These results suggest 

that zinc-based stents may function as a possible alternative to drug-eluting stents for the 

prevention of in-stent restenosis in vivo. Guillory et al. 2020 hypothesized that corrosion 

products released from zinc implants exerts suppressive effects on smooth muscle cells via 

caspase-mediated apoptosis. While it is well established that zinc plays a role in the 

determination and progression of apoptosis, the associated mechanisms and pathways are varied, 

cell-specific, and poorly understood (Franklin et al. 2009). Zinc has been reported to induce 

apoptosis through various pathways in several cell-types while demonstrating anti-apoptotic 

effects in others (Franklin et al. 2009, Chang et al. 2006, Bae et al. 2006, Duprez et al. 2012, 

Plum et al. 2010). Previous cell culture studies with aortic smooth muscle and endothelial cells 

have demonstrated a reduction in cell viability, proliferation and migration rate at concentrations 

at or above 100 µM (Ma et al. 2015, Ma et al. 2016). Consistent with this, we saw no adverse 

effect of 5–50 μM ZnSO4 on either cell growth or viability over 7 days, while 100 μM ZnSO4 

slowed growth modestly in both cell lines (Supplemental Figure 1). In addition, the majority of 
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previous cell culture studies have focused on acute or short-term zinc treatment which fails to 

model how long-term zinc exposure may alter cell behaviour in vivo. Our results indicate that 

acute zinc treatment at low micromolar concentrations has no effect on mitochondrial form and 

function or cellular energy metabolism. This suggests that changes in cellular behaviour 

observed by vascular cells exposed to a zinc implant likely represents an adaptive response. 

Concomitant with changes in mitochondrial form and function in cells exposed to zinc 

chronically suggests a role for mitochondrial plasticity in modulating cell behaviour in these 

cells. While previous studies have indicated that acute treatment results in activation of caspase-3 

activity (Guillory et al. 2020) these were performed at significantly higher zinc concentrations 

which may overestimate zinc concentrations experienced by cells in vivo. Taken together these 

results underscore the importance of determining and utilizing physiologically relevant zinc 

concentrations and treatment times to effectively model stent implantation in vitro.  

In most mammalian cells, intracellular zinc concentrations range from 100-500 µM, with 

the vast majority of zinc ions being tightly bound to proteins; thus the total ‘free’ zinc 

concentration is in the picomolar range (Krezel et al. 2006, Maret 2017). In the cell, maintenance 

of zinc ion concentrations is essential to prevent interference with other metal ions. If 

concentrations exceed their normal range they will begin to bind where they would not otherwise 

under physiological conditions (Maret 2010, Maret 2013). According to the Irving-Williams 

series in inorganic chemistry, zinc ions bind much stronger to proteins than most other 

biologically relevant ions including iron, manganese, magnesium and calcium (Maret 2013, 

Colvin et al. 2010). Consequently, zinc regulatory proteins have binding affinities which reflect 

these physiological ranges and zinc concentrations are strictly regulated under physiological 

conditions (Maret 2017, Kochanczyk et al. 2015). There are two main mechanisms by which 
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zinc homeostasis is maintained; zinc transporting proteins such as zinc-transporters (ZnTs) and 

Zrt-Irt-like proteins (ZIPs) and the zinc buffer-storage system (Cousins et al. 2006, Bafaro et al. 

2017). Recent studies using fluorescent zinc reporters indicate that mitochondria, ER, and Golgi 

act as potential sites of zinc buffers and storage in the maintenance of zinc homeostasis (Lu et al. 

2016). As a consequence, cell-type specific sensitivity to zinc supplementation may be partially 

determined by the size and activities of the aforementioned intracellular storage sites. Muscle 

cells characteristically have large amounts of mitochondria in order to adequately support the 

energetic demands of muscle contraction while endothelial cells tend to rely primarily on 

glycolysis in order to promote angiogenesis in hypoxic environments (Park et al. 2014, 

Krutzfeldt et al. 1990, De Bock et al. 2013, Eelen et al. 2018). 

Interestingly, our GO term analysis indicates differential gene expression related to 

primarily oxidative phosphorylation at 5 μM ZnSO4 in RAENDO cells compared to differential 

gene expression related to glycolysis and gluconeogenesis in RASMC cells. Our RNA-seq data 

indicates that both RAENDO and RASMC cells upregulate metallothionein (MT) genes in 

response to chronic zinc treatment but do not differentially regulate various zinc transporting 

proteins such as ZnTs/ZIPs. While ZnTs and ZIPs regulate the efflux and influx into the cytosol, 

respectively, MTs bind zinc to facilitate storage, buffering and transfer to other proteins (Kambe 

et al. 2015, Krezel et al. 2017).  Regulation of these proteins at the level of gene expression to 

maintain zinc homeostasis has been previously demonstrated with human coronary artery 

endothelial (HCAEC) and pulmonary artery smooth muscle cells (HPASMC) (Abdo et al. 2020). 

Abdo et al. indicated downregulation of ZnT1, ZnT2 and MT1 following treatment with 25 μM 

ZnSO4 for 2 hours as well as up-regulation of ZIP2 and ZIP12 following zinc depletion with 

pyrithione in both HCAEC and HPASMC. However, such changes in expression of ZnTs/ZIPs 
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may represent an acute response to zinc supplementation and adaptation over several days may 

alter this response. Enhanced MT expression may represent the primary means of maintaining 

intracellular zinc homeostasis under chronic treatment. Interestingly, MT expression plays an 

important role in collateral flow recovery and angiogenesis which may provide additional 

benefits when stents are applied in diseased arteries (Zbinden et al. 2010).  

Our data indicate that mitochondria are influenced by zinc supplementation in a cell-type 

specific manner. Mitochondria form highly dynamic networks which undergo cycles of fusion 

and fission in response to various cellular stimuli. We demonstrate that zinc treatment of 

endothelial cells results in a dose-dependent increase in mitochondrial fission, whereas smooth 

muscle cells demonstrate a dose-dependent increase in mitochondrial fusion. Mitochondrial 

fission is regulated by several key players, including dynamin-related protein 1 (DRP1) and 

mitochondrial fission factor (MFF) (Tilokani et al. 2018). Consistent with morphology results, 

RNA-seq analyses showed an upregulation of Mff in endothelial cells at 5 μM and 50 μM ZnSO4. 

Mitochondrial fission is often indicative of mitochondrial damage or dysfunction as it typically 

precedes mitophagy, the autophagic elimination of mitochondria. In fact, depolarization of the 

mitochondrial membrane potential (MMP) enhances mitophagy by promoting ubiquitination of 

mitochondrial surface proteins and activation of mitochondrial fission machinery (Narendra et al. 

2008, Youle et al. 2012). MFF recruits active and oligomeric DRP1 to the mitochondrial outer 

membrane to promote fission. A recent study demonstrated that DRP1 interacts with the 

mitochondrial zinc transporter, ZIP1 to focally reduce mitochondrial membrane potential by 

promoting zinc entry through the ZIP1-mitochondrial calcium uniporter (MCU) complex (Cho et 

al. 2019). Following fission, dysfunctional mitochondria fail to recover membrane potential and 

are subsequently degraded by mitophagy (Cho et al. 2019). Further, recent studies have 
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determined that zinc entry into mitochondria through the MCU plays an important role in the 

development of mitochondrial dysfunction and promotion of cell death following ischemia (Ji et 

al. 2020). Taken together, the relationship between mitochondrial fission machinery, MMP and 

metal ionic balance is complex and poorly understood but may play a role in the development of 

stably reduced MMP in cells treated with ZnSO4 over 7 days.  

In smooth muscle cells, Mfn2 is upregulated at 5 μM but not 50 μM, despite a dose-

dependent increase in network morphological parameters indicative of fusion. MFN2 is a 

dynamin-like GTPase important for mitochondrial fusion, calcium homeostasis, and ER-

mitochondrial contact (Liu et al. 2019). Several studies have shown that MFN2 inhibits cell 

proliferation and cell-cycle progression in several cell-types. In fact, the MFN2 gene was 

originally implicated for its role in the suppression of vascular proliferative disorders such as 

smooth muscle hyperplasia (Chen et al. 2004, Chen et al. 2014, Liu et al. 2019). Therefore, 

upregulation of this gene and/or activation of the MFN2 protein in the presence of zinc may slow 

cell-cycle progression and prevent restenosis in vivo. MFN2 is also important for establishing 

mitochondrial-ER contact sites (Chiong et al. 2014). Functional ER-mitochondrial coupling 

promotes efficient calcium uptake into mitochondria, resulting in higher mitochondrial 

membrane potential, oxygen consumption and ATP production (Chiong et al. 2014, Bravo et al. 

2011, Cardenas et al. 2010). During vascular injury, such as following angioplasty, vascular 

smooth muscle cells can undergo a phenotypic switch from a mature ‘contractile’ phenotype to a 

de-differentiated, highly proliferative and secretory phenotype, leading to the development of 

neointimal hyperplasia (Shi et al. 2020, Sobue et al. 1999, Owens et al. 2004, Rzucidlo et al. 

2007, Campbell et al. 1985). In addition, dysregulation of mitochondrial dynamics and/or 

mitochondrial-ER coupling can promote the secretory and proliferative phenotype of vascular 
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smooth muscle cells (Bravo et al. 2011, Chiong et al. 2014, Bravo-Sagua et al. 2013). Therefore, 

up-regulation of Mfn2 during chronic zinc supplementation may promote mitochondrial-ER 

contact and mitochondrial calcium homeostasis, thus preventing hyperplasia and restenosis in 

vivo.  It is unclear why Mfn2 is upregulated at 5 µM but not 50 µM ZnSO4, despite consistent 

enhanced mitochondrial fusion at this concentration. Mitochondrial fusion may also occur during 

periods of stress or increased ATP demand, as a means of maximizing mitochondrial function by 

mixing partially damaged components as a form of complementation (Schon et al. 2010, Youle 

et al. 2012). Mitochondrial quality control can be maintained through the elimination of damaged 

proteins by proteases and refolding by chaperone proteins in the mitochondrial matrix (Baker et 

al. 2011, Nargund et al. 2012, Youle et al. 2012). Outer membrane proteins can be removed 

through the ubiquitin-proteosome pathway (Tanaka et al. 2010, Youle et al. 2012). Our GO term 

analyses of differential gene expression indicate positive regulation of ubiquitin transferase 

activity and ubiquitin-related protein binding in both cell types. This may indicate an alternative 

mechanism for mitochondrial quality control during chronic zinc supplementation. 

Several of our datum suggest that treatment of smooth muscle cells with zinc leads to an 

increase in ATP demand. Enhanced basal and maximal oxygen consumption rates as well as 

extracellular acidification rates suggest that both mitochondrial and glycolytic ATP-producing 

reactions are working at faster rates. GO term analyses indicating differential regulation of genes 

associated with glycolysis and gluconeogenesis further indicate increased ATP demand. While 

previous studies have suggested that zinc acts as an inhibitor of cellular energy production both 

within the electron transport system and glycolysis, most of these studies were performed in cell-

free systems in the absence of the cell’s endogenous zinc-buffering capacity (Dineley et al. 2003, 

Ikeda et al. 1980, Kuznetsova et al. 2005, Krotiewska et al. 1992, Link et al. 1995). Increases in 
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ATP demand may be relevant to increases in intracellular zinc concentrations, where zinc ions 

can disrupt binding of other essential metal ions such as magnesium. Magnesium homeostasis is 

essential for regulation of tricyclic acid cycle (TCA) enzymatic activity and maintenance of the 

electron transport system (Yamanaka et al. 2016, Rodriguez- Zavala et al. 1998, Panov et al. 

1996, Piskacek et al. 2009). Moreover, ATP binds to the magnesium ion to form the biologically 

functional form Mg-ATP. Mitochondrial ATP is transported from the mitochondria in the 

magnesium bound form by the ATP-Mg/Pi (Yamanaka et al. 2016, Chinopoulos et al. 2009, 

Aprille 1993, Jahen-Dechent et al. 2012). Magnesium is also an essential co-factor for the 

sodium/potassium pump, a major cellular ATP consumer required for maintenance of the cellular 

membrane potential (Jahen-Dechent et al. 2012, Apell et al. 2017). Thus, disruption of 

magnesium or other essential metal ion binding by zinc may contribute to dysregulation of 

metabolism and enhanced ATP demand.  

Mitochondrial dysfunction or damage may also enhance ATP demand. During 

mitochondrial dysfunction, ATP synthase may consume ATP in order to generate and maintain 

mitochondrial membrane potential (Youle et al. 2012, Buchet et al. 1998). Our data provides 

significant evidence for disruption of the mitochondrial membrane potential, including dose-

dependent depolarization of the inner membrane and up-regulation of the translocase of the inner 

membrane subunit 17b (Timm17b) in RASMC cells. TIMM17B is an essential component of the 

TIM23 complex required for protein import into the mitochondrial matrix (Chacinska et al. 

2009). Previous studies have indicated that mitochondrial stress induces the expression of 

mitochondrial import machinery in order to efficiently import proteins required for the 

mitochondrial unfolded protein response during periods of reduced mitochondrial membrane 
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potential (Nargund et al. 2012). Therefore, upregulation of Timm17b may indicate a mechanism 

to ensure mitochondrial quality control and function during chronic zinc supplementation. 

In summary, the differential effects of zinc on rat vascular endothelial and smooth muscle 

cells observed in vivo (Bowen et al. 2015, Yang et al. 2017, Guillory et al. 2020) are concomitant 

with differential effects on mitochondria and energy metabolism in vitro. We observed cell-type 

specific changes in gene expression related to several mitochondrial genes as well as 

corresponding changes in mitochondrial form and function. These differences may arise from 

cell-type specific differences in zinc-buffer and storage capacity requiring different mechanisms 

for the maintenance of mitochondrial quality control and function with chronic zinc 

supplementation. This study examines the effect of zinc supplementation over 7 days in order to 

represent the long-term effects of zinc exposure during stent application in vivo. The 

identification of mitochondria as an important target of zinc that is differently affected in the 

vascular endothelial and smooth muscle cells is important for better understanding how zinc-

based implants affect tissue homeostasis in vivo. 
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Chapter 3.0 Triphenylphosphonium-linoleic acid promotes cardiolipin stabilization and 

improves mitochondrial network morphology in a Tafazzin knockout mouse myoblast 

model of Barth Syndrome 
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3.1 Abstract 

Barth syndrome (BTHS) is a rare disease caused by mutation in the TAZ gene which 

encodes the mitochondrial acyltransferase, tafazzin. Tafazzin remodels cardiolipin (CL) an 

essential mitochondrial lipid, to produce a highly specific acyl composition consisting of 4 

linoleic acid (LA) acyl chains. This tetralinoleoylcardiolipin (TLCL) composition is essential for 

mitochondrial function. Loss or reduction of TLCL results in mitochondrial dysfunction. A 

secondary remodelling enzyme, monolyso-CL-acyltransferase-1 (MLCLAT-1), may account for 

20% of TLCL production, but fails to compensate in BTHS. Here, I have evaluated the use of a 

mitochondrial targeting moiety, triphenylphosphonium (TPP+) to target LA to the mitochondrial 

matrix. TPP+ is a lipophilic cation which accumulates in the matrix driven by the mitochondrial 

membrane potential. TPP-LA is synthesized with an ester linkage subject to intra-mitochondrial 

enzymatic cleavage, releasing free LA. I hypothesize that by increasing matrix LA, we can 

promote TLCL production via MLCLAT-1. I employed a tafazzin knockout (TAZKO) C2C12 

myoblast model to evaluate the effects of TPP-LA on mitochondrial structure and function in 

dividing cells as well as the CL profile and differentiation-specific protein expression in 

differentiating cells. Our results indicated little to no effect of tafazzin knockout or TPP-LA 

treatment on cellular oxygen consumption or extracellular acidification rates. However, we 

observed a modest increase in ECAR at 1000 nM TPP-LA, which may suggest that TPP-LA 

modestly impairs respiration. Despite this, mitochondrial network analysis indicated that TPP-

LA treatment appears to non-significantly enhance mitochondrial membrane potential and 

apparent fusion in TAZKO and wildtype (WT) cells. Our CL analysis data indicated an 

improvement of the TAZKO CL profile, with no significant change in the distribution of CL 

species. Significant increases in mature CL species were observed in WT cells and non-

significantly in TAZKO cells. In contrast, immature CL species were increased in TAZKO cells 

and differentially regulated in WT cells. While enhanced biochemical differentiation was 

observed in WT cells, TPP-LA treatment did not rescue defective differentiation in TAZKO 

cells. These results suggest that while TPP-LA can modestly improve mitochondrial parameters 

and CL content, it does not significantly alter CL composition or cellular differentiation. This 

provides further insight into the relationship of CL content and mitochondrial dynamics and their 

role as potential therapeutic targets.  
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3.2 Introduction 

 Barth syndrome (BTHS) is a rare, X-linked disease characterized by cardio-skeletal 

myopathy and neutropenia often progressing to lethal cardiomyopathy, heart failure, or infection. 

BTHS is caused by mutations in the TAZ gene (G4.5) which encodes the mitochondrial 

transacylase, tafazzin (Jefferies, 2013). Approximately 160 mutations have been associated with 

BTHS, although there is no correlation between mutation and disease severity and clinical 

variation among related males is observed (Brion et al. 2016). Tafazzin is essential for the 

production of mature cardiolipin (CL), a lipid moiety which constitutes approximately 20% of 

the inner mitochondrial membrane (IMM) and associates and modifies the function of several 

mitochondrial proteins including cytochrome c oxidase, ATP synthase, creatine phosphokinase, 

the pyruvate translocator, the phosphate transporter and the ATP/ADP translocator (Ardail et al. 

1990, Schlame et al. 2000, Houtkooper et al. 2008, Paradies et al. 2014). In addition, CL is 

thought to function as the ‘glue’ which holds the respiratory super-complexes together (Paradies 

et al. 2014). CL consists of two phosphatidylglycerol units forming a dimeric, polar head group 

bearing four hydrophobic acyl chains which confers a unique conical structure to the lipid 

species (Saric et al. 2016). This conical structure facilitates the high membrane curvature of the 

IMM which supports electron transport system efficiency (Huang et al. 2006). 

 While most phospholipids are synthesized in the endoplasmic reticulum (ER), CL is 

synthesized exclusively in the mitochondria (Horvath et al. 2013). CL is synthesized as a 

nascent, immature molecule with variable acyl chains which then undergoes one of two 

remodelling mechanisms. First, nascent CL may be remodelled through a two-step deacylation – 

reacylation Lands cycle where CL is initially deacylated by phospholipases to produce the 

remodelling intermediate, monolysocardiolipin (MLCL) (Lands, 1960, Ye et al. 2016). MLCL is 
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then reacylated by either translacylase or acyltransferase activity. Alternatively, CL is 

remodelled by a one-step transacylase reaction (Yamashita et al. 1997, Xu et al. 2003, Ye et al. 

2016). Tafazzin remodels CL through the two-step Lands cycle mechanism predominantly with 

linoleic acid (LA). In fact, CL with four LA chains; tetralinoleoyl-cardiolipin (TLCL; CL(72:8)) 

is the dominant CL species in cardiac and skeletal muscle tissue (Houtkooper et al. 2008). In 

BTHS, abnormal CL remodelling results in a decrease in total CL and an increase in the 

proportion of MLCL relative to CL and an abnormal CL acyl composition (Saric et al. 2016). In 

the absence of adequate mature CL, cells exhibit abnormal mitochondrial morphology, reduced 

cristae density and inner membrane aggregation (Barth et al. 1983, Hodgson et al. 1987, Orstavik 

et al, 1998, Bissler et al. 2002, Xu et al. 2005, Acehan et al. 2007, Gonzalvez et al. 2008, 

Gonzalvez et al. 2013). Previous studies have demonstrated that BTHS mitochondria 

demonstrate reduced mitochondrial membrane potential, reduced state-3 respiration, and 

increased reactive oxygen species (ROS) production likely due to destabilization of the 

respiratory super-complexes and reduced electron transport efficiency (Mckenzie et al. 2006, 

Dudek et al. 2013. Gonzalvez et al. 2013, Saric et al. 2016).  

In addition to tafazzin, monolyso-cardiolipin acyltransferase-1 (MLCLAT-1) and acyl-

CoA: lysocardiolipin acyltransferase-1 (ALCAT-1) contribute to CL remodelling. ALCAT-1 

resides in the mitochondrial associated membranes of the ER where phospholipid trafficking 

between the mitochondria and ER occurs. The role of ALCAT-1 in the production of mature CL 

is unclear as it tends to incorporate long chain, polyunsaturated fatty acids which are susceptible 

to peroxidation (Ng et al. 2005, Saric et al. 2016). In contrast, MLCLAT-1 is located on the inner 

leaflet of the IMM and preferentially incorporates linoleic acid into CL compared to other fatty 

acyl chains (Taylor et al. 2009). However, MLCLAT-1 fails to compensate for loss of tafazzin 
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function in BTHS. Consistent with this, BTHS-derived lymphoblasts exhibit increased basal 

MLCLAT-1 expression but reduced activity compared to normal controls (Taylor et al. 2009). 

Overexpression of MLCLAT-1 in BTHS derived-lymphoblasts increases LA incorporation into 

CL and increases mitochondrial respiratory protein expression (Taylor et al. 2012). In contrast,  

Meija et al. (2018) demonstrated a reduction in MLCLAT-1 expression in BTHS lymphoblasts.  

However, in healthy lymphoblasts a reduction in tafazzin expression through RNA interference 

results in a compensatory increase of MLCLAT-1 expression and activity. In this study, 

MLCLAT-1 transfection in BTHS lymphoblasts improved basal respiration and ROS production 

but did not alter CL composition (Meija et al. 2018). Taken together, these observations suggest 

MLCLAT-1 may be a potential therapeutic target for BTHS.  

While current treatment is limited to symptom management, several studies have 

attempted to modulate CL composition as a therapeutic approach. A study performed with 

isolated BTHS fibroblasts indicated that LA supplementation directly in the growth media 

resulted in a dose and time-dependent increase in LA incorporation of CL and total CL content 

(Valianpour et al. 2003). Consistent with this, several studies have indicated that CL content is 

responsive to dietary supplementation in normal liver, heart and skeletal muscle tissue (Feillet-

Coudray et al. 2014, Fajardo et al. 2015). However, dietary supplementation in a doxycycline-

induced tafazzin knockdown (TAZKD) model of BTHS showed only slight improvements of CL 

content and super-complex assembly (Elkes et al. 2021). An additional study attempted to 

deliver CL to the mitochondria of TAZKD mice in nanodisk (CL-ND) delivery particles but was 

unsuccessful in modulating the CL profile of TAZKD or wild-type mice (Ikon et al. 2018). Ikon 

et al. concluded that CL-ND were unable to reach their mitochondrial targets.  



 76 

 Mitochondria present a particular challenge for therapeutic targeting due to the highly 

hydrophobic inner membrane and negative membrane potential. Triphenylphosphonium, (TPP+) 

is a well-characterized mitochondrial targeting moiety that has been used in a wide range of 

contexts to deliver bioactive cargo to the mitochondrial matrix (reviewed in Murphy et al. 2008). 

TPP+ is a lipophilic cation which drives accumulation to the mitochondrial matrix according the 

membrane potential (Murphy et al. 2008).  A previous study which utilized TPP-conjugation to 

imidazole-substituted oleic acid (TPP-IOA) via an ester linkage has demonstrated the effective 

use of TPP+ to target specific phospholipid species to the mitochondrial matrix (Atkinson et al. 

2011). We propose that by conjugating linoleic acid to TPP+ (TPP-LA) we could deliver LA 

directly to the mitochondrial matrix where it can drive flux through MLCLAT-1 and 

subsequently improve CL content and composition. Upon delivery, intramitochondrial esterases 

will cleave and release free LA which can then be charged with co-enzyme A (CoA) by 

intramitochondrial acyl-CoA synthases (Atkinson et al. 2011, Grevengoed et al. 2015). 

Importantly, IMM localization of MLCLAT-1 allows for easy access to the matrix pool of free 

LA.  

We describe herein, an evaluation of TPP-LA to promote LA incorporation into CL to 

ameliorate the mitochondrial and cellular deficits of BTHS. We employ a CRISPR-Cas9 tafazzin 

knockout (TAZKO) C2C12 mouse myoblast model and isogenic wildtype (WT) cells treated for 

48 hours while proliferating and 14 days while differentiating. Our results demonstrate that TPP-

LA administration modestly enhances mitochondrial membrane potential and abundance in 

C2C12 WT but not TAZKO cells during proliferation. Evaluation of mitochondrial network 

morphology revealed that TPP-LA enhances apparent mitochondrial fusion in C2C12 WT and 

TAZKO cells. Cardiolipin analysis following 14 days of differentiation showed that TPP-LA 
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administration can rescue total CL content, reduce total MLCL content and reduce MLCL/CL 

ratio in TAZKO cells.  In contrast, TPP-LA administration increases the proportion of mature 

cardiolipin species in WT cells which may indicate the need for at least some tafazzin function to 

support the effectiveness of TPP-LA. Lastly, the modest effects of TPP-LA administration were 

not sufficient to rescue myoblast differentiation in the C2C12 mouse myoblast model. 

3.3 Materials and Methods 

3.3.1 TPP-LA solution 

 Triphenylphosphonium- linoleic acid (TPP-LA) was synthesized as described in 

Atkinson et al. (2011) and Bagshaw et al. (2021). The purified solid was stored in a sealed glass 

vial at -20 °C. The purified solid was weighed and dissolved in sterile filtered (0.2 µm Nylon) 

DMSO. 10 mM stock solutions were stored at -20 °C. Sterile dilutions were made in sterile-

filtered DMSO prior to experiments and stored at 4 °C for no more than 7 days.  

 

Figure 3.1. Chemical structure of TPP-linoleic acid (bromide). Chemical formula 

C39H52BrO2P. Molecular weight: 663.71 g/mol. 

 

3.3.2 Cell culture 
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CRISPR-Cas9 generated TAZ knockout (TAZKO) C2C12 murine myoblast cells and 

isogenic wildtype (WT) cells were received as a gift from Miriam Greenberg (Wayne State 

University, MI). Cells were cultured in physiologically-representative media (Plasmax) 

formulated as described in Vande Voorde et al. 2019. For proliferation, Plasmax media was 

supplemented with 10% fetal bovine serum (FBS) (Sigma, F1051), 1% penicillin/streptomycin 

(Sigma, P4333). For differentiation, Plasmax was supplemented with 1% adult horse serum 

(AHS) and 1% penicillin/streptomycin. Cultures were kept in a humidified, 5% CO2/ 5% O2 

atmosphere Thermo Forma Series II water- jacketed incubator, maintained at 37º C. Cells were 

grown and maintained in 100 mm cell culture treated, polystyrene plates (Corning, 430167) and 

passaged at approximately 80% confluency. To passage, cells were washed with phosphate 

buffered saline (PBS) and 0.25% trypsin/EDTA solution (Sigma, T4049) was added to plates and 

incubated for 3 minutes at 37º C. Following incubation, an equal volume of culture media was 

added to neutralize trypsin. Cell suspensions were collected into conical tubes and centrifuged 

for 3 minutes at 3400 RPM. The subsequent supernatant was discarded, and the cell pellet was 

re-suspended in fresh culture media. The cell suspension was distributed into new cell culture 

plates and 10 mL of fresh cell culture media was added before returning to the incubator. Media 

was refreshed every 24 hours. Cells were exposed to 0 (DMSO) -1000 nM TPP-LA for 48 hours 

while proliferating and 14 days while differentiating. Media was refreshed every 24 hours with 

the appropriate concentration of TPP-LA. Functional measurements were taken following 48 

hours of proliferation or 14 days of differentiation.  

3.3.3 Cellular respiration 

Cellular respiration parameters were measured using a Seahorse Extracellular Flux 

Analyzer XFe24 Mito Stress test (Agilent, Santa Clara, CA). Cells previously growing were 
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trypsinized and collected in suspension from 100 mm growth plates. Cell density (cells/mL) was 

calculated using triplicate hemocytometer counts. Subsequently, the cell suspension was diluted 

such that 100 µL of cell suspension was needed to seed the required number of cells. 100 µL of 

the diluted cell suspension was carefully added to the center of each well with minimal 

disturbance. Cells were allowed to settle and attach for 1 hour at room temperature within a 

Biological Safety Cabinet. Once cells had attached, 150 µL of media was carefully added to each 

well and returned to the incubator. At each time point, media was removed and replaced with 

Plasmax media without sodium bicarbonate, FBS, or penicillin/streptomycin. Cells were placed 

in a CO2 free incubator 1 hour prior to the assay. Cell culture media was replaced with fresh 

Plasmax media (without sodium bicarbonate, FBS or penicillin/streptomycin) immediately prior 

to starting the assay. The Mito Stress test was performed using 1 µM oligomycin (Sigma, 579-

13-5), 1 µM FCCP (Sigma, C2920) , and 0.5 µM Rotentone (Sigma, 83-79-4) /antimycin A 

(Sigma, 1379-94-0), added according to standard protocol. At the end of the assay, cells were 

stained with Hoescht 33342 and allowed to incubate for 10 minutes. Following incubation, 24-

well plates were subsequently imaged using a Zeiss Axio observer fluorescence microscope. 

Total nuclei were counted using the Cookbook- Nucleus counter plug-in for the Fiji distribution 

of ImageJ (https://github.com/fiji/cookbook/). Oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) were normalized to total nuclei.  

3.3.4  Fluorescence microscopy 

Cells were seeded on 35 mm Mattek cell culture imaging plates (L- lysine-coated). 

Following treatment for the allotted time, media was removed, and cells were washed with PBS. 

1 ml of 1 µg/mL Hoescht 33342 in PBS was added to the plate and incubated for 5 minutes. 

Following incubation, cells were washed with PBS and returned to phenol red-free Plasmax 

https://github.com/fiji/cookbook/
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media (formulated as described in Vande Voorde et al. 2019) containing 10 nM 

tetramethylrhodamine methyl ester (TMRM) (Biotium, 70017) and incubated for 30 minutes. 

Images were obtained on a Zeiss Cell Observer SD spinning disk confocal microscope equipped 

with Teledyne Photometric Prime BSI and Yokogawa Sensor Cameras. Images were analyzed 

using ImageJ.  

3.3.5  Measurement of mitochondrial membrane potential 

TMRM fluorescence images were analyzed using the TMRM analysis script for the Fiji 

distribution of ImageJ. This tool uses a thresholding operation (Otsu) to designate all pixels as 

being either mitochondrial or background (Otsu, 1979). The average pixel intensity is then 

calculated for both mitochondria and background, and the average background intensity is 

subtracted from the average mitochondrial intensity for each image.  

3.3.6  Quantitative analysis of mitochondrial network morphology  

 Mitochondrial network morphology was assessed using the Mitochondrial Network 

Analysis Tool (MiNA) for the Fiji distribution of ImageJ (Valente et al. 2017). An unsharp mask 

(sigma=2) was used to enhance contrast and sharpen mitochondrial images to ensure accurate 

quantification by MiNA. The unsharp mask sharpens edges by subtracting a blurred version of 

the image (unsharp mask) from the image. To create the unsharp mask, the original image 

undergoes Gaussian blurring which is then multiplied by the mask weight (0.7). Next, images 

underwent thresholding using the Otsu thresholding operation to produce a binary image (Otsu, 

1979). To account for multiple nuclei in fused or fusing myotubes, cells were analyzed per 

region of interest (ROI) or on a pseudo ‘per cell’ basis. Mitochondrial footprint was calculated 

from the total area of mitochondrial-signal positive pixels within a ROI and divided by the 

number of nuclei within the ROI. Mitochondrial form interconnected, branching networks in 
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which branches are connected at a node. Following binarization, a morphological skeleton was 

then produced using the Skeletonize 2D/3D plug-in (Arganda-Carreras et al. 2010; Lee, 

Kashyap, and Chu 1994). This method employs iterative thinning to create a skeleton of 

mitochondrial structures, one pixel wide. Length measurements are then deduced from the 

morphological skeleton using the Analyze Skeleton plug-in. Mean branch length is calculated as 

the average length of a mitochondrial structure between two nodes. Mean summed branch length 

was calculated by computing the sum of all branch lengths within an independent network and 

dividing this by the total number of individual networks within a ROI. Mean branch length and 

mean summed branch length were calculated per ROI.  

3.3.7 Cardiolipin analysis 

 Following 14 days of differentiation, cell pellets were isolated by trypsinization and snap 

frozen in liquid nitrogen for storage at -80º C. Cells were subsequently sent to Creative 

Proteomics (Shirley, NY) for lipidomic analysis by liquid chromatography tandem mass 

spectrometry (LC-MS/MS). Briefly, cell pellets were re-suspended in 0.8 mL water before 

transfer to glass tubes. A single phase was prepared by addition of 4 mL methanol and 2 mL 

chloroform. An additional 2 mL of water and 2 mL of chloroform were added to the mixture 

before centrifugation for 10 minutes at low speed to split the phases. The lipid containing layer 

was removed and saved. The addition of 2 mL chloroform, centrifugation and saving of the lipid 

containing layer was repeated two additional times. Isolated lipids were completely dried under 

nitrogen and subsequently re-suspended in chloroform. Samples were then vacuum dried under 

nitrogen on speed vacuum overnight before re-suspension in 1 mL chloroform and storage at -

20º C. The mass spectrometer used was the Waters Xevo TQS. Samples were run with a source 

temperature of 150º C, desolvation temperature of 250º C, cone gas flow of 150 L/Hr, 
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desolvation gas flow of 650 L/Hr,  collision gas flow 0.14 mL/min and nebuliser gas flow of 7 

Bar. The mass spectrometer scan utilized an electrospray ionization mode with cone voltage of 

40 V and collision energy of 75 V. For cardiolipin analysis, the full scan range was 1285 to 1572 

m/z, CL(61:1) and CL (80:4) were used as internal standards. For monolysocardiolipin analysis, 

the full scan range was 865 to 1335 m/z, CL(57:4) was used as an internal standard.   

3.3.8 Western blots 

Following 14 days of differentiation, cell pellets were isolated by trypsinization and snap 

frozen in liquid nitrogen for storage at -80º C. Frozen cell pellets were thawed and lysed with 

PMSF homogenizing buffer (250 mM sucrose, 5 mM HEPES, 0.2 mM PMSF, 0.2% NaN3: pH 

7.5) and vortexed. Protein concentration of each sample was determined using a BCA protein 

assay. 5-7.5 μg of protein in 4X Laemelli sample buffer from each sample were loaded into each 

well of a 4-15% gradient precast polyacrylamide gel and was ran for 23 minutes at 240 V. A 

protein molecular weight ladder (Biorad, 1610373EDU) was including in each gel. A 6-minute 

semi-dry turbo transfer blot was performed, and membranes were blocked with Everyblot 

blocking solution (BioRad,120100200) for 10 minutes at room temperature. Membranes were 

cut at 75 kDA with the higher portion used to detect myosin heavy chain (250 kDA) and the 

lower portion used to detect myogenin (34 kDA). Membranes were incubated overnight while 

rocking at 4º C with the appropriate primary antibody (MHC: Developmental Studies Hybridoma 

Bank, MF-20; Myogenin: Developmental Studies Hybridoma Band, F5D) at a 1:500 dilution in 

tris-buffered saline, 0.1% Tween-20(TBST)/ 5% skim milk solution. The primary antibody 

solution was subsequently removed, and membranes were washed with TBST 3 times for 5 

minutes. Membranes were then incubated for 60 minutes while rocking at room temperature with 

anti-mouse IgG HRP-linked secondary antibody (Cell Signaling, 7076) at a 1:2000 dilution in 
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TBST/ 5% skim milk solution. The secondary antibody solution was subsequently removed, and 

membranes were washed with TBST 3 times for 5 minutes. Immobilon substrates (Millipore 

Sigma, WBKLS0500) were used to image membranes with a BioRad™ ChemiDoc Imaging 

System. To normalize to total protein membrane was stripped and re-probed for GAPDH as 

above using 1:5000 primary antibody (GAPDH: Proteintech, 60004-1) overnight and 1:10000 

secondary antibody as above. Images were analyzed using ImageLab software (BioRad, 

Hercules CA).  

3.3.9 Statistical Analysis 

Data are presented as means ± standard deviation. A one-way analysis of variance 

(ANOVA) with Tukey’s multiple comparison post-hoc analyses were performed for each data 

set. For image analysis, outliers were removed using the ROUT method (Q=1%). For cardiolipin 

analyses, a two-way ANOVA with Tukey’s multiple comparisons post-hoc analysis and least 

squares multiple linear regression analyses were performed. P values ≤ 0.05 were considered 

significant. All statistical analyses were performed using GraphPad Prism version 9.1.0 (San 

Diego, CA).  

3.4 Results 

3.4.1 TPP-LA treatment has no effect on the cellular energy metabolism of proliferating 

TAZKO or WT cells 

 

 Previous studies have indicated that BTHS patient-derived lymphoblasts and fibroblasts 

have reduced basal and mitochondrial oxygen consumption rates (Lou et al. 2018, Mckenzie et 

al. 2006, Dudek et al. 2013. Gonzalvez et al. 2013, Saric et al. 2016). Consistent with this, our 

CRISPR- Cas9 TAZKO model has previously demonstrated reduced basal, not maximal, oxygen 

consumption rate (OCR) using a Seahorse Mito Stress test (Lou et al. 2018). Interestingly, our 

results indicate no significant differences in basal or maximal OCR, or in extracellular 
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acidification rate (ECAR) regardless of genotype or treatment (Figure 3.2). In addition, there 

were no significant effects on ATP-linked, proton leak or non-mitochondrial associated oxygen 

consumption rates. This may be attributable to our use of physiological cell culture media and 

oxygen levels.  



 85 

 

Figure 3.2. Basal and maximal oxygen consumption rates (OCR) and extracellular 

acidification rates (ECAR) following 48 hours of TPP-LA treatment of proliferating C2C12 

WT and TAZKO cells. C2C12 WT and TAZKO cells were treated for 48 hours with 0 (DMSO) 

– 1000 nM TPP-LA while proliferating. After 48 hours a Mito Stress test was performed to 

measure (A) basal and maximal OCR (B= basal, M= maximal) and (B) basal ECAR. Basal 

oxygen consumption is subdivided into non-mitochondrial (Non-mitochondrial), proton leak 
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oxygen consumption (Leak) and ATP-linked oxygen consumption (ATP-linked). Spare 

respiratory capacity (Spare Capacity) is indicated on the maximal OCR bar. Colours represent 

measures from the same plate. n=4-6. 

 

3.4.2 TPP-LA non-significantly enhances mitochondrial membrane potential and 

mitochondrial footprint of proliferating C2C12 WT but not TAZKO cells 

 

 BTHS patient-derived lymphoblasts and other model cells typically demonstrate reduced 

mitochondrial membrane potential consistent with mitochondrial dysfunction (Lou et al. 2018, 

Paradies et al. 2014). To evaluate the effect of TPP-LA on mitochondrial membrane potential, 

we employed TMRM, a positively charged fluorescent dye that accumulates in the mitochondrial 

matrix relative to the membrane potential (Figure 3.3).  

 
Figure 3.3. Live cell TMRM fluorescent images of C2C12 WT and TAZKO cells following 

48 hours of TPP-LA treatment. Following treatment, cells were incubated with 10 nM TMRM 

for 30 minutes and subsequently imaged at 630x magnification using a Zeiss Cell Observer SD 

spinning disk confocal microscope. Scale bars represent 10 µm. 

 

Interestingly, 1000 nM TPP-LA treatment facilitates a non-significant increase in relative 

mitochondrial membrane potential in C2C12 WT but not TAZKO cells when treated for 48 

hours while proliferating (Figure 3.4 A). Mitochondrial footprint is the area occupied by 

mitochondria within an image, divided by the number of nuclei within that image. This functions 

as a proxy of mitochondrial abundance, where an increase or decrease may indicate 
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mitochondrial biogenesis or mitophagy, respectively. Mitochondrial biogenesis can be stimulated 

in conditions of reduced mitochondrial function in order to compensate for loss of energy 

production (Ventura-Clapier et al. 2008). In mitochondrial disease, this compensatory 

mechanism often results in the accumulation of abnormal mitochondria in muscle cells creating a 

‘ragged’ appearance, although this is not a common finding in BTHS (Kremer et al. 2001, Tsairis 

et al. 1973, Chabi et al. 2005). Our results demonstrate that TPP-LA treatment for 48 hours in 

proliferating cells results in a non-significant increase in mitochondrial footprint in C2C12 WT 

but not TAZKO cells. These results may indicate enhanced mitochondrial biogenesis in WT cells 

treated with 1000 nM TPP-LA.  

 
Figure 3.4. Relative mitochondrial membrane potential and mitochondrial footprint of 

C2C12 WT and TAZKO cells following 48 hours of TPP-LA treatment.  TAZKO and WT 

cells were analyzed following 48 hours of 0-1000 nM TPP-LA. Following treatment, media 

replaced with media containing 10 nM TMRM. (A) Relative fluorescence intensity was 

evaluated to determine relative mitochondrial membrane potential. (B) Total area of 

mitochondrial signal positive pixel was evaluated to determine mitochondrial footprint. Colours 

represent technical replicates (n=3). Image analysis n= 28-30.  

 

3.4.3 TPP-LA modestly increases apparent mitochondrial fusion in proliferating TAZKO 

and isogenic WT cells  

 

 The mitochondria of BTHS patient-derived lymphoblasts demonstrate several structural 

abnormalities including reduced cristae density and high frequency of mitochondrial network 
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fragmentation (Saric et al. 2016). The population of mitochondria within a cell form a dynamic, 

interconnected network which undergoes rapid fusion and fission events in response to changes 

in cellular stimuli. Mitochondrial fission often precedes mitophagy and as a result extensive 

network fragmentation can indicate mitochondrial dysfunction. To evaluate mitochondrial 

network morphology, we used our mitochondrial network analysis (MiNA) tool for the Fiji 

distribution of ImageJ. We measured mean branch length and mean summed branch length per 

region of interest (ROI). Mean branch length measures the average length of all mitochondrial 

structures within a ROI. Mean summed branch length measures the average summed length of 

individual network structures within a ROI. Taken together, these parameters allow for the 

quantitative evaluation of mitochondrial network fragmentation or fusion. Our results show a 

modest dose-dependent increase in mean branch length and summed mean branch length in both 

WT and TAZKO cells when treated for 48 hours while proliferating, indicating an increase in 

apparent mitochondrial fusion with TPP-LA administration (Figure 3.5 A, B).  

 

Figure 3.5. Mitochondrial network morphology analysis (MiNA) of C2C12 WT and 

TAZKO cells following 48 hours of TPP-LA treatment. TAZKO and WT cells were analyzed 

following 48 hours of 0-1000 nM TPP-LA. Following treatment, media replaced with media 

containing 10 nM TMRM. Mean branch length was defined as the average length of a 

mitochondrial structure between two nodes. Mean summed branch length was calculated by 

computing the sum of all branch lengths within an independent network and dividing this by the 

total number of individual networks within a cell. Colours represent technical replicates (n=3). 

Image analysis n= 28-30. * p-value ≤ 0.05, *** p-value ≤ 0.001. 



 89 

 

3.4.4 TPP-LA treatment during 14 days of differentiation enhances total CL content, 

reduces total MLCL content and reduces the MLCL/CL ratio of TAZKO cells  

 

 Dysfunctional CL remodelling in BTHS results in a CL profile with reduced total CL, 

high MLCL content relative to total CL (MLCL/CL ratio), and CL with abnormal acyl 

composition (Saric et al. 2016). The predominant CL species in cardiac and skeletal muscle is 

tetralinoleoyl-cardiolipin (CL(18:2)4) and is required for optimal mitochondrial function 

(Houtkooper et al. 2008). To evaluate the effect of TPP-LA on the CL profile we employed a 

lipidomics approach. Following treatment of TAZKO and C2C12 WT cells with 0 (DMSO), 100 

nM and 1000 nM TPP-LA for 14 days during differentiation, cell pellets were isolated and sent 

to Creative Proteomics (Shirley, NY) for CL analysis. Our results demonstrate that total CL 

abundance is significantly lower in TAZKO control cells compared to WT control, which aligns 

with the BTHS phenotype. TPP-LA treatment modestly increases total CL content in both 

TAZKO and C2C12 WT cells, with total CL levels in TAZKO cells reaching near WT levels 

with 1000 nM TPP-LA treatment (Figure 3.6 A). In addition TPP-LA reduces total MLCL 

content in TAZKO cells, resulting in a significant decrease in MLCL/CL ratio (Figure 3.6 B, C)

 

Figure 3.6. Total CL and MLCL content and MLCL/CL ratio of C2C12 WT and TAZKO 

cells following 14 days of TPP-LA treatment during differentiation. TAZKO and C2C12 WT 

cells were analyzed following 14 days of 0-1000 nM TPP-LA treatment during differentiation. 
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(A) Total CL and (B) Total MLCL were isolated and quantified by LC-MS/MS. (C) MLCL/CL 

ratio was calculated by dividing mean total MLCL content by mean total CL. * p-value ≤ 0.05, 

** p-value ≤ 0.01, **** p-value ≤ 0.0001.  

 

 Next, we evaluated the relative proportions of various CL and MLCL species 

(Supplemental Table 9-12). While several CL species are modified by TPP-LA treatment, we 

chose to focus on two forms of mature CL: CL(72:8) and CL(72:7). TPP-LA treatment 

significantly increased mature CL species in C2C12 WT cells but not TAZKO cells (Figure 3.7 

A,B). Andelini et al. (2015) demonstrated that BTHS-derived leukocytes typically exhibit an 

increase of 3 immature CL species: CL(68:2), CL(70:3) and CL(72:4). Our results show that 

these immature CL species are significantly lower in C2C12 WT cells compared to TAZKO cells 

and are relatively unaffected by TPP-LA treatment. In contrast, TPP-LA treatment increases the 

level of immature CL in TAZKO cells (Figure 3.7 C, D, E).  
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Figure 3.7. Percent total cardiolipin content of mature and immature cardiolipin species in 

C2C12 WT and TAZKO cells following 14 days of TPP-LA treatment during differentiation. 

TAZKO and C2C12 WT cells were analyzed following 14 days of 0-1000 nM TPP-LA treatment. 
CL was isolated and analyzed by LC-MS/MS. (A) CL(72:8) and (B) CL(72:7) indicate mature CL 

species. (C) CL(68:2), (D) CL(70:3), and CL(72:4) indicate immature CL species. CL species were 

evaluated as % total CL. n=3. * p-value ≤ 0.05, ** p-value ≤ 0.01, **** p-value ≤ 0.0001.  

 

 To evaluate fatty acyl composition of CL species, we evaluated the number of double 

bonds and total carbon chain length of CL in C2C12 WT and TAZKO cells treated with TPP-LA 

(Figure 3.8). Consistent with previous results, this analysis shows a higher proportion of mature 

CL species in C2C12 WT cells compared to TAZKO cells and a pattern of decreasing content 
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with increasing unsaturation and carbon chain length. Analysis of MLCL content (Supplemental 

Figure 4) indicates a similar pattern with high enrichment of MLCL(52:2) in TAZKO cells.  

 

Figure 3.8. Cardiolipin distribution of C2C12 WT and TAZKO cells following 14 days of 

TPP-LA treatment during differentiation. TAZKO and C2C12 WT cells were analyzed 

following 14 days of 0-1000 nM TPP-LA treatment. CL was isolated and analyzed by LC-

MS/MS. CL species were evaluated as % total CL. n=3.  

 

We then performed a multiple linear regression to determine whether TPP-LA treatment lead to 

an increase in CL or MLCL unsaturation or total carbon chain length (Supplemental Table 13, 

14). Our results indicate that neither number of double bonds, nor carbon chain length 

significantly influenced CL or MLCL content, indicating that TPP-LA did not significantly alter 

the distribution of CL species in TAZKO or C2C12 WT cells.  

3.4.5 TPP-LA does not rescue myoblast differentiation in TAZKO cells but enhances 

biochemical differentiation in C2C12 WT cells  

 

 Previous studies with the CRISPR-Cas9 TAZKO model demonstrated failure to undergo 

normal myoblast differentiation when cultured in 1% adult horse serum for 7 days (Lou et al. 
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2018). Lou et al. suggested defective myocyte differentiation could play a role in the 

development of skeletal muscle myopathy in BTHS patients. To evaluate whether TPP-LA 

treatment could improve mitochondrial function to support myoblast differentiation, we treated 

TAZKO and WT cells with DMSO (Control), 100 nM and 1000 nM TPP-LA for 14 days while 

differentiating. The process of myoblast differentiation involves a cascade of events beginning 

with cell cycle exit and subsequent expression of the MRF4 and myogenin transcription factors 

(Liu et al. 2009, Shen et al. 2003). Myogenin facilitates myoblast differentiation by promoting 

the expression of skeletal muscle proteins such as myosin heavy chain (MHC). Therefore, we 

evaluated myoblast differentiation by measuring protein expression of myogenin and MHC. Our 

results indicate that TPP-LA treatment for 14 days during differentiation fails to rescue 

morphological or biochemical differentiation in TAZKO cells, while enhancing differentiation in 

WT cells (Figure 3.9). 
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Figure 3.9. TPP-LA treatment fails to rescue biochemical differentiation in TAZKO cells 

but enhances differentiation in C2C12 WT cells. TAZKO and C2C12 WT cells were analyzed 

following 14 days of 0-1000 nM TPP-LA treatment. Western blots for (A) C2C12 WT and (B) 

TAZKO cells were performed with primary antibodies for myosin heavy chain (MHC), 

myogenin and glyceraldehyde-3-phosphate dehydrogenase (GADPH) as load control. Protein 

content was analyzed relative to DMSO (Control). Isogenic WT cells without treatment were 

used as positive control. n=3. * p-value ≤ 0.05, ** p-value ≤ 0.01. 

 

3.5 Discussion 

  Previous studies have indicated reduced oxygen consumption rates in BTHS patient-

derived lymphoblasts and fibroblasts (Lou et al. 2018, Mckenzie et al. 2006, Dudek et al. 2013, 

Gonzalvez et al. 2013, Saric et al. 2016). The CRISPR- Cas9 TAZKO model used here 

previously showed reduced basal, but not maximal, oxygen consumption rate (OCR) in a 

Seahorse Mito Stress test (Lou et al. 2018). However, we found no significant changes in either 
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basal or maximal OCR or ECAR, regardless of TPP-LA treatment. This may be attributable to 

our use of physiological cell culture conditions: 5% O2/ 5% CO2 atmosphere and physiologically 

representative media (Vande Vorde et al. 2019). While dysfunction of the electron transport 

chain in BTHS is indisputable, it is possible that the extent to which this is measured in vitro is 

exacerbated by non-physiological cell culture conditions. It is now well established that cell 

culture oxygen and nutrient levels alter oxygen cellular energy homeostasis, gene expression and 

effectiveness of pharmaceutical treatments in vitro (Moradi et al. 2021). In fact, C2C12 

myoblasts demonstrate increased oxygen consumption rates when cultured in more physiological 

glucose conditions (Elkalaf et al. 2013). This relationship becomes increasingly complex in 

conditions of mitochondrial dysfunction where various compensatory mechanisms may be 

altered or impaired. Taken together, these results may suggest that non-physiological cell culture 

conditions may exacerbate differences in OCR observed by BTHS cells in vitro.  

Previous reports have suggested that extensive accumulation of the TPP moiety leads to 

mitochondrial membrane adsorption and a resultant disruption of membrane integrity, respiration 

and ATP synthesis (Murphy et al. 2008). Consistent with this, we observe a non-significant 

increase in ECAR at 1000 nM TPP-LA in TAZKO cells, which may indicate that ATP demand 

is not being adequately managed by oxidative phosphorylation. ECAR is a proxy measure for 

glycolytic flux, therefore an increase may indicate glycolytic compensation for loss of oxidative 

ATP production. Previous work with TPP-conjugated imidazole-substituted oleic acid (TPP-

IOA), indicated interference with oxidative phosphorylation at concentrations required for 

therapeutic potential (Maddelena et al. 2017). Maddelena et al. also observed reduction of 

mitochondrial membrane potential and increased mitochondrial fragmentation within 3 hours of 

treatment with TPP-IOA. In contrast, treatment with TPP-LA results in a non-significant increase 
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in mitochondrial membrane potential of C2C12 WT but not TAZKO cells and promotes fusion 

following 48 hours of treatment. We do not have data that measures the acute effects of TPP-LA 

treatment on mitochondrial membrane potential or network morphology, though it is likely the 

TPP moiety results in some mitochondrial toxicity at higher concentrations. This may indicate 

the importance of longer treatment times in order to observe the plastic nature of mitochondria in 

response to treatment.  

A modest increase in mitochondrial abundance may also indicate a compensatory 

mechanism to support ATP demand by promoting mitochondrial biogenesis (Ventura-Clapier et 

al. 2008). It is well established that mitochondrial biogenesis is stimulated by increased ATP 

demand through the AMP-activated protein kinase (AMPK) pathway (Herzig et al. 2017). Our 

results demonstrate that TPP-LA treatment for 48 hours in proliferating cells results in a non-

significant increase in mitochondrial footprint C2C12 WT, but not TAZKO cells treated with 

1000 nM TPP-LA. Evidence for increased mitochondrial biogenesis and fusion suggest that 

TPP-LA treatment could support mechanisms of mitochondrial compensation which would 

normally fail due to BTHS-related cardiolipin abnormalities. Indeed, cardiolipin plays important 

roles in the facilitation of several mitochondrial dynamic mechanisms including fusion/fission, 

mitophagy and mitochondrial biogenesis all which support changes to the mitochondrial 

population in response to cellular stress (Palikaras et al. 2018, Lemasters 2005, Ventura-Clapier 

et al, 2008, Liesa et al. 2009).  

Our CL analysis indicates that TPP-LA treatment can enhance total CL content, reduce 

total MLCL and reduce MLCL/CL ratio in TAZKO cells. However, TPP-LA does not appear to 

significantly alter the distribution of CL species in TAZKO or WT cells. A major limitation to 

this study is that we cannot evaluate fatty acyl composition and thus cannot definitively 
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determine whether TPP-LA treatment increased LA incorporation. However, we can look at 

changes in the proportion of established mature and immature CL species. CL(72:8) may 

indicate tetralinoleoylcardiolipin (CL with four LA acyl chains) whereas CL(72:7) may indicate 

CL with 3 LA acyl chains and 1 oleic acid chain. Our results show that these mature CL species 

are increased in both C2C12 WT and TAZKO cells with TPP-LA treatment. Although 

statistically non-significant, the CL content of CL(72:8) and CL(72:7) are approximately doubled 

with 1000 nM TPP-LA treatment in TAZKO cells, which may indicate an increased 

incorporation of linoleic acid into CL. Our data is consistent with previous studies which indicate 

that BTHS results in an increase of three immature CL species: CL(68:2), CL(70:3), and 

CL(72:4) compared to WT cells (Angelini et al. 2015). TPP-LA treatment demonstrates 

differential effects on these CL species in WT cells; there is little effect on CL(68:2), whereas 

CL(70:3) and CL(72:4) demonstrate a modest reduction and enhancement, respectively. In 

contrast, TPP-LA treatment enhances the content of all three immature CL species in TAZKO 

cells. Importantly, we observe a significant decrease in MLCL/CL ratio, a parameter which is 

used with 100% sensitivity to diagnose BTHS patients (Kulik et al. 2008). Taken together, these 

results suggest therapeutic potential for TPP-LA.  

 Interestingly, recent research with a mitochondrial-targeted peptide, elamipretide (SS-

31) which interacts with CL through hydrophobic and electrostatic interactions promotes 

improvement of mitochondrial bioenergetics and fusion in heart failure and ischemia-reperfusion 

injury (Szeto et al. 2014, Allen et al. 2020, Dai et al. 2013, Birk et al. 2013, Dai et al. 2014, 

Machiraju et al. 2019). In fact, use of this peptide was recently evaluated in a phase 2/3 clinical 

trial and demonstrated improvements in BTHS patient exercise tolerance (6 minute walk test) 

and BTHS symptom assessment with little side effects (Thompson et al. 2021). However, no 
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significant changes in MLCL/CL ratio were observed. Thompson et al. hypothesized that SS-31 

improves BTHS symptoms and mitochondrial function through direct interactions with 

mitochondrial proteins to promote respiratory complex assembly and/or cristae organization. 

Alternatively, SS-31 may promote the stabilization and prevention of CL peroxidation, however 

exact mechanisms are yet to be elucidated (Thompson et al. 2021). This may suggest that 

stabilization of CL content without a concomitant change in composition or distribution of CL 

species can improve BTHS-related mitochondrial deficits. A reduction of total CL is a typical 

finding in BTHS-derived cells likely due to build-up of the remodelling intermediate, MLCL 

which can be de-acylated to produce dilysocardiolipin (DLCL) (Claypool et al. 2012). DLCL is 

not a substrate of CL remodelling and is subsequently degraded. Therefore, stabilizing CL may 

promote remodelling to improve mitochondrial function.  

 Lou et al. (2018) previously demonstrated that TAZKO C2C12 myoblasts exhibit 

dysfunctional differentiation and hypothesized that this may contribute to the development of 

BTHS myopathy in vivo. Our results indicate that TPP-LA treatment does not rescue TAZKO 

differentiation but does enhance biochemical differentiation in WT cells. During differentiation, 

myoblasts undergo a metabolic shift from a highly glycolytic state to highly oxidative (Sin et al. 

2016). A recent study determined that during early myoblast differentiation there is an 

upregulation of dynamin-related protein 1 (Drp1) and sequestosome-1 which facilitates 

mitochondrial fission and mitophagy, respectively (Sin et al. 2016). This is subsequently 

followed by up-regulation of mitochondrial biogenesis factors and optic atrophy 1 (Opa1) which 

facilitates mitochondrial fusion (Sin et al. 2016). In fact, inhibition of autophagy impairs 

myoblast differentiation as evidenced by reduced protein expression of the myotube marker 

protein 𝛼-actin (Sin et al. 2016). It is well characterized that CL plays important roles in 
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facilitating mitochondrial biogenesis and mitophagy. CL mediates protein-interactions required 

for protein import into newly synthesized mitochondria via the translocase of the outer 

membrane (TOM) and translocase of the inner membrane (TIM) protein complexes (Baker et al. 

2007, Hood et al. 2003). In addition, CL biogenesis is regulated with mitochondrial protein 

import machinery via the translocator and maintenance protein 41 (Tam41) (Gohil et al. 2009). 

Further, CL externalization to the OMM allows it to function as a autophagy receptor and 

promote autophagosome formation (Chu et al. 2013). Therefore, it is unsurprising that an 

increase in mature CL species in C2C12 WT cells may enhance myoblast differentiation perhaps 

through enhanced mitophagy and mitochondrial biogenesis.  

 Interestingly, BTHS treatment has previously targeted mitochondrial biogenesis by 

administration of the pan-peroxisome proliferator-activated receptor (PPAR) agonist, 

bezafibrate. In TAZKD mice, bezafibrate successfully increased mitochondrial content and 

improved characteristic cardiomyopathy but further reduced total CL content (Huang et al. 

2017). In a clinical trial, treatment of BTHS patients with bezafibrate did not result in any 

significant changes in mitochondrial function, CL content, peak body oxygen uptake or cardiac 

parameters (Dabner et al. 2021, 

https://www.barthsyndrome.org/research/clinicaltrials/cardioman.html). An additional study 

demonstrated that knockout of PGC1𝛼, an important transcriptional co-regulator of 

mitochondrial biogenesis results in cristae abnormalities similar to those observed in BTHS (Lai 

et al. 2014). In fact, PGC1𝛼/𝛽 knockout results in down-regulation of CDP-diacylglycerol 

synthase 1 (Cds1), which catalyzes an early step in CL biosynthesis (Lai et al. 2014). Taken 

together, these results suggest that there is extensive crosstalk between mitochondrial lipid 

composition and mitochondrial dynamics. As a result, CL abnormalities in BTHS may limit 
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mechanisms of mitochondrial plasticity and impede therapeutics which target mitochondrial 

dynamics.   

Previous studies have indicated that addition of linoleic acid and other lipid species 

directly to the cell culture media is able to successfully modulate the cardiolipin and 

phospholipid profile of cellular membranes (Valianpour et al. 2003, Stoll et al. 1984, Ouellette et 

al. 2019, Belal et al. 2018). Current cell culture media formulation relies heavily on the lipid 

content of serum supplementation to provide essential fatty acids to cells leaving them subject to 

variability (Else et al. 2020). Since vertebrate cells are unable to synthesize their own 

polyunsaturated fatty acids (PUFAs), cells in culture are typically exposed to much higher levels 

of monounsaturated fatty acids (MUFAs) (Holman et al. 1998). It is highly likely that the lipid 

membrane composition of cells in vitro differ significantly from cells in vivo. Our results 

demonstrate that CL composition of WT C2C12 cells can be modulated by treatment with TPP-

LA; enhancing total CL and reducing MLCL/CL ratio. These results are likely exacerbated by 

low serum lipid supplementation in cell culture, especially when cultured in differentiation 

media which contains only 1% adult horse serum. Recent insights have highlighted the 

importance of physiological cell culture media composition and the effectiveness of drugs 

(Moradi et al. 2021). Therefore, it is important to consider how the non-physiological lipid 

environment may have influenced the effectiveness of TPP-LA to alter CL content.  

In summary, we have proposed the use of TPP-LA to deliver linoleic acid directly to the 

mitochondrial matrix where it may drive the formation of mature CL species through increased 

MLCLAT-1 flux. Our results indicate that TPP-LA administration may modestly improve 

mitochondrial function and CL content but does not alter the distribution of CL species nor 

rescue myoblast differentiation in TAZKO cells. These results suggest that we can target 
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mitochondrial lipids and that this likely has effects on mitochondrial dynamics, though these 

results may be influenced by the lipid supplementation of cell culture media. Changes in the CL 

profile of TAZKO cells in the absence of significant cellular changes may suggest that some 

tafazzin function may be required to support the effectiveness of TPP-LA and thus should be 

evaluated in BTHS-derived cells with various functional mutations. In addition, recent research 

has indicated that TAZKD cells demonstrate mitochondrial CoA deficiency which may impede 

the CoA-dependent remodelling activity of MLCLAT-1 and reduce the effectiveness of TPP-LA 

treatment (Le et al. 2020). Previous BTHS treatment studies have indicated the rescue of some 

cellular and physiological deficits of BTHS in the absence of changes in CL composition (Huang 

et al. 2017, Dabner et al. 2021, Thompson et al. 2021). Taken together, this may suggest that co-

treatment of TPP-LA with additional regulators of mitochondrial function may work 

synergistically to rescue the mitochondrial and cellular deficits associated with BTHS.  
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Chapter 4.0 General Discussion  
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4.1 General Discussion  

Mitochondria are extraordinarily plastic organelles which adapt to changes in cellular 

function through regulation of gene and protein expression, protein-protein interactions, changes 

in mitochondrial lipids, cristae organization, and network morphology (Bahat et al. 2019). All of 

these interactions work together to support mitochondrial function in response to a wide range of 

cellular stimuli and pathological conditions.  In Chapter 2, I showed that chronic zinc 

supplementation results in cell-type specific long-term changes of mitochondrial form and 

function. Specifically, zinc treatment results in an increase in mitochondrial fission in rat aortic 

endothelial (RAENDO) cells and an increase in mitochondrial fusion in rat aortic smooth muscle 

(RASMC) cells. These results are consistent with changes in gene expression where RAENDO 

cells demonstrate upregulation of mitochondrial fission factor (Mff) and RASMC demonstrate an 

increase in mitofusin-2 (Mfn2). Interestingly, we also observe that chronic zinc supplementation 

enhances oxygen consumption rates in RASMC cells but not RAENDO cells indicating that cell 

type specific differences in zinc storage and buffer capacity may play a role in metal ion 

sensitivity. Interestingly, acute treatment (1 hour) had no effect on mitochondrial form and 

function which suggests that longer term treatment may be the best model for establishing 

changes in mitochondrial plasticity in response to treatment.  

In Chapter 3, I explore the use of a mitochondrial-targeting moiety (TPP-LA) to modulate 

mitochondrial lipid composition in Barth syndrome (BTHS), a mitochondrial disease 

characterized by abnormal cardiolipin (CL) composition. TPP-LA should deliver linoleic acid 

(LA) directly to the mitochondrial matrix where it will interact with secondary cardiolipin 

remodelling enzymes to support the production of mature CL species. I treated a tafazzin 

knockout (TAZKO) C2C12 mouse myoblast and isogenic wildtype (WT) cells with TPP-LA for 
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48 hours while proliferating and 14 days while differentiating. Our results indicate that TPP-LA 

treatment non-significantly enhances mitochondrial membrane potential and mitochondrial 

footprint during proliferation in WT but not TAZKO cells. In addition, TPP-LA treatment 

appears to enhance apparent mitochondrial fusion in both cell types. TPP-LA treatment for 14 

days during myoblast differentiation did enhance total CL content, reduce MLCL content and 

reduce MLCL/CL ratio. However, TPP-LA did not significantly change the distribution of CL 

species in WT or TAZKO cells. While TPP-LA treatment did increase the proportion of some 

mature CL species in WT cells, TAZKO cells saw significant increases in immature CL species. 

In addition, TPP-LA treatment was not sufficient to rescue morphological or biochemical 

differentiation of TAZKO cells (Lou et al. 2018). I hypothesize that loss of tafazzin impedes 

myoblast differentiation by a combination of impaired mitochondrial respiratory capacity and 

impaired mitophagy necessary to reprogram the mitochondrial population during differentiation 

(Sin et al 2016). In contrast, an enhancement of biochemical differentiation with TPP-LA 

treatment is observed in C2C12 WT cells. This may indicate that some tafazzin function may be 

necessary to support TPP-LA improvement of mitochondrial CL content and mitochondrial 

function. An alternative approach may co-treat BTHS model cells with an additional therapeutic 

agent such as bezafibrate or SS-31 to stimulate mitochondrial biogenesis or to stabilize CL, 

respectively (Huang et al. 2017, Thompson et al. 2021). Future studies, should evaluate TPP-LA 

treatment using BTHS-derived lymphoblasts or TAZ knockdown (TAZKD) cells which may 

better model loss or reduced tafazzin function in BTHS.  

4.2 Limitations and Future Considerations  

 Recent research has underscored the importance of maintaining a physiological 

environment for cells in culture, leading to the advent of physiologically-representative media 
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such as Plasmax and human-plasma like media (HPLM) (Cantor et al. 2017, Vande Voorde et al. 

2020). Historically, cell culture experiments have been performed with traditional media (e.g. 

Dulbecco’s Modified Eagle’s Media) which was formulated to promote continuous growth and 

prevent nutrient deprivation (Abbas et al. 2021, Ackermann et al. 2019). Importantly, several 

studies have demonstrated that non-physiological levels oxygen, glucose and other nutrients have 

profound effects on cellular gene expression, energy metabolism and the effectiveness of various 

drugs (Gui et al, 2016, Muir et al. 2017, Cantor et al. 2017, Moradi et al. 2021). While much 

progress has been made to ensure that glucose, amino acids and other metabolites are accurately 

represented in media, several limitations still exist. First, trace metals are greatly under-

represented in commercial media. As an example, reports of human plasma zinc levels range 

from 8- 16 µM, whereas concentrations in commercial media range from 0-2.9 µM (Glassman et 

al. 2018, Arrendondo et al. 2000, Cho et al. 2007, Bastola et al. 2020, Friss et al. 1997, Preziosi 

et al. 1998, Sullivan et al. 1998, Feillet-Coudray et al. 2006, Prasad et al. 2007, Bagshaw et al. 

2022). A recent study demonstrated a high degree of variability of copper, iron and zinc 

concentrations between batches of the same media, produced by the same provider (Keenan et al. 

2018). In addition, prolonged treatment of cells with CuSO4 with a range consistent with media 

variability resulted in changes in cellular growth and expression of proteins associated with 

apoptosis and autophagy (Keenan et al. 2018). Since the common approach to studying the 

effects of metal ion supplementation is to add various concentrations directly to cell culture 

dishes, the interpretation of results may be complicated by media variability.  

Similarly, little to no attention has been paid to the lipid composition of cell culture 

media. Typically, fatty acid and other lipid species are provided to cells via serum 

supplementation in media. Evaluation of common serum supplements such as fetal bovine serum 
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(FBS) and adult horse serum (AHS) show that cell culture conditions typically have very low 

levels of polyunsaturated fatty acids (PUFA) and high monounsaturated fatty acids (MUFA) 

which differs greatly from the physiological lipid environment (Else et al. 2020). This is 

exacerbated by the inability of isolated vertebrate cells to synthesize PUFAs (Holman et al. 

1998). Importantly, it is well established that lipid supplementation in the media modulates the 

lipid composition of cellular membranes as well as cellular activity (Stoll et al. 1984, Ouellette et 

al. 2019, Belal et al. 2018, Valianpour et al. 2003). Taken together, our current cell culture media 

fails to physiologically or consistently represent metal ion or lipid concentrations. Therefore, any 

study which aims to evaluate the role of metal ion or lipid supplementation should carefully 

consider how cell culture media variability may contribute to confounding results and/or the 

effectiveness of treatment. 
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Appendix  

 

 

 
Supplemental Figure 1. Cell doubling time and cell viability analyses following chronic zinc 

treatment. RAENDO (A) and RASMC (B) cells were treated with 0-100 µM ZnSO4 for 7 days.  

Cell doubling time was calculated with total cell count at each passage. A Trypan blue (0.04% in 

PBS) exclusion assay was used to calculate percent viability at Day 7. A two-way analysis of 

variance (ANOVA) or mixed-effects analysis with Dunnett’s multiple comparisons post-hoc 

analyses were performed for each data set. Significant differences were only observed between 

Control and 100 µM ZnSO4 treatment as indicated by asterisks: * p-value ≤ 0.05, ** p-value ≤ 

0.01, *** p- value ≤ 0.001. n =2-3.  
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Supplemental Table 1. List of significantly up-regulated genes in RAENDO cells 

chronically treated with control (MilliQ H2O) vs 5 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005.  

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000040005 Ndufa1 8.9597 4.99E-25 

ENSRNOG00000050827 LOC100912106 5.35002136 5.16E-20 

ENSRNOG00000053109 Mrpl53 5.33164843 2.48E-17 

ENSRNOG00000048561 Hprt1 4.12388675 3.51E-14 

ENSRNOG00000015428 Mff 4.24799957 3.51E-14 

ENSRNOG00000002462 LOC100911746 4.34147083 3.32E-12 

ENSRNOG00000052664 LOC100910717 3.86205038 4.77E-12 

ENSRNOG00000005247 LOC100912008 5.32647758 8.69E-12 

ENSRNOG00000061740 AABR07024104.5 3.54265989 5.35E-11 

ENSRNOG00000001756 LOC100911374 4.65239582 8.88E-11 

ENSRNOG00000001746 Ncbp2 3.58236379 9.62E-11 

ENSRNOG00000018476 Fuom 4.50144347 5.57E-10 

ENSRNOG00000003645 Hnrnpab 3.16611038 1.18E-09 

ENSRNOG00000013548 Sepw1 3.30069935 2.05E-09 

ENSRNOG00000047225 Tma7 3.0461431 8.55E-08 

ENSRNOG00000019215 Cd151 3.14403502 2.18E-07 

ENSRNOG00000006759 Ankrd24 4.08273266 2.76E-07 

ENSRNOG00000061155 LOC100911851 3.00446651 1.09E-06 

ENSRNOG00000054959 LOC103694874 3.35849408 1.13E-06 

ENSRNOG00000046990 LOC100910990 2.62913009 1.31E-06 

ENSRNOG00000053812 Selenbp1 2.77352058 1.74E-06 

ENSRNOG00000047396 Rmnd5b 2.97990379 6.30E-06 

ENSRNOG00000052977 AC120310.2 2.64285481 6.30E-06 

ENSRNOG00000046295 Ubald1 3.36068079 6.45E-06 

ENSRNOG00000058862 AABR07051308.1 8.28643992 8.40E-06 

ENSRNOG00000000964 Frg1l1 3.30680348 1.09E-05 

ENSRNOG00000009530 RGD1561252 2.49034877 1.31E-05 

ENSRNOG00000050855 LOC100911994 3.22325053 1.50E-05 

ENSRNOG00000030776 Sytl2 8.20869409 1.50E-05 

ENSRNOG00000009022 Rtkn 4.2577729 1.55E-05 

ENSRNOG00000028356 Chchd10 2.40863364 1.71E-05 

ENSRNOG00000016391 LOC100912163 3.93140584 3.04E-05 

ENSRNOG00000024505 LOC100910581 4.09767098 6.28E-05 

ENSRNOG00000047206 LOC100911727 2.43033015 6.28E-05 

ENSRNOG00000005059 Med22 2.99579998 0.00032408 
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ENSRNOG00000052015 AABR07042937.1 3.85215131 0.00047583 

ENSRNOG00000048562 LOC681193 2.26359684 0.00056667 

ENSRNOG00000059776 AABR07024382.1 2.10377324 0.00059634 

ENSRNOG00000061514 AABR07028795.1 7.68476936 0.00096307 

ENSRNOG00000024794 Senp5 3.09452843 0.00102568 

ENSRNOG00000059572 Tsen34 4.07019397 0.00142759 

ENSRNOG00000057633 AABR07005921.1 3.26695427 0.00171628 

ENSRNOG00000051591 AABR07024264.1 2.00247898 0.00222922 

ENSRNOG00000019566 Spag4 3.98305374 0.00260653 

ENSRNOG00000043451 Spp1 4.6005486 0.00382523 

 

Supplemental Table 2. List of significantly down-regulated genes in RAENDO cells 

chronically treated with control (MilliQ H2O) vs 5 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000020628 LOC100361913 4.18E-15 -4.9542252 

ENSRNOG00000011019 Faah 3.02E-14 -4.5467928 

ENSRNOG00000045760 Ebna1bp2 3.32E-12 -3.8939903 

ENSRNOG00000016000 Atp5f1 7.29E-12 -3.7435507 

ENSRNOG00000009617 Exoc7 4.97E-11 -3.7990622 

ENSRNOG00000049123 AABR07066510.1 6.05E-11 -6.5100004 

ENSRNOG00000026672 MGC94199 1.46E-10 -5.6820252 

ENSRNOG00000046068 AABR07027088.1 2.31E-10 -3.8498493 

ENSRNOG00000037984 LOC100910414 1.17E-08 -3.6806672 

ENSRNOG00000030222 Fam115c 2.70E-08 -4.8316346 

ENSRNOG00000019473 Dcun1d2 5.46E-08 -4.3059343 

ENSRNOG00000059891 AABR07054968.1 1.42E-07 -3.147996 

ENSRNOG00000000195 Vwa5a 3.10E-06 -2.9112375 

ENSRNOG00000049814 Rbm39 4.35E-06 -2.7498702 

ENSRNOG00000060185 LOC103690317 4.37E-06 -4.0621156 

ENSRNOG00000046120 Uchl3 4.39E-05 -2.9134032 

ENSRNOG00000049255 LOC100911837 0.00018741 -2.6087098 

ENSRNOG00000048864 LOC100909526 0.00020465 -4.9812418 

ENSRNOG00000001713 AABR07034532.1 0.00037504 -2.6430998 

ENSRNOG00000050800 LOC100911576 0.00046942 -2.1194591 

ENSRNOG00000049422 Fcgr2a 0.00052284 -3.0013304 

ENSRNOG00000019848 LOC100910882 0.00417682 -1.8548073 
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Supplemental Table 3. List of significantly up-regulated genes in RAENDO cells 

chronically treated with control (MilliQ H2O) vs 50 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000050827 LOC100912106 5.35260041 8.79E-20 

ENSRNOG00000038047 Mt1 4.7640633 4.97E-18 

ENSRNOG00000060898 AABR07026359.1 5.00360476 1.50E-17 

ENSRNOG00000047206 LOC100911727 4.63912106 4.33E-17 

ENSRNOG00000040005 Ndufa1 7.64428916 4.33E-17 

ENSRNOG00000002462 LOC100911746 4.8963854 1.47E-15 

ENSRNOG00000019736 LOC100911034 4.40195024 8.21E-15 

ENSRNOG00000047225 Tma7 4.17296314 2.98E-14 

ENSRNOG00000025764 Mt1 3.85960489 1.20E-13 

ENSRNOG00000025810 Grcc10 5.52869798 2.64E-13 

ENSRNOG00000047557 Rpl35a 6.77783932 2.93E-12 

ENSRNOG00000060344 AABR07073045.1 4.71290079 5.61E-12 

ENSRNOG00000019711 Isoc1 4.68680769 3.04E-11 

ENSRNOG00000059601 AC127076.2 4.58235043 1.10E-10 

ENSRNOG00000020117 Brms1 3.34475657 1.34E-09 

ENSRNOG00000001748 LOC100912534 3.86231797 1.90E-09 

ENSRNOG00000029594 LOC686807 3.20590113 1.05E-08 

ENSRNOG00000054871 AABR07024058.3 2.87216567 9.87E-08 

ENSRNOG00000015428 Mff 3.06881618 1.08E-07 

ENSRNOG00000051253 Rn60_1_1348.1 3.15871319 1.23E-07 

ENSRNOG00000024505 LOC100910581 4.64201608 2.80E-07 

ENSRNOG00000048343 LOC100910835 3.39220983 1.68E-06 

ENSRNOG00000027171 Ndst2 3.32188194 2.10E-06 

ENSRNOG00000052977 AC120310.2 2.74879002 2.10E-06 

ENSRNOG00000006759 Ankrd24 3.75936044 4.84E-06 

ENSRNOG00000051456 AABR07013729.1 3.46696181 1.11E-05 

ENSRNOG00000059776 AABR07024382.1 2.44391321 1.93E-05 

ENSRNOG00000054959 LOC103694874 3.0278404 2.00E-05 

ENSRNOG00000050104 Clip3 2.73253528 3.52E-05 

ENSRNOG00000050492 LOC100911807 3.14944829 5.98E-05 

ENSRNOG00000047396 Rmnd5b 2.65672378 0.0001709 

ENSRNOG00000053812 Selenbp1 2.32113459 0.00023676 

ENSRNOG00000048168 Gtpbp6 3.52404159 0.00061948 

ENSRNOG00000024794 Senp5 3.05658725 0.00090361 

ENSRNOG00000043098 Mt2A 1.97118613 0.00101648 



 137 

ENSRNOG00000055010 Axin2 2.18401173 0.00222912 

ENSRNOG00000008720 Wbp1 2.2953816 0.00280272 

ENSRNOG00000052837 AC111257.2 3.11796491 0.00351183 

ENSRNOG00000020369 Igf2 1.80900168 0.00457996 

ENSRNOG00000059883 AABR07052758.1 1.90082935 0.00474101 

 

Supplemental Table 4. List of significantly down-regulated genes in RAENDO cells 

chronically treated with control (MilliQ H2O) vs 50 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000050877 LOC100912538 -4.3948114 8.21E-15 

ENSRNOG00000011019 Faah -4.4039939 4.71E-14 

ENSRNOG00000016000 Atp5f1 -3.9265031 4.66E-13 

ENSRNOG00000049123 AABR07066510.1 -6.5926875 3.19E-11 

ENSRNOG00000020025 Slc29a2 -3.8946996 2.58E-09 

ENSRNOG00000046068 AABR07027088.1 -3.540628 3.02E-09 

ENSRNOG00000026672 MGC94199 -4.4972745 1.05E-08 

ENSRNOG00000019473 Dcun1d2 -4.3924233 3.37E-08 

ENSRNOG00000055179 Tsen34 -2.9575729 3.19E-07 

ENSRNOG00000055738 AC103129.3 -4.0743106 1.01E-06 

ENSRNOG00000049397 AABR07049880.1 -3.3715158 1.05E-06 

ENSRNOG00000020616 Yif1b -2.6948503 1.36E-06 

ENSRNOG00000037984 LOC100910414 -2.9794273 3.43E-06 

ENSRNOG00000025156 Timm17b -3.0897429 5.21E-06 

ENSRNOG00000045949 Faah -2.7165357 2.00E-05 

ENSRNOG00000049491 LOC100909630 -8.0159303 8.40E-05 

ENSRNOG00000049814 Rbm39 -2.3446094 0.00015303 

ENSRNOG00000005724 Map3k7 -2.265664 0.00015303 

ENSRNOG00000045653 Fam131a -4.3629717 0.0001562 

ENSRNOG00000050800 LOC100911576 -2.1906474 0.00024096 

ENSRNOG00000049324 LOC100911766 -4.9422675 0.00039356 

ENSRNOG00000049422 Fcgr2a -3.0881852 0.00045415 

ENSRNOG00000008360 Pcgf1 -3.3387465 0.00090627 

ENSRNOG00000023841 Cd99l2 -2.6271765 0.00098481 

ENSRNOG00000056428 AABR07044962.1 -2.5961373 0.00098481 

ENSRNOG00000009617 Exoc7 -2.0653075 0.00104053 

ENSRNOG00000048248 AABR07000699.1 -2.0411104 0.00104053 

ENSRNOG00000047165 AABR07037412.2 -3.6663355 0.00177323 
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Supplemental Table 5. List of significantly up-regulated genes in RASMC cells chronically 

treated with control (MilliQ H2O) vs 5 µM ZnSO4. Differential gene expression analysis was 

performed using the Edge R R package. Differentially expressed genes were considered 

significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000053109 Mrpl53 5.9640159 3.42E-20 

ENSRNOG00000047565 LOC100911186 5.83635901 4.30E-19 

ENSRNOG00000013548 Sepw1 4.6895184 1.04E-17 

ENSRNOG00000057054 AABR07028907.1 5.242184 1.60E-16 

ENSRNOG00000025156 Timm17b 4.41097048 5.72E-14 

ENSRNOG00000046447 Mfn2 7.02193564 9.26E-14 

ENSRNOG00000011542 Apopt1 5.80171219 1.74E-13 

ENSRNOG00000048248 AABR07000699.1 4.36593347 8.92E-13 

ENSRNOG00000052226 AC107580.1 4.74393462 2.19E-12 

ENSRNOG00000026672 MGC94199 5.0474258 8.03E-11 

ENSRNOG00000061514 AABR07028795.1 5.64330513 1.98E-10 

ENSRNOG00000008720 Wbp1 3.67423328 2.63E-10 

ENSRNOG00000052977 AC120310.2 3.41208997 3.58E-10 

ENSRNOG00000008873 Ino80b 3.65734232 5.33E-09 

ENSRNOG00000060047 AC096370.2 2.93725396 4.40E-08 

ENSRNOG00000030018 LOC100911163 4.46310624 5.93E-08 

ENSRNOG00000049238 LOC102552659 3.03569376 2.30E-05 

ENSRNOG00000047112 LOC100912537 3.67402626 2.95E-05 

ENSRNOG00000018476 Fuom 3.67402626 2.95E-05 

ENSRNOG00000025923 Zmiz2 2.59430289 6.58E-05 

ENSRNOG00000000916 Katnal1 3.49659078 0.00015173 

ENSRNOG00000046094 LOC100911730 2.11802989 0.00028437 

ENSRNOG00000045877 LOC100909544 2.13582046 0.0007335 

ENSRNOG00000052837 AC111257.2 3.43474165 0.00090218 

ENSRNOG00000018736 LOC100911615 2.40088648 0.00125551 

ENSRNOG00000045655 LOC100911774 2.35548945 0.00184328 

ENSRNOG00000047280 Cttn 1.87323756 0.00242013 

ENSRNOG00000013141 Eno2 2.28282881 0.00298684 

ENSRNOG00000008360 Pcgf1 2.79120387 0.00488511 

 

Supplemental Table 6. List of significantly down-regulated genes in RASMC cells 

chronically treated with control (MilliQ H2O) vs 5 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005. 
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Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000040005 Ndufa1 -5.4480445 9.48E-17 

ENSRNOG00000049743 Gstm5 -5.1737304 1.42E-16 

ENSRNOG00000004247 Nhp2 -4.4356841 9.43E-16 

ENSRNOG00000020799 LOC100911822 -5.0851012 1.14E-14 

ENSRNOG00000047746 LOC100909555 -4.3826378 1.14E-14 

ENSRNOG00000057633 AABR07005921.1 -9.996479 1.15E-13 

ENSRNOG00000050441 AABR07028989.1 -4.4907337 1.10E-12 

ENSRNOG00000050827 LOC100912106 -4.0393818 2.01E-12 

ENSRNOG00000004419 LOC100910318 -4.9658955 6.66E-12 

ENSRNOG00000046068 AABR07027088.1 -3.7276225 8.10E-11 

ENSRNOG00000019736 LOC100911034 -4.4380686 1.14E-10 

ENSRNOG00000020821 Clip3 -3.5465943 1.14E-09 

ENSRNOG00000057527 RNase_MRP -3.5879708 2.07E-09 

ENSRNOG00000045790 Fam50a -3.4018298 7.79E-09 

ENSRNOG00000060518 AABR07015057.1 -3.0277005 9.04E-09 

ENSRNOG00000002462 LOC100911746 -3.1905988 1.51E-07 

ENSRNOG00000054493 RNaseP_nuc -3.3583823 2.85E-07 

ENSRNOG00000046546 AABR07072054.1 -3.02428 3.37E-07 

ENSRNOG00000049965 LOC100910275 -3.0167242 4.32E-07 

ENSRNOG00000061059 AABR07027519.1 -3.1181893 8.49E-07 

ENSRNOG00000051831 5_8S_rRNA -2.7123616 1.06E-06 

ENSRNOG00000050181 LOC100911881 -2.7651448 1.78E-06 

ENSRNOG00000006759 Ankrd24 -3.7408162 2.92E-06 

ENSRNOG00000060878 AABR07066020.1 -3.0388871 8.65E-06 

ENSRNOG00000048365 LOC100911625 -2.8988174 1.15E-05 

ENSRNOG00000046990 LOC100910990 -2.4494184 2.02E-05 

ENSRNOG00000046379 LOC100912604 -2.4734455 2.19E-05 

ENSRNOG00000052099 AABR07024072.1 -4.1932765 3.13E-05 

ENSRNOG00000053812 Selenbp1 -3.5551199 4.78E-05 

ENSRNOG00000050156 AABR07063425.2 -2.3022571 4.86E-05 

ENSRNOG00000058555 7SK -3.6556872 6.45E-05 

ENSRNOG00000037984 LOC100910414 -2.3879575 0.00016475 

ENSRNOG00000048650 Phf6 -3.1020573 0.00024044 

ENSRNOG00000049104 LOC100911256 -3.6823567 0.00028437 

ENSRNOG00000048608 AABR07029056.1 -2.5138556 0.00030789 

ENSRNOG00000048456 Rpl8 -2.0869009 0.00033993 

ENSRNOG00000047943 Alkbh6 -3.4533031 0.00042759 

ENSRNOG00000046153 Sass6 -3.6236087 0.00044109 

ENSRNOG00000055956 AABR07015078.1 -2.1112999 0.00046997 
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ENSRNOG00000019473 Dcun1d2 -3.3979374 0.00065694 

ENSRNOG00000009596 Zswim8 -2.0731637 0.00105508 

ENSRNOG00000020616 Yif1b -2.0753243 0.00118427 

ENSRNOG00000058424 AABR07057150.1 -2.776785 0.00129758 

ENSRNOG00000037607 LOC100911575 -1.9669241 0.00155464 

ENSRNOG00000054945 AABR07015081.2 -1.9099191 0.00173321 

ENSRNOG00000061254 AABR07015042.1 -2.2563081 0.00199646 

ENSRNOG00000047351 AABR07015081.1 -1.9466296 0.00378486 

ENSRNOG00000024139 Miip -2.9924493 0.00498218 

 

Supplemental Table 7. List of significantly up-regulated genes in RASMC cells chronically 

treated with control (MilliQ H2O) vs 50 µM ZnSO4. Differential gene expression analysis was 

performed using the Edge R R package. Differentially expressed genes were considered 

significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000038047 Mt1 5.07939949 1.03E-18 

ENSRNOG00000025764 Mt1 4.57800358 1.65E-17 

ENSRNOG00000048561 Hprt1 5.2262574 2.02E-17 

ENSRNOG00000043098 Mt2A 4.30779275 4.76E-16 

ENSRNOG00000045686 Nfs1 6.69485649 4.76E-16 

ENSRNOG00000047225 Tma7 4.84572048 7.98E-16 

ENSRNOG00000049123 AABR07066510.1 10.0458318 4.65E-14 

ENSRNOG00000011542 Apopt1 5.74967575 5.37E-13 

ENSRNOG00000025156 Timm17b 4.20746196 7.31E-13 

ENSRNOG00000047187 LOC100912042 4.4284854 1.83E-12 

ENSRNOG00000001756 LOC100911374 4.43434195 5.57E-12 

ENSRNOG00000026672 MGC94199 5.26976477 6.70E-12 

ENSRNOG00000052226 AC107580.1 4.56367691 3.42E-11 

ENSRNOG00000008720 Wbp1 3.70592221 1.82E-10 

ENSRNOG00000046295 Ubald1 3.52609163 9.14E-10 

ENSRNOG00000052837 AC111257.2 4.67171003 8.73E-09 

ENSRNOG00000049007 AABR07053533.1 3.27819735 7.16E-08 

ENSRNOG00000060514 AC117925.6 3.42458682 1.93E-07 

ENSRNOG00000049238 LOC102552659 3.43111463 2.46E-07 

ENSRNOG00000049708 Wdr62 4.00198186 3.24E-07 

ENSRNOG00000046862 Armcx1 3.15404995 1.12E-06 

ENSRNOG00000060047 AC096370.2 2.63362585 1.51E-06 

ENSRNOG00000027079 Impad1 2.64709511 2.63E-06 

ENSRNOG00000008360 Pcgf1 3.6611085 3.28E-06 

ENSRNOG00000046120 Uchl3 2.95144515 6.17E-06 
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ENSRNOG00000047280 Cttn 2.3863156 1.06E-05 

ENSRNOG00000053541 AC103129.2 2.57144968 1.26E-05 

ENSRNOG00000052977 AC120310.2 2.49630371 1.99E-05 

ENSRNOG00000059898 AABR07000410.1 5.22681597 2.60E-05 

ENSRNOG00000055229 AABR07002177.1 2.59536167 5.80E-05 

ENSRNOG00000061904 AABR07024058.5 2.47227541 5.95E-05 

ENSRNOG00000061155 LOC100911851 2.52687548 0.00011194 

ENSRNOG00000049298 AABR07061980.1 2.34832083 0.00040488 

ENSRNOG00000059443 Zfp622 3.02489928 0.000495 

ENSRNOG00000030160 Zfp819 2.85744266 0.0010361 

ENSRNOG00000055012 AABR07028886.3 1.90265527 0.00189158 

ENSRNOG00000013548 Sepw1 1.95388871 0.00332791 

ENSRNOG00000045877 LOC100909544 1.91393496 0.00450241 

 

Supplemental Table 8. List of significantly down-regulated genes in RASMC cells 

chronically treated with control (MilliQ H2O) vs 50 µM ZnSO4. Differential gene expression 

analysis was performed using the Edge R R package. Differentially expressed genes were 

considered significant when the Benjamini adjusted p-value <0.005. 

 

Gene ID Gene name LOG2(FC) p-value 

ENSRNOG00000004247 Nhp2 -4.9010504 1.26E-17 

ENSRNOG00000040005 Ndufa1 -5.6852794 1.65E-17 

ENSRNOG00000002462 LOC100911746 -6.9354583 2.02E-17 

ENSRNOG00000049965 LOC100910275 -5.6478294 4.76E-16 

ENSRNOG00000050441 AABR07028989.1 -5.7670729 6.68E-16 

ENSRNOG00000049743 Gstm5 -4.8887504 1.71E-15 

ENSRNOG00000020799 LOC100911822 -4.8689737 3.58E-14 

ENSRNOG00000057633 AABR07005921.1 -6.7855886 2.29E-12 

ENSRNOG00000045747 LOC100911363 -3.5474374 1.61E-11 

ENSRNOG00000046068 AABR07027088.1 -3.855706 2.09E-11 

ENSRNOG00000047746 LOC100909555 -3.4228274 4.20E-10 

ENSRNOG00000021731 N4bp3 -4.434924 6.19E-10 

ENSRNOG00000004419 LOC100910318 -4.1608484 7.71E-10 

ENSRNOG00000054493 RNaseP_nuc -4.0361319 3.58E-09 

ENSRNOG00000061059 AABR07027519.1 -3.8099444 4.56E-09 

ENSRNOG00000057527 RNase_MRP -3.4532309 8.28E-09 

ENSRNOG00000048365 LOC100911625 -3.6354449 6.30E-08 

ENSRNOG00000056248 Marf1 -3.2357442 1.41E-07 

ENSRNOG00000058555 7SK -5.7636294 2.24E-07 

ENSRNOG00000048597 Pak2 -2.9561523 2.25E-07 

ENSRNOG00000060878 AABR07066020.1 -3.5807607 3.24E-07 
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ENSRNOG00000050855 LOC100911994 -3.6942026 3.72E-07 

ENSRNOG00000051831 5_8S_rRNA -2.7285739 8.45E-07 

ENSRNOG00000020821 Clip3 -2.7481831 2.63E-06 

ENSRNOG00000059883 AABR07052758.1 -2.694787 3.00E-06 

ENSRNOG00000046153 Sass6 -5.4186534 5.34E-06 

ENSRNOG00000048650 Phf6 -3.8541937 6.17E-06 

ENSRNOG00000046379 LOC100912604 -2.5369542 9.41E-06 

ENSRNOG00000046546 AABR07072054.1 -2.6363587 1.01E-05 

ENSRNOG00000058439 Fam50a -2.8271258 1.84E-05 

ENSRNOG00000014574 Entpd1 -2.3753489 2.56E-05 

ENSRNOG00000058424 AABR07057150.1 -3.5575748 2.56E-05 

ENSRNOG00000057522 Fam134b -2.9144486 2.70E-05 

ENSRNOG00000050193 LOC100912262 -3.0287622 3.31E-05 

ENSRNOG00000019473 Dcun1d2 -4.0319595 6.18E-05 

ENSRNOG00000048456 Rpl8 -2.2276446 6.25E-05 

ENSRNOG00000047376 AABR07049960.1 -3.5521986 9.26E-05 

ENSRNOG00000053812 Selenbp1 -3.2570794 0.00013852 

ENSRNOG00000006759 Ankrd24 -2.893799 0.000179 

ENSRNOG00000052099 AABR07024072.1 -3.4005287 0.00035071 

ENSRNOG00000011677 Slc39a10 -2.0193466 0.00060211 

ENSRNOG00000000964 Frg1l1 -2.4269551 0.00064715 

ENSRNOG00000005247 LOC100912008 -3.3182625 0.00067485 

ENSRNOG00000052015 AABR07042937.1 -2.4831472 0.0006882 

ENSRNOG00000045814 RGD1563962 -2.2638754 0.00087311 

ENSRNOG00000009371 LOC100909750 -2.03412 0.00092793 

ENSRNOG00000009596 Zswim8 -2.0559554 0.00100152 

ENSRNOG00000060518 AABR07015057.1 -1.9543681 0.00104012 

ENSRNOG00000047943 Alkbh6 -3.1164664 0.00109671 

ENSRNOG00000037607 LOC100911575 -1.9346658 0.00178428 

ENSRNOG00000024794 Senp5 -2.8708706 0.00336327 

ENSRNOG00000054334 Abhd10 -2.6957285 0.00383322 

ENSRNOG00000055956 AABR07015078.1 -1.8549543 0.0038876 

ENSRNOG00000037984 LOC100910414 -1.9746395 0.00434568 
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Supplemental Figure 2. Basal and maximal oxygen consumption rates (OCR) and 

extracellular acidification rates (ECAR) of RAENDO and RASMC following acute zinc 

treatment. Basal oxygen consumption is subdivided into non-mitochondrial (Non-

mitochondrial), proton leak oxygen consumption (Leak) and ATP-linked oxygen consumption 

(ATP-linked). Spare respiratory capacity (Spare Capacity) is indicated on the maximal OCR bar. 
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Supplemental Figure 3. TMRM fluorescence imaging and analyses of RAENDO and 

RASMC following acute zinc treatment. (A) Following acute (1 hour) zinc treatment, 

RAENDO and RASMC cells were incubated with 10 nM TMRM for 30 minutes and 

subsequently imaged at 630x magnification using a Zeiss Cell Observer SD spinning disk 
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confocal microscope. Scale bars represent 10 µm. (B) Relative fluorescence intensity was 

evaluated to determine relative mitochondrial membrane potential. (C) Total area of 

mitochondrial signal positive pixel was evaluated to determine mitochondrial footprint. (D) 

Mean branch length was defined as the average length of a mitochondrial structure between two 

nodes. (E) Mean summed branch length was calculated by computing the sum of all branch 

lengths within an independent network and dividing this by the total number of individual 

networks within a cell.  

 

Supplemental Table 9. Cardiolipin species of C2C12 WT and TAZKO cells following 14 

days of differentiation. Values are mean % total CL.  

  WT   TAZKO  
CL species DMSO 100 nM 1000 nM DMSO 100 nM 1000 nM 
CL(68:3) 6.970 6.789 6.422 7.173 7.082 7.941 

CL(68:2) 0.646 0.170 1.122 28.934 31.774 30.504 

CL(70:8) 1.239 1.445 1.330 0.355 0.381 0.444 

CL(70:7) 3.541 3.920 4.935 0.233 0.011 0.000 

CL(70:6) 9.184 8.602 9.264 1.948 1.383 1.626 

CL(70:5) 11.776 11.135 10.631 6.142 6.655 7.046 

CL(70:4) 7.208 7.564 6.354 3.788 3.515 4.831 

CL(70:3) 1.644 1.437 2.394 7.594 9.221 8.124 

CL(70:2) 0.155 0.078 0.052 2.846 2.840 3.213 

CL(72:10) 0.110 0.086 0.257 0.197 0.028 0.242 

CL(72:9) 0.952 1.545 1.503 0.207 0.103 0.138 

CL(72:8) 3.824 3.467 4.495 0.245 0.348 0.477 

CL(72:7) 6.052 6.475 7.541 1.181 0.740 1.244 

CL(72:6) 8.372 7.209 8.038 3.221 3.286 3.900 

CL(72:5) 4.808 4.043 4.003 4.693 4.656 5.458 

CL(72:4) 2.116 1.544 1.316 2.187 1.933 3.235 

CL(74:13) 0.196 0.313 0.084 0.000 0.103 0.000 

CL(74:12) 0.056 0.000 0.094 0.255 0.152 0.079 

CL(74:11) 0.113 0.318 0.500 0.245 0.057 0.053 

CL(74:10) 1.075 0.969 1.324 0.342 0.194 0.402 

CL(74:9) 2.464 2.232 2.505 0.840 0.346 0.481 

CL(74:8) 3.197 2.912 3.182 0.870 1.083 1.197 

CL(74:7) 2.859 2.651 3.100 0.990 0.587 0.970 

CL(74:6) 0.776 1.463 0.971 0.611 0.967 1.003 

CL(76:14) 0.955 1.270 1.034 0.733 0.935 0.656 

CL(76:13) 0.379 0.518 0.325 0.697 0.034 0.247 

CL(76:12) 0.261 0.718 0.542 0.455 0.433 0.128 

CL(76:11) 0.522 0.551 0.387 0.413 0.104 0.620 

CL(76:10) 0.510 0.593 0.906 0.309 0.252 0.361 

CL(76:9) 0.858 0.773 0.811 0.096 0.306 0.192 

CL(78:17) 0.881 1.343 0.946 1.132 1.346 1.067 

CL(78:16) 0.719 1.180 0.684 0.802 0.405 0.386 

CL(78:15) 0.862 1.283 1.118 0.867 1.422 0.939 

CL(78:14) 1.669 1.731 1.260 1.305 0.975 0.979 
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CL(78:13) 0.652 0.913 0.495 0.737 0.839 0.209 

CL(78:12) 0.028 0.089 0.336 0.897 0.689 0.813 

CL(78:11) 0.417 0.475 0.445 0.174 0.365 0.193 

CL(78:10) 0.400 0.704 0.286 0.497 0.288 0.000 

CL(80:18) 1.573 1.980 0.997 2.413 2.409 1.668 

CL(80:17) 0.502 0.879 1.016 0.947 0.438 0.211 

CL(80:16) 1.870 1.727 1.160 2.172 2.087 2.089 

CL(80:15) 1.822 2.246 1.673 1.997 1.520 1.415 

CL(80:14) 1.508 0.908 0.715 1.264 1.616 0.620 

CL(80:13) 0.584 0.601 0.358 0.538 1.058 0.646 

CL(80:12) 0.782 0.509 0.631 0.726 0.765 0.570 

CL(82:20) 1.794 1.996 1.755 4.150 3.269 2.929 

CL(82:19) 0.591 0.564 0.703 1.157 0.701 0.203 

CL(82:18) 0.000 0.000 0.000 0.000 0.000 0.007 

CL(82:17) 0.184 0.000 0.000 0.320 0.000 0.207 

CL(82:16) 0.344 0.083 0.000 0.108 0.297 0.038 

 

Supplemental Table 10. Monolysocardiolipin species of C2C12 WT and TAZKO cells 

following 14 days of differentiation. Values are mean % total MLCL.  

 WT TAZKO 

MLCL Species DMSO 1000 nM DMSO 1000 nM 
MLCL(50:6) 0.430 0.492 0.000 0.000 

MLCL(50:5) 1.381 0.355 0.155 0.000 

MLCL(50:4) 1.623 1.663 0.278 0.000 

MLCL(50:3) 3.083 4.643 0.442 0.676 

MLCL(50:2) 1.546 1.310 2.218 1.721 

MLCL(50:1) 1.459 0.297 8.848 13.080 

MLCL(50:0) 1.042 0.052 0.434 0.631 

MLCL(52:6) 1.488 1.253 0.000 0.000 

MLCL(52:5) 2.694 4.515 0.834 0.512 

MLCL(52:4) 4.387 6.167 1.938 3.928 

MLCL(52:3) 7.214 4.687 5.751 3.895 

MLCL(52:2) 0.649 1.731 27.660 22.642 

MLCL(52:1) 0.000 0.309 2.288 2.354 

MLCL(52:0) 0.358 0.638 0.516 1.138 

MLCL(54:7) 0.404 0.966 0.213 0.432 

MLCL(54:6) 3.494 3.837 1.855 1.210 

MLCL(54:5) 5.669 4.635 7.197 6.574 

MLCL(54:4) 4.840 5.798 4.024 4.529 

MLCL(54:3) 0.000 0.189 6.941 4.533 

MLCL(54:2) 1.486 0.891 3.058 1.832 

MLCL(54:1) 0.374 0.757 0.308 0.762 

MLCL(54:0) 0.000 0.124 0.562 0.897 

MLCL(56:9) 0.728 0.461 0.310 0.000 

MLCL(56:8) 1.709 1.778 0.699 0.171 

MLCL(56:7) 1.643 2.449 0.628 1.385 
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MLCL(56:6) 2.563 3.312 2.965 2.012 

MLCL(56:5) 2.138 1.266 2.701 2.547 

MLCL(56:4) 0.527 0.197 1.535 1.337 

MLCL(56:3) 2.166 1.952 0.905 1.306 

MLCL(56:2) 2.790 2.251 0.620 0.713 

MLCL(56:1) 1.221 0.152 0.000 0.114 

MLCL(56:0) 0.541 1.555 0.392 0.252 

MLCL(58:9) 1.047 0.851 0.453 0.129 

MLCL(58:8) 0.733 1.228 0.534 0.176 

MLCL(58:7) 0.795 0.319 0.243 0.148 

MLCL(58:6) 1.894 1.435 0.382 1.060 

MLCL(58:5) 5.349 5.273 2.018 1.555 

MLCL(58:4) 0.000 0.000 0.000 0.000 

MLCL(58:3) 2.734 1.616 1.317 1.553 

MLCL(58:2) 1.336 2.337 1.054 0.604 

MLCL(58:1) 1.455 1.508 0.308 0.932 

MLCL(58:0) 0.632 0.111 0.000 0.481 

MLCL(60:12) 0.546 0.605 0.000 0.488 

MLCL(60:11) 1.443 1.619 0.386 0.000 

MLCL(60:10) 1.947 0.822 0.059 0.339 

MLCL(60:9) 2.343 1.069 0.000 0.338 

MLCL(60:8) 1.423 2.731 0.284 0.246 

MLCL(60:7) 5.294 7.682 1.298 3.259 

MLCL(60:6) 11.384 10.112 5.387 7.509 

 

Supplemental Table 11. Two-way ANOVA of TPP-LA treatment on CL species proportion 

of total CL content. A two-way ANOVA was performed with triplicate replicates of % total 

cardiolipin data for each CL species. A Tukey’s multiple comparisons posthoc test was 

performed to determine significantly different conditions. Data shown are p-values compared to 

corresponding DMSO (Control). P- values ≤ 0.05 were considered significant and are shown in 

bold. Typical mature [CL(72:80), CL(72:7)] and immature [CL(68:2), CL(70:3), CL72:4)] CL 

species are bolded.  

 WT TAZKO 

CL Species 100 nM 1000 nM 100 nM 1000 nM 
CL(68:3) 0.9945 0.5776 0.9998 0.202 

CL(68:2) 0.7193 0.7162 <0.0001 <0.0001 

CL(70:8) 0.9903 0.9998 >0.9999 0.9998 

CL(70:7) 0.8704 0.0005 0.9862 0.9827 

CL(70:6) 0.5123 0.9999 0.5452 0.93 

CL(70:5) 0.3978 0.0092 0.647 0.0785 

CL(70:4) 0.8985 0.1143 0.9655 0.0245 

CL(70:3) 0.9898 0.2251 <0.0001 0.6145 

CL(70:2) >0.9999 0.9996 >0.9999 0.8835 

CL(72:10) >0.9999 0.998 0.9961 >0.9999 

CL(72:9) 0.4901 0.5743 0.9996 >0.9999 

CL(72:8) 0.8962 0.347 0.9996 0.9829 

CL(72:7) 0.8081 0.0002 0.7786 >0.9999 

CL(72:6) 0.0077 0.92 >0.9999 0.3317 

CL(72:5) 0.2066 0.1598 >0.9999 0.2049 
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CL(72:4) 0.5314 0.1651 0.9746 0.0233 

CL(74:13) 0.9993 0.9994 0.9996 >0.9999 

CL(74:12) >0.9999 >0.9999 0.9996 0.9952 

CL(74:11) 0.9903 0.8596 0.9936 0.9929 

CL(74:10) 0.9996 0.977 0.9979 >0.9999 

CL(74:9) 0.9828 >0.9999 0.6834 0.8929 

CL(74:8) 0.9583 >0.9999 0.9886 0.9271 

CL(74:7) 0.9894 0.9803 0.8375 >0.9999 

CL(74:6) 0.3201 0.9924 0.8973 0.8529 

CL(76:14) 0.9365 0.9999 0.991 >0.9999 

CL(76:13) 0.9985 >0.9999 0.3603 0.7628 

CL(76:12) 0.7496 0.9604 >0.9999 0.9265 

CL(76:11) >0.9999 0.9987 0.9413 0.99 

CL(76:10) 0.9999 0.8469 >0.9999 >0.9999 

CL(76:9) 0.9999 >0.9999 0.9891 0.9997 

CL(78:17) 0.742 >0.9999 0.9882 >0.9999 

CL(78:16) 0.7443 >0.9999 0.8469 0.8188 

CL(78:15) 0.8107 0.9736 0.5637 >0.9999 

CL(78:14) >0.9999 0.8293 0.9244 0.9277 

CL(78:13) 0.9711 0.9973 0.9997 0.6164 

CL(78:12) >0.9999 0.9424 0.9897 0.9999 

CL(78:11) >0.9999 >0.9999 0.9931 >0.9999 

CL(78:10) 0.9451 0.9994 0.9894 0.6777 

CL(80:18) 0.8317 0.5241 >0.9999 0.2323 

CL(80:17) 0.8721 0.6457 0.656 0.2443 

CL(80:16) 0.9982 0.283 0.9999 0.9999 

CL(80:15) 0.806 0.9978 0.7156 0.511 

CL(80:14) 0.4765 0.1723 0.9024 0.3923 

CL(80:13) >0.9999 0.985 0.6328 0.9995 

CL(80:12) 0.9648 0.9977 >0.9999 0.9973 

CL(82:20) 0.991 >0.9999 0.0939 0.0041 

CL(82:19) >0.9999 0.9995 0.7513 0.0526 

CL(82:18) >0.9999 >0.9999 >0.9999 >0.9999 

CL(82:17) 0.9941 0.9941 0.9329 0.9994 

CL(82:16) 0.9714 0.9105 0.9934 >0.9999 

 

Supplemental Table 12. Two-way ANOVA of TPP-LA treatment on MLCL species 

proportion of total MLCL content. A two-way ANOVA was performed with triplicate 

replicates of % total monolysocardiolipin data for each MLCL species. A Tukey’s multiple 

comparisons posthoc test was performed to determine significantly different conditions. Data 

shown are p-values compared to corresponding DMSO (Control). P- values ≤ 0.05 were 

considered significant and are shown in bold. 

 WT TAZKO 

MLCL Species 1000 nM 1000 nM 
MLCL(50:6) 0.9998  >0.9999 

MLCL(50:5) 0.5692 0.9974 

MLCL(50:4) >0.9999 0.9853 

MLCL(50:3) 0.2041  0.9912 

MLCL(50:2) 0.9909  0.9240 

MLCL(50:1) 0.4618  <0.0001 

MLCL(50:0) 0.5979  0.9946 

MLCL(52:6) 0.9911  >0.9999 
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MLCL(52:5) 0.1021  0.9774 

MLCL(52:4) 0.1147  0.0609 

MLCL(52:3) 0.0087  0.0921 

MLCL(52:2) 0.5242  <0.0001 

MLCL(52:1) 0.9800  0.9998 

MLCL(52:0) 0.9849  0.8626 

MLCL(54:7) 0.8943  0.9927 

MLCL(54:6) 0.9731  0.8489 

MLCL(54:5) 0.5626  0.8617 

MLCL(54:4) 0.6243  0.9206 

MLCL(54:3) 0.9953  0.0139 

MLCL(54:2) 0.8775  0.4126 

MLCL(54:1) 0.9629  0.9405 

MLCL(54:0) 0.9986  0.9748 

MLCL(56:9) 0.9869  0.9797 

MLCL(56:8) 0.9998  0.9108 

MLCL(56:7) 0.7410  0.7766 

MLCL(56:6) 0.7822  0.6275 

MLCL(56:5) 0.6909  0.9974 

MLCL(56:4) 0.9759  0.9945 

MLCL(56:3) 0.9932  0.9578 

MLCL(56:2) 0.9057  0.9994 

MLCL(56:1) 0.5353  0.9990 

MLCL(56:0) 0.5794  0.9980 

MLCL(58:9) 0.9947  0.9771 

MLCL(58:8) 0.9247  0.9695 

MLCL(58:7) 0.9324  0.9994 

MLCL(58:6) 0.9388  0.8288 

MLCL(58:5) 0.9997  0.9375 

MLCL(58:4) >0.9999  >0.9999 

MLCL(58:3) 0.4959  0.9909 

MLCL(58:2) 0.5893  0.9421 

MLCL(58:1) 0.9999  0.8615 

MLCL(58:0) 0.9135  0.9305 

MLCL(60:12) 0.9999  0.9275 

MLCL(60:11) 0.9961  0.9622 

MLCL(60:10) 0.4912  0.9850 

MLCL(60:9) 0.3786  0.9741 

MLCL(60:8) 0.3550  >0.9999 

MLCL(60:7) 0.0150  0.0669 

MLCL(60:6) 0.3801  0.0394 
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Supplemental Figure 4. Monolysocardiolipin distribution of C2C12 WT and TAZKO cells 

following 14 days of TPP-LA treatment during differentiation. TAZKO and C2C12 WT cells 

were analyzed following 14 days of 0-1000 nM TPP-LA treatment. MLCL was isolated and 

analyzed by LC-MS/MS. MLCL species were evaluated as % total CL. n=3. 

 

Supplemental Table 13. Least squares multiple linear regression analysis of TPP-LA 

treatment on CL species proportion based on composition. % total CL was the dependent 

variable. DMSO (Control) was used as the reference value.  

  WT   TAZKO  

Variable 𝛽 SE p- value 𝛽 SE p- value 
100 nM TPP-LA       
   Double Bonds 0.3593 1.785 0.8408 -0.5803 2.763 0.8340 

   Carbon Chain -0.0074 0.3598 0.9835 -0.0510 0.5570 0.9271 

   Double Bonds: 

   Carbon Chain 

 

 

-0.0039 

 

0.0236 

 

0.8700 

 

0.0069 

 

0.0365 

 

0.8501 

1000 nM TPP-LA       

   Double Bonds 0.3677 1.785 0.8371 -0.4088 2.763 0.8826 

   Carbon Chain -0.0317 0.3598 0.0878 -0.0335 0.5570 0.9521 

   Double Bonds: 

   Carbon Chain 

 

-0.0042 

 

 

0.0236 

 

0.8596 

 

0.0042 

 

0.0365 

 

0.9090 
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Supplemental Table 14. Least squares multiple linear regression analysis of TPP-LA 

treatment on MLCL species proportion based on composition. % total MLCL was the 

dependent variable. DMSO (Control) was used as the reference value.  

  WT   TAZKO  

Variable 𝛽 SE p- value 𝛽 SE p- value 
1000 nM TPP-LA       

   Double Bonds 0.6157 2.746 0.8231 -1.087 5.014 0.8289 

   Carbon Chain 0.0300 0.2467 0.9101 -0.0281 0.4833 0.9538 

   Double Bonds: 

   Carbon Chain 

 

-0.0105 

 

 

0.0484 

 

0.8290 

 

0.0187 

 

0.0883 

 

0.8324 
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