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ABSTRACT 
 
 

Mitochondrial structure and function are inextricably linked (“structure-function”), 

with decrements in structure-function evident across diseases. Barriers to new therapies 

include a complete understanding of the underlying molecular culprits, as well as effective 

mitochondria-targeted therapies that mitigate injury. In these works, we investigate the role 

of cristae-shaping factors like cardiolipin in health and disease. In a series of studies, we 

tested the effects of the cell-permeable tetrapeptides, elamipretide and a postulated peptide, 

(arginine-tyrosine-lysine-phenylalanine; “RYKF”), on the recovery of mitochondrial 

structure-function after injury. Elamipretide is a clinical-stage compound currently under 

investigation for genetic and age-related mitochondrial diseases, yet the mechanism of 

action is not completely understood. We used a combination of physiological models, 

mitochondrial imaging, and biomimetic membrane studies to test the hypothesis that 

elamipretide and RYKF-cardiolipin interactions improved mitochondrial structure-

function. Post-ischemic treatment with elamipretide sustained mitochondrial function 

across electron transport chain complexes. Endogenous RYKF expression similarly 

improved mitochondrial respiration after peroxide and hypoxia nutrient deprivation 

injuries. Using two parallel electron microscopy paradigms, we show elamipretide and 

RYKF treatment led to maintenance of mitochondrial ultrastructure and notably, improved 

cristae interconnectedness. Finally, we utilized a novel biomimetic membrane system to 

model the pathological mitochondrial membrane and found that elamipretide and RYKF 

both improved biophysical pressure-area relationships through a mechanism that appears 



  
 

to involve aggregating cardiolipin.  Our data indicate that targeting pathophysiological 

mitochondrial membranes with cationic, lipophilic peptides can improve bioenergetics by 

sustaining cristae networks and support interdependent relationships between 

mitochondrial structure and function.  
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GENERAL AUDIENCE ABSTRACT 
 
 
Mitochondria, the powerhouses of the cell, form energy networks that produce over 90% 

of the body’s energy. Mitochondrial dysfunction is implicated across diseases, yet no FDA-

approved treatments exist that improve mitochondrial energy production. In this study, we 

tested the effects of elamipretide, a peptide that localizes to mitochondria. Although 

elamipretide is currently in clinical trials for several diseases characterized by energetic 

deficiencies, its mechanism of action is not fully understood. Since mitochondrial structure 

and function are directly linked, we modeled heart attacks in cultured cells and rat hearts 

to test the hypothesis that elamipretide and a postulated analog, RYKF, glue damaged 

mitochondrial membranes back together to preserve structure and function during disease. 

In hearts subjected to a heart attack, elamipretide significantly protected mitochondrial 

energy production. Similarly, RYKF protected mitochondrial function in muscle cells 

exposed to peroxide stress. In damaged hearts imaged with electron microscopy, 

elamipretide and RYKF treatment significantly improved mitochondrial structure and 

notably, improved the interconnectedness of mitochondrial energy networks. Furthermore, 

elamipretide and RYKF improved the integrity of diseased mitochondrial membranes. 

Together, these data support our hypothesis that elamipretide and RYKF act as 

mitochondrial adhesion molecules to protect mitochondrial structure and sustain energy 

production during disease.   
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Chapter 1 

Introduction 

Mitochondria are best known for their central involvement in ATP synthesis. Advances in 

biochemical assays and electron microscopy in the mid 20th century enabled scientists to study the 

structure and function of mitochondria for the first time. Mitochondrial structure is characterized 

by the presence of two membranes: the outer and inner membranes. Each membrane has a different 

composition, suggesting they play differing roles in mitochondrial function. Indeed, the inner 

membrane (IM) is characterized by the exclusive presence of cardiolipin (CL), a phospholipid that 

comprises ~18% of the total lipid composition [1].  

CL has been purported to drive protein-protein interactions and membrane curvature [2, 

3]. These findings are supported by studies reporting protein complexes assemble where CL is 

prevalent, specifically at the IM “curves” [4].  Additionally, CL is vital for the formation and 

maintenance of cristae, the IM “inward foldings” Palade first described in 1952 [5-7]. Cristae host 

the oxidative phosphorylation (OXPHOS) machinery, a system dependent on CL and comprised 

of protein complexes that couple the consumption of oxygen with the production of ATP [8]. The 

shape of cristae are dynamic as activation of OXPHOS shifts the IM from a contracted, “orthodox” 

state to a wider, “condensed” morphology [9, 10]. To this end, cristae have been called “dynamic 

biochemical reactors” capable of reorganizing their structure to facilitate the electrochemical 

processes needed to produce ATP [11]. In addition to CL, several proteins regulate cristae structure 

and function. These proteins have recently been identified and generally interact with CL to impart 

positive or negative membrane curvature. Disintegration of CL, these additional proteins, or a 

combination leads to cristae dysmorphology and impaired mitochondrial function.  
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Mitochondria are organized into a highly connected reticulum. The architecture of these 

networks varies depending on tissue type. Along this network, mitochondria are purported to 

exchange matrix contents, DNA, proteins, and electrical currents (protons) that distribute energy 

throughout the cell [12-14]. To support the transmission of contents, mitochondria are physically 

tethered to each other. At short distances (~50nm), mitochondria are connected by 

intermitochondrial junctions (IMJs) whereas those separated by ~1-5um can be linked by 

nanotunnels [15-17]. In tissues with increased energetic demands like cardiac and skeletal muscle, 

IMJs are abundant as mitochondria are packed together between myofibrils. IMJ formation is 

highly dynamic and is regulated by fusion and fission of the adjacent mitochondrial membranes.   

Cristae density is increased at IMJs, a structural characteristic that results in trans 

mitochondrial cristae alignment [17]. These morphological features are purported to coordinate 

intermitochondrial networks and facilitate content exchange. Interestingly, cristae shaping factors 

have been demonstrated to support the exchange of protons between contiguous mitochondria [18]. 

Indeed, the loss of CL or proteins that regulate cristae ultrastructure causes mitochondrial network 

fragmentation [19]. These data are supported by emerging evidence demonstrating that cristae 

assembly factors are implicated in disease. For example, abhorrent cristae and mitochondrial 

fragmentation were observed in patients with Barth Syndrome, a mitochondrial disease 

characterized by the loss of CL [20]. These findings are corroborated by  others demonstrating 

patients with mitochondrial diseases have significantly fragmented bioenergetic networks [21]. 

Taken together, these data suggest agents that mimic or support cristae shaping factors like CL 

may stabilize cristae, facilitate networking, and improve mitochondrial disease patient outcomes.  

To our knowledge, therapeutics that enhance mitochondrial networking currently do not 

exist. A promising pre-clinical study reported that a novel drug-inducible linker system physically 
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tethers the outer membranes of adjacent mitochondria [17]. This linker technology reportedly 

recapitulated IMJ structures, increased cristae abundance at the adherent sites, and facilitated 

cristae alignment across multiple mitochondria. Although these data are exciting, whether or not 

the linker technology is protective in diseases characterized by fragmented networks is not 

presently known.  

To date, treatments for patients with mitochondrial disease are largely directed at 

symptoms and often consist of a cocktail of supplements that do not significantly alter the course 

of the disease. Although multiple compounds are being used in clinical trials [22], the effects of 

most of these compounds on mitochondrial structure-function are not well-studied and have not 

been reviewed. Elamipretide, a cell-permeable tetrapeptide in clinical trials for genetic and age-

related mitochondrial disease, has been reported to interact with CL, improve cristae morphology, 

and protect respiratory chain function [23]. Given the interrelated relationship between cristae 

shaping factors like CL, cristae morphology, mitochondrial networking, and health, elamipretide 

represents a promising therapeutic approach for bioenergetic disorders. Despite the use of this 

peptide across scores of studies, there has been uncertainty regarding the mechanism of action. It 

was originally described as a mitochondria-targeted antioxidant that scavenged reactive oxygen 

species (ROS) [24]. However, while elamipretide seems to decrease overall ROS levels from 

pathological mitochondria, the peptide does not affect ROS in healthy tissue or cell-free systems 

[25-27]. These data suggest elamipretide exerts protection by an alternative mechanism. Despite 

previous evidence indicating elamipretide interacts with CL, the physiological consequences of 

this interaction are not understood [28]. Additionally, other cationic, lipophilic peptides have been 

reported to localize to mitochondria. Nevertheless, it is not known if these peptides or analogs of 

elamipretide interact with CL to influence cristae structure and function[29].  
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Overall, the work described in the following chapters elucidates the role of mitochondrial 

structure-function in health and disease. A major focus of this work is mitochondrial cristae, the 

major regulators of cristae shape, and how cristae can be therapeutically targeted during disease. 

The second chapter reviews the literature pertaining to cristae shaping factors and how these 

contribute to health and disease. In chapters three and four, we provide evidence that two 

mitochondria-targeted peptides interact with CL, improve the biophysical properties of the inner 

membrane, and preserve cristae structure-function during disease. Finally, we describe the findings 

for their implications in the field, and provide future directions for the study of mitochondrial 

structure-function.    
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Chapter 2 

Mitochondrial structure-function in health and disease: A comprehensive review of 

mitochondrial morphology and related mitochondria-targeted therapeutics 

Mitchell E. Allen 

 

The history of mitochondrial Structure-Function: The beginning  

 

Mitochondrial characteristics may have first been published as early as the 1840s, yet 

anatomist Rudolf von Koeliker was most likely the first to describe mitochondria in 1857 as he 

called them “sarcosomes” while studying striated muscle. Thirty-three years later Altmann became 

the first to describe the structures as “bioblasts” and “elementary organisms” that live inside cells 

and carry out vital functions. Then, in 1898, Carl Benda coined the term “mitochondrion”, which 

originates from the Greek words “mitos” (thread) and “chondros” (granule). At the turn of the 

century, mitochondrial research significantly increased as the first mitochondrial dye, Janus Green 

B, was identified by Michaelis and remarkably, in 1908, Regaud described the organelle as protein 

and lipid containing while suggesting they are “bearers of genes.”  

Many of these important early observations were almost exclusively based on 

morphological observations and without direct chemical evidence [1]. As Cowdry stated in 1924, 

“the investigation of mitochondria will never achieve the usefulness which it deserves […] until 

we know much more of their chemical constitution” [1, 2]. Soon after, Keilin described the 

cytochromes a “respiratory pigment” and a little over a decade later, Krebs detailed the citric acid 

cycle [3, 4].  
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The Middle  

In the 1940s, Claude employed fractionation procedures to examine the size and shape of 

particles recovered from the fraction [5]. These experiments included a “large fraction” containing 

mitochondria and from these studies he concluded “the mechanism by which molecular oxygen is 

utilized [..] in the cell can be ascribed in large measure, if not entirely, to a definite morphological 

entity” [6]. These findings highlight one of the first comparisons of bioenergetic structure and 

function, and subsequently, led to optimized techniques that enabled the ability to study isolated, 

structurally-preserved mitochondria. Within half a decade, the respiratory control ratio (RCR) was 

developed and purported to be impaired when mitochondrial structure was compromised [7, 8]. 

Indeed, these data gave credence to Claude’s findings and suggested oxidative phosphorylation 

required both the integrity of mitochondrial structure and functional respiratory enzymes.  

 Soon after methods were developed to isolate intact, functional mitochondria, Palade and 

Sjostrand published the first high resolution electron micrographs in 1953 [9-11]. These 

publications are hallmarks for identifying bioenergetic structures today as Palade became the first 

to identify and describe the matrix and cristae while Sjostrand noted the double membranes 

surrounding each mitochondrion. Using Palade’s electron microscopy methods and isolation 

techniques first developed by Claude, Hackenbrock became the first to report that mitochondria 

undergo specific, morphological changes in response to substrate conditions [12, 13]. Indeed, these 

pioneering studies showed that mitochondrial structure is dynamic as the inner membrane (IM) 

switches between “orthodox” and “condensed” states. However, many scientists at the time 

believed these morphological transitions only occurred in vitro, and his findings were largely 

ignored for decades.  

Present Day  
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In the last two decades, advances in microscopy have renewed interest in mitochondrial 

structure-function relationships. Today, Hackenbrock’s studies are often regarded as the 

foundation of mitochondrial form and function studies. Recent advances employing high 

resolution, 3D imaging of mitochondria have confirmed Hackenbrock’s findings and compliment 

the original electron micrographs produced by Palade and Sjostrand [14, 15]. These novel imaging 

technologies (namely FIB-SEM, SBF-SEM, and cryo-EM) permit deeper insights into 

mitochondrial structure than has ever been possible before. In conjunction with these imaging 

advancements, the development of genetic animal models has led to the identification of specific 

proteins and lipids that modulate mitochondrial structure-function. Indeed, emerging evidence 

suggests a variety of diseases ranging from cancer to heart failure are characterized by 

compromised bioenergetic structure-function. Thus, it is the purpose of this review to summarize 

how these morphological parameters influence mitochondrial form and function, contribute to 

health and disease, and can be targeted by developing therapies.  

   

Cristae: Structure Meets Function 

 

As first discovered by Sjostrand [10], mitochondria are composed of a limiting outer 

membrane (OM) and an inner membrane (IM) that encloses an enzymatic and mtDNA rich matrix. 

The IM is characterized by the presence of cardiolipin (CL), a mitochondrial specific lipid species 

found within the IM inner leaflet. CL has been purported to drive protein-protein interactions and 

membrane curvature [16, 17]. These findings are supported by studies reporting protein complexes 

assemble where CL is prevalent, namely at the IM “curves” [18].  Additionally, CL is vital for the 

formation and maintenance of cristae, the IM “inward foldings” Palade first described in 1952 [19-
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21]. Cristae host the oxidative phosphorylation (OXPHOS) machinery, a system dependent on CL 

and comprised of protein complexes that couple the consumption of oxygen with the production 

of ATP [22]. The shape of cristae are dynamic as activation of OXPHOS shifts the IM from a 

contracted, “orthodox” state to a wider, “condensed” morphology [12, 13]. To this end, cristae 

have been called “dynamic biochemical reactors” capable of reorganizing their structure to 

facilitate the electrochemical processes needed to produce ATP [23]. In addition to CL, cristae 

form and function is regulated by a number of IM structures and proteins. Here, we review in detail 

how CL and these other shaping factors influence cristae structure-function and their implications 

in health and disease.  

 

Dissecting Cristae Structure-Function  

 

 Cardiolipin (CL) 

 The IM is composed of ~ 40% phosphatidylcholine (PC), 34% phosphatidylethanolamine 

(PE), 18% cardiolipin (CL), and small amounts of phosphatidylserine (PS), phosphatidylinositol 

(PI), and cholesterol [24, 25]. Among the phospholipids within the IM, CL is the most unique. CL 

is a non-bilayer phospholipid exclusively found in the IM and has four fatty acyl chains that share 

a glycerol head group. The combination of two phosphatidyl moieties and the anionic head group 

create a cone-shaped structure that facilitates CL’s ability to reside within the inner leaflet of the 

IM. Within the inner leaflet, CL imparts negative membrane curvature that stabilizes the cristae 

structure. In addition to maintaining structural stability of the membrane, CL is also important for 

preserving a variety of mitochondrial functions. For example, supercomplex assembly [26], 

complex I-dependent respiration [27], complex III-dependent respiration [27], complex IV-
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dependent respiration [28], ADP-dependent respiration [29], ATP synthase activity [30], adenine 

nucleotide transporter (ANT) activity [31], and anchoring of cytochrome c [32] are a brief list of 

myriad CL-dependent functions. The role of CL in mitochondrial structure-function is well-known 

and has been extensively reviewed. For these reasons, we provide a brief description of CL and 

how it contributes to health and disease. For more in-depth analyses, we direct the reader to one 

of the many excellent review articles [23-25, 33-35].  

While most phospholipids are synthesized in the ER, cardiolipin is produced in the IM. 

Precursor lipids like phosphatidic acid (PA) and diacylglyceral (DAG) are imported from the ER 

to the intermembrane space (IMS) via the protein complex PRELID1-TRIAP1 (Ups-Mdm35 in 

yeast) [36]. These precursor lipids are then converted into CL through a series of enzymatic 

reactions that are currently under investigation. Disruption of CL biosynthesis has vast 

consequences on cristae form and function that range from impaired morphology, dissipation of 

membrane potential, to decreased ATP production and supercomplex disassembly [37, 38].  

CL loss and peroxidation is well-known to occur during diseases [35]. However, how these 

decrements influence the biophysical properties of the IM and contribute to disease progression is 

relatively unknown. A recent report concluded CL oxidation leads to conformational changes in 

both the head and backbone groups [39]. Indeed, CL oxidation was associated with bilayer 

thinning, decreased chain length, and CL “tilting” that affected the symmetrical properties of the 

membrane. This oxidation-induced reorganization of structure would conceivably impair CL-

mediated cristae stabilization, membrane-respiratory protein interactions, and electron transport 

chain (ETC) function. Accordingly, diseases characterized by impaired mitochondrial structure-

function such as Barth Syndrome, ischemia reperfusion (I/R), and aging are also defined by 

decrements in CL content and remodeling [35].  
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Mitochondrial-targeted therapeutics to preserve CL content, protect against peroxidation, 

and maintain its biophysical properties within the IM are under development. In pre-clinical 

models, exogenous administration of CL in the ischemia-reperfused rat heart improved decrements 

in complex I activity [40]. Although these results are encouraging, this paradigm has little to no 

translational relevance.  More recently, an exciting method to deliver  lipid-containing nanodiscs 

to mitochondrial membranes was reported [41]. Although this novel technique has promising 

therapeutic potential, whether or not the technology can deliver CL-containing nanodiscs to 

structurally compromised mitochondrial membranes and improve patient outcomes remains to be 

investigated.  

Elamipretide (formerly Bendavia, SS-31, MTP-131) is a mitochondrial-targeted peptide 

currently in clinical development for mitochondrial diseases [42]. The peptide has been shown to 

localize to CL and improve mitochondrial structure-function in a variety of pre-clinical disease 

models [43-47]. Although the peptide has been called a “mitochondria-targeted antioxidant”, cell-

free studies recently concluded the peptide is not exerting cytoprotection by directly scavenging 

reactive oxygen species (ROS) [45]. Similarly, elamipretide has been reported to preserve CL 

content during disease, but these findings are not ubiquitous [44](Described in chapter 3). Instead, 

the peptide may exert protection via CL aggregation. As described in chapter 3, Elamipretide 

aggregates CL to maintain the biophysical and lipid packing properties of the IM. These data were 

associated with enhanced cristae ultrastructure, improved respiration across ETC complexes, and 

decreased ROS production. Taken together, these data suggest Elamipretide interacts with CL to 

preserve the integrity of the IM, which in turn, improves cristae form and mitochondrial function 

during disease.  
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Cristae Junctions 

Cristae communicate with the inner boundary membrane (IBM), the matrix-facing side of 

the IM, through narrow, tubular cristae junctions (CJs). CJs physically connect the cristae to the 

IBM at a ~90° bend, and prevent the diffusion of cristae-bound, biochemical processes into the 

intermembrane space (IMS). Theoretical calculations have predicted spatially distinct solute 

concentrations between the cristae and IMS [48]. Furthermore, the integrity of CJs and the ability 

to induce significant curvature at the IBM is dependent on phospholipids like CL that reside in the 

elastic membrane environment [23, 25]. Under healthy, physiological conditions CJs are narrow 

(~20-40nm) and retain respiratory components within the cristae lumen. In contrast, CJs widen 

(~60nm) during disease and facilitate the release of respiratory factors like cytochrome c into the 

intermembrane space that subsequently, initiate a cascade of proapoptotic signaling events in the 

cytosol [49, 50]. Additionally, it is likely that lipid trafficking between the cristae and IMS is 

restricted at the CJ, and may explain the distinct lipid compositions between the OM and IM (i.e., 

the exclusive presence of CL in the IM) [51]. Thus, CJs have been described as “physical contacts 

that harbor functional significance” and “communication gates between the cytoplasm and 

mitochondrial matrix” [52]. Additionally, CJs most likely facilitate the exchange of metabolites, 

genetic information, and other content within and between mitochondria, although this has not 

been conclusively determined. Multiple protein complexes have been reported to exist at the 

contact sites, most notably the mitochondrial contact site and cristae organizing system (MICOS). 

Future studies should combine pre-clinical knockdown models of MICOS or other CJ components 

with pH-sensing probes [53] to determine how CJs aid in mitochondrial content exchange.    
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Mitochondrial Contact and Cristae Organizing System (MICOS) 

 MICOS is a 1279 kDa multiprotein complex located at the CJ and IBM intersection [54, 

55]. Its role in mitochondrial structure-function is well documented and has been extensively 

reviewed. For these reasons, we have only provided a brief description of MICOS and its role in 

mitochondrial structure-function. For more in-depth description, we direct the reader to one the 

many excellent review articles [56-58]. Several MICOS subunits, termed “Mic plus a number,” 

have recently been discovered. These subunits form complexes that are critical for CJ stability and 

cristae formation [55, 57, 59, 60]. Indeed, the Mic10/Mic12/Mic26 complex facilitates cristae 

junction formation and its assembly is CL-dependent [61]. Similarly, Mic26 (previously known as 

APOOL) directly binds CL to determine cristae morphology [62]. In contrast, the Mic60 complex 

has been described as OXPHOS and CL independent [61]. Mic19, which physically interacts with 

Mic60 in mammals, is critical for the formation of elongated mitochondria as its depletion has 

been reported to induce fragmentation and loss of cristae. These findings were associated with 

decreased basal and maximal respiration, suggesting Mic19 plays a crucial role in proper 

mitochondrial structure-function [63]. Similar results have been reported in human cell lines where 

depletion of MICOS subunits causes impaired respiration [62, 64]. Furthermore, the MICOS 

complex has been reported to interact with other IM proteins such as Aim24 [65]. In cells lacking 

Aim24 and modified MICOS subunits, cristae ultrastructure and super complex assembly were 

significantly impaired. These findings were associated with MICOS-dependent remodeling of CL 

to longer, more saturated acyl chains. Taken together, these data suggest MICOS affects the spatial 

organization of mitochondrial membrane lipids and subsequently influences cristae ultrastructure 

and respiratory complex assembly.  
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MICOS disruption has recently been reported in several pathologies. Loss of function of 

QIL1, a recently discovered MICOS subunit [66], has been reported to cause mitochondrial 

hepato-encephalopathy [67].  Parkinson’s disease has also been characterized by CHCHD2 

mutations and impaired respiratory function [68]. Interestingly, the mitochondria-targeting 

peptide, Elamipretide, was found to enhance CHCHD2 and OXPHOS enzymes in this 

neurodegenerative model. This study suggests mitochondria-targeted therapies may improve 

MICOS assembly and mitochondrial function during disease. However, these findings may not be 

ubiquitous across diseases, as studies have reported no differences in CJ width between healthy 

and Leigh Syndrome mitochondria, suggesting MICOS was not disrupted [69].  

Today, it is clear MICOS is critical for proper mitochondrial structure-function. The field 

has made tremendous progress during the last decade to identify the MICOS components and 

define the phenotypic consequences of knocking down its constituents. However, characterizing 

how MICOS and the subsequent CJ assembly is affected during specific diseases is still relatively 

unknown. Future studies will need to employ animal and cell models of disease to further 

investigate the relationship between MICOS and conditions like cancer and heart failure. 

Additionally, mechanistic studies are needed to investigate how the MICOS subcomplexes 

communicate with the phospholipid environment to bind CL, stabilize CJs, and facilitate cristae 

formation. Interventions that promote MICOS-CL interactions may affect the spatial organization 

of the mitochondrial membrane. These membrane shaping interactions are attractive therapeutic 

targets, yet this area of research remains largely unexplored.     

 

Optic Atrophy 1 (OPA1) 
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 Optic Atrophy 1 (OPA) is a profusion dynamin-related protein located in the inner 

mitochondrial membrane. OPA1 is a potent regulator of cristae shape and its effects on 

mitochondrial structure-function have been extensively reviewed. Here, we provide a brief 

description of OPA1 and its implications in health and disease. For a more in-depth review we 

direct the reader to one of the excellent published review articles [23, 52, 70, 71]. OPA1 is 

comprised of long (L-OPA1) and short (S-OPA1) forms where the L-OPA1 is membrane-anchored 

and S-OPA1 is proteolytically cleavable [72]. Maintenance of cristae structure by OPA1 requires 

its oligomerization. Indeed, loss of OPA1 oligomers leads to widened CJs, cytochrome c release, 

apoptosis, impaired respiration, and decreased ATP synthase [49, 71, 73]. Furthermore, OPA1 

knockout mice are embryonically lethal, highlighting the importance of the protein for viability 

and development. OPA1 overexpression in vitro and in vivo has been correlated with thinner 

cristae, narrower CJs, enhanced supercomplex assembly, improved respiration, and resistance to 

cell death [49, 74-76]. Although OPA1-mediated cristae remodeling is concomitant with its ability 

to fuse the IM, the observed antiapoptotic functions seem to be independent of fusion activity [49].  

 Interestingly, OPA1’s position within the IM may promote interactions with other cristae 

shaping factors. Indeed, recent evidence suggests OPA1 is epistatic to MICOS in the regulation of 

cristae morphology [50]. This study concluded OPA1 physically interacts with Mic60 to form a 

multimer protein complex that controls CJ stability, and that OPA1 oligomers control both cristae 

and CJ width independent of Mic60. Similarly, OPA1-mediated fusion has been reported to be 

CL-dependent [72, 77] while others have suggested CL modulates OPA1 oligomerization and 

subsequently, cristae morphology [23, 78]. Recent in vitro evidence suggests L-OPA1 physically 

binds to CL-containing liposomes to drive membrane fusion whereas S-OPA1 does not fuse 

liposomes in the presence of CL [72]. These findings are supported by studies reporting CL 
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involvement in OPA1 assembly and subsequently, the protein’s ability to hydrolyze GTP and 

stimulate membrane fusion [77-79]. Moreover, OPA1 has also been reported to interact with 

mitochondrial carrier and solute proteins like SLC25A [73]. These interactions enable OPA1 to 

sense fuel substrate changes and subsequently, remodel mitochondrial morphology by narrowing 

cristae and promoting ATP synthase dimerization. Taken together, these data highlight the ability 

of OPA1 to interact with IM proteins and lipids to dynamically influence cristae form and function.  

 OPA1 has been implicated in several diseases characterized by mitochondrial structure-

function decrements. In pre-clinical models, OPA1 overexpression in vivo protects mice from 

muscular atrophy, cardiac ischemia-reperfusion injury, and liver damage [75]. These findings were 

associated with improved cristae ultrastructure and decreased cytochrome c release. Similarly, 

OPA1 overexpression protected two different mouse models of mitochondrial disease from 

deficiencies in complex I and IV, enhanced supercomplex formation, and corrected cristae 

dysmorphology [76]. In mice, cardiac-specific OPA1 proteolysis triggers mitochondrial 

fragmentation and subsequently causes dilated cardiomyopathy and heart failure [80]. Moreover, 

patients with a variety of neurological indications have been characterized by deficits in OPA1, 

including Alzheimer’s [81] and Parkinson’s Diseases [82].  

 OPA1 is undoubtedly a master regulator of cristae form and function. Although the field 

has made significant progress in establishing the structural and functional consequences of both 

ablating and overexpressing OPA1, there is still much to learn about this IM-fusing protein. 

Mechanistically, we know little about how OPA1 interacts with other membrane shaping factors 

like MICOS and CL. Animal and cell culture models employing a combination of OPA1-MICOS-

CL mutations would elucidate specifically how these form factors contribute to cristae biogenesis 

and maintenance. Furthermore, with the exception of a few neurodegenerative indications, very 
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few data exist on how OPA1 is implicated in human disease. Clinicians and basic scientists alike 

need to collaborate to characterize how OPA1 could be involved in epidemics like cancer, heart 

failure, and diabetes.  

Finally, research investigating how medicines can target OPA1 to improve cristae 

structure-function is non-existent to date. The pre-clinical evidence to date suggests medicines that 

increase the prevalence of OPA1 could be a viable therapeutic strategy for diseases characterized 

by cristae dysmorphology. Additionally, medicines that promote or mimic OPA1-SLC25A 

interactions may aid in stabilizing OPA1 oligomers and support dynamic cristae remodeling during 

disease. The SLC25A carrier proteins are comprised of three homologous amino acid repeats of 

largely cationic and lipophilic consensus motifs [83]. Medicines composed of alternating cationic, 

lipophilic amino acids may both localize to mitochondria [84], and support or mimic OPA1-

SLC25A interactions to facilitate proper cristae structure-function during disease.      

 

ATP Synthase  

 ATP synthase dimers are organized in helical rows along the cristae edges. Their “zipper-

like” arrangement within the IM seems to be fundamental for the creation of a proton gradient that 

facilitates the flow of protons from the respiratory complexes back into the matrix via ATP 

synthases [85, 86]. The role of ATP dimer organization in imparting positive membrane curvature 

and facilitating proper mitochondrial structure-function has been extensively reviewed [14, 23, 52, 

69, 88]. For these reasons, we only provide a brief overview of ATP synthase dimerization in 

mitochondrial form and function. The reader is directed to one of the excellent review articles cited 

above for a more in-depth analysis.  
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 The ATP synthase is composed of F1 and Fo monomers that assemble into dimers. F1 is a 

catalytic sector that faces the matrix while the Fo sector is embedded into the IM [89]. Together, 

they form an intrinsic angle (40-70°) sufficient to induce positive curvature in the IM [52, 90, 91]. 

The subunits that comprise the two monomers are critical for dimerization and ultrastructure 

stability. Indeed, subunits e, g, and k within Fo have been reported to be essential for ATP dimer 

assembly and subsequent cristae structure-function in yeast mitochondria [92, 93]. Furthermore, 

in the absence of subunits e and g, abnormal, onion-like cristae form [90]. ATP synthase dimers 

may also constitute the calcium-sensitive mitochondrial permeability transition pore (mPTP) [94]. 

mPTP opening is well known to impair cristae ultrastructure, decrease mitochondrial respiration, 

release cytochrome c, and induce cell death. Taken together, these data highlight the critical role 

ATP synthase dimers play in proper membrane curvature and mitochondrial structure-function.  

IM constituents like CL influence ATP synthase assembly and dimerization. As early as 

1973, scientists reported correlations between CL degradation and loss of ATP synthase activity 

[95]. Two decades later Eble et al. reported the first evidence of physical CL-ATP synthase 

interactions using solid state NMR [30]. Today, we know CL specifically binds to the c-rings 

within Fo, which drives ATP synthase rotation and subsequent ATP production [96] (in the 

presence of sufficient membrane potential). Furthermore, recent studies reporting that CL 

deficiency disrupts ATP synthase assembly have complimented earlier findings [95, 97]. Taken 

together, these studies demonstrate the vital role CL plays in ATP synthase stability and support a 

model in which cristae-shaping proteins cooperate with IM lipids to determine cristae form and 

function.   

A variety of diseases are characterized by ATP dimer impairment. Pre-clinical studies in 

yeast reported age-dependent dissociation of ATP synthase dimers that led to decreased cristae 
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[98]. Furthermore, an Alzheimer’s Disease mouse model found disrupted ATP synthase dimers 

that caused reduced ATP production, increased oxidative stress, and mPTP opening [99]. 

Mitochondrial myopathy patients with the 8344A>G mutation (a gene important for mitochondrial 

protein assembly) contain onion-like cristae that are consistent with the dysmorphologies observed 

in mitochondria with F0 mutations [93, 100]. Similar observations of disrupted ATP dimers, 

impaired cristae ultrastructure, and decreased ATP production have been reported in mitochondrial 

disease patients with Leigh’s syndrome [69, 101]. Furthermore, enhanced mPTP opening is well 

characterized in a host of diseases including cardiac ischemia-reperfusion [102], diabetes [47], 

cancer [103], and Parkinson’s Disease [104]. Advancements in biochemical assays and imaging 

modalities during the last two decades have revealed ATP synthase assembly and function is 

critically involved in bioenergetic health. Both pre-clinical and human studies have shown damage 

to ATP synthase dimers leads to compromised cristae structure-function that ultimately, causes a 

variety of diseases. Although the current evidence suggests ATP synthase dimers interact with IM 

lipids like CL, few data exist on whether ATP synthase coordinates with other membrane shaping 

proteins to influence cristae morphology. To this end, Rampelt et al. recently reported ATP dimers 

interact with the MICOS subunit Mic10 [105]. These data suggest the field is beginning to consider 

the cooperation between ATP synthase, MICOS, OPA1, and CL in regulating cristae shape, but 

more studies are certainly needed to investigate their interplay. Furthermore, the ATP synthase are 

often depicted at the cristae rims [23, 69]. The current literature suggests ATP synthases are located 

at CL-enriched domains around the curved regions of the IM. For these reasons, we hypothesize 

these dimers exist in rows ubiquitously expressed around the tubular edges as depicted in Muhleip 

et al. and are not exclusively found at the cristae rims [106]. Future studies employing the use of 

3D microscopy are needed to confirm these hypotheses.  
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Lastly, medicines that stabilize ATP synthase assembly and promote proper cristae form 

and function are currently in development. Several therapies like cyclosporine A reduce mPTP 

opening and confer cellular protection in a host of pre-clinical disease models [107-112]. However, 

these medicines have had little success translating into the clinic [113-115]. Since the ATP 

synthase interacts with the IM lipid environment, another therapeutic strategy could be to target 

CL to indirectly stabilize ATP dimer assembly. Indeed, the cell-permeable, mitochondria-targeting 

peptide, Elamipretide (formerly SS-31, MTP-131, Bendavia), has been shown to localize to CL, 

preserve cristae architecture, improve ATP production, and desensitize mPTP opening in the 

diabetic rat heart [44, 47, 116]. Furthermore, Elamipretide treatment preserved complex V density 

after cardiac ischemia reperfusion injury (Described in chapter 3). In the clinic, Elamipretide 

treatment did not statistically decrease infarct size in patients with myocardial ischemia patients 

[117, 118]. However, Elamipretide treatment dose-dependently improved the distance primary 

mitochondrial disease patients walked in 6 minutes [42]. Taken together, these data suggest 

cationic, lipophilic peptides like Elamipretide target anionic cardiolipin head groups. In turn, the 

peptide-CL interactions may indirectly stabilize CL-ATP synthase interactions to preserve cristae 

form and mitochondrial function in pre-clinical and clinical settings.   

 

 

Do current therapies for mitochondrial disease influence cristae structure-function?   

The field has made tremendous growth in identifying cristae shaping factors that influence 

mitochondrial function. We are now beginning to understand the role these factors play in the 

development of mitochondrial disease as studies are reporting which structural defects accompany 

which disorders [69, 119]. However, more studies examining mitochondria from diseased patients 
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are needed to draw these conclusions. Defining the relationship between these disorders and their 

concomitant structural defects will support the development of therapeutics that are tailored to 

specific diseases. To date, treatments for mitochondrial patients are largely symptomatic and often 

consist of a cocktail of supplements that do not significantly alter the course of the disease [120]. 

Although these supplements and other developing compounds have been reported to improve 

bioenergetic function, their effects on mitochondrial structure are relatively unknown. As we learn 

more about which structural defects drive which diseases, physicians may be able to make patient-

specific decisions regarding which therapies have the best chance of treating the underlying 

dysmorphology. In the next section we briefly review current and developing therapies for 

mitochondrial diseases. We compliment this existing knowledge by providing novel insight into 

how these therapeutics may influence bioenergetic structure, and subsequently, contribute 

evidenced-based recommendations for which compounds may potentially treat specific disorders 

for the first time. In doing so, we hope to accomplish two objectives. First, identify gaps in the 

literature where the effects of these therapies on mitochondrial structure are unknown. Second, 

improve mitochondrial disease patient outcomes by helping to tailor medicines to specific 

structure-function deficits. The therapeutics discussed below are compounds in clinical or 

preclinical development for bioenergetic disorders. For a more in depth review on these 

compounds and other nutritional supplements, we direct the interested reader to an excellent 

review of current therapies for mitochondrial disease [120].  

 

Idebenone/CoQ10  
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Idebenone and CoQ10 (ubiquinone) are mitochondrial treatments that aim to enhance electron 

transport chain (ETC) function. CoQ10 is an integral component of the ETC as it shuttles electrons 

from complexes I and II to III via the Q pool. CoQ10 deficiency is a mitochondrial disease that 

results from defective CoQ10 biosynthesis. A range of CoQ10 supplementation (5-30 mg/kg/day) 

has been shown to improve electron flow and clinical symptomology associated with this 

deficiency [120]. However, although CoQ10 is generally safe for patients, supplementation has not 

shown consistent benefits for other mitochondrial disorders.  

To date, most of the literature has examined the effects of CoQ10 on mitochondrial function 

in a variety of pathological models while outcomes on structure are severely understudied. In one 

of the few studies investigating CoQ10 and mitochondrial morphology, CoQ10 treatment 

significantly prevented burn-induced swelling, cristae loss, cristae fragmentation, and super 

complex dissociation in mice [121]. Similarly, others have reported CoQ10 treatment in 

metabolically-stressed astrocytes preserves mitochondrial mass, cristae number, cristae width, and 

OXPHOS protein expression [122]. Interestingly, these findings were associated with increased 

levels of mitofilin, a MICOS component. These data suggest CoQ10 improves mitochondrial 

structure in vitro, perhaps by stabilizing cristae shaping factors like MICOS. Moreover, a recent 

study by Kaurola et al. demonstrated quinones interact with inner membrane lipid acyl groups and 

have little interaction with cardiolipin [123]. These data suggest CoQ10-mediated protection is 

cardiolipin-independent and may aid in diseases characterized by the loss of cardiolipin like Barth 

Syndrome. Whether these quinone-lipid interactions cause inner membrane morphological 

changes is not presently known. More studies are warranted to corroborate these few reports of 

CoQ10 effects on mitochondrial structure and to determine whether CoQ10 modulates other cristae 
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shaping factors. Finally, investigations demonstrating how these effects translate to the clinic are 

needed.   

 Idebenone is a structural analog of CoQ10 with a more favorable pharmacokinetic profile 

[120]. Idebenone has been studied primarily as a therapeutic for Leber’s hereditary optic 

neuropathy (LHON), a complex I mitochondrial disease characterized by vision loss. In LHON 

patient trials,  3 doses of 300mg idebenone prevented the loss of overall and color vision while 

failing to restore visual acuity toward healthy levels [124, 125]. In pre-clinical studies, idebenone 

has primarily been shown to exert protection through a mechanism purported to involve ROS 

scavenging, although our work indicates that idebenone acts by “bypassing” complex I of the ETC 

and is not a ROS scavenger (Perry, Allen, manuscript currently in review).  

Despite promising clinical outcomes and substantial pre-clinical data demonstrating 

protection of bioenergetic function, there are no studies examining effects of idebenone on 

mitochondrial structure to our knowledge. Due to the similarity between idebenone and CoQ10, we 

speculate that the effects of idebenone on cristae structure are analogous to the protection observed 

with CoQ10. To this end, cristae dysmorphology observed in LHON patients (cristae loss and 

downregulation of mitofilin) is similar to the structural impairments CoQ10 has been reported to 

alleviate [126, 127]. Taken together, these data suggest idebenone may prevent abhorrent cristae 

remodeling in LHON patients, yet further study is needed to confirm this hypothesis.   

 

EPI-743 

EPI-743 is a para-benzoquinone analog. In comparison to CoQ10 and idebenone, EPI-743 is 

comprised of a bis-methyl substitution that changes the quinone ring structure and oxidation-

reduction potential [128]. It is characterized as a mitochondrial antioxidant as it protects against 
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excessive ROS production and prevents depletion of reduced glutathione [128]. EPI-743 has been 

studied in a variety of mitochondrial diseases including Leigh syndrome, MELAS, Friedreich’s 

Ataxia, LHON, and POLG deficiency. In a clinical trial of patients with genetically-confirmed 

mitochondrial disease, treatment generally slowed disease progression and improved clinical 

outcomes [129].  Other clinical studies of patients with Leigh syndrome and LHON have reported 

similar findings ranging from delayed or reversed disease progression to improvements in reduced 

glutathione levels [130-132].  

 Despite these promising clinical outcomes, to our knowledge no studies have examined the 

effects of EPI-743 on mitochondrial structure. Like CoQ10 and idebenone, EPI-743 is a quinone 

analog and it reportedly one thousand to ten thousand fold more potent than CoQ10 and idebenone 

in protecting patient fibroblasts from ROS [129]. Thus, it is likely EPI-743 affords similar or 

enhances the cristae protection observed with CoQ10 treatment. To this end, cristae dysmorphology 

observed in patients with LHON (cristae loss and downregulation of mitofilin) and Leigh 

syndrome (cristae loss, swollen matrix) are similar to the structural impairments CoQ10 has been 

reported to alleviate [69, 126, 127]. Taken together, these data suggest EPI-743 may delay or 

reverse the loss of cristae in patients with mitochondrial disease, but further studies are needed.   

 

RTA-408 

Omaveloxolone (RTA 408) is a semisynthetic oleanane triterpenoid that activates Nrf2 to promote 

antioxidant defense mechanisms [133]. Indeed, RTA 408 has been demonstrated to decrease ROS 

and increase glutathione levels [134]. Clinically, RTA 408 is safe for patients [133] and is currently 

being utilized in clinical trials for mitochondrial myopathies 

(https://clinicaltrials.gov/ct2/show/NCT02255422). In patients with Friedreich’s Ataxia, RTA 408 
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dose-dependently improved neurological function as measured by the Friedreich Ataxia Rating 

Scale (mFARS) exam but did not meet its primary outcome of peak work during exercise testing 

[135].  

 To date, most pre-clinical data indicates RTA 408 protects against mitochondrial disease 

and ROS-induced mitochondrial dysfunction [136]. Despite promising pre-clinical and clinical 

studies demonstrating protection in Friedreich’s Ataxia and other bioenergetic myopathies, no 

studies have investigated the effects of RTA 408 on mitochondrial structure to our knowledge. 

Additionally, few studies have reported how Friedreich’s Ataxia affects mitochondrial structure.  

In one study, Friedreich’s Ataxia patient-derived cells were characterized by abnormal cristae 

ultrastructure but specific alterations and quantitative data were not reported  [137]. Due to the 

lack of evidence characterizing the effects of both RTA 408 and Friedreich’s Ataxia on 

mitochondrial structure, it is difficult to hypothesize how RTA 408 impacts cristae morphology. 

Studies defining the relationships between mitochondrial structure, Friedreich’s Ataxia, and RTA 

408 are desperately needed. Additionally, more evidence is needed to confirm previous 

observations that RTA 408 is protective for patients with Friedreich’s Ataxia and other 

mitochondrial disorders.  

 

Elamipretide  

Elamipretide (formerly SS-31, MTP-131, Bendavia) is a mitochondria-targeted tetrapeptide that is 

known to interact with cardiolipin (CL). Protection of mitochondrial structure-function with 

elamipretide has been demonstrated across a myriad of pre-clinical models [138, 139]. 

Elamipretide is reportedly safe and well-tolerated by patients [42, 118, 140] and is currently being 

used in clinical trials for genetic and age-related mitochondrial diseases. Namely, elamipretide is 
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being tested for primary mitochondrial myopathy, Barth Syndrome, LHON, and age-related 

macular degeneration. Given the dose-dependent improvement in walking distance observed in 

patients with primary mitochondrial myopathy, elamipretide represents a promising therapeutic 

for bioenergetic disorders.  

 Elamipretide has been demonstrated to improve cristae ultrastructure in several pre-clinical 

models characterized by mitochondrial dysmorphology. Notably, elamipretide prevents general 

cristae abnormalities and mitochondrial swelling while improving matrix density [44, 137, 141]. 

We recently reported elamipretide preserved cristae complexity, cristae junctions and networking 

despite sustained losses of CL (Described in chapter 3).  These data suggest elamipretide may be 

beneficial for patients with Barth Syndrome. Despite the plethora of pre-clinical data 

demonstrating elamipretide confers protection against injuries that cause ultrastructure deficits, the 

effects of elamipretide on mitochondrial disease models are relatively unknown. However, the 

compound has been efficacious in clinical trials for patients with primary mitochondrial disease 

suggesting studies testing its effects in in vitro mitochondrial disease models are not warranted. 

Additionally, the observed protection of cristae number and networking in pre-clinical models 

supports its use in patients with LHON as the disease has been characterized by cristae loss and 

fragmentation [126, 127]. Elamipretide is perhaps the most studied compound of those reviewed 

here. However, further investigation is needed to determine if elamipretide-mediated protection of 

mitochondrial structure involves cristae shaping proteins in addition to its role in interacting with 

CL.  

 

Conclusions 
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Mitochondrial diseases are debilitating disorders for which there are currently no FDA 

approved treatments. Several compounds are currently being developed to improve mitochondrial 

function. These therapeutics can improve electron flow through the respiratory chain, scavenge 

mitochondrial ROS, or stabilize mitochondrial lipids. Despite the differing mechanisms in which 

these therapies confer protection, they all represent promising approaches to treat mitochondrial 

diseases. However, the efficacy of these compounds is based on a limited number of studies and 

may only be beneficial in distinct mitochondrial disorders. To understand which therapeutics have 

the best opportunity to treat which diseases, further studies are desperately needed to define the 

relationships between specific morphological decrements, disease, and the reviewed therapies. As 

these investigations are realized, medicines can be tailored to specific diseases to improve patient 

outcomes.  
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Abstract 
 

Mitochondrial dysfunction is a well-established contributor to a wide variety of diseases, 

including various cardiac pathologies.  Barriers to new therapies include a complete understanding 

of the underlying molecular culprits, as well as effective mitochondria-targeted therapies that 

mitigate injury.  In this study we investigated the effects of the cell-permeable tetrapeptide 

elamipretide on recovery of mitochondrial structure-function after acute ischemia-reperfusion.  

Elamipretide is a clinical-stage compound currently under investigation for genetic and age-related 

mitochondrial diseases, yet the mechanism of action is not completely understood.  We used a 

combination of physiological models, mitochondrial imaging, and biomimetic membrane studies 

to test the hypothesis that elamipretide-cardiolipin interactions improved mitochondrial function 

and structure, which are inter-related.  Post-ischemic treatment with elamipretide sustained 

mitochondrial function in intact hearts and permeabilized fibers, with improvements noted across 

electron transport complexes.  Myofiber anoxia-reoxygenation studies conducted in parallel 

indicated a reduction in H2O2 production with elamipretide treatment, ostensibly related to a 

measured decrease in reverse electron transport.  Using two parallel electron microscopy 

paradigms, elamipretide led to maintenance of mitochondrial ultrastructure, notably improving 

cristae interconnectedness.  Structural stabilization was also confirmed using blue-native PAGE, 

where elamipretide preserved the integrity of complex V.  Mass spectrometry studies indicated a 

loss of cardiolipin with ischemia-reperfusion, which was not abrogated with elamipretide 

treatment.  Finally, we used a novel biomimetic membrane system to model the pathological 

mitochondrial membrane, and found that elamipretide improved biophysical pressure-area 

relationships through a mechanism that appears to involve aggregating cardiolipin.  Our data 

indicate that targeting mitochondrial membranes can improve pathological bioenergetics by 
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sustaining cristae networks, this supporting inter-related properties of mitochondrial structure and 

function. 
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Introduction 

The biophysical organization of the mitochondrial inner membrane regulates bioenergetics. Studies 

spanning fifty years have described the intertwined relationship between mitochondrial structure and 

function[1, 2], bolstered in more recent years by advances in imaging modalities [3-5]. Energy-transducing 

membranes within mitochondria are held within cristae, invaginations of the inter-membrane space that are 

surrounded by a gel-like matrix.  The composition of inner membranes is unique, comprised predominantly 

by phosphatidylethanolamine, phosphatidylcholine, and the notable presence of cardiolipin. Cardiolipin 

represents a structurally distinct anionic phospholipid found predominately in the mitochondrial inner 

membrane [6, 7].  Mitochondrial cardiolipin is postulated to exist in clustered microdomains that influence 

mitochondrial structure-function[8].  Specifically, cardiolipin is often found at negatively curved regions 

of the inner membrane, including cristae contact sites with the boundary membrane and along the inner 

leaflet of cristae tubules.  Cardiolipin is essential for protein localization and assembly, profoundly 

influencing mitochondrial dynamics, energetics, and network continuity [9, 10].  Previous studies have 

established oxidation and subsequent loss of cardiolipin across cardiac pathologies, including acute I/R [11, 

12] and heart failure [13-15].  Aside from exogenous perfusion with cardiolipin[16], which may only be 

applicable in experimental settings, there are currently no therapies that can improve mitochondrial function 

by targeting cardiolipin.   

A number of cell permeable, mitochondria-targeting peptides have emerged over the last two 

decades.  This class of peptides typically contain residues of alternating cationic-aromatic motifs ranging 

from 4-16 amino acids, and have been explored for a variety of pre-clinical models (reviewed in [17]).  

Elamipretide (MTP-131, Bendavia) is a cell-permeable peptide currently being tested in several clinical 

trials to mitigate mitochondrial dysfunction associated with genetic- and age-related mitochondrial 

diseases.  This peptide is a structural analog to the SS-31 peptide [18], and consists of a tetrapeptide 

sequence of D-arginine-dimethyltyrosine-lysine-phenylalanine.  Pre-clinical studies spanning numerous 

models and laboratories have demonstrated preserved mitochondrial function and cytoprotection with this 

peptide (reviewed in [19-21]), although the mechanism of action of the peptide has remained elusive.  
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Previous work has indicated that elamipretide can interact with cardiolipin[22], yet the physiological 

consequences of this interaction are not understood.  In this study, we utilized comprehensive and 

complimentary approaches to determine novel decrements in mitochondrial structure-function after 

ischemia-reperfusion injury.  We tested the hypothesis that elamipretide would improve post-ischemic 

mitochondrial structure-function by aggregating mitochondrial cardiolipin domains.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Methods 
 
Animals.  Male Sprague-Dawley rats (aged 2-3 months) were used in the study.  All procedures 

received prior approval from the Institutional Animal Care and Use Committees at East Carolina 

University, Latvian Institute for Organic Synthesis, and Virginia Tech.  Animals were housed in a 

temperature and light-controlled environment and received food and water ad libitum.  Prior to 

excision of the heart, animals received an i.p. injection of ketamine/xylazine (90mg/kg/10mg/kg, 
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respectively), and hearts were excised (after the diminution of animal reflexes) via midline 

thoracotomy and placed in ice-cold saline.  

 

Materials.  All phospholipids were purchased from Avanti Polar Lipids Inc. Elamipretide and the 

TAMRA-elamipretide conjugate were synthesized by New England Peptide. All organic solvents 

were HPLC grade and all other reagents were purchased from either Fisher Scientific or Sigma.   

 

Ischemia-Reperfusion. Excised hearts were perfused on one of four modified Langendorff 

apparatus (AD Instruments) per our established protocols[23, 24]. Hearts were exposed to 20/120 

minutes of global ischemia/reperfusion, respectively.  For the elamipretide treatment, hearts 

received 10uM elamipretide beginning at the onset of reperfusion, which is a well-established 

cardioprotective paradigm in our models[19, 25-27].  Myocardial oxygen consumption was 

measured at the end of reperfusion in a subset of hearts per our established protocols [28].  At the 

end of reperfusion, hearts were split into the experimental groups described below. 

 

High-resolution respirometry in Permeabilized Ventricular Fibers. Two different protocols were 

employed to determine mitochondrial function after ischemic stress in ventricular muscle fibers.  

The first set determined mitochondrial function in fibers isolated after cardiac ischemia- 

reperfusion (“post I/R Studies”).  The second set of studies isolated cardiac fibers from a freshly 

isolated (normoxic) heart, and then induced anoxia-reoxygenation on the isolated fibers (“A/R 

Studies”).   

For post I/R studies, the left ventricle was dissected after the end of reperfusion and placed 

on a petri dish containing ice-cold buffer containing in (mM): 7.2 K2EGTA, 2.8 CaK2EGTA, 20 
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Imidazole, 20 Taurine, 5.7 ATP, 14.3 Phosphocreatine, 6.6 MgCl2-6H2O and 50 MES; pH 7.1. All 

fat and connective tissues were removed under a dissecting microscope, and small cardiac fiber 

bundles (5-7 mg of wet weight) were prepared. Fiber bundles were permeabilized using 50µg/ml 

saponin at 4°C for 20 min. Permeabilized fiber bundles were then washed, 3 times for 5 min each, 

in ice-cold buffer Z containing in (mM): 110 K-MES, 35 KCL, 1 EGTA, 5 K2HPO4, 3 MgCl2-

6H2O, and 5 mg/ml BSA; pH 7.4. The fiber bundles were kept at 4°C in buffer Z until analysis. 

All experiments were conducted at 37°C in presence of 20 µM blebbistatin to prevent 

contraction. Five Oroboros High-resolution Respirometers (Oroboros Instruments, Innsbruck, 

Austria) in the Virginia Tech Metabolism Core were used in parallel to measure O2 consumption 

and/or H2O2 emission per established protocols[29]. Buffer Z was used as respiration medium and 

O2 consumption was monitored during a substrate-inhibitor titration (“SUIT”) protocol to obtain 

a step-by-step analysis of various components of the mitochondrial respiratory chain as described 

by Kuznestov et al.[30]. The addition of substrates and inhibitors was done in the following 

sequence: glutamate/malate (10mM/5mM), ADP (2 mM), rotenone (0.5µM), succinate (10mM), 

antimycin A (5µM), N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD)/ascorbate 

(0.5mM/2mM), cytochrome C (10µM), and FCCP (1µM). At the end of each experiment the fiber 

bundles were washed with distilled water and lyophilized in a freeze-dryer (Labconco, Kansas 

City, MO) for 3 hours and then weighed on a microsclae (Mettler-Toledo XS3DU).  O2 

consumption is expressed in pmol/min*mg dry wt. FCCP data were excluded from 3 fibers because 

they were statistical outliers, with values greater than two standard deviations away from the group 

mean. Respiratory control ratio in permeabilized fibers was calculated as the ratio of ADP-

stimulated respiration divided by respiration with glutamate/malate before the addition of ADP.   
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For A/R studies in ventricular fibers, mitochondrial respiration and H2O2 flux following 

anoxia-reoxygenation were performed using the Oxygraph-2k platform with established protocols 

[31-33]. Cardiac fiber bundles were permeabilized using 50µg/ml saponin and 0.5 mg/ml 

collagenase at 4ºC in 1 ml of buffer A (20mM imidazole, 0.5mM dithiothreitol, 20mM taurine, 

7.1mM MgCl2, 50 mM MES, 5 mM ATP, 15 mM phosphocreatine, 2.6 mM CaK2EGTA, 7.4 mM 

K2EGTA, pH 7.0 at 4ºC). After 15 min incubation, fibers were washed for 15 min in 2 ml of buffer 

B (20mM imidazole, 0.5mM dithiothreitol, 20mM taurine, 1.6mM MgCl2, 100mM MES, 3mM 

KH2PO4, 2.9mM CaK2EGTA, 7mM K2EGTA, pH 7.1 at 37ºC) supplemented with elamipretide 

(100nM) or vehicle. State 3 respiration was stimulated with succinate (10mM), rotenone (0.5µM), 

and ADP (5mM), and the fiber bundle was left to consume all O2 in the respiratory chamber 

(typically within 10-20 min) for the induction of anoxia. After 30 min anoxia, O2 was reintroduced 

to the chamber by opening the chamber to achieve reoxygenation. After 8 min of reoxygenation, 

the chamber was closed and O2 flux monitored for 2 min. At the end of the experiment, antimycin 

A (2.5µM) was added to determine mitochondrial-independent residual oxygen consumption. 

H2O2 flux was measured with 10µM Amplex Red, 1 U/mL horseradish peroxidase (HRP) and 5 

U/mL superoxide dismutase (SOD), and H2O2 was calibrated using serial 0.1 H2O2 µM titrations.  

 

Isolated Mitochondria.  Mitochondria were isolated from the left ventricle and succinate-derived 

reverse electron transport determined using our established protocols[34].     

 

Electron microscopy of mitochondria.  A subset of hearts exposed to ischemia-reperfusion (as 

described above) were imaged by electron microscope (Virginia Tech Morphology Service Core 

Laboratory, Virginia-Maryland College of Veterinary Medicine).  Images were obtained with 
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slight modifications to published protocols [35, 36]. Briefly, the left ventricle was isolated after 

I/R and sectioned into 3x3mm pieces. Sectioned tissue was chemically fixed with 3% 

glutaraldehyde for 24 hours and then washed twice in 0.1M Na-cacodylate for 15 minutes. 

Following the washes, tissue was post-fixed in 1% osmium tetroxide in 0.1M Na-cacodylate for 1 

hour to fix membrane lipids. Samples were dehydrated in graded ethanol solutions of increasing 

concentrations (15%, 30%, 50%, 70%, 95%, and 100%) for 15 minutes, followed by a 15-minute 

submersion in propylene oxide.  Dehydrated tissue was infiltrated with a 50:50 propylene 

oxide:Poly/Bed 812 solution for 12 hours. This step was followed by a 12-hour infiltration protocol 

of 100% Poly/Bed 812, so that the sample resin was polymerized into a hard plastic suitable for 

microtome sectioning. Samples were embedded into molds and cured at 60°C for 48 hours, and 

then sectioned into 90nm slices using a microtome. Slices were loaded into metal grids and stored 

in 100% ethanol until ready for use. For imaging, sections were air-dried and then stained with 2% 

uranyl acetate followed by lead citrate to enhance nucleic acid and cell membrane structure 

contrasts, respectively.  Samples were loaded onto a plate adapter and imaged using transmission 

electron microscopy (JEOL JEM-1400) with a magnification of 25,000X and resolution of 

0.0022um x 0.0022um. Images were processed in Gatan Inc. software and stored on a personal 

computer. Contact image analysis, sarcomere length measurements, mean mitochondrial Feret 

diameter [37], cristae complexity index [38], and electron density were performed with ImageJ.  

For about one-half of the images collected, resolution was insufficient to accurately measure 

cristae complexity, but mitochondrial morphology and electron density could still be obtained. 

Similarly, not all images that contained mitochondria contained measurable sarcomeres, also 

reflected by differing n’s in the analysis.   
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Serial Block Face Scanning Electron Microscopy.  A subset of hearts was fixed with electron 

microscopy-grade buffer (4% paraformaldehyde, 2.5% glutaraldehyde, 0.2M sodium cacodylate, 

pH =7). Tissues were stained and imaged by Renovo Neural Inc. (Cleveland, Ohio).  Briefly, the 

samples were washed, stained with 1% tannic acid for 30 mins and then incubated successively 

with osmium ferrocyanide, thiocarbohydrazide, osmium tetroxide, uranyl acetate and lead 

aspartate, as previously described[39]. Tissues were dehydrated and embedded in Epon resin 

(Electron Microscopy Sciences).   

Trimmed samples were imaged using either a ThermoFisher VolumeScope system on a 

Teneo SEM platform, or a Zeiss Sigma VP scanning electron microscope equipped with a Gatan 

3View in-chamber ultramicrotome stage with Gatan low-kV backscattered electron detector.    On 

both systems, stacks of digital images were acquired at 6.0 nm/pixel resolution (x,y) at 2.0 kV, 

using 65 nm steps (z); these are standard settings that approximate TEM-based imaging.  Each 

resulting serial image stack contained ~500 images (~33µm deep, 49µm high x 49µm wide). 

Images were scaled and sub-stacks were generated and aligned using Image J software with the 

FIJI plugin suite.  To augment the distinction between the mitochondrial cristae and matrix, slices 

were contrast enhanced to 0.5%, CLAHE filtered (511 block size, 512 histogram bins), and 

rendered using a 0.5 gamma processing setting.  

For analyses and 3D reconstructions, the 5-10th slices of mitochondria (325-650nm deep) 

were used across treatment groups. Cristae contact site analyses were performed after contrast 

enhancement by calculating the percentage of cristae networks adhered to the intermitochondrial 

junction on the 5th slice (325nm deep) of all mitochondria across treatments (number of cristae 

within a cristae network ultimately contacting an intermitochondrial junction / total number of 
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cristae).  All cristae longer than 100nm were included in the contact site analyses. A cristae contact 

site was considered to be present if a cristae longer than 100nm was adhered to a IMJ.  

To measure intermitochondrial network connectivity, we analyzed a subset of 

mitochondrial images with 3-7 interconnected mitochondria.  In these images, we utilized the 

flood-fill macro (ImageJ) to highlight inter-connected contrast. A single flood-fill click on an 

internal (in between adjacent mitochondria) intermitochondrial junction was performed to initiate 

intermitochondrial connectivity. The yellow highlighted contrast was subsequently separated from 

the rest of the network using the color threshold tool (0/38 hue, 0/255 saturation, 0/255 brightness, 

mean threshold method, black color, HSB color space, dark background). Yellow highlighted 

networks were then converted to white and the mean grey value was calculated. The percent 

connectivity was measured by dividing the thresholded mean grey value by the total network’s 

mean grey value (i.e., the grey value before employing flood-fill).   

 

Separation of Native Mitochondrial Respiratory Chain Complexes by Blue-Native Polyacrylamide 

Gel Electrophoresis (BN-PAGE).  Separation of mitochondrial respiratory chain complexes was 

performed using BN-PAGE according to methods described by Schägger et al.[40, 41]. Based on 

established protocols that differentiate between supercomplexes and individual ETC 

complexes[42, 43], mitochondrial membranes were solubilized using either digitonin 

(digitonin:mitochondrial protein ratio was 8:1 (w/w)) for isolation of mitochondrial 

supercomplexes, or DDM (DDM:protein ratio of 2:1) for native complexes I, III, and V in sample 

buffer. After solubilization, the samples were centrifuged for 30 min at 20,000 x g, and protein 

content of the supernatant was determined using bicinchoninic acid (BCA protein assay reagent, 

Thermo Scientific, Rockford, IL, USA). Coomassie G-250 was added to each sample in a ratio 
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detergent-to-dye of 8:1 (w/w), and 35 µg total protein from each sample were separated on a Native 

PAGE 3-12% Bis-Tris (Life Technologies, Carlsbad, CA, USA) at 4°C. Running buffer was 

supplemented with 0.02% Coomassie G-250 to allow visualization of protein bands. The stained 

bands were scanned using the Odyssey Infrared Imaging system (LI-COR Biosciences, Lincoln, 

NB), and the densitometric analysis was performed blinded using Image J software (National 

Institutes of Health). 

 

Mass Spectrometry.  A subset of hearts was taken immediately at the end of reperfusion and the 

left ventricle was snap frozen and pulverized using a liquid nitrogen-cooled mortar/pestle.  Thirty 

mg of powdered ventricular tissue was used for shotgun lipidomics, with each sample blinded to 

the lipidomics core. Frozen heart samples were weighed, lyophilized, pulverized, and 

homogenized in 500 µl of ice-cold diluted phosphate-buffered saline (0.1X PBS) on a cooling 

tissue homogenizer (Cryolys Precellys Evolution Homogenizer). Protein assays on individual 

homogenates were performed using a BCA protein assay kit (Pierce, Rockford, IL, USA). Lipids 

were extracted by a modified procedure of Bligh and Dyer extraction as described previously[44, 

45] in the presence of an internal standard (tetra14:1 cardiolipin, 2 nmol/mg protein) which was 

added based on total protein content of the sample. Each lipid extract was resuspended into a 

volume of 200µL of chloroform/methanol (1:1, v/v) per mg of protein and flushed with nitrogen, 

capped, and stored at −20 °C for lipid analysis. For electrospray ionization (ESI) direct infusion 

analysis, lipid extract was further diluted to a final concentration of ~500 fmol/µL by 

CHCl3/MeOH/isopropanol (1:2:4, v/v/v), and the mass spectrometric analysis was performed on a 

Q-Exactive mass spectrometer (Thermo Scientific, San Jose, CA) equipped with an automated 

nanospray device (TriVersa NanoMate, Advion Bioscience Ltd., Ithaca, NY) and operated with 
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Xcalibur software. Identification and quantification of cardiolipin molecular species were 

performed as previously described [46] using an automated software program [47]. The 

determined cardiolipin levels were normalized to the protein content of individual samples. 

Construction of biomimetic lipid monolayers for pressure-area studies. All phospholipids were 

handled with extreme care to prevent oxidation under low light conditions and a gentle stream of 

nitrogen gas using established protocols [48].  Fresh lipid stocks in chloroform (HPLC grade, 

Fisher Scientific) were used for all studies. Biomimetic mitochondrial lipid monolayers were 

generated by co-dissolving lipids (40 mol% 18:0-22:6 PC, 30.0 mol% 16:0-20:4 PE, 20 mol% 

(18:2)4CL, 5 mol% (18:1)2PI, 3 mol% (18:1)2PS, 2 mol% cholesterol) in chloroform (10 µg/µL). 

The trough was washed three times with 70% ethanol, Milli-Q water, and subphase prior to 

collecting pressure-area isotherms. Lipid monolayers were constructed by spotting 10 µg of lipid 

on a subphase of 10 mM sodium phosphate buffer (pH 7.4). Pressure-area isotherms were 

generated using a Mini Langmuir-Blodgett Trough (KSV NIMA, Biolin Scientific, Paramus, NJ) 

as previously demonstrated [49]. The area per molecule was calculated at a physiological surface 

pressure of 30 mN/m as previously shown [49].  

 

Construction of Biomimetic Giant Unilamellar Vesicles (GUVs) for Imaging Microdomains. 

GUVs were constructed via electroformation as previously described [48], and contained 39.9 

mol% 18:0-22:6 PC, 30.0 mol% 16:0-20:4 PE, 20 mol% (18:2)4CL, 5 mol% (18:1)2PI, 3 mol% 

(18:1)2PS, 2 mol% cholesterol, and 0.1 mol% nonyl acridine orange (NAO). Briefly, 10 µg of total 

lipid was spread onto the conductive side of an indium tin oxide coated glass slide. The lipid-

coated slide was subjected to dark vacuum for 1 hr to remove excess solvent. Electroformation 
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occurred at room temperature using a buffer containing 10 mM HEPES (pH 7.4) and 250 mM 

sucrose. Upon completion, samples were prepared for microscopy as previously described [48]. 

For select experiments, the total CL concentration was decreased 25-50% by mass. The addition 

of peptide occurred after monolayer construction or immediately prior to imaging.  

 

Cardiolipin Lipid Vesicle Aggregation Assays.  Multilamellar vesicles (MLVs) of varying 

composition were made as previously described by our groups[50]. Briefly, all lipids (1mg) were 

co-dissolved in HPLC-grade chloroform, extensively dried and re-suspended in 1 ml of 80 mM 

sodium phosphate buffer, pH = 7.4.  The resuspension in buffer was conducted above the phase 

transition temperature (Tm) to ensure complete hydration. The aqueous dispersions were then put 

through three freeze-thaw cycles using dry ice and a water bath set above the Tm of the lipids. 

Stringent precautions including the use of low-light conditions were implemented to prevent 

oxidation of the lipids.  As cardiolipin-enriched MLVs precipitate out of solution upon the addition 

of elamipretide, we devised a simple absorbance assay to quantify the extent of cardiolipin-

elamipretide precipitate using an absorbance wavelength of 300nm.  Titrations of elamipretide 

were introduced by calculating the molar ratios of elamipretide to cardiolipin.  Elamipretide also 

precipitated cardiolipin-containing MLVs when the studies were repeated using higher salt 

(150mM) buffers (data not shown).    

 

Cristae width. A custom Matlab program, previously described [51], was modified and 

combined with a blob algorithm [52] to quantify mitochondrial cristae width.  The program 

calculated, in pixels, the maximal horizontal distance between each side of the cristae.  These 
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values were then averaged over the entire array to produce an average mitochondrial cristae 

width value.  The blob algorithm was utilized to weigh the averages by blob size and reduce 

human intervention in the analysis while quantifying mitochondrial cristae.  Furthermore, the 

blob algorithm was utilized to calculate the total area occupied by networked or orphaned cristae 

(in pixels). 

 

Statistical analyses. All data were analyzed using GraphPad Prism and are presented as mean ± 

sem. We ensured the data were distributed normally, which allowed for parametric analyses. 

Statistical analyses were conducted using a one-way ANOVA followed by a student t-test, with p 

values < 0.05 considered significant. One trace from RET studies was excluded because the 

hydrogen peroxide emission was greater than two standard deviations away from the mean. 

 
Results 
  

Protection of mitochondrial energetics with elamipretide is not electron transport complex-dependent.  We 

first confirmed myocardial uptake and mitochondrial localization using a novel TAMRA-conjugated 

elamipretide (Supplemental Figure S1).  Mitochondrial functional studies are presented in Figure 1.  In 

permeabilized ventricular fibers isolated after reperfusion (“Post-I/R” Fibers), respiratory control ratios 

(RCR; using glutamate/malate substrate) fell from 3.6 ± 0.2 in normoxic fibers to 1.9 ± 0.1 after I/R.  This 

decrement was partially blunted with peptide treatment, with elamipretide leading to a post-I/R RCR of 2.5 

± 0.1.  The substrate-uncoupler-inhibitor-titration (SUIT) protocol employed indicated significant 

decrements in mitochondrial respiration across complexes I-IV after ischemia-reperfusion.  Post-ischemic 

administration of elamipretide improved mitochondrial respiration in both complexes I and II (P<0.05 

compared to ischemia-reperfusion alone, Figure 1A), and trended to improve complex IV-dependent 
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respiration.  Improved mitochondrial bioenergetics was also supported by higher myocardial oxygen 

consumption in the intact heart in post-ischemic hearts receiving elamipretide.   

 

Elamipretide-mediated reductions in H2O2 emission.  A major limitation to using fibers in the above 

paradigm (isolating fibers from the heart after I/R) is that one cannot determine whether the observed 

protection of mitochondrial energetics is a cause versus a consequence of cardioprotection.  Accordingly, 

we next devised a series of studies to determine the efficacy of elamipretide in models where energetics 

can be measured during the insult.  Permeabilized ventricular fibers (from normoxic hearts) were placed in 

a high-resolution respirometry chamber and respired (saturating ADP present, “State 3”) until they 

consumed all of the oxygen in the chamber, thus making themselves anoxic.  To account for variability, 

each fiber preparation was normalized to its own pre-anoxia, normoxic values.  There was an observable 

burst of H2O2 at the onset of reoxygenation, and elamipretide significantly reduced fiber H2O2 emission 

(Figure 1B).  This effect persisted whether H2O2 rates were expressed alone or when normalized to the 

fiber’s simultaneous oxygen consumption rate.   

We then determined if the mechanism of elamipretide involved reduction in ROS emission 

through reverse electron transfer (RET), presented in Figure 1C-E.  There was a modest but statistically 

significant reduction in succinate-derived RET when mitochondria were treated acutely with elamipretide.  

This was reflected whether the H2O2 emission was integrated over a five-minute timespan after succinate 

addition (Figure 1D) or normalized to simultaneous oxygen flux (Figure 1E).  As expected, treatment 

with rotenone abolished almost all RET.  After rotenone treatment there were no differences in the rates 

of H2O2 production between the saline and elamipretide-treated mitochondria (Figure 1E). 

These mitochondrial function studies were accompanied by complimentary studies using blue-

native PAGE, (Supplemental Figure S2).  We did not observe a discernible decrease in mitochondrial 

supercomplex density after I/R (Figure S2A and S2C).  However, there was a decrease in the supercomplex 

coupling (flux control factor) after I/R, which was significantly improved with elamipretide (Figure S2D).  

There was a profound decrease in native Complex V after I/R, which was abrogated with elamipretide 
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(Figure S2B and S2E).  Although previous studies have extracted supercomplex bands from the gel and 

measured discernible respiration[36], in our hands the changes in respiration when substrates were given 

appeared to be an artifact as it was observed even when non-loaded acrylamide gel was placed into the 

respirometer (data not shown).   

 

Protection of mitochondrial ultrastructure.  Given the integral relationships between mitochondrial 

function and structure [4, 37], we employed two different electron microscopy imaging modalities to 

determine mitochondrial morphology in our studies. Results from transmission electron microscopy are 

presented in Figure 2, with representative images in Figure 2A and Supplemental Figure S3.  Ischemia-

reperfusion induced modest mitochondrial swelling, with I/R-saline treated hearts having a significantly 

greater Feret Diameter when compared to normoxic hearts (Figure 2B, P<0.05 versus control).  Treatment 

with elamipretide did not markedly influence mitochondrial swelling based on TEM imaging. Ischemia-

reperfusion induced a substantial decrease in mitochondrial electron density (P<0.05, Figure 2C), which 

was attenuated with elamipretide treatment.  Sarcomeric contracture (z-band width) was prominent with 

ischemia-reperfusion (Figure 3A and 3D), and was not affected by post-ischemic elamipretide treatment.  

Mitochondrial cristae complexity index was significantly lowered after reperfusion, and this decrease in 

cristae complexity was attenuated with elamipretide (Figure 2E).  Cristae width averaged 25.0±1.8nm in 

normoxic mitochondria (n=189) and was not influenced by ischemia-reperfusion (cristae width: 

25.4±0.7nm; n=178) or elamipretide treatment (26.7±0.5nm; n=172).   

 Higher resolution serial block face scanning electron microscopy (SBF-SEM) was employed to 

obtain more advanced structural insight.  These data are presented in Figures 3 and 4 (along with 

reconstructed three-dimensional movies in Figures S4-S6).  Under normoxic conditions, approximately 

65% of cristae were physically adhered to the inner boundary membrane, termed “contact sites”.  I/R injury 

led to a significant decrease in the number of cristae contact sites (Figure 3A and 3B; P<0.05 versus 

normoxia).  Post-ischemic administration of elamipretide blunted the loss of cristae adhered to contact sites 
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(Figure 3B; P<0.05 versus I/R alone).   Among adjoining mitochondria, inter-mitochondrial cristae network 

connectivity analysis indicated a substantial loss in network connectivity between mitochondria (presented 

in Figure 3C and 3D).  Inter-mitochondrial cristae connectivity improved in post-ischemic hearts perfused 

with elamipretide (Figure 3C and 3D).   

 

Separate SBF-SEM analyses were conducted to determine the extent of intra-mitochondrial cristae 

network connectivity.  In these studies, we mapped the connectivity of cristae inside a subset of 

mitochondria using the rationale that contiguous cristae facilitate efficient energy transfer.  We termed 

cristae that were interconnected “networked cristae”, versus cristae that were disconnected from the 

network as “orphaned cristae”.  From our analysis we rendered networked cristae yellow color, and 

orphaned cristae red color.  These data are presented in Figure 4 (with reconstructed three-dimensional 

movies in Supplemental Figures S7-S9). Interestingly, in normoxic hearts nearly all cristae appeared to be 

networked with one another (Figure 4B-4D).   Matrix volume swelling and a substantial loss of cristae 

volume were prominent after reperfusion, which were not prevented with elamipretide (Figure 4A-C).  

However, elamipretide significantly increased the number of “connected cristae” versus cristae that were 

orphaned from the network (Figure 4A and 4D).  Taken together, elamipretide did not prevent 

mitochondrial swelling or the loss of total cristae at reperfusion, but significantly improved cristae contact 

sites with the boundary membrane and reticular connectivity among the cristae network.   

 

Cardiolipin content and composition from mass spectrometry.  The functional and structural importance of 

cardiolipin led us to conduct shotgun lipidomics studies for cardiolipin content and acyl chain composition.  

These data are presented in Figure 5A-B, with the 25 most abundant cardiolipin species from the lipidomics 

studies presented in Table 1.  There was a significant decrease in the total amount of cardiolipin after 

ischemia-reperfusion, as well as a significant decline in the most abundant cardiolipin species (tetralinolyl 

cardiolipin; [18:2]4).  The acute administration of elamipretide at the onset of reperfusion did not abrogate 
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the loss of cardiolipin, the decrease in (18:2)4 cardiolipin, or significantly alter any of the other cardiolipin 

species examined in the study (Figures 5A-B and Table 1).  

 

 

Biophysical studies of elamipretide with mitochondrial membranes.  To better understand the biophysical 

interaction of elamipretide with cardiac mitochondrial membranes, we synthesized biomimetic membranes 

of the inner mitochondrial membrane. The advantage of this model is that it allowed us to tightly control 

lipid composition. Mitochondrial models were composed of physiological species of membrane lipids 

(described in methods), and a cardiolipin content that represented 20% of the total lipids (consistent with 

the content range seen across mammalian mitochondria [38]).  Informed by our cardiolipin lipidomics 

studies (Figure 5A-B), we modeled the effects of cardiolipin loss after ischemia-reperfusion in biomimetic 

mitochondrial membranes by examining the biophysical interactions using a Langmuir trough (which 

provides mean molecular area-pressure isotherms of compressed lipid monolayer films).  A  25% loss of 

cardiolipin (“I/R model”) resulted in a significant reduction in the mean molecular area at a physiological 

membrane pressure of 30 mN/m (Figure 5D), consistent with a loss of membrane density as seen by our 

electron microscopy imaging modalities.  Acute addition of elamipretide to I/R model membranes restored 

the mean molecular area in vesicles with reduced cardiolipin, suggesting a molecular interaction whereby 

elamipretide expands the ‘footprint’ from cardiolipin-enriched domains.  We also modeled severe CL loss 

(50%, more comparable to chronic diseases and also saw an improvement (albeit not restoring the area to 

the non-pathological membrane levels).  Notably, elamipretide treatment of biomimetic monolayers 

without cardiolipin present had no discernible effect on membrane behavior (Figure 5D, left panel).   

To compliment the monolayer studies, we synthesized biomimetic mitochondrial lipid vesicles of 

similar composition.  In the absence of peptide, cardiolipin fluorescence (assessed by NAO localization) is 

uniform across the vesicle membrane and is accompanied by no observable aggregation of adjacent 

vesicles.  Upon the addition of elamipretide to biomimetic vesicles, the NAO signal clustered into enriched 

domains.  This cardiolipin clustering co-localized with fluorescent TAMRA-elamipretide (Figure 5C), 
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providing a complement to our imaging in intact cells (Figure S1).  Furthermore, addition of elamipretide 

promoted aggregation of adjacent lipid vesicles (Figure 5C).  This aggregation effect was not seen in 

vesicles devoid of cardiolipin, and our previous work has shown that proteins that do not associate with 

cardiolipin do not have this effect on CL domains [35]. Additionally, we serendipitously discovered that 

cardiolipin-containing vesicles and elamipretide precipitate when in solution together (Supple Figure S10).  

Titration studies indicated that elamipretide aggregated cardiolipin-enriched vesicles, essentially saturating 

the signal at a molar ratio of one peptide to two cardiolipin (Supplemental Figure S10).  

 

 

Discussion 
 

In this study we used comprehensive approaches to advance our understanding of mitochondrial 

structure-function in hearts exposed to ischemia-reperfusion.  To the best of our knowledge, several aspects 

of our study represent novel findings to the field.  First, we found parallel decrements in mitochondrial 

cristae structure and respiratory function noted across electron transport system complexes after ischemia-

reperfusion. Second, we have provided an innovative new approach to map mitochondrial network 

connectivity in the heart, discovering decrements among and between mitochondrial cristae networks after 

ischemia-reperfusion.  Third, our studies elucidate new mechanistic insight into elamipretide, a clinical-

stage peptide that appears to aggregate cardiolipin and improve mitochondrial membrane structure and 

bioenergetic function without preventing acute cardiolipin loss.  Finally, we highlight the potential of 

utilizing biomimetic model membranes to directly quantify membrane-dependent effects of pathologies and 

putative therapeutics.   

 

Targeting mitochondria in ischemia-reperfusion. Mitochondrial dysfunction is widely observed in cardiac 

pathologies, making the mitochondrial network an attractive target for novel adjuvant therapies[21, 39].  

The mitochondrial panoply responsible for bioenergetics impairments include: reactive oxygen species 

production that exceeds endogenous scavenging capacity, matrix calcium overload, imbalances in substrate 
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content/composition, inner membrane uncoupling, membrane lipid oxidation/degradation, inefficient 

electron flux, opening of energy-dissipating channels/pores, and collapse(s) in mitochondrial membrane 

potential (reviewed in [8, 40, 41]).  A number of different pharmacological approaches have been explored 

to target these aspects of dysfunction, with several compounds progressing to clinical trials (reviewed in 

[42]).  In this study, we sought to improve mitochondrial function by targeting mitochondrial cardiolipin, 

with the hypothesis that restoring membrane structural organization would lead to downstream bioenergetic 

improvements.   

 

Cardiolipin and structural anomalies in pathological mitochondria. The dynamic link between 

mitochondrial function and structure has been known for half a century [1, 2], strengthened in recent years 

with augmented imaging modalities [3, 4].  Mitochondrial ultrastructure is undoubtedly complex, 

encompassing processes involving various membrane lipids, nuclear- and mitochondria-encoded proteins, 

and lipid-protein interactions.  In this study we focused primarily on cardiolipin, a non-bilayer-forming, 

cone-shaped inner membrane phospholipid with two very well-described roles: influencing mitochondrial 

structure and function.   

Cardiolipin contributes to inner membrane structure by imparting negative membrane 

curvature[43] found at cristae junctions and along the inner leaflet of cristae membranes (depicted in Figure 

6).  Cardiolipin also serves as a membrane anchor for mitochondrial proteins essential for the cristae 

assembly/morphology, including ATP synthase dimers [44-48], OPA1 [48-51], mitoregulin [52], and 

components of the mitochondrial contact site and cristae organizing system (MICOS) [10, 53-57].  

Although the role of proteins in influencing cristae structure cannot be understated, proton-dependent 

cristae formation can be observed in inner mitochondrial  

membrane lipid vesicles containing cardiolipin yet devoid of any proteins[58].  Cardiolipin is also 

essential for the activity of a myriad of proteins involved in bioenergetic function [6, 7, 12, 16], making it 

a central player in trying to improve structure-function decrements across bioenergetic diseases.     
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The loss of total and tetralinolyl cardiolipin that we observed corroborates findings from a number 

of previous studies ([12, 16, 59, 60]).  Likewise, mitochondrial ultrastructural defects similar to what we 

observed have been noted across other pathologies[37] characterized by loss of cardiolipin and 

corresponding cristae [7].  Cardiolipin replacement strategies have been tested and include direct perfusion 

of cardiolipin to isolated rat hearts [16] and utilization of cardiolipin-containing nanodiscs [61].  While 

promising, the translational relevance of these paradigms for patients remains to be demonstrated.  

 

Mitigation of bioenergetic dysfunction in post-ischemic mitochondria.  Dysfunction along the electron 

transport system is widely observed across models of ischemia-reperfusion injury.  Our finding of multi-

complex dysfunction after ischemia-reperfusion compliments previous studies noting decrements in 

complex activity, subunit oxidation, and augmented ROS production along the electron transport system 

[41, 62-71].   In this study we utilized a cell-permeable, mitochondria-targeting peptide to determine the 

efficacy in improving mitochondrial structure-function.  Mitochondria-targeting peptides represent an 

emerging class of therapeutics that are being tested across disease indications. These peptides share 

structural homology with endogenous mitochondria-targeting sequences, which are both amphipathic and 

cationic[72].  Likewise, most mitochondria-targeting peptides contain alternating cationic-aromatic amino 

acid motifs [17, 73, 74].  Mitochondria-targeted peptides appear to be lipophilic enough to cross membrane 

barriers, typically contain arginine (especially the D-isomer for enzymatic stability), and are postulated to 

hone to mitochondria based on the negative membrane potential, the presence of anionic phospholipids 

(such as cardiolipin), or combinations thereof.   

To determine if a mitochondria-targeted peptide could improve mitochondrial structure-function, 

we utilized the tetrapeptide elamipretide (D-arginine-dimethyltyrosine-lysine-phenylalanine).  

Elamipretide (MTP-131 or Bendavia) is a salt-variant of the SS-31 peptide first serendipitously discovered 

by Szeto and Schiller [75] in their search for novel opioid receptor ligands.  This peptide has shown 

protective efficacy across myriad preclinical studies (reviewed in [8, 20]) and is currently being tested in 

multiple clinical trials (addressed in more detail below).   
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Improved post-ischemic respiratory function with elamipretide was observed across complexes, 

which corroborates previous studies where elamipretide improved activity or expression of several different 

electron transport complexes [15, 76-78].  These data suggest that elamipretide’s mechanism of action does 

not depend on one particular protein or complex.  The improved bioenergetic function across complexes 

was suggested by studies examining the existence of native protein complexes.  Supercomplex coupling 

control factor, a functional measure of the ‘intactness’ of respirasomes (Chatfield et al.), and native complex 

V structure were both impaired after ischemia-reperfusion and improved with elamipretide.  We did not 

find evidence of robust decreases in supercomplex density after ischemia-reperfusion.  These results are 

consistent with other studies examining supercomplexes after acute cardiac ischemia-reperfusion [79, 80], 

which generally show extremely modest effects of ischemia-reperfusion on supercomplex band density 

(<15% reductions band density).  These findings also corroborate previous work where cardioprotection 

was not associated with augmented supercomplex band density [81].  Given the sensitivity of native protein 

complexes to detergent conditions[82-84], and the issue of sample bias in isolating mitochondrial 

supercomplexes from infarcted myocardium (i.e. isolation procedures enrich for healthy mitochondria), 

future studies are warranted to better understand the relevance of blue-native supercomplexes in models of 

cardiac pathology.   

 

Reduction of mitochondrial ROS emission without direct scavenging.  Despite the use of this peptide across 

scores of studies, there has been uncertainty regarding the mechanism of action.  The SS-31 peptide was 

originally described as a “scavenger” of reactive oxygen species.  While it is clear that elamipretide can 

reduce overall ROS levels from pathological mitochondria ([15, 25]), several lines of evidence suggest that 

it is not scavenging ROS.  We previously showed that the peptide was not scavenging either superoxide or 

hydrogen peroxide as compared to several positive controls using cell-free model systems[19].  Other 

groups have found that elamipretide-mediated reductions in ROS are observed in diseased tissues but not 

healthy tissues[76, 85], also suggesting that the peptide is reducing pathological production of ROS and not 

scavenging per se. Preconditioning of the heart, which has been shown to involve small bursts of ROS that 
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trigger adaptive responses and is typically abolished with “ROS scavengers”, was not abolished with 

elamipretide treatment[26]. Our finding of reduced ROS emission in permeabilized ventricular fibers and 

a modest reduction in reverse electron transfer (RET) [86] provides further evidence that the peptide may 

be reducing succinate-derived RET early in reperfusion. Interestingly, elamipretide-mediated reductions in 

ROS production by the ETC were not observed downstream of ubiquinone (Figure 1), suggesting an 

alternative mechanism than one involving cytochrome c-mediated injury [87, 88].   

 

Targeting cardiolipin to attenuate pathological structure-function.  Using innovative biophysical models 

of the inner mitochondrial membrane we observed interactions between elamipretide and cardiolipin, 

corroborating findings first made by Birk et al.[22, 88].   Among endogenous proteins, arginine and lysine 

amino acid residues are both known to bind with cardiolipin [52], and this interaction was confirmed in our 

studies showing cardiolipin-dependent lipid aggregation.  Another novel aspect of our study was that acute 

elamipretide treatment at reperfusion did not prevent cardiolipin loss observed after acute ischemia-

reperfusion.  While longer term administration of elamipretide (>4 weeks) has shown to normalize aberrant 

cardiolipin in canine models of heart failure [15] and pigs with metabolic syndrome[78], our data indicate 

that the peptide has robust, acute activity to preserve mitochondrial structure-function even in the presence 

of cardiolipin deficiencies.  This beneficial, acute activity suggest that the peptide may be effective in 

diseases characterized by loss of cardiolipin (such as genetic mitochondrial diseases and/ or Barth 

Syndrome).   

We used our mass spectrometry data to synthesize biomimetic membranes of the post-ischemic 

inner membrane.  The loss or oxidation of cardiolipin modeled after ischemia-reperfusion led to a 

discernible change in the membrane structure, notably a decreased area per molecule, which is a measure 

of membrane packing (Figure 5).  Elamipretide promoted a physical ‘aggregation’ of cardiolipin domains, 

where the peptide is acting like a membrane adhesion factor for the cardiolipin that is present (even if it is 

oxidized).  As it is virtually impossible to study mammalian mitochondria devoid of cardiolipin, our finding 
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from the models that elamipretide-mediated lipid aggregation is not present without cardiolipin highlights 

the preferential nature of this interaction.   

We observed mutual benefits for mitochondrial structure and function in pathological (post-

reperfusion) mitochondria.  Our finding of improved mitochondrial ultrastructure with elamipretide in 

cardiac ischemia-reperfusion injury corroborates previous work where elamipretide improved 

mitochondrial morphology in other disease states [78, 88, 89].  In this study we provide advanced insight 

into mitochondrial structure using higher resolution, SBF-SEM.  To the best of our knowledge, this is the 

first time this technology has been employed to map mitochondrial cristae ultrastructural networks in 

cardiac health and pathology.  These studies found that cristae contact sites are disrupted in the post-

ischemic heart, novel findings that compliment altered contact sites seen in other diseases [90, 91].  We 

observed that elamipretide did not prevent the loss in total cristae with reperfusion, consistent with a lack 

of protection against cardiolipin loss (Figures 4L and 5A-B), as these are inter-related [58, 92].  A major 

advancement using this technology is that elamipretide, which appears to aggregate cardiolipin domains, 

partially restored the cristae network connectivity.  This may help explain the robust protection of ATP 

synthase dimers with elamipretide, as ATP synthase and cristae architecture have shown inter-dependent 

declines in other pathologies [46].  Likewise, the modest reduction in RET that we observed was also 

associated with improved cristae ultrastructure, and succinate accumulation has previously been shown to 

induce mitochondrial fragmentation [93].   

If any generalizations can be made about elamipretide’s mechanism across studies to date, it is that 

this peptide appears to exert biological effects predominantly when there is an underlying pathological 

burden present.  The ability of elamipretide to prolong PTP opening [15, 19], improve exercise capacity[85], 

promote cardiolipin remodeling[15, 78], reduce apoptotic signaling[94], stimulate state 3 respiration[87], 

or improve the activity of several different ETC complexes [15, 76-78] is only observed in diseased, aged, 

or damaged (respiratory control ratio <2)  mitochondria.  There appears to be translational support for this 

concept, as a recent clinical trial with elamipretide showed the greatest 6-minute-walk benefit in patients 

who began the study with the largest functional impairments (those who walked <350m before the study 
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saw the greatest benefit) [95].   As the sequence of elamipretide contains two non-natural amino acids, there 

is no known homology between this peptide and endogenous assembly or mitochondrial fusion factors, 

although the up-regulation of cristae assembly factors (such as OPA1) has been recently observed after 

elamipretide treatment [96, 97].  

Given the cationic and aromatic repeats, and that many mitochondrial assembly proteins have 

conserved RYL or RYK motifs [52, 98-101], it is tempting to speculate that the peptide is acting as an 

enzymatically resistant, cell-permeable analog of an endogenous assembly factor(s).  Such a mechanism 

may explain why there are little/no observable effects in healthy mitochondria across studies with 

elamipretide as noted above. Healthy inner membranes may be sufficiently intact such that the addition of 

an adhesion factor has a negligible effect.  This type of mechanism may also promote the utility of this 

peptide (and related analogs) across mitochondrial pathologies that share the commonality of structural 

abnormalities[3, 4].  Clearly further testing is warranted to better elucidate the efficacy of elamipretide 

across other pathologies.   

 

Elamipretide in the clinic. As a therapeutic in development, elamipretide appears to be safe and well-

tolerated by patients [95, 102, 103], and recently showed promise in improving functional parameters in 

adults with primary mitochondrial myopathies[95].  A Phase 2 clinical trial using elamipretide in STEMI 

patients was conducted in 2015 [102].  Despite some interesting trends to reduce events associated with 

congestive heart failure, there was no significant effect of peptide treatment[104].  The major limitation to 

this study was that ~40% of patients had to be excluded due to open arteries at the time of reperfusion.  Pre-

clinical studies have indicated that post-ischemic perfusion of elamipretide is no longer efficacious if started 

>10 minutes after reperfusion, ostensibly to attenuate structure-function decrements that occur in the first 

few minutes of reperfusion[19].     

 

Conclusions 



 

 65 

In this study we provide unprecedented insight into mitochondrial structure-function 

derangements in acute ischemia-reperfusion.  We have combined comprehensive functional 

measurements in mitochondria, fibers, and the intact heart, with innovative new imaging 

modalities examining cristae architecture.  Or data indicate that while elamipretide does not 

prevent the loss of cardiolipin, post-ischemic treatment can improve a variety of functional and 

morphological characteristics of mitochondria even with cardiolipin loss.  Our new approaches to 

synthesize biomimetic models that recapitulate inner membrane lipids has profound potential to 

expand our understanding of the consequences of phospholipid alterations.  Future studies 

utilizing these complimentary approaches will continue to advance the development of 

mitochondria-targeting strategies.   

 

Limitations  

We acknowledge that there are limitations to our SBF-SEM imaging studies.  The number of 

experimental replicates (n=8-10) is somewhat low for these data. Hundreds of hours were spent 

reconstructing high resolution, 3D mitochondria and their networks from each treatment group. 

For these reasons, we complemented these data with transmission electron microscopy images 

(n=59-70 mitochondria from 3 hearts per treatment group), and demonstrate similar findings across 

imaging modalities.  

 

Conclusions 

Abhorrent cristae ultrastructure underlies the pathology associated with mitochondrial dysfunction 

and disease. Despite sustained losses in cardiolipin and cristae volume, elamipretide preserved 

respiratory function across complexes, inner membrane biophysical integrity, and cristae 

connectivity. This has potential implications for several mitochondrial diseases characterized by 
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the loss of cardiolipin and cristae, i.e., Barth Syndrome. To this end, our study supports the 

continued clinical development for elamipretide as a therapeutic for patients with mitochondrial 

disease. Future studies should continue to investigate the effects of other cationic, lipophilic 

peptides on mitochondrial structure-function and how they contribute to health and disease.    
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Figure 1: Improvement of mitochondrial function with elamipretide. (A) Decrements in mitochondrial respiration were seen across
different mitochondr ial complexes and substrate conditions in permeabilized fibers and intact hearts, with elamipretide providing
improved function across complexes. (B) In permeabilized ventricular f ibers, elamipretide reduced H2O2 emission associated with
reoxygenation. (C-E) Effects of elamipretide on reverse electron transport (RET) stimulated by succinate administration. Effects of
elamipretide on reverse electron transport (RET) stimulated by succinate administration. (C) Representative trace of succinate-
supported RET. (D) Elamipretide led to modest reductions in RET whether analyzed as an integrated response after succinate or
steady-state. (E) Rotenone substantially reduced H2O2 emission, with no differences between saline and elamipretide groups. *,
P<0.05 versus normoxic; #, P<0.05 versus saline.
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Figure 2: TEM data from hearts in the study.  (A) Representative images from experimental groups.  Images were analyzed for mitochondrial
feret diameter (B), matrix electron density (C), sarcomere length (D), and cristae complexity index (E).  *, P<0.05 v normoxic; #, P<0.05 versus 
I/R + Saline. Scale bar represents 2um. 
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Figure 3: Serial block-face scanning electron microscopy images of mitochondrial ultrastructure in the experimental groups. Mitochondria
were analyzed for contract site analysis (A) and intermitochondrial network connectivity (C), with quantified data in panels (B) and (D),
respectively. *, P < 0.05 versus normoxic, #, P<0.05 versus I/R saline. Three-dimensional reconstructions of these images are presented in
the Supplemental Figures, Figure S5. Scale bar represents 500nm.
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Figure 4: Serial block-face scanning electron microscopy images of single mitochondrial ultrastructure in the experimental groups.
Mitochondria were analyzed for cristae connectivity. (A) Top Panel: individual slices from SBF-SEM imaging showing cristae networking.
Middle Panel: cross-section of composite stacks indicating networked (yellow) and orphaned cristae (red). Bottom Panel: mitochondrial
cross-section showing only networked cristae (from middle panel). Composition of total mitochondr ial volume (B) total cristae volume (C)
and connected cristae volume were measured in each experimental groups. *, P<0.05 versus normoxic; #, P<0.05 versus I/R.
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Figure 5: Elamipretide-mediated protection of mitochondrial function was observed despite sustained declines in total cardiolipin (A) and

tetra-linolyl cardiolipin (B) after ischemia-reperfusion (assessed by mass spec). This loss in CL content was recapitulated by creating models

of mitochondrial inner membrane lipids (C-F). (C) GUV imaging of mitochondrial CL with NAO and fluorescent TAMRA-elamipretide, as well

as elamipretide-mediated vesicle aggregation. (D) Pressure-area isotherms at physiological membrane pressure (30mN/m) showing effects

of losing CL content and elamipretide interactions to augment lipid area despite CL losses. This was observed in our I/R model and with

severe (50%) declines in total CL. (E) Isotherms from model membrane studies looking at the effects of CL oxidation and Elam on pressure-

area relationships (F) Proposed model in which elamipretide aggregates CL to preserve inner mitochondrial membrane integrity. *, P<0.05 v

control, #, P<0.05 v. I/R.
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Supplemental Figures 
 
 
 

 
 
 

Cardiolipin Species Control Ischemia-Reperfusion Ischemia-Reperfusion + 
Elamipretide 

18:2-18:2-18:2-18:2 74.36 ± 4.38 68.17 ± 3.47 65.58 ± 3.03 
18:2-18:2-18:2 4.47 ± 0.33 4.69 ± 0.63 5.78 ± 0.35 

18:2-18:2-18:2-22:6 3.53 ± 0.70 3.80 ± 0.47 3.82 ± 0.62 
18:2-18:2-18:2-20:3 2.91 ± 0.08 2.98 ± 0.14 2.96 ± 0.15 
18:2-18:2-18:2-20:4 2.30 ± 0.27 3.12 ± 0.22 3.05 ± 0.22 
18:2-18:2-18:2-22:5 
18:1-18:2-18:2-22:6 

 
1.63 ± 0.26 2.05 ± 0.20 1.99 ± 0.19 

18:2-18:2-18:2-20:2 1.40 ± 0.13 1.56 ± 0.07 1.49 ± 0.10 
18:2-18:3-18:2-18:2 1.23 ± 0.06 1.03 ± 0.07 1.06 ± 0.06 
18:2-18:2-18:2-16:1 1.17± 0.10 1.53 ± 0.05 1.28 ± 0.03 
18:1-18:2-18:2-20:2 0.37 ± 0.04 0.40 ± 0.03 0.38 ± 0.04 
18:1-18:2-18:2-22:5 
18:1-18:1-18:2-22:6 

 
0.35 ± 0.06 0.51 ± 0.05 0.49 ± 0.04 

14:0-16:1-16:1-16:1 0.29 ± 0.04 0.24 ± 0.06 0.07 ± 0.03 
18:2-18:2-18:2-16:0 0.29 ± 0.02 0.36 ± 0.03 0.32 ± 0.03 
18:2-18:1-18:1-16:1 
18:2-18:2-18:1-16:0 

 
0.17 ± 0.03 0.24 ± 0.03 0.21 ± 0.03 

18:2-18:2-16:1-16:1 0.16 ± 0.01 0.22 ± 0.01 0.19 ± 0.01 
18:2-18:2-18:1 0.15 ± 0.04 0.22 ± 0.05 0.26 ± 0.03 

16:1-18:1-18:1-18:1 0.12 ± 0.03 0.21 ± 0.03 0.17 ± 0.03 
18:2-18:3-18:2-20:4 
18:2-18:2-16:1-22:6 

 
0.07 ± 0.02 0.10 ± 0.01 0.10 ± 0.02 

18:2-18:2-20:3 
18:2-18:1-20:4 

 
0.07 ± 0.01 0.11 ± 0.02 0.14 ± 0.01 

18:2-18:3-18:2-16:1 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 
	

Table 1:Myocardial cardiolipin levels after ischemia-reperfusion, expressed as a percentage of total cardiolipin
per sample (data are the top 25 most prevalent cardiolipin isoforms frommass spectrometry studies).
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Pre Post Pre Post

Unconjugated TAMRA ELAM-TAMRA Conjugate

A. B.

Supplemental Figure 1. Elamipretide localizes to mitochondria. (A) multiphoton images from the pre and post perfused,
intact heart with unconjugated TAMRA and the TAMRA-elamipretide conjugate. (B) Confocal images of C2C12 mouse
myoblasts showing the TAMRA-elamipretide conjugate localizes specifically to mitochondria whereas unconjugated
TAMRA does not. (C) Pearson's correlation analysis of co-localization with mitotracker green (from panel B).
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Supplemental Figure 2: Effect of I/R and Elamipretide treatment on respiratory supercomplexes from BN-PAGE studies.
Representative super complex blots (A) and blots from complexes I, III, and V (B). There were no statistically significant
differences across groups in super complex density (C) while we observed I/R-induced decrements in super complex
flux control factor (D) and complex V density (E) that were both alleviated with Elamipretide treatment.

A. B.

C. D. E.

Normoxic
(n = 6)

I/R
 + Saline

(n = 6)

I/R
 + Elamipretide

(n = 6)

0

200

400

600

800

1000

C
om

pl
ex

 V
 B

an
d 

D
en

si
ty

 (A
.U

.)

*

#

Normoxic
(n = 6)

I/R 
+ Saline
(n = 6)

I/R 
+ Elamipretide

(n = 6)

0

250

500

750

1000

1250

1500

S
u

p
er

co
m

p
le

x 
B

an
d

 D
en

si
ty

 (A
.U

.)

Normoxic 
(n = 11)

I/R
+ Saline 
(n=21)

I/R 
+ Elamipretide 

(n = 32)

0.0

0.1

0.2

0.3

0.4

S
up

er
co

m
pl

ex
 F

lu
x 

C
on

tr
ol

 F
ac

to
r

*

#



 

 82 

 
 

Normoxia Saline Elamipretide

Supplemental Figure 3. TEM images of mitochondria from normoxic (A), I/R + saline (B), and I/R + Elamipretide hearts.
Scale bars represent 500nm.
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Supplemental Figure 4. Representative SBF-SEM movie of mitochondria from normoxic hearts.  
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Supplemental Figure 5. Representative SBF-SEM movie of mitochondria from I/R + saline hearts.  
 
 
 
 
 
 
 
 
 

I/R + Saline 
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Supplemental Figure 6. Representative SBF-SEM movie of mitochondria from I/R + saline hearts.  
 
 
 
 
 
 
 
 
 
 
 
 

I/R + Elamipretide 
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Supplemental Figure 7. Representative SBF-SEM movie of cristae networking within one cross-
sectioned normoxic mitochondrion. Yellow cristae are networked while red cristae are orphaned.  
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Supplemental Figure 9. Representative SBF-SEM movie of cristae networking within one cross-
sectioned I/R + saline mitochondrion. Yellow cristae are networked while red cristae are orphaned.  
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Supplemental Figure 9. Representative SBF-SEM movie of cristae networking within one cross-
sectioned I/R + saline mitochondrion. Yellow cristae are networked while red cristae are orphaned.  
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Supplemental Figure 10: Elamipretide aggregates cardiolipin-containing lipid vesicles. Elamipretide was added to
cardiolipin vesicles at the indicated peptide:lipid ratios. We observed lipids “crash” out of solution with elamipretide
treatment and subsequently measured the absorbance of each well. Maximal absorbance was measured at a 1 peptide
to 2 lipid ratio.
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lipophilic peptides as endogenous assembly factor mimetics 
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Abstract 

Mitochondrial structure and function are inextricably linked, with decrements in structure-function 

noted across diseases. Alternating cationic, lipophilic motifs are known to stabilize mitochondrial 

protein assembly, and are a shared feature of many mitochondria-targeted peptides.  In this study, 

we determined if a new peptide, RYKF, restored mitochondrial structure-function in pathological 

mitochondria. We then complemented these studies with biomimetic mitochondrial membrane 

models to test RYKF-cardiolipin interactions. Vectors and adenoviruses inducing RYKF 

expression were utilized in C2C12 myoblasts and peptide expression was confirmed with a GFP 

reporter. Vector-mediated RYKF expression significantly improved maximal mitochondrial 

respiration after a metabolic stressor while Adeno-RYKF trended to improve function. In contrast, 

exogenous RYKF peptide treatment did not protect maximal respiration from peroxide injury. 

Transmission electron microscopy was employed to study isolated mitochondria from rat left 

ventricle treated with RYKF after a freeze thaw injury. Decrements in cristae complexity and 

mitochondrial networks were observed with injury, and RYKF pre-treatment significantly 

improved these morphological deficits. Synthetic lipid membranes were constructed to model 

healthy and diseased inner mitochondrial membranes and test for RYKF-cardiolipin interactions. 

Confocal imaging of lipid membranes suggested RYKF aggregates cardiolipin. In diseased 

membranes containing 25% less cardiolipin, RYKF restored the biophysical integrity of the 

membranes toward the healthy control. These data suggest RYKF may be aggregating CL-

containing membranes, and in turn, mimicking an endogenous mitochondrial assembly factor that 

stabilizes cristae ultrastructure and bioenergetic function. Mitochondria-targeted peptides 

represent a promising therapeutic approach to treat diseases characterized by mitochondrial 

dysmorphology. 
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Introduction 

In the early 1940s, Dr. Albert Claude concluded “the mechanism by which molecular 

oxygen is utilized […] in the cell can be ascribed in large measure, if not entirely, to a definite 

morphological entity” [1]. This proclamation was ahead of its time as Dr. Claude was among the 

first scientists to hypothesize mitochondrial form and function were interrelated. A decade later, 

the advent of high resolution electron microscopy enabled investigators to study the basic 

morphology of  mitochondria for the first time [2]. Today, advances in imaging technologies 

permit detailed insight into mitochondrial structure-function and how their interdependent 

relationship contributes to health and disease.  

Mitochondria are double membraned organelles composed of a limiting outer membrane 

(OM) and protein-rich inner membrane (IM). The IM is characterized by the presence of 

cardiolipin (CL), a unique phospholipid exclusively found within the IM. Specifically, CL is 

located in the inner leaflet where it imparts negative membrane curvature and drives protein-

protein interactions [3, 4]. Accordingly, CL physically interacts with protein complexes at the 

curves of the IM. CL is also essential for the formation and maintenance of cristae, the  

invaginations of the IM [5]. Cristae house the electron transport chain (ETC), an assembly of CL-

dependent protein complexes that drive ATP production [6]. Cristae are dynamic structures that 

switch from a contracted, “orthodox” shape to an expanded, “condensed” morphology upon 

activation of the ETC [7, 8]. To this end, Cogliati et al. described cristae as “dynamic biochemical 

reactors” that reorganize their structure according to the energetic needs of the cell [9]. The loss 

of CL is concomitant with cristae dysmorphology and these structural decrements have been noted 

across pathologies [10]. In pre-clinical models, exogenous CL perfusion protects against diseases 

characterized by CL loss [11]. However, the clinical translation of this therapy is unknown. To 
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date, there are no FDA-approved therapeutics to treat diseases characterized by CL loss and the 

concomitant  decrements in cristae ultrastructure.  

Conserved LYR tripeptide sequences plus a highly conserved, downstream phenylalanine 

motif (LYR + F) have been identified in a superfamily of eukaryotic proteins [12]. These 

endogenously expressed, conserved peptide sequences and their larger proteins are known to 

interact with mitochondrial scaffolding proteins and aid in respiratory complex assembly [13] [14]. 

Similarly, elamipretide is a tetrapeptide in clinical trials for mitochondrial diseases, and consists 

of D-arginine-dimethyltyrosine-lysine-phenylalanine [(D)R-Dmt-K-F)]. We previously reported 

elamipretide improves mitochondrial structure-function by aggregating the mitochondrial-specific 

lipid cardiolipin. In this study we tested the hypothesis that a novel peptide sequence, RYKF, may 

show similarity to the endogenously expressed, conserved LYR + F motifs that stabilize 

mitochondrial protein assembly. In this study, we utilized RYKF to test the hypothesis that non-

natural cationic, lipophilic peptides mimic endogenous mitochondrial assembly factors and 

preserve bioenergetic structure-function during disease.   
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Methods  

 

Animals. Male Sprague-Dawley rats (aged 2-3 months) were used in this study.  All animal 

procedures were approved by the Institutional Animal Care and Use Committees at Virginia Tech.  

The animals were housed in a temperature and light-controlled environment and received food and 

water ad libitum.  Prior to excision of the heart, animals received an i.p. injection of 

ketamine/xylazine (90mg/kg/10mg/kg, respectively). Hearts were excised (after the diminution of 

animal reflexes) via midline thoracotomy and placed in ice-cold saline.  

 

R-Y-K-F Synthesis. Synthesis of the RYKF peptide was achieved by solid phase peptide synthesis 

using N-α-Fmoc protected L-amino acids (Novabiochem) (3 equiv), Pyoxim (Peptides 

International) (3 equiv) in DMF as coupling reagent, and DIEA (Aldrich) (6 equiv) on Rink amide 

MBHA resin (100–200 mesh) (Novabiochem) with 0.52 mmol/g loading. The Fmoc group was 

deprotected with 20% piperidine in DMF. The solid phase synthesis was performed on a vacuum 

manifold (Qiagen) outfitted with 3-way Luer lock stopcocks (Sigma) in either Poly-Prep columns 

or Econo-Pac polypropylene columns (Bio-Rad). The resin was mixed in solution by bubbling 

nitrogen during all coupling and washing steps. The acetyl-capped peptide was prepared by 

deprotecting the Fmoc group with 20% piperidine in DMF followed by washing the resin (3x 

DMF, 3x DCM). A 1:1 acetic anhydride:piperidine mixture was added to the resin and bubbled 

for 5 minutes. The resin was then washed (3x DMF, 3x DCM, 3x DMF, 3x DCM). Finally, the 

resin was treated with 85:5:5:5 TFA (trifluoroacetic acid, Acros)/H2O/TIS (triisopropylsilane, 

Acros)/EDT (ethanedithiol, Sigma-Aldrich) (v/v/v/v) for 4 h. The supernatant was dried under 

reduced pressure, and the crude peptide was triturated from cold diethyl ether. The peptides were 
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purified using a Jupiter 4 lm Proteo 90 Å semiprep column (Phenomenex) using a solvent gradient 

composed of 0.1% TFA in Milli-Q water and HPLC grade acetonitrile. The identity of the peptide 

was determined by LC/MS Peptide purity was determined using a Jupiter 4 lm Proteo 90 Å 

analytical column (Phenomenex). HPLC Solvent A: 0.1% TFA in Milli-Q water, Solvent B: HPLC 

grade acetonitrile. Expected m/z of H-RYKF-NH2, 612.3616, observed m/z, 612.3641. Expected 

m/z of Ac-RYKF-NH2, 654.3722, observed m/z, 654.3713. 

 

Cell lines and culture conditions. Mus musculus myoblast cell line C2C12 (American Tissue 

Culture Collection, Manassas, VA) was used for expressing the peptide RYKF. Media and 

reagents for growing and maintaining cells were purchased from Life Technologies Corporation 

(Carlsbad, CA). The cells were maintained in Dulbecco’s modification of Eagle medium (DMEM) 

supplemented with 10% (by volume) fetal bovine serum and 1% penicillin-streptomycin. Cells 

were sustained in a humidified incubator at 37ºC and 5% CO2. A 0.25% trypsin-EDTA solution 

was used for detachment of cells.   

 

Escherichia coli strain DH5α chemically Competent cells (Life Technologies Corporation) were 

used for constructing the recombinant expression plasmids. Bacteria carrying the plasmids were 

maintained in Luria Bertani (LB; Sigma-Aldrich, St. Louis, MO) agar or broth, and sustained in a 

humidified incubator at 37ºC and 5% CO2.  

 

Construction of the recombinant vector to express RYKF peptide. The IgKzsGreen1 furin 

cleavage/RYKF peptide sequence was PCR amplified and cloned at EcoRI/HindIII site of the 

plasmid pCMV5-MCS (Addgene, Watertown, MA). The resulting recombinant plasmid was 
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designated as pCMV5::RYKF and harvested from E. coli DH5α grown at 100 µg/ml ampicillin 

(Sigma-Aldrich). The vector pCMV5-MCS without the peptide sequence was also harvested using 

the same procedure and used as a control in the assays described below.  

 

Construction of the recombinant vector to express RYKF peptide with the aid of a mitochondrial 

targeting sequence. The RYKF sequence together with a mitochondria targeting sequence (MTS) 

was cloned into the plasmid vector pCMV5 maxi (Addgene) to produce the recombinant vector 

(designated) CMV5-6a2MTS::RYKF. This plasmid did not possess a gene to express green 

fluorescence but was expected to express RYKF peptide. A control plasmid constructed by cloning 

the MTS region together with a green fluorescence gene but without an RYKF sequence was 

designated CMV5-6a2MTS:2sGreen. This second plasmid was expected to produce fluorescence 

but with no expression of RYKF  

Transfection of C2C12 cells with the recombinant plasmids. Two different transfection reagents 

were used separately to facilitate the transfection, i.e., Lipofectamine 2000 (Life Technologies 

Corporation, and Xfect (Takara Bio USA, Inc., Mountain View, CA). Approximately 1 million 

C2C12 cells/well incubated overnight in growth medium in 6-well plates were transfected with 2 

or 5 µg of DNA of pCMV5::RYKF, pCMV5-MCS, CMV5-6a2MTS::RYKF, or CMV5-

6a2MTS:2sGreen  using the procedures provided by the manufacturers. The transfection procedure 

using Xfect reagent was briefly as follows. Two to five µg of plasmid DNA was added into 100 

µl final volume of Xfect Reaction Buffer; 1.5 µl of Xfect polymer was added to the DNA-buffer 

mixture; mixture was incubated at room temperature for 10 min; DNA-buffer-polymer mixture 

was added into the wells containing 1 ml of complete growth medium; and after 4 h of incubation 

at standard culture conditions, the medium was replaced with fresh medium. Transfection using 
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Lipofectamine 2000 was briefly as follows. Two µg of plasmid DNA were diluted in 0.5 ml of 

growth medium without serum and mixed; 10 µl of Lipofectamine 2000 was diluted in 0.5 ml of 

growth medium without serum; two of the above components were combined and the mixture was 

incubated at room temperature for 20 min; cell monolayers grown overnight were washed with 

1ml of pre-warmed growth medium without serum; the cell monolayer was overlaid with the 

diluted DNA-lipofectamine mixture and incubated for 5 h; and 1 ml of growth medium containing 

twice the concentration of serum without removing the transfection mixture was added. Under 

both transfection procedures, after 48 to 72 hours of incubation, cells were harvested and viewed 

by confocal microscopy. 

Construction of adenovirus stains carrying RYKF peptide. Adenovirus Expression System 3 

(Takara Bio USA, Inc.) was used as the carrier. The pAd-X PRLS promoterless vector was used 

as the backbone plasmid. CMV-GOI-hgHterminator cassette was cloned into pAd-X PRLS vector 

via IN-Fusion cloning. The adenovirus strain manipulated to carry the IgKzsGreen1 furin 

cleavage/RYKF peptide cartridge was designated as Adeno::RYKF. The control adenovirus strain 

expressing only the green fluorescent protein (GFP) was designated as Adeno::GFP.  

 

Transduction of C2C12 cells with Adenovirus stains carrying RYKF peptide. C2C12 cells were 

plated on 6-well plates approximately 4x105 cells/well in 1 ml medium and incubated overnight. 

Cells were subsequently transduced with Adeno::RYKF or Adeno::GFP strains at 1:100 

cell:adenovierus ratio using reagents and a procedure provided by ibidi GmbH (ibidi USA, Inc., 

Madison, WI). Briefly, adenoviruses were thawed on ice; 2.7 µl of ibiBoostTM Adenovirus 

Transduction Enhancer was mixed with 0.5 ml of culture medium; appropriate volumes of 

adenoviral particles were added into the solution and mixed by flicking the tube; solution was 
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incubated for 30 minutes with shaking at 400 rpm at room temperature; culture medium was 

removed from the cells and the pre-incubated adenovirus/ibiBoostTM mixture was added; after 4 

h of incubation at standard culture conditions, adenovirus/ibiBoostTM mixture was replaced with 

1 ml of fresh medium. After 48 to 72 hours of incubation, cells were harvested and viewed by 

confocal microscopy. The transfection reagent polybrene (Sigma-Aldrich) was used at 5 µg/ml in 

culture medium during transfection. To assess the effect of ibiBoostTM Adenovirus Transduction 

Enhancer, experimental groups with or without this reagent were used.  

 

Examination of fluorescence production by using confocal microscopy. Approximately 50,000 

cells were plated on MatTek glass cover slips (MatTek Corporation, Ashland, MA) and incubated 

overnight at 37°C and 5% CO2. Fluorescence signals were analyzed by recording stained 63x 

images using a confocal laser scanning microscope. 

 

Cellular Respiration: Exogenous RYKF Treatment. Oxygen consumption rate (OCR) was 

measured in XF96 and XFe96 Seahorse Extracellular Flux Analyzers (Agilent Technologies, Santa 

Clara, California, USA) according to our previously published methods [15]. Briefly, C2C12 cells 

were seeded in Seahorse microplates at 1.5 x 100 cells per well. Cells were incubated overnight 

(37°C, 5% CO2)  to  adhere. After incubation, cells were treated with saline or 100nM-10uM 

RYKF for 3 hours at 37°C, 5% CO2. Following pre-treatment, 500uM H2O2 was added to the wells 

to injure the cells for 4 hours. The media was then removed and 180uL of Seahorse XF Media (XF 

Base Medium, 10mM pyruvate, 10mM glucose, 2mM glutamax, pH 7.4, 37°C) was added to each 

well. The microplate was then placed into the Seahorse Extracellular Flux Analyzer and a 

mitochondrial stress test was completed. After baseline measurements, sequential injections of 
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oligomycin (1ug/mL), FCCP (2uM), and antimycin A (2uM) were added to assess the bioenergetic 

status of the cells. Statistical analyses were then performed by normalizing the data to antimycin 

A respiratory values.  

 

Mitochondrial studies.  For mitochondrial morphology studies, mitochondria were isolated from 

the left ventricles of Sprague Dawley- male rats according to our previously published methods 

[16]. Mitochondria were processed for imaging and treatment according to methods described in 

[17]. Briefly, mitochondria were diluted to 0.5mg/mL in PBS and incubated for 20 minutes at 

room temperature with saline or 10uM RYKF. Following incubation, mitochondria were subjected 

to 3 cycles of a 1-minute freeze (dry ice with 70% ethanol), 1 minute thaw (55°C) injury. 

Mitochondria were then pelleted using a centrifuge at 12,000g for 10 minutes at 4°C. The pellet 

was subsequently fixed with 1% glutaraldehyde in PBS for 90 minutes at room temperature, 

washed with PBS, and fixed in 1% osmium tetroxide for 2 hours at 4°C. After fixation, the pellets 

were dehydrated with graded ethanol and infiltrated with propylene oxide and resin. The pellets 

were cured in the resin for 48 hours at 60°C. The blocks were thinly sectioned to 60nm and adhered 

to nickel grids for 30minutes at 60°C to prepare for imaging. Following sectioning, the grids were 

rinsed in water and stained with 2% uranyl acetate for 5 minutes.  

 

Transmission Electron Microscopy. Mitochondrial pellets from rat left ventricle (see above for 

isolation protocol) were imaged using transmission electron microscopy (Virginia Tech 

Morphology Service Core Laboratory, Virginia-Maryland College of Veterinary 

Medicine). Samples were imaged according to our previously published methods (Described in 

chapter 3). Briefly, samples were imaged at a magnification of 25,000X and resolution of 
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0.0022um x 0.0022um. The images were processed in the Gatan Inc. Software and stored on a 

personal storage device. Mitochondrial complexity index and intramitochondrial networking were 

calculated from the images as described below.  

 

Mitochondrial Complexity Index. Transmission electron micrographs of isolated mitochondria 

were used to calculate the mitochondrial complexity index using previously published methods  

[18]. Briefly, lines were drawn through the major (longest length) and minor (width) axes of the 

mitochondria. The number of times cristae intersected the axes were counted to calculate the 

cristae complexity.  

 

Mitochondrial Networking. Transmission electron micrographs of isolated mitochondria were 

used to calculate mitochondrial networking. All networking calculations were completed 

according to our previously defined methods (described in chapter 3). Briefly, the yellow flood-

fill macro (Image J) was used to highlight the networked cristae. A single flood-fill click on the 

most bottom left cristae was performed to initiate the connectivity within mitochondria. The 

yellow highlighted cristae were thresholded and converted to white. The mean grey value was then 

calculated. The percent connectivity was measured by dividing the thresholded mean grey value 

(networked cristae) by the total mean grey value (total mitochondrial grey value prior to flood fill 

macro use).   

Construction of biomimetic giant unilamellar vesicles. Biomimetic giant unilamellar vesicles 

(GUVs) were constructed via electroformation as previously described [19], and contained 39.9 

mol% 18:0-22:6 PC, 30.0 mol% 16:0-20:4 PE, 20 mol% (18:2)4CL, 5 mol% (18:1)2PI, 3 mol% 

(18:1)2PS, 2 mol% cholesterol, and 0.1 mol% nonyl acridine orange (NAO). Briefly, 10 µg of total 
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lipid was spread onto the conductive side of an indium tin oxide coated glass slide. The lipid-

coated slide was subjected to dark vacuum for 1 hr to remove excess solvent. Electroformation 

occurred at room temperature using a buffer containing 10 mM HEPES (pH 7.4) and 250 mM 

sucrose. Upon completion, samples were prepared for microscopy as previously described [19]. 

For select experiments in which the CL concentration was altered, the total CL concentration was 

decreased 25-50% by mass. For experiments involving the addition of peptide, a final 

concentration of 20 uM peptide was added to the vesicles immediately prior to imaging.  

Construction of biomimetic lipid monolayers. All phospholipids were handled with extreme care 

to prevent oxidation under low light conditions and a gentle stream of nitrogen gas.  Fresh lipid 

stocks in chloroform (HPLC grade, Fisher Scientific) were used for all studies. Initially, 

biomimetic mitochondrial lipid monolayers were generated by co-dissolving lipids (40 mol% 18:0-

22:6 PC, 30.0 mol% 16:0-20:4 PE, 20 mol% (18:2)4CL, 5 mol% (18:1)2PI, 3 mol% (18:1)2PS, 2 

mol% cholesterol) in chloroform (10 µg/µL). The trough was washed three times with 70% 

ethanol, Milli-Q water, and subphase prior to collecting surface pressure-area isotherms. Lipid 

monolayers were constructed by spotting 10 µg of lipid on a subphase of 10 mM sodium phosphate 

buffer (pH 7.4). For select experiments in which CL’s concentration was altered, the total CL 

concentration was decreased 25-50% by mass. For experiments involving the addition of peptide, 

a final concentration of 1 uM peptide was injected underneath the subphase immediately after 

spotting lipid. Pressure-area isotherms were generated using a Mini Langmuir-Blodgett Trough 

(KSV NIMA, Biolin Scientific, Paramus, NJ) as previously demonstrated [20]. Secondary analysis 

of raw surface pressure-are isotherms were performed at a physiological surface pressure of 30 

mN/m as previously shown [20]. 
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Statistical Analysis. Data are reported at mean ± SEM. Comparisons between treatment groups 

were first analyzed by one-way ANOVA. If statistical differences were detected, values between 

2 groups were compared with student’s t-test. Statistical significance was established at p < 0.05.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 
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RYKF is expressed in recombinant cell lines. We constructed RYKF-encoding plasmids tagged 

with green fluorescent protein (GFP) to confirm RYKF cellular expression and stability. Green 

fluorescence was observed in recombinant C2C12 cells transfected with the plasmid 

pCMV5::RYKF. Approximately 90% of cells transfected with 2 µg of the pCMV5::RYKF 

plasmid using Xfect reagent produced fluorescence (Figure 1). Significantly less fluorescence was 

observed in transfections performed using the reagent Lipofectamine 2000 (data not shown). 

Importantly, cells transfected with the control pCMV-MCS plasmid DNA did not fluoresce (Figure 

1A). Similarly, we transduced C2C12 cells with adenovirus constructs to confirm RYKF cellular 

uptake and stability. We observed that cells transduced with Adeno::GFP and Adeno:RYKF 

fluoresce green, whereas cells not transduced with an adenovirus did not fluoresce (data not 

shown). These studies confirm RYKF was delivered to and expressed in our cultured cells.  

 

Exogenous RYKF treatment does not protect cellular respiration from peroxide injury. Data from 

cellular respiration studies are presented in Figure 2. Mitochondrial function was determined in 

cultured C2C12 cultured myoblasts stressed with 500uM H2O2. This injury  significantly decreased 

maximal respiration by 62.5% in the vehicle (saline) control group (Figure 2A). Pre-treatment with 

exogenous RYKF peptide at final concentrations of 100nM, 1uM, and 10uM did not significantly 

protect mitochondrial respiration from the peroxide injury (Figure 2A) (p < 0.05).  

 

Vector-mediated RYKF expression of RYKF protects cells from peroxide injury. Vectors 

containing RYKF were delivered to cultured C2C12 myoblasts to determine if endogenous 

expression of RYKF protected mitochondrial function. A peroxide stressor (500uM H2O2) 

significantly impaired maximal respiration by 50% (Figure 2B). This functional decrement in 
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mitochondrial function was significantly improved by 37% in cells treated with the RYKF vector 

(p < 0.05).  

 

Viral expression of RYKF does not significantly protect cells from hypoxia nutrient deprivation 

(HND) injury. To complement our vector studies, we virally transfected cells with RYKF to 

determine if endogenously expressed RYKF protected mitochondrial function (Figure 2C). 

Hypoxia  plus nutrient deprivation (HND) injury significantly decreased maximal respiration by 

35%. RYKF expression enhanced maximal mitochondrial respiration by 10%, but this 

improvement was not statistically significant (Figure 2C). Notably, there were no differences in 

maximal respiration between non-injured controls and non-injured cells expressing RYKF (p < 

0.05). 

 

RYFK protects mitochondrial cristae complexity from freeze thaw injury. To complement our 

mitochondrial function studies, we devised a series of imaging experiments to determine if RYKF 

affected bioenergetic morphology (Figure 3). Freeze thaw injury significantly decreased the cristae 

complexity of isolated mitochondria by 24% (Figure 3A). When isolated mitochondria were pre-

treated with 10uM RYKF prior to freeze thaw, we observed a significant 19% improvement in 

cristae complexity (p < 0.05), suggesting RYKF protects against cristae loss.  

 

RYKF preserves intramitochondrial networking after freeze thaw injury. The maintenance of 

cristae morphology during disease is associated with improved mitochondrial connectivity and 

networking (Described in chapter 3, chapter 3). Accordingly, we examined how a freeze thaw 

injury affected intramitochondrial networking in isolated mitochondria. In healthy, non-injured 
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mitochondria, 60% of cristae were connected (Figure 3B). However, freeze thaw injury 

significantly impaired intramitochondrial networking in vehicle control (saline) mitochondria and 

led to a 39% decrease in cristae connectivity (Figure 2B). Pre-treatment with 10uM RYKF prior 

to freeze thaw injury significantly enhanced mitochondrial networking by 35% (p < 0.05).  

 

RYKF maintains biophysical properties of mitochondrial membranes. To gain insight into how 

RYKF preserves cristae morphology, we synthesized biomimetic inner mitochondrial membranes 

to test for peptide-lipid interactions (Figure 3). Inner membrane models were composed of 

physiological phospholipid levels, including 20% cardiolipin content. The lipid compositions 

(described in methods) were consistent with those observed across mammalian mitochondria [21]. 

We previously observed a 25% loss of cardiolipin content after ischemia-reperfusion injury 

(Described in chapter 3, chapter 3). Accordingly, we modeled this loss in our biomimetic 

membranes and examined the effects in a Langmuir Trough to study molecular area-pressure 

isotherms on lipid monolayers (i.e. lipid packing). The 25% loss of cardiolipin (disease model) 

resulted in a significant decrease in the mean molecular area at physiological membrane pressure 

(30mN/m) (Figure 4B). Addition of 1uM RYKF to the disease modeled membrane completely 

restored the mean molecular area back to healthy levels.  

 We complimented these studies by synthesizing giant unilamellar lipid vesicles (GUVs) of 

similar composition. We utilized NAO to study cardiolipin fluorescence in the lipid vesicles 

(Figure 3). In the absence of protein and peptide, we observed that cardiolipin is uniformly 

distributed around the cross-sectional surface of the lipid vesicle. However, after the addition of 

RYKF, cardiolipin fluorescence clusters (Figure 4A).  
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Discussion 

 

We utilized RYKF to test the hypothesis that alternating cationic, lipophilic peptides mimic 

endogenous mitochondrial assembly factors that preserve bioenergetic structure-function during 

disease. Our evidence suggests that RYKF protects mitochondrial structure-function from 

metabolic stress. The findings presented here are novel for several reasons. First, we demonstrate 
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that endogenous expression of cationic, lipophilic peptides improves mitochondrial function and 

this was associated with preserved cristae ultrastructure. Next, we developed a novel method to 

calculate the connectivity of cristae networks in isolated mitochondria. Finally, RYKF preserves 

the biophysical integrity of the inner membrane despite losses of CL.  

 

Effects of RYKF on mitochondrial function.  We observed that endogenous RYKF expression 

protected mitochondrial function (albeit modestly in viral studies) whereas exogenous RYKF 

treatment had no effect (Figure 2). Taken together, these data suggest exogenous RYKF is not cell 

permeable or is being degraded by intracellular processes prior to reaching mitochondria. 

Interestingly, previous data has reported mitochondria-targeting peptides are cell permeable but 

need a non-natural arginine (D-R) for intracellular stability [22]. Because we tested a peptide 

containing the natural arginine (L-R), this may explain why we did not observe protection with 

exogenous RYKF treatment in our cellular model. Indeed, we previously reported mitochondria-

targeting peptides containing a D-arginine residue protect cellular respiration from the same 

peroxide stressor employed in the present study [23]. To this end, the data suggest exogenous 

RYKF treatment is not protected from cellular degradation mechanisms while endogenously 

expressed RYKF appears to be intracellularly stable as confirmed by our RYKF-GFP reporter. 

Although our confocal microscopy studies confirmed the presence and stability of RYKF in cells, 

we did not verify the peptide localized to mitochondria. The images presented in Figure 1 suggest 

RYKF-GFP fluorescence is peri-nuclear and consistent with mitochondria-targeted dyes, but 

further studies examining their overlay is are needed to confirm this hypothesis.    
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RYKF protects cristae ultrastructure. Because the relationship between mitochondrial structure 

and function is interdependent, we next employed transmission electron microscopy (TEM) to 

study how RYKF affects cristae morphology (Figure 3). Treatment with RYKF significantly 

improved injury-induced decrements in cristae complexity. These data suggest RYKF pre-

treatment protected against the loss of cristae, and are consistent with previous reports that freeze 

thaw-induced membrane rupturing causes decrements in mitochondrial ultrastructure and cristae 

loss [24, 25].  

As both a cause and consequence of impaired morphology, freeze thaw mitochondria are 

known to produce more reactive oxygen species (ROS), which subsequently causes bioenergetic 

dysfunction and cell death [26, 27]. These decrements in structure-function are reportedly 

improved by mitochondria-targeted antioxidants like Mitoquinone (MitoQ) [28]. Although we 

report RYKF similarly improves mitochondrial structure-function, the naturally-occurring peptide 

does not seem to exert protection as a ROS scavenger (Perry, unpublished). This is supported by 

studies reporting that mitochondria-targeted peptides without dimethyltyrosine do not scavenge 

ROS [29]. Additionally, we previously concluded that a putative non-natural analog of RYKF, 

elamipretide, does not scavenge ROS in cell-free systems while others report the peptide decreases 

ROS in diseased mitochondria but has no effect on healthy tissues [30-32]. Future studies 

employing cell free systems and mitochondria-targeted antioxidants like MitoQ as positive 

controls are needed to confirm this hypothesis. Instead, our findings that RYKF preserves cristae 

complexity in isolated mitochondria and enhances respiration supports an alternative mechanism 

in which endogenous peptide expression stabilizes bioenergetic structure.  

We further examined cristae morphology in freeze-thaw mitochondria by analyzing 

mitochondrial networks (Figure 3B). Recent evidence suggests mitochondria exist in a highly 
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connected reticulum that rapidly conducts electrical current to distribute energy throughout cells 

[33]. Accordingly, mitochondrial diseases are characterized by the loss of connectivity and 

network fragmentation [34]. In the present study, we found that pre-treatment with RYKF 

significantly preserved intramitochondrial networks after freeze thaw injury. These data are 

consistent with other findings reporting that the maintenance of bioenergetic structure and cristae-

shaping factors preserves mitochondrial connectivity [35]. To our knowledge, these studies are 

among the first to quantify the connectivity of cristae within a single mitochondrion. These 

analyses provide a map of where electrical currents, metabolites, ATP, and other mitochondrial 

contents may be transmitted by the cristae.  

However, despite the novelty in routing the pathways that potentially distribute 

mitochondrial content, we acknowledge there are limitations to these analyses. For example, it is 

unknown which substances within mitochondria are being transmitted along interconnected 

networks within and between mitochondria. To this end, Skulachev reported mitochondria 

propagate their membrane potential along electrically-coupled networks [36, 37] while others have 

complemented these findings by demonstrating pH flashes can spread between contiguous 

networks [35]. Taken together, these data may suggest RYKF supports the transmission of 

membrane potential and protons within isolated mitochondria. Moreover, the present study did not 

investigate how RYKF impacts networking across multiple mitochondria. We previously reported 

elamipretide, a potential non-natural analog of RYKF, enhanced the interconnectedness of 

networks composed of three to nine mitochondria in pathological systems (described in chapter 

3). Given the resemblance between elamipretide and RYKF, it is tempting to speculate that RYKF 

would exert comparable effects. However, future studies are needed to conclusively determine 

whether or not RYKF can similarly enhance network connectivity in cell or whole tissue models.  
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RYKF effects on the Inner Membrane Lipid Organization. Given the critical role cardiolipin (CL) 

plays in stabilizing cristae form and function, we next created mitochondrial membrane models to 

test the hypothesis that RYKF interacts with CL to stabilize inner membrane morphology (Figure 

3). In our giant unilamellar vesicles (GUV) mimicking the phospholipid environment of cristae 

(20% CL), we observed a uniform distribution of CL (Figure 4A). Interestingly, when RYKF was 

added to GUVs, CL clustered into domains, suggesting the peptide physically aggregates CL. 

These results are consistent with previous reports from our group (Described in chapter 3) and 

others [38] demonstrating cationic, lipophilic peptides like RYKF and elamipretide interact with 

anionic lipids such as CL.  

To gain greater insight into how RYKF-CL interactions affect the biophysical properties 

of the cristae, we synthesized mitochondrial inner membranes to study lipid packing at a 

physiological pressure (30nM/m) (Figure 4B). In previous studies, we observed a 25% loss of both 

total and 18:2 CL content after ischemia-reperfusion injury (Described in chapter 3). Accordingly, 

we synthesized our mitochondrial membranes to mimic this diseased-induced loss of CL and 

subsequently, studied the lipid area. The diseased membranes exhibited a significantly less mean 

molecular area (P<0.05), suggesting that membranes containing 25% less CL lose their biophysical 

integrity. These results are consistent with a number of studies reporting CL loss drastically 

impairs inner membrane architecture [39]. Interestingly, diseased membranes treated with RYKF 

demonstrated a mean molecular area comparable to healthy controls that contained 20% CL. These 

studies were protein free, and the enzymatic and molecular machinery needed for CL biosynthesis 

was not present. Thus, we ruled out the possibility that RYKF promoted de novo CL synthesis to 

sustain the biophysical integrity of the inner membrane.  
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Instead, we propose a mechanism in which RYKF mimics an endogenous mitochondrial 

assembly factor. We hypothesize RYKF aggregates CL to adhere the damaged membrane, and in 

turn, this molecular adhesion stabilizes the inner membrane assembly and maintains the lipid area. 

Our findings that endogenously expressed RYKF protected mitochondrial function are congruent 

with this hypothesis. Additionally, the observed RYKF-mediated improvements in cristae 

complexity and networking after freeze thaw support this mechanism as the peptide prevented 

injury-induced inner membrane disintegration and subsequent cristae fragmentation. However, 

there are current limitations to this hypothesis as we have not definitively proven RYKF-mediated 

membrane remodeling is CL-dependent. Future studies are needed to investigate the effects of 

RYKF in GUVs and biomimetic inner membranes devoid of CL.   

Further evidence supporting our hypothesis is illustrated by the presence of conserved 

tripeptide LYR motifs found in a superfamily of eukaryotic proteins [12, 13]. These LYR proteins 

also contain a highly conserved phenylalanine (F) residue downstream of the LYR motif (LYR + 

F). Together, this endogenously expressed, conserved peptide sequence is remarkably similar to 

RYKF. LYR + F sequences are located near the N-terminus of ~15kDa polypeptides and are 

known to interact with mitochondrial protein complexes. Indeed, LYR tripeptide sequences are 

reportedly involved in the assembly of complexes I, II, III, and V of the ETC [13], and the 

conserved, downstream phenylalanine residue (LYR + F) may be needed for complex I activity 

and stability [14]. Furthermore, the LYR proteins have been demonstrated to interact with 

mitochondrial scaffolding proteins, and recently, this interaction was suggested to help coordinate 

the assembly of ETC complexes with substrate availability [40]. Although our studies did not 

directly test the effects of RYKF on ETC complex assembly or the ability to interact with 

mitochondrial scaffolding proteins, our data suggest endogenous RYKF expression similarly 



 

 112 

improves ETC function and cristae stability. Taken together, RYKF may exert protection by 

mimicking conserved, endogenously expressed peptide sequences like LYR + F that facilitate 

proper mitochondrial protein assembly and ETC function. Our current and previously reported 

data suggest RYKF and its non-natural analog, elamipretide, aggregate CL and in turn, stabilize 

cristae ultrastructure and improve mitochondrial function. To our knowledge, it is unknown if 

LYR or LYR + F sequences similarly interact with CL to indirectly promote ETC structure-

function or if the conserved sequences directly stabilize respiratory proteins independent of CL. 

Because LYR and LYR + F sequences are hydrophobic, cationic, and their larger proteins aid in 

fatty acid synthesis, it is tempting to speculate that they interact with anionic lipids like CL. 

However, future studies are needed to confirm these hypotheses.   

 

 

 

 

 

 

 

 

Limitations  

 

In addition to the limitations already described, there are other drawbacks to our study we would 

like to acknowledge. First, we did not test the effects of RYKF on non-injured cells (except viral 

studies) and isolated mitochondria. We have not observed any effects of elamipretide, the non-
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natural analog of RYKF, in healthy controls across experimental models. These findings are 

supported by our viral control studies in which RYKF expression did not affect mitochondrial 

function in non-injured cells. Furthermore, our mitochondrial networking analyses are limited by 

their 2D scope. Mitochondria and their cristae are 3D structures. The acquired electron 

micrographs are from multiple 60nm (z) slices, yet whether or not the cristae (~30nm diameter) 

were networked at some point above or below each slice is unknown. However, these novel 

analyses provide a quicker and significantly cheaper approach to measuring mitochondrial 

networks. Finally, we subjected isolated mitochondria to freeze thaw and did not perform mass 

spectrometry to measure cardiolipin content following the injury. Therefore, we cannot certify that 

the observed freeze thaw-induced losses of cristae complexity and networking were due to losses 

of cardiolipin. This may also limit our interpretations of the biomimetic membrane studies. We 

modelled our diseased mitochondrial membranes after a previously observed 25% loss of 

cardiolipin following ischemia-perfusion injury. It is unknown whether a similar loss of cardiolipin 

occurs after freeze thaw injury. Despite the inconsistencies across models, mitochondrial 

morphology is similarly affected in both ischemia reperfusion and freeze thaw as we have 

demonstrated both injuries significantly impair cristae density and networking. Thus we believe 

our comparisons across models are valid.  

 

Conclusions 

 

We provide evidence that the alternating cationic, lipophilic tetrapeptide sequence, RYKF, 

protects mitochondrial structure-function. Interestingly, we observed similar CL-RYKF 

interactions and improved cristae morphology that was associated with respiratory chain protection 
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when RYKF was endogenously expressed. Given that conserved, tripeptide sequences of 

alternating cationic, lipophilic motifs stabilize respiratory complex assembly and function in 

humans, our data suggest RYKF may be mimicking an endogenous mitochondrial assembly factor. 

Future studies are needed to corroborate this hypothesis and the role mitochondrial phospholipids 

like cardiolipin play. In all, these data demonstrate the potential of mitochondria-targeted peptides 

to alter inner membrane organization, improve abhorrent bioenergetic structure-function, and treat 

diseases characterized by mitochondrial dysmorphology.  
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Figure 1. Confocal microscopic images of of C2C12 mouse myoblasts transfection with control (A) or recombinant (B) plasmids. The pCMV5-
MCS plasmid was used for cloning, and the IgKzsGreen1 furin cleavage/RYKF peptide was PCR amplified and cloned at the EcoRI/HindIII site.
Approximately 1 million cells were transfected with 2ug Xfect in 6 well plates. (A) The pCMV5-MCS control vector does not fluoresce green 
inside cells, whereas (B) the recombinant pCMV5-RYKF DNA vector fluoresces green, confirming RYKF expression in ∼90% of cells. 
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Figure 2. Effects of exogenous treatment and endogenous expression of RYKF on mitochondrial function in cultured cells. Seahorse traces are 

normalized to antimycin a values in top panel with corresponding FCCP (maximal) respiratory rates in bottom panel. Order of injections was

oligomycin (2uM), FCCP (1uM), Antimycin A (2uM). (A) 3 hour pre-treatment with 10uM RYKF did not protect against peroxide-induced 

decrements in C2C12 myoblast maximal respiration. N = 11 per group. (B) Endogenously expressing RYKF with vector-mediated delivery 

significantly protected C2C12 maximal respiration from a peroxide injury. N = 16-32 per group. (C) Endogenously expressing RYKF via viral 

transfection trended to but did not significantly protect C2C12 maximal respiration from hypoxia nutrient deprivation (HND) injury. N = 11 per 

group. *, P<0.05 v control; #, P<0.05 versus injured control. 
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Figure 3. TEM images of mitochondria illustrating the effects of RYKF on mitochondrial structure. Isolated mitochondria from rat left ventricle were pre-
treated with 10uM RYKF for 30min and subjected to 3 cycles of a 1min freeze 1min thaw injury. (A) Mitochondria were analyzed for cristae complexity 
by counting the number of cristae intersections along the horizontal and vertical axes. N = 26-42 mitochondria per group. (B) Intramitochondrial 
networking was calculated using the yellow flood fill tool in image j as previously described (Allen et al). N = 20 mitochondria per group. *, P<0.05 v 
control; #, P<0.05 versus freeze thaw. 
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Figure 4. RYKF reorganizes biomimetic mitochondrial inner membrane lipids. (A-B) GUV imaging of cardiolipin (CL) with NAO. 20uM RYKF was added 
to GUVs in (B). N = 30-75 GUVs per group. We previously observed a 25% loss of total and 18:2 CL content in the ischemia-reperfused heart (Allen et 
al, 2019). This loss in CL content was recapitulated in diseased membrane models (C-D). Pressure-area isotherms at physiological membrane pressure 
(30mN/m) show the effects of losing CL content and RYKF (1uM) interactions to augment lipid area despite CL losses. N = 3-6 biomimetic membranes 
per group. *, P<0.05 v control; #, P<0.05 versus disease model. 
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Chapter 5 

Conclusion 

 

Mitochondrial structure-function plays a critical role in health and disease. The cristae, 

invaginations of the inner membrane, host the oxidative phosphorylation (OXPHOS) machinery 

that produces energy. Healthy cristae are “dynamic biochemical reactors” capable of reorganizing 

their structure to facilitate the electrochemical processes needed to produce ATP [1]. Indeed, upon 

activation of OXPHOS the IM shifts from a contracted, “orthodox” state to a wider, “condensed” 

morphology [2, 3]. The ability of cristae to properly complete these dynamic morphological shifts 

is dependent on lipids and proteins that regulate their structure and function. Namely, cardiolipin, 

MICOS, OPA1, and ATP synthase dimers all collaborate to maintain cristae shape [1, 4].  

 Defects in one or a combination of these cristae shaping factors causes severe impairments 

in mitochondrial structure-function that lead to a variety of diseases. Notably, decrements in cristae 

shaping factors underlie debilitating mitochondrial diseases. To date, there are no FDA approved 

treatments for mitochondrial disease, but several compounds aiming to improve mitochondrial 

function are currently being developed.  These therapeutics can improve electron flow through the 

respiratory chain, scavenge mitochondrial ROS, or stabilize mitochondrial lipids. However, their 

effects on cristae shaping factors and overall mitochondrial structure are relatively understudied. 

In an effort to understand which therapeutics have the best opportunity to treat which diseases, 

further studies are desperately needed to define the relationships between specific morphological 

decrements, disease, and therapeutics. As these investigations are realized, medicines can be 

tailored to specific diseases and improve patient outcomes. 
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In the present work, we studied elamipretide, a cell-permeable tetrapeptide in clinical trials 

for genetic and age-related mitochondrial disease. Importantly, we demonstrated elamipretide 

aggregates the cristae shaping factor cardiolipin. To this end, cardiolipin aggregation was 

associated with restored inner membrane biophysical integrity, preserved cristae ultrastructure, 

protected cristae networks, and improved respiration across electron transport chain complexes. 

We also observed similar cardiolipin interactions and subsequent protection of mitochondrial 

structure-function with a naturally-occurring peptide sequence, RYKF. Taken together, our 

findings suggest cationic, lipophilic peptides may mimic endogenous mitochondrial assembly 

factors. However, future studies are needed to corroborate this hypothesis and the role 

mitochondrial phospholipids like cardiolipin play.  

Several aspects of our findings are novel to the field. First, we showed that improvements 

in pathological bioenergetics is observed with elamipretide across electron transport system 

complexes. Second, elamipretide reduced the emission of mitochondrial reactive oxygen species 

through a modest reduction in reverse electron transport and preservation of some (but not all) 

native respiratory complexes. Third, these functional improvements were associated with 

augmented mitochondrial structure, particularly as it pertains to the cristae network. Fourth, 

structure-function improvements with elamipretide are observed without preventing the acute loss 

of cardiolipin. Fifth, mechanistic experiments with biophysical models of the mitochondrial inner 

membrane in cardiac health and disease provided unpreceded insight into the consequences of 

cardiolipin loss, and demonstrated that acute elamipretide and RYKF treatment aggregates 

mitochondrial membranes in a cardiolipin-dependent manner. Finally, we developed a novel 

method to calculate the connectivity of cristae networks in mitochondria.  
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Collectively, these data demonstrate the potential of mitochondria-targeted peptides to alter 

inner membrane organization, improve abhorrent bioenergetic structure-function, and treat 

diseases characterized by mitochondrial dysmorphology. Our findings support the development of 

a new class of mitochondria-targeted peptides comprised of alternating cationic, lipophilic motifs. 

These peptides represent a promising therapeutic approach for mitochondrial diseases 

characterized by underlying cristae dysmorphology. Our findings suggest RYKF and elamipretide 

alike may be mimicking conserved, endogenously expressed mitochondrial assembly factors. 

Importantly, the presented work supports the continued development of mitochondria-targeting 

molecules for a variety of mitochondrial diseases, particularly those characterized by the loss of 

cardiolipin and cristae.  
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