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ABSTRACT 

 Mounting evidence suggests that CYP epoxygenase-derived metabolites of 

docosahexaenoic acid, called epoxydocosapentaenoic acids (EDPs), limit mitochondrial 

damage following cardiac injury. In particular, the 19,20-EDP regioisomer has 

demonstrated potent cardioprotective action. Thus, we investigated our novel synthetic 

19,20-EDP analog SA-22 for protection against cardiac IR injury. Isolated C57BL/6J 

mouse hearts were perfused via Langendorff apparatus for 20 minutes to obtain baseline 

function followed by 30 minutes of global ischemia.  Hearts were then treated with either 

vehicle, 19,20-EDP, SA-22, or SA-22 with the pan-sirtuin inhibitor nicotinamide (NAM), or 

the SIRT3-selective inhibitor 3-(1H-1,2,3-triazol-4-yl) pyridine (3-TYP) at the start of 40 

minutes reperfusion (n = 5-8). We assessed IR injury-induced changes in recovery of 

myocardial function, using left ventricular developed pressure, systolic and diastolic 

pressure change. Tissues were assessed for electron transport chain (ETC) function, 

SIRT-1 and -3, optic atrophy type-1 (OPA1), and caspase-1. We also utilized H9c2 cells 

and neonatal rat cardiomyocytes (NRCMs) as in vitro models of hypoxia/reoxygenation 

injury. Perfusion with SA-22 significantly enhanced LVDP and dp/dt-max functional 

recovery (+50 percentage points) compared to vehicle alone, preserved ETC function, 

SIRT activity, and reduced activation of pyroptosis in response to IR and HR injury. 

Interestingly, while NAM co-treatment worsened functional outcomes, cell survival, and 

attenuated sirtuin activity, it failed to completely attenuate SA-22-induced protection 

against pyroptosis, possibly indicating EDPs exert cytoprotection through pleiotropic 

mechanisms. In short, these data demonstrate the potential of our novel synthetic 19,20-
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EDP analog SA-22 against IR/HR injury and justifies further development of therapeutic 

agents based upon 19,20-EDP. 
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PREFACE 

 This is an original work by Joshua Kranrod.  All experimental animal procedures 

were approved by the University of Alberta Health Sciences Animal Policy and Welfare 

Committee and conducted according to strict guidelines provided by the Guide to the Care 

and Use of Experimental Animals (Vol 1, 2nd ed., 1993, from the Canadian Council on 

Animal Care). Graphical figures were created using BioRender and GraphPad Prism. 

Some of the research conducted for this thesis forms part of an international research 

collaboration, led by Professor J.M. Seubert at the University of Alberta. The main 

experimental drug studied here (SA-22) was synthesized by Professor J.R. Falck at the 

University of Texas Southwestern Medical Center with the assistance of Pr A.M. Adebesin 

and Doctor S. Munnuri. The data analysis and concluding analysis of this thesis are my 

original work. 

At the time of writing, a majority of the contents of this thesis have been previously 

published as Joshua W Kranrod, Ahmed M Darwesh, Wesam Bassiouni, Andy Huang, 

Liye Fang, Jacob V Korodimas, Adeniyi Michael Adebesin, Sailu Munnuri, John R Falck, 

and John M Seubert. “Cardioprotective Action of a Novel Synthetic 19,20-EDP Analog is 

Sirt Dependent” J Cardiovasc Pharmacol. 2024; Jan 1;83(1):105-115. I was responsible 

for designing and performing the experiments, performing data analysis, and writing the 

manuscript. Ahmed Darwesh assisted with experimental design and performed 

Langendorff perfusions. Wesam Bassiouni and Andy Huang performed Langendorff 

perfusions. Liye Fang assisted with spectrophotometric mitochondria function 

assessments. Jacob Korodimas assisted with immunoblotting experiments. Adeniyi 

Michael Adebesin, Sailu Munnuri, and John Falck designed and synthesized the 19,20-
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EDP analog SA-22. John M Seubert was the primary investigator and supervisory author 

who was involved in concept formation as well as review and editing of the manuscript. 
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Chun / Difficulty at the Beginning 

 

 

THE JUDGEMENT 

Difficulty at the beginning works supreme success, 

Furthering through perseverance. 

Nothing should be undertaken. 

It furthers one to appoint helpers. 

 

THE IMAGE 

Clouds and thunder: 

The image of Difficulty at the Beginning. 

Thus the superior man 

Brings order out of confusion 

 

- Hexagram #3, of the I Ching (Richard Wilhelm Translation, Third Edition) 
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1.1 Ischemic heart disease and reperfusion injury 

Morbidity and mortality due to ischemic heart disease (IHD) continues to be a major 

global health issue(1,2). The Canadian Cardiovascular Society reports that 

cardiovascular disease (CVD) accounts for nearly a third of all death(3). According to the 

Public Health Agency of Canada, an estimated 8.5% of Canadian adults (>20yrs) live with 

diagnosed IHD. With over 60,000 Canadians having their first heart attack every year, the 

clinical burden of IHD is immense(4). The Canadian Heart Health Strategy and Action 

Plan Steering Committee estimates that the yearly costs associated with CVD (i.e. 

hospitalizations, physician services, lost productivity, etc.) total more than $22.2 billion(5). 

As such, the development of clinical strategies for the treatment/prevention of IHD is 

highly desirable. 

IHD is a subtype of CVD caused by the blockage or narrowing of coronary arteries 

that supply the myocardium with oxygenated blood vital for tissue function and survival, 

thus subjecting its constitutive cells to ischemia(6). While blood vessel narrowing can be 

caused by a variety of factors including vasoconstriction or blood clotting, the primary 

etiological factor is plaque buildup, also known as atherosclerosis(6,7). IHD has a 

multitude of risk factors/comorbidities that vary in significance including age, sex, diet, 

lifestyle, and genetics(8). Despite extensive research, the gold standard treatment for 

ischemia remains the immediate restoration of myocardial blood-flow(9-11). 

Paradoxically, reperfusion triggers a secondary wave of myocardial cell death known as 

ischemia-reperfusion (IR) injury(12,13). As cardiomyocytes have a limited regenerative 

capacity, the myocardium is especially vulnerable to IR injury(14,15). The lack of a 

definitive, singular mechanism by which cell death is mediated following ischemia-
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reperfusion has confounded the development of efficacious therapeutic agents thus far. 

Traditional thinking assumes that during ischemia, prevention of coronary blood-flow 

deprives cardiomyocytes of oxygen, a critical component for oxidative phosphorylation 

(OXPHOS). The resulting metabolic shift towards anaerobic glycolysis subsequently 

lowers cytosolic pH and causes an accumulation of intracellular calcium. Upon restoration 

of physiological pH, calcium triggers mitochondria depolarization via the mitochondrial 

permeability transition pore (mPTP) (16-18). Opening of the mPTP induces mitochondrial 

swelling and membrane rupture, causing the release of cytochrome c and subsequent 

activation of programmed cell death pathways(19). However, post-IR cytosolic release of 

cytochrome c following mitochondrial depolarization independent of mPTP opening has 

also been observed, suggesting the involvement of multiple signaling pathways in the 

pathogenesis of IR injury(19). Subsequently, modern cardiovascular research has begun 

establishing links between mitochondrial injury/dysfunction, innate immune responses, 

and IR-induced necrotic myocardial cell death. 
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Figure 1.1. Graphical summary of classical ischemia-reperfusion injury pathogenesis. 
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1.2 Previous therapeutic approaches to IR injury and obstacles for clinical 

translatability 

For over 50 years it has been appreciated that the magnitude of myocardial tissue 

damage following coronary occlusion is not determined immediately at the onset of 

ischemia but can be altered by therapeutic interventions applied during ischemia(20). 

From this moment onwards cardiologists have sought to find the ‘Holy Grail’, a 

prophylactic therapy for IHD. However, despite the identification of several hundred 

cardioprotective interventions (both pharmacologic and nonpharmacologic) in 

experimental animal models, none besides timely reperfusion has been translated into 

clinical practice(21).  

Perhaps the most infamous example of this is known as ischemic preconditioning 

(IPC). First discovered in 1986, IPC describes a phenomenon wherein tissues subjected 

to transient periods of ischemia become resistant to subsequent sustained ischemic 

insults(22). IPC was a source of great optimism in the 1990s field of cardiology for it 

consistently reduced infarct size across all experimental animal models(10). 

Unfortunately, IPC is faced with an unreconcilable translational problem in that the onset 

of MI in humans is highly unpredictable. Despite promising subsequent studies finding 

that applying intermittent coronary occlusions post-ischemia, at reperfusion, or in remote 

vascular beds (i.e., brachial artery) pre-reperfusion (known as “remote conditioning”) 

could limit infarct size, these approaches all failed to demonstrate efficacy in larger, 

randomized and controlled clinical trials(23-26). 

Beyond IPC, numerous interventions have exhibited cardioprotective properties in 

experimental animal models only to return negative results in larger clinical trials. The 
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enzyme hyaluronidase was theorized to protect the heart against acute myocardial 

ischemia by reducing tissue edema as a result of depolymerizing hyaluronic acid, a major 

mucopolysaccharide constituent of the cardiac interstitum, subsequently enabling proper 

diffusion of nutrients and metabolic waste(27,28). However, the efficacy of hyaluronidase 

treatment was inconsistent in experimental studies and did not translate when examined 

clinically(29,30).  

The angiotensin-converting enzyme (ACE) inhibitor captopril initially held promise 

as an adjuvant to thrombolytic therapy for acute myocardial infarction (AMI). It was 

believed that the ability of captopril to scavenge free radicals, stimulate vasodilation, and 

blunt catecholamine signaling would ameliorate tissue damage following infarction. 

Unfortunately, captopril appeared to merely delay ischemic events following cardiac 

surgery rather than prevent them(31).  

The surfactant polymer poloxamer-188 possesses antithrombotic and 

hemorheological properties that made it attractive for potential use as part of reperfusion 

strategies. Again, while initial experimental studies suggested it is effective at reducing 

myocardial tissue damage when used alongside thrombolytic therapy, more substantial 

clinical trials yielded no significant efficacy(32,33).  

Infamous for its involvement in various international athletic doping scandals, 

trimetazidine was initially developed to treat agina pectoris(34,35). Subsequent 

experimental studies seemed to conclude that trimetazidine can reduce ischemic 

oxidative stress by inhibiting fatty acid oxidation (FAO), consequently promoting more 

efficient glucose oxidation(36). In contrast, the European Myocardial Infarction Project – 

Free Radicals (EMIP-FR) group found that trimetazidine had no significant benefit with 
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respect to short- and long-term outcomes of patients following AMI, regardless of whether 

they received thrombolytic therapy. In fact, trimetazidine appeared to worsen the 

incidence of short-term deaths following ischemia when compared to placebo(37). 

It is clear from the multitude of translational failures the field has experienced that 

many barriers obfuscate the clinical applicability of most therapeutic approaches 

developed in experimental models. Naturally, it is to be expected that irreproducible pre-

clinical results will not result in successful clinical outcomes. Experimental studies 

frequently suffer from several factors including a lack of standardized models, protocols, 

and methods of analysis, non-randomized study design and/or lack of investigator 

blinding, methodological errors, and establishment of meaningful endpoints. For instance, 

many studies report cardioprotective effects despite treating pre-ischemically. Such 

findings are almost entirely irrelevant given the unpredictability of heart attacks. 

Furthermore, care must be taken when considering how well a model approximates a 

clinical setting. While the use of isolated hearts and cardiomyocytes from young, healthy 

animals provides valuable mechanistic insight, these models often underestimate the 

severity of real-world myocardial ischemia. For one, young animals typically lack many of 

the comorbidities associated with adverse cardiac outcomes(38,39). Isolated tissue and 

culture systems also lack multifactorial and -tissue interactions that regulate in vivo injury 

responses. A lack of appropriate experimental endpoints has contributed to the difficulty 

in development therapies for IR injury. For instance, traditional thought has approximated 

tissue infarct size as a surrogate for overall tissue injury. However, it is entirely unknown 

whether infarct size is linearly related to the incidence of adverse cardiac outcomes. 

Additionally, it has even been observed that reducing AMI incidence may not be sufficient 
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for reducing clinical complications(40). Furthermore, significant limitations facing the 

imaging of cardiac injury and infarction have made the dubious accuracy of current 

assessment methods a point of contention(21). While this study observes the potentially 

cardioprotective properties of a synthetic epoxy fatty acid (EpFA) drug, we acknowledge 

that extensive work and collaboration is required to reasonably propose clinical 

consideration of such compounds. 

1.3 Pyroptosis and mitochondrial DAMPs 

Growing evidence indicates that pyroptosis, a form of programmed inflammatory 

cell death, plays a central role in the pathogenesis of myocardial IR injury(41-43). 

Strong cellular stressors and/or injury such as ischemia and lipopolysaccharide (LPS) 

induce the intracellular release of danger-associated molecular patterns (DAMPs) (i.e. 

oxidized mtDNA), pro-pyroptotic signals that stimulate the proteolytic cleavage and 

activation of the caspase-1/ gasdermin D (GSDMD)/ interleukin-1 beta (IL-1β) signaling 

pathway, ultimately resulting in pyroptotic cell death(44,45). Briefly, DAMPs are 

recognized by various ligand-specific receptors that activate inflammasomes, 

macromolecular structures which transduce pathogenic signals into innate immune 

responses(46,47). Importantly, DAMPs are endogenous molecules which are capable of 

activating inflammasomes independent of any pathogen/injury, meaning that 

inflammasomes and pyroptosis are likely to be involved in cell death arising from 

rapidly-developing forms of cellular injury such as post-ischemia-reperfusion 

injury(48,49). Other groups have already demonstrated that targeting pyroptosis is a 

viable target for amelioration of IR injury(50-53). Furthermore, prior studies have shown 

that maintenance of sirtuin activity also holds promise as a novel approach for blunting 
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inflammatory cell death(54-58). Additionally, literature indicates that mitochondrial 

dysfunction heavily contributes to adverse cardiac outcomes following IR injury, as 

approaches to preserve mitochondrial integrity limit cardiac damage(12,59). While they 

are the main provider of energy driving myocardial contractility, mitochondria are also a 

significant source of inflammasome-activating DAMPs(60). Known mitochondrial 

DAMPs include mitochondrial DNA (mtDNA), mitochondrial transcription factor A 

(TFAM), ATP, Succinate, Cardiolipin, and N-formyl peptides(61). Interestingly, despite 

the vital roles some of these molecules have with respect to cellular metabolism and 

survival, elevating their cytosolic concentration often triggers cell death.  

Recent studies have demonstrated that mtDNA is a strong inducer of pyroptotic 

cell death mediated thru the nucleotide-binding oligomerization domain-like receptor 

family, pyrin domain containing 3 (NLRP3) inflammasome(62). Importantly, NLRP3 is 

well-known for its role in transducing pathogenic signals into activation of caspase-1 in a 

variety of injury models, including IR injury(49,53,63). Furthermore, NLRP3 is a known 

inhibitor of autophagy, a vital intracellular process by which damaged and/or 

dysfunctional proteins and organelles are removed and degraded(64). Inhibition of 

autophagy is known to result in the accumulation of dysfunctional mitochondria, ROS, 

and oxidized mtDNA, subsequently aggravating caspase-1 activation(62). Notably, it 

has been shown that mice deficient in autophagy proteins are more vulnerable to septic 

shock and cardiac failure, injuries associated with DAMP-mediated 

inflammation(62,65,66). Additionally, mtDNA is known to stimulate inflammatory 

interferon production via activation of the cyclic GMP-AMP synthase (cGAS)/stimulator 

of interferon genes (STING)-mediated type I pathway(67-69). While the deleterious 
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effects of cytosolic mtDNA release have been well documented, the mechanisms 

regulating its release are still poorly understood. 

The primary source of energy in all living organisms, ATP also functions as a 

tightly regulated signaling molecule. ATP serves to propagate pyroptotic death on 

neighboring cells following cellular lysis. Extracellular ATP binds and activates the 

purinergic receptor X subtype 7(P2X7R), causing rapid potassium efflux and 

subsequent caspase-1 activation(70,71). 

Known to play essential roles with regards to mtDNA copy number, maintenance 

and transcription, the HMG box family member TFAM is also a mitochondrial 

DAMP(72,73). While myocardial TFAM deficiency is associated with severe respiratory 

dysfunction, liberated TFAM is known to be pro-inflammatory(74,75). Notably, 

exogenous addition of recombinant TFAM increases tumor necrosis factor (TNF) and 

IL-6 expression in both rats and RAW264.7 macrophages(76). 

Following induction of hypoxia-mediated necrosis, natural formylated peptides 

(NFPs) are derived from human mitochondrial proteins(77). Expressed exclusively by 

necrotic cells, formylated proteins serve as low-molecular-weight chemoattracts for 

phagocytes, where they are recognized by formyl peptide receptors (FPRs) (78,79). 

FPRs are members of the seven transmembrane G protein-coupled receptor (GPCR) 

superfamily and upon ligation of NFPs, allow the influx of Ca2+(77). NFPs have a 

plethora of immunomodulating properties including the generation of ROS 

intermediates, stimulation of phagocytosis, and release of proteolytic enzymes(80). 

Interestingly, treatment with both purified NFPs and synthetic NFP analogs stimulates 
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human polymorphonuclear leukocyte (PMN) chemotaxis in vitro(79,81). Additionally, 

NFP signaling synergizes with the pro-inflammatory effects of cytosolic mtDNA(60). 

Under normal physiological conditions, succinate functions as an essential 

electron donor for the ETC(82). Synthesized as part of the mitochondrial TCA cycle, it 

has been demonstrated that succinate can be secreted to the extracellular space in 

vitro(83). Secretion of succinate appears to be increased upon the induction of 

necrosis(83). Notably, extracellular succinate has been shown to trigger intracellular 

calcium mobilization and enhance TLR-induced inflammatory cytokine production(84). 

Furthermore, succinate promotes innate immune responses, marked by the expression 

of IL-1β(85). Interestingly, LPS (a known inducer of pyroptosis), increases the glycolytic 

production of succinate(85). The broader literature also indicates that succinate plays a 

role in the pathogenesis of several CVDs including pulmonary artery hypertension and 

myocardial hypertrophy(86). 

Comprised of two phosphatidyl groups connected by glycerol, cardiolipin is a 

critical regulator of mitochondrial function including respiration and biogenesis(87,88). 

Experimental data correlates cardiolipin dysregulation with the pathogenesis of several 

diseases(89). Furthermore, cardiolipin appears to have several roles involved with 

pyroptotic cell death including MOM permeabilization, cytochrome c release, and direct 

NLRP3 inflammasome activation(90,91). Along with all other mitochondrial DAMPs, 

cardiolipin is implicated in a wide range of human diseases(61). Thus, if not just for the 

maintenance of bioenergetic homeostasis, preventing the cytosolic release of DAMPs 

by protecting mitochondrial health is crucial for ameliorating IR injury. 
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1.4 Mitochondria homeostasis and IR injury pathogenesis 

Uniquely positioned as the organ responsible for delivering blood to the entire body, 

the heart has immense energy demands for the maintenance of physiological 

homeostasis(92,93). To meet these demands, the myocardium possesses an extensive 

number of mitochondria, the organelles responsible for producing energy substrates that 

enable/drive tissue contractility(92-94). Unfortunately, being so metabolically active 

confers sensitivity to IR injury unto the myocardium, as disruptions to mitochondrial 

metabolism quickly result in depletion of intracellular ATP and accumulation of 

mitochondrial ROS (mtROS), subsequently leading to oxidative damage of mtDNA, 

proteins and many other cellular constituents (95). In fact, mitochondrial damage is 

considered to play a key role in the progression from myocardial IR injury into chronic 

heart failure(96). Thus, the development of new pharmacological agents capable of 

galvanizing mitochondrial health to minimize the cardiovascular dysfunction resulting 

from IR injury is tantalizing. 

1.5 Endosymbiotic theory of mitochondria 

 Arising from the Greek endo meaning ‘within’ or ‘containing’ and symbiosis 

meaning ‘together’ and ‘living’, the term endosymbiosis refers to the idea that biological 

organisms can exist as composite beings made up of multiple discrete organisms(97). 

The origins of modern endosymbiotic theory emerged in the nineteenth century due to 

difficulties in phyletically classifying lichens. In 1867, the Swiss biologist Simon 

Schwendener was the first to propose that lichens were composite organisms, constituted 

of both fungi and alga(98). In the contemporary scientific context, endosymbiosis most 
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commonly refers to the concept of divergent evolutionary ancestry regarding 

mitochondria; that they arose from primordial α-protobacteria, separate from their 

eukaryotic host cells(99). While it would gain modest support from a handful of other 

biologists in the later nineteenth century, it would not be until the advent of genetic 

sequencing and the work of Lynn Margulis in the mid-twentieth century that the 

endosymbiotic origin of mitochondria began to achieve widespread acceptance(100-104). 

While the reasons behind why and how the symbiosis between eukaryotes and 

mitochondrion came to occur remain unspecified or controversial, it is widely accepted 

that mitochondrial bioenergetic capacity is supremely vital for eukaryotic genome 

complexity and evolution(105,106). It has been estimated that genetic restructuring due 

to mitochondrial endosymbiosis enabled a 200,000-fold increase in gene expression 

when compared to prokaryotes(107). Furthermore, the virtually complete absence of a 

‘missing link’ organism bridging the evolutionary gap between modern day and pre-

endosymbiotic organisms continues to confound investigators(99). It is important to 

remember that prior to the advent of photosynthetic metabolism by cyanobacteria and 

Prochlorococcus, Earth’s atmosphere was virtually anoxic(108). Prior to endosymbiosis, 

mitochondrion likely relied upon anaerobic respiration for survival and were therefore 

susceptible to oxygen toxicity. A traditional school of thought holds that the engulfing of 

mitochondrion by prototypical eukaryotes was a mutually beneficial adaption to the Great 

Oxidation Event (GOE) caused by photosynthetic protists(109-112). However, it should 

be noted that this conclusion is disputed by estimates stating that the last common 

ancestor of eukaryotes (born of mitochondrial endosymbiosis) likely arose millions of 

years after the GOE(113). Regardless, the centrality of mitochondrial homeostasis with 
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respect to hypoxic injury should be appreciated not just in the context of acute injury, but 

that of evolutionary adaptation. 

1.6 Mitochondrial respiration and oxidative phosphorylation 

 Published over 60 years ago, Peter Mitchell’s theory of chemiosmotic coupling 

provided a general explanation for photosynthetic, microbial, and mitochondrial energy 

transformation(114). His work gave credence to prior conceptualization of human cells as 

a symbiotic ‘supraorganism’ within which discrete organelles, granula, and other 

microorganisms could contribute to cooperative metabolic pathways as described by 

Richard Altmann(115). Known as the transmembrane protonmotive force pmF, 

chemiosmotic coupling ultimately attempts to relate H+ translocation to electron transfer 

and subsequent production of ATP from ADP(116). Two main forces comprise the pmF, 

a diffusive component (ΔdFH+) related to the change in H+ concentration across a 

membrane, and an electric component (ΔelFp+) which is equivalent to mitochondrial 

membrane potential (ΔΨ). Thus, mitochondrial respiration can be summarized as the 

“exergonic input of catabolism coupled to the endergonic output of phosphorylation” (117). 

Taken further, Mitchell’s theory of chemiosmotic coupling is contextualized with the 

following points(118): 

a) Electron transfer chain components are arranged vectorially across the 

mitochondrial membrane such that electron transfer is linked to proton 

translocation across the membrane. 

b) The mitochondrial membrane forms a tightly closed structure which is 

impermeable with respect to H+. 
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c) H+ may return only through ATPase, whereupon they are utilized in ATP synthesis. 

The mitochondrial membrane also possesses additional proton-linked transporters 

necessary for osmotic stabilization and metabolite transport. 

To achieve a sufficient transmembrane electrochemical potential difference (or pmF) 

necessary for driving ATP synthesis/OXPHOS, charge separation across the 

mitochondrial membrane is required. Generating this electrochemical gradient is the 

collective responsibility of the four distinct supramolecular respiratory ETC protein 

complexes(116): NADH:ubiquinone oxidoreductase (complex I), succinate 

dehydrogenase (SDH, complex II), decyl-ubiquinol cytochrome C oxidoreductase 

(complex III), cytochrome C oxidase (complex IV). While Mitchell’s theory of 

chemiosmotic coupling recognized that electron transfer was intrinsically tied to proton 

translocation, a novel revolutionary concept for the time, it was somewhat limited in its 

ability to explain how ETC components went about accomplishing this, as the prevailing 

view of the mitochondria at that time was that of a diffuse ‘bag-of-enzymes’(119). The 

Singer-Nicholson model assumed that electron transfer was dependent upon random 

collisions between complexes I-IV and/or CoQ(120). Fortunately, subsequent works and 

discoveries have elucidated how OXPHOS is coordinated across the ETC. Briefly, 

complexes I and II oxidize NADH and succinate respectively, and simultaneously reduce 

ubiquinone (coenzyme Q10, CoQ), forming ubiquinol(121,122). Ubiquinol then shuttles 

electrons to complex III(123). Complex III then catalyzes the transfer of electrons from 

ubiquinol to cytochrome c(124). Complex IV first oxidizes cytochrome c then reduces 

molecular oxygen(125). The pmF generated as a consequence of proton trans-

localization due to complex-mediated electron transfer then triggers a conformational 
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change in ATP synthase that forces ADP and phosphate together, resulting in ATP 

synthesis(126). Effluxing protons simultaneously form water with the oxygen that was 

oxidized by complex IV. Importantly, a relatively small number of protons are sufficient to 

both saturate mitochondrial membrane capacitance (i.e. charge the membrane) and 

generate significant water column hydrostatic pressure; Both of which are helpful in 

performing chemical work. This relative ease of access to energetic work potential 

enabled by ATP synthase means that OXPHOS generates significantly more ATP with 

less metabolic waste than other forms of respiration(127,128).  

 That is not to say that the OXPHOS and ETC are without flaw; While achieving 

charge separation enables the creation of ATP synthesis in a biological system that is 

electrically uncharged at macro, this also positions the ETC as the pre-eminent source of 

cellular ROS(129). When describing the theory behind the translation of NADH/FADH 

oxidation into the production of ATP, we assume that electrons are transferred perfectly 

or ‘coupled’ between components of the ETC. Unfortunately, this is almost never the case, 

as electron ‘leak’ due to various issues such as steric interference, membrane disruption 

or complex dysfunction. Electrons frequently leak out from the mitochondrial matrix and 

interact with oxygen, subsequently forming reactive superoxides(130,131). Reports have 

indicated the existence of eleven sites which significantly contribute to the production of 

ROS by the ETC(132). ROS generated by complex I appears to arise mainly from sites 

that are involved with binding CoQ(133). Evidence indicates that complex II-mediated 

ROS production relies upon the proximity of oxygen to reduced flavoprotein at site IIF, as 

molecules which block oxygen binding inhibit the production of ROS(82,122,132). ROS 

derived from complex III appears to be a result of accidental reactions between electron-
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carrying ubisemiquinone travelling within the matrix-facing Q-junction and molecular 

oxygen diffusing across the mitochondrial membrane(134-136). Structural features 

present within complex IV appear to minimize the generation of ROS(137). 

 While ROS have been demonstrated to have important physiological roles as 

signaling molecules, these functions are mainly relevant at basal levels and should not 

confound well-established understanding regarding ROS as stimulators/mediators of cell 

death(129,138,139). Briefly, significant ROS production can cause lipid peroxidation, 

impede mitochondrial respiration and ATP synthesis, and oxidize proteins as well as DNA, 

often culminating in cell death(140). Previous experimental studies have shown that 

limiting the accumulation of oxidative species by treating with antioxidants can preserve 

myocardial function despite IR insult(141,142). Importantly, it has been demonstrated that 

ETC-derived ROS plays a significant role in cardiac IR injury(143). Furthermore, 

pathological levels of ROS have been associated with a plethora of CVDs including 

atherosclerosis, cardiac hypertrophy, cardiomyopathy, and heart failure(144-147). Thus, 

if not simply for preventing the cytosolic release of mitochondrial DAMPs, protecting 

mitochondrial homeostasis against IR injury is important for limiting ROS production and 

subsequent induction of cell death signaling pathways. 
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Figure 1.2. Graphical depiction of the mitochondrial electron transport chain. 

1.7 ETC supercomplexes and IR injury 

 While the assembly of respiratory chain (RC) complexes into super-complexes 

was theorized over 60 years ago, the functional implications of this were not extensively 

explored until relatively recently(148,149). Research into RC super-complexes at the time 

was hindered by significant methodological limitations and a prevailing view of the ETC 

as a diffuse ‘bag-of-enzymes’ as described by the Singer-Nicholson model(120,150). Now 

dubbed ‘respirasomes’, RC super-complexes and their physiological roles in disease 

pathogenesis have become a hot topic for researchers(151-153). In particular, a 

respirasome comprised of complexes I, III, and IV is now understood to be the pre-

eminent super-complex in mammalian mitochondria(154). Significant for increased 
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respiratory efficiency and decreased ROS production attributable to proton leak, 

experimental data indicates that respirasome assembly plays a significant role in cellular 

resistance to injury/stress(155-160). Interestingly, respirasome assembly appears to be 

affected/diminished by post-translational modifications (PTMs) (including acetylation) of 

its constituent ETC complexes(161,162). Additionally, evidence suggests that the 

benefits of respirasome assembly with respect to ROS production are attributable to 

minimizing the distance between electron transferring iron-sulfur clusters present with the 

various ETC complexes(163). This is unsurprising given the well-documented chemical 

tendency of iron to readily produce superoxides via Fenton reactions, and its biological 

significance with regards to ferroptosis, a form of oxidative cell death characterized by 

rampant ROS production caused by iron ions(164-166). Recent evidence indicates that 

mitochondrial iron-derived ROS is central to the pathogenesis of myocardial 

infarction(167-169). In this study we correlate changes in mitochondrial acetylation with 

changes in respiratory activity. 

1.8 Association of PUFAs with cardioprotection 

N-3 polyunsaturated fatty acids (PUFAs) are abundant in the human body and 

serve both as critical components of phospholipid membranes and as precursors to a 

wide variety of eicosanoids(170,171). Major dietary sources for n-3 PUFAs include fish, 

eggs, bread, canola oil, soybean oil, flaxseed nuts, and leafy greens(172). The primary 

n-3 PUFAs provided by these foods are α-Linoleic acid (ALA), docosahexaenoic acid 

(DHA), and eicosapentaenoic acid (EPA). PUFAs are primarily metabolized through three 

distinct enzymatic pathways, cyclooxygenases (COX), lipoxygenases (LOX), and 

cytochrome P450 (CYP) enzymes to a plethora of bioactive lipid mediators(171,173). 
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While ALA is capable of being enzymatically converted into DHA and EPA, this activity is 

fairly limited in humans(174). It has long been recognized there exists a positive 

relationship between dietary intake of fatty acids and a reduction in populational 

cardiovascular disease (CVD) (175-177). One of the first such observations came when 

a group speculated that the lower mortality attributable to CVD among Greenland Inuits 

could be due their elevated dietary fish oil consumption(178). Further study of populations 

with diets similarly rich in n-3 PUFAs in Nunavik and Japan seem to support these 

claims(179). The “GISSI-HF Trial”, a randomized, double-blind, placebo-controlled trial 

demonstrated that n-3 PUFA treatment could help ameliorate patient mortality and 

hospitalization following heart failure (HF) (180). A plethora of groups have also observed 

that PUFAs lower serum cholesterol levels, subsequently reducing the risk of coronary 

heart disease (CHD) (181-183). Notably, the protective effects of PUFAs contrast with 

other fatty acids (i.e., trans fatty acids (TFAs) and saturated fatty acids (SFAs)) (184-186). 

Later studies would go on to demonstrate that the presence of PUFAs could be 

associated with reduced cardiac arrythmias, myocardial infarction, plasma triglycerides, 

ventricular fibrillation, blood viscosity, and blood pressure(184,185,187,188). It is 

important to maintain proper discretion when considering n-3 PUFAs as potential 

therapeutics for cardiovascular diseases however, as several groups have also observed 

that n-3 PUFAs may exert little to no beneficial effect in the context of several different 

cardiac injuries(189-191). Furthermore, extensive physiological and genetic adaptation 

may be required for the human body to take full advantage of a diet rich with n-3 

PUFAs(192). Despite the controversy surrounding whether n-3 PUFAs can prevent CVDs, 

a wealth of experimental studies have demonstrated cardioprotective benefits associated 
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with n-3 PUFA intake and consider them to be vital regulators of myocardial health(193-

198).  

1.9 Cytochrome P450s and PUFA metabolism 

 More than 6000 distinct monooxygenases comprise the CYP enzyme super-

family(199). Subsequently, CYP enzymes have established roles in the metabolism of a 

wide range of lipophilic molecules that includes xenobiotics, fatty acids, biogenic amines, 

vitamins, and steroids(199). Traditionally associated primarily with hepatic metabolism, 

increasing evidence indicates that CYP enzymes also have important extrahepatic 

functions(200,201). PUFAs, readily metabolized into EpFA metabolites by 

CYPs(202,203), are often shared/transformed by multiple different enzyme isoforms. 

Notably, many CYP isozymes exert unique stereo- or regioselectivity toward specific 

substrates, including PUFAs. The regulation of PUFA/EpFA species by CYP-mediated 

metabolism is further complicated by tissue- and sex-specific factors such as hormones, 

transcription- and growth factors(204,205). Among mammalian cells, CYP enzymes 

exhibit limited mitochondrial localization, instead being found more commonly within the 

endoplasmic reticulum(206). With respect to tissue-specific expression, CYPs can be 

found in many tissues throughout the body, including the lungs, heart, gastrointestinal 

tract, kidney, and brain(204,205,207,208). The mammalian myocardium expresses a 

plethora of CYP isozymes including, CYP1A, CYP1B, CYP2A, CYP2B, CYP2D, CYP2E, 

CYP2J, CYP2R, CYP2S, CYP2U, CYP4A, CYP4B, CYP4F, and CYP11B(209-212).  

Early studies into CYP enzymes demonstrated they primarily transform EPA and 

DHA by epoxidation and hydroxylation(213,214). EPA is frequently metabolized into 

ω/(ω-1)-hydroxyeicosapentaenoic acids (HEPE) and epoxyeicosatetraenoic acids 
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(EEQs). DHA is often converted into ω(ω-1)-hydroxydocosahexaenoic acids (HDoHE) as 

well as EDPs. Furthermore, EPA and DHA compete with the n-6 PUFA arachidonic acid 

(AA) for CYP metabolism via binding sn-2 positions on glycerophospholipids across 

several different mammalian species including humans, rats, and mice(215,216). It has 

been demonstrated that nearly all CYP enzymes significantly involved with AA 

metabolism also act on EPA and DHA(216). A previous study showed that supplementing 

animals with dietary n-3 PUFAs resulted in altered membrane phospholipid 

composition(217). The human CYP isozymes that have the most well-characterized 

metabolic activity with respect to EPA and DHA include CYP2C8, CYP2C9, CYP2C18, 

CYP2C19, and CYP2J2(218,219). When metabolising DHA, CYP2C8 produces a 

regioisomeric mixture of EDPs, with 19,20-EDP being the primary metabolite(217). 19,20-

EDP is the not the dominant product of the other CYP2C isozymes, but they still exhibit 

significant epoxygenase activity(217,218). In contrast, CYP2J2 displays pronounced 

regioselectivity, primarily transforming DHA into 19,20-EDP(217,218). While the 

biological significance of this behaviour is yet to be elucidated, all of the aforementioned 

human CYP isoforms (except CYP2C8) stereo-selectively produce R,S-enantiomers 

when metabolizing n-3 PUFAs(219,220). 

1.10 Bioactivity and -availability of EpFAs 

The field of study surrounding the bioactivity of DHA metabolites is growing rapidly; 

Recent research has repeatedly demonstrated their cytoprotective properties(221-223). 

19,20-EDP appears to exert particularly potent protection of cardiovascular 

health(221,224,225). However, lack of definitive mechanistic understanding regarding 

EDPs has hindered the clinical development of therapeutics based upon them. Previous 
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works indicate that EDPs activate BK channels in vascular smooth muscle cells (VSMCs) 

required for mesenteric and coronary microvessel dilation(226-229). In this model, EDPs 

were significantly more potent than epoxyeicosatrienoic acid (EET) compounds derived 

from AA(228). Other groups have also demonstrated that DHA-derived EpFAs could 

involve the activation of KATP channels(230-232). Some evidence indicates that EpFAs 

may sensitize TRPV1 and TRPA1 receptors via prostacyclin receptors(233). Another 

group has suggested that ethanolamide derivatives of 19,20-EDP evoke anti-

inflammatory effects through the endocannabinoid receptor 2 coupled to beta-arrestin 

activity(234). Experimental data also indicates that EpFAs could influence gene 

transcription through direct interactions with peroxisome proliferator-activated 

receptors(235,236). Additionally, considerable work has been done to identify potential 

GPCRs that could be activated by fatty acids(237,238). Recent studies by our group 

indicate that sirtuins play an important role in mediating the cardioprotective effects of 

EpFAs(239-243). Notably, molecular targets of EpFAs may exhibit stereo- and/or 

regioselectivity with respect to the degree of activation that different metabolites may 

elicit(227). This is important to note given the tissue-specific expression of certain CYP 

isozymes that themselves stereo- and/or regioselectively produce EpFAs from their 

respective PUFA molecules.  

Beyond a lack of established MoAs, the current therapeutic potential of EpFAs is 

limited by several issues regarding their bioavailability including autoxidation, β-oxidation, 

esterification, and metabolic conversion by soluble epoxide hydrolase (sEH) (244,245). 

EpFAs are frequently the target of inactivating β-oxidation and chain elongation 

reactions(246,247). The activity of EpFAs may also be limited by their significant binding 
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affinities for cytosolic fatty acid binding proteins(248). While sequestration within 

phospholipid membranes following esterification may theoretically hinder the bioactivity 

of EpFAs with respect to cytosolic, nuclear, and mitochondrial mediators, evidence seems 

to indicate that membrane-bound, phospholipase A2 (PLA2)-accessible CYP-

eicosanoids are an important reserve pool of molecules available following ischemic 

injury(249-252). Encoded by the EPHX2 gene, sEH rapidly hydrolyzes EpFAs, converting 

them into vicinal diols which generally possess diminished bioactivity (244,245,253). 

Notably, recent studies are beginning to attribute cytotoxicity unto sEH-derived diol 

metabolites of EpFAs(254-258). Ubiquitously expressed within the cardiovascular system, 

sEH metabolizes virtually all CYP-derived EpFAs. Furthermore, upregulation of sEH 

stimulated by a plethora of risk factors appears to be a significant contributor to the 

pathogenesis of many CVDs (244,259-263). In the past twenty years, the cardioprotective 

benefits of genetic and pharmacological inhibition of sEH have become a massive point 

of interest for cardiovascular research(264-270). Additionally, CYP-derived EpFAs can 

also be subjected to secondary transformation by COX and LOX enzymes. While the 

potential effects of these derivatives are not well characterized or understood, the 

potential consequences of COX- and LOX-metabolism on EpFA bioactivity should be 

considered during investigation(271-274). 
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Figure. 1.3. Biosynthesis and biological roles of 19,20-EDP. (A) Biosynthetic pathway for 

19,20-epoxydocosahexaenoic acid (19,20-EDP). α-Linoleic acid is an abundant n-3 

polyunsaturated fatty acid (PUFA) derived from dietary sources. It is also frequently the 

target of chain elongation reactions, with one of the products being docosahexaenoic acid 

(DHA). DHA is then readily epoxidated by cytochrome P450 (CYP) epoxygenase 

enzymes, including CYP2J or CYP2C isoforms. The dominant product is 19,20-

epoxydocosahexaenoic acid. (B) Biological roles of 19,20-EDP as discussed in Section 

1.9 and using (275). 

 

 

 



26 
 

1.11 Epoxylipid-based therapeutic agents 

Characterization of the obstacles facing the clinical utilization of EpFAs has led to 

the development of novel pharmacophores(173,276-278). Our group has previously 

demonstrated that synthetic analogs based upon the structure of 16,17-EDP were 

capable of exerting cardioprotective effects against IR injury dependent on SIRT3 

activity(240).  EET analogs seem to hold significant promise as anti-hypertensive 

therapeutic agents(279-284). Further study also showed that EET mimetic compounds 

could ameliorate various forms of renal injury(285-289). Additional experimental data from 

other groups indicate that EET analogs can limit infarct size following myocardial 

infarction(290,291). Increasing effort is going towards developing EpFA mimetics that 

possess sEH-inhibiting moieties within their structure(292-295). Indeed, we have also 

demonstrated that including a sEH-inhibiting urea group within the structure of 11,12-EET 

helped to potentiate its cardioprotective bioactivity(276). OMT-28, a first-in-class synthetic 

analog of 17,18-EEQ developed by OMEICOS Therapeutics GmbH, is currently 

undergoing a phase II clinical trial for potential indications against persistent atrial 

fibrillation(296). Prior to this, OMT-28 had also exhibited anti-septic and anti-arrhythmic 

properties(297,298). Recently we published experimental data indicating that OMT-28 is 

cardioprotective in several models including in vitro endotoxemia and HR injury, and ex 

vivo IR injury. Notably, the salutary effects of OMT-28 appear to be dependent on a 

plethora of mediators including PI3Kα, Gαi, PPARα, and SIRT1(299). 

To the best of our knowledge, no group has explored the therapeutic potential of 

synthetic 19,20-EDP analogs until this point. SA-22 is meant to serve as a first-generation, 

proof-of-concept compound to determine if the cardioprotective properties of native 
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19,20-EDP can be replicated with a synthetic analog. Thus, in lieu of including more 

pharmacologically potent structural modifications such as the urea moiety, we opted to 

simply saturate some of the carbon-carbon double bonds which naturally exist along the 

structural backbone of long chain PUFA species(300,301). While we did not test SA-22 

for improved molecular stability and resistance to oxidation, this type of structural 

modification should theoretically make EpFAs less chemically labile, as the double bond 

between bisallylic carbons possesses a low activation energy requirement for hydrogen 

loss and free radical formation, making EpFAs naturally susceptible to autooxidation(301). 

Consumed by more than a third a of American adults, n-3 PUFA rich marine oils are the 

most popular dietary supplements in the United States. However, despite it being well 

characterized that oxidation of long chain fatty acids significantly reduces/alters their 

bioactivity, evidence has been presented suggesting that most commercially available 

marine oil supplements are often oxidized(302-304). As such, investigation into whether 

partial synthetic backbone saturation of EpFAs improves molecular stability and 

preserves their bioactivity is a highly relevant question that remains unanswered thus far. 

1.12     Physiological relevance of sirtuins 

Silent mating type information regulation 2 homologs (SIRTs) or ‘Sirtuins’ are a 

class of nicotinamide adenine dinucleotide (NAD+)-dependent deacylase enzymes known 

to regulate a multitude of critical cellular processes, such as inflammation, mitobiogenesis, 

cell death, and gene transcription(305-307). Sirtuins can be more broadly characterized 

as class III histone deacetylases (HDACs), with seven distinct homologs of yeast Sir2 

being expressed in mammalian cells (SIRT1-7) (308). While sirtuins localize to a wide 

range of cellular compartments, they all possess a highly conserved NAD+ binding 
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domain(309). Thus, sirtuins can act as a metabolic switch, regulating cellular processes 

and metabolism across many locales(310).  

SIRT1 is the closest mammalian homolog to yeast Sir2 and localizes to both the 

nucleus and cytoplasm. Targets of SIRT1 deacetylase activity include a plethora of stress 

response mediators such as peroxisome proliferator-activated receptor gamma co-

activator 1-alpha (PGC-1α), Foxo, p53, peroxisome proliferator-activated receptor 

gamma (PPARγ) LKB1, HIF-2α, and target of rapamycin complex-2 (TORC2) (311-313). 

Similarly localizing to the nucleus, SIRT2 plays a role in regulating chromosomal stability 

during mitosis(314,315). Characterized as a regulator of many cellular processes 

including inflammation, glucose homeostasis, and genome stability, SIRT6 typically 

associates directly with chromatin(316-318). Deficiency in SIRT6 is associated with 

advanced ageing and lifespan shortening(319). Last of the nuclear-localized sirtuins, 

SIRT7 primarily associates with condensed chromosomes and nucleoli. Much like SIRT6, 

deficiency in SIRT7 is marked by shortened lifespans. Interestingly, reduced SIRT7 

expression appears to cause the development of cardiac hypertrophy and inflammatory 

cardiomyopathy in mice(320-322). In contrast to other sirtuins, SIRT3-5 are found 

primarily within mitochondria and can be regarded as mitochondrial stress sensors. 

Mitochondria sirtuins are known to heavily alter the activity of many metabolic 

enzymes(323). It is important to note that mouse SIRT3 exhibits partially divergent 

splicing and localization when compared to human SIRT3. Specifically, mice express a 

third splice variant of SIRT3 that lacks the mitochondrial localization signal which 

accumulates in the cytoplasm and to a lesser extent in the nucleus(324,325). 
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Notably, different to all other yeast Sir2 homologs, SIRT3 expression is correlated 

with elongated lifespan in humans. Furthermore, polymorphisms in the SIRT3 promoter 

are associated with different ageing outcomes(326,327). Given that CVD is the leading 

cause of death among adults older than 60, it is highly likely that SIRT3-mediated 

regulation of metabolic enzyme activity plays a role in preventing myocardial dysfunction. 

Due to high pH and presence of abundant acetyl-CoA, most mitochondrial proteins are 

acetylated under physiological conditions and as such are subject to SIRT3 

activity(328,329).  Subsequently, SIRT3 has been shown to be involved in many facets 

of mitochondrial biology, from dynamic fission/fusion and respiration to antioxidant 

processes and is critical for adaptive cellular responses to various stresses, such as 

ischemia(243,307,311,330). For instance, SIRT3 deacetylates and activates the 

antioxidant enzyme manganese superoxide dismutase (MnSOD2) which converts 

superoxide into hydrogen peroxide(331-333). Furthermore, SIRT3 is known to increase 

the activity of family of forkhead transcription factor 3a (Foxo3a), resulting in increased 

expression of MnSOD2 and catalase(334,335). Importantly, catalase along with 

glutathione peroxidase, facilitates the conversion of hydrogen peroxide into water(336). 

Under normal physiological conditions, FAO is the preferred metabolic pathway 

within the heart(337). However, various CVDs (including IR injury) compromise the ability 

of the heart to properly oxidize long-chain fatty acids(338,339). To maintain cellular ATP 

levels, myocardial metabolism is increasingly augmented by glycolysis. As described 

earlier, the resulting acidification of cellular cytoplasm due to glycolysis confers 

susceptibility to reperfusion injury unto ischemic cardiomyocytes(340). Growing evidence 

suggests that SIRT3 is an important regulator of FAO under stress conditions(341,342). 
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Furthermore, a previous study observed a positive correlation between ATP synthesis 

and SIRT3 expression across several tissue- and stress-dependent contexts(343). While 

the exact mechanisms connecting SIRT3 to ATP synthesis are still being elucidated, it is 

commonly believed that SIRT3 directly improves enzyme activity by deacetylation. 

Beneficiaries of this activity include a multitude of enzymes central to mitochondrial 

respiration such as complex I (subunits NDFU9 and NDUFS1), long-chain acyl-CoA 

dehydrogenase (LCAD), and acetylcoenzyme A synthase 2 (AceCS2), complex II, 

glutamate dehydrogenase, and isocitrate dehydrogenase 2(341,343-346). In addition to 

its direct activity on metabolic enzymes, SIRT3 modulates cellular metabolism by 

regulating AMP-activated protein kinase (AMPK) activity(347-349). Upon phosphorylation 

by liver kinase B1 (LKB1), AMPK increases ATP production by upregulating cellular 

glucose import and FAO while simultaneously downregulating ATP-consuming anabolic 

pathways(350). AMPK is also known to activate PGC-1α, a well-known promoter of 

mitobiogenesis(351). Notably, both AMPK and LKB1 have been established as targets 

for deacetylation and activation by SIRT3(348,352). Interestingly, a previous study found 

that treatment with resveratrol (a well-characterized SIRT agonist) activated AMPK and 

prevented the development of cardiac hypertrophy in vitro and in vivo(353,354). Given 

the established relevance of SIRT3-mediated regulation of metabolism in several cardiac 

injury models, SIRT3 holds promise as a therapeutic target against ischemic injury (355-

358). 

Increasing interest is being directed towards the relationship between SIRT3 and 

apoptosis. While it is known that the primary mode of cell death within the infarct region 

following myocardial IR/HR injury is necrotic/pyroptotic in nature, apoptosis also 
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contributes to injury pathogenesis(359-361). Recent studies have begun to indicate that 

both nuclear full-length SIRT3 and mitochondrial short SIRT3 exert anti-apoptotic activity. 

The nuclear splice variant of SIRT3 commonly deacetylates histones H3-K9ac and H4-

K16ac both in vitro and in vivo(362). However, the downstream consequences of this 

activity are still being elucidated. On the other hand, mitochondrial SIRT3 regulates the 

well-characterized lysine-acetylation-sensitize Ku70-Bax interaction that induces 

apoptosis. Briefly, acetylated Ku70 is unable to bind and sequester Bax, thus allowing it 

to translocate to the mitochondria where it causes the release of cytochrome c and 

subsequent activation of caspase-3 and -9(363). Interestingly, in contrast to other cell 

types and tissues, SIRT3 is the only SIRT isoform capable of deacetylating Ku70 in 

cardiomyocytes(324,364). Additionally, SIRT3 was demonstrated to deacetylate and 

downregulate activity of the pro-apoptotic protein p53 in vitro(365). 

1.13    Sirtuin biochemistry 

 Perhaps the most important feature of all Sir2 homologs is their highly conserved 

250 amino acid long Rossmann fold NAD+-binding and catalytic core domain(310). This 

means that despite vastly divergent subcellular localization and expression, sirtuin-

potentiating compounds should theoretically affect all sirtuins. The chemistry of sirtuins is 

somewhat unique within biology and has been the subject of study for the last two 

decades(310). The currently proposed mechanism of deacetylation by sirtuins is known 

as the ADPR-peptidyl-imidate mechanism(366). Starting from acetylated protein-bound 

sirtuin and NAD+, the mechanism essentially describes a two-step process wherein the 

reactants first reversibly form an imidate intermediate product where the reaction can 

either decide to proceed forward with hydrolysis or reverse via attack of the intermediate 
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product by nicotinamide(366). In more detail, before a reaction can be initiated by NAD+ 

binding, sirtuins must be bound to an acetylated peptide. This is because in the absence 

of a bound peptide, the NAD+ binding pocket cannot assume a catalytically active 

conformation(367,368). Upon peptide attachment, reactions begin with binding of NAD+ 

to the catalytic core. Reactant preorganization is particularly important to this reaction as 

the binding of NAD+ in an extended conformation positions its C1’ carbon very close to 

the acetyl-lysine carbonyl oxygen, assisting reaction catalysis(369,370). From here, the 

imidate intermediate is formed by a one-step ADP-ribosylation of the acetyl-oxygen by 

NAD+(371). Whether this reaction occurs via SN2, SN1, or highly asynchronous SN2-type 

mechanisms remains a point of contention among biochemists(310). The formation of an 

ADPR-peptidyl-imidate intermediate forms a regulatory checkpoint for sirtuin-mediated 

deacetylation reactions(366). Specifically, deacetylation reactions can experience a form 

of auto-inhibition wherein upon oxidation of NAD+, the NAM product immediately re-binds 

the catalytic pocket and attacks the C1’ anomeric carbon, catalyzing a reverse reaction 

from imidate to NAD+. The forward reaction is marked by nucleophilic attack by the 

imidate intermediate on the 2’-OH to resolve deacetylation(372). Possessing a weak base 

amide group with a pKa below 0, the imidate has a good leaving group(373). However, 

NAM is a better base with a pKa of 3 when thermodynamically competing for the ribosyl 

electrophile, and upon saturation of the enzyme, can force reactions backwards. 

Consequently, the Michaelis complex of the intermediate product is actually the favorable 

equilibrium(374). It is this aspect of sirtuin chemistry that describes how NAM acts as an 

inhibitor when added exogenously(375). This has been supported by previous studies 

utilizing isonicotinamide (isoNAM), a non-reactive isostere of NAM that can bind the same 
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catalytic site but cannot react with the imidate intermediate. These groups found that 

isoNAM enhanced sirtuin activity despite binding the inhibitory pocket and increased 

yeast replicative lifespan(376-378). Importantly, the physiological concentration of NAM 

in animals is sufficient to inhibit sirtuins in vitro(372,375,379).  

The conserved NAM-binding C-pocket possesses two features which create the 

possibility of a direct activity-modulating interaction between sirtuins and PUFAs. First, 

the C-pocket is highly hydrophobic and would have high binding affinity for the long fatty 

acid carbon backbone. Second, several of the critical residues for NAM binding within the 

C-pocket are serines, which like to form hydrogen bonds with carboxylic acids, a structural 

commonality of all PUFAs(380,381). Interestingly, we have previously observed sirtuin 

dependency with respect to the cardioprotective bioactivity of 19,20-EDP in vitro and ex 

vivo(240,242). 

1.14 Thesis overview 

1.14.1 Rationale 

 Despite advances in reperfusion techniques and adjuvant therapies, mortality due 

to myocardial ischemia and reperfusion injury continues to be a significant clinical issue 

in globally. Positioned as terminally differentiated post-mitotic cells with exceptionally high 

metabolic demands, cardiomyocytes are particularly vulnerable to stressors that disrupt 

and damage mitochondria such as IR injury. As such, maintaining a healthy pool of 

cardiac mitochondria is vital to both ameliorating IR injury and lessening the broader 

clinical burden of myocardial ischemic attacks and subsequent chronic heart failure. 

 Dietary consumption of long chain n-3 PUFAs have long been correlated with 

positive outcomes regarding CVD in population studies. More recently, research groups 
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have demonstrated the cardioprotective properties of endogenously derived ‘epoxylipid’ 

PUFA metabolites. But despite extensive study, the structural, metabolic, and 

mechanistic heterogeneity amongst epoxylipids has confounded identification of their 

molecular targets and roles in cardiovascular diseases. Previously our group has 

demonstrated that the cardioprotective properties of 19,20-EDP were SIRT-dependent. 

Being that sirtuin enzymes are well-known for their protective effects with respect to 

mitochondrial health, EDPs are worth exploring in the context of myocardial ischemia. 

However, the rapid conversion of EDPs to less bioactive vicinal diols by sEH along with 

a plethora of other metabolic pathways such as β-oxidation and plasma membrane-

esterification limits their current therapeutic utility. Thus, we have an interest in developing 

synthetic structural mimetics of 19,20-EDP that may possess improved bioavailability, 

their functional interactions with sirtuins, and the resulting impact on mitochondrial 

homeostasis in the context of hypoxic myocardial injury. 

 

 

 

 

 

 

 

 



35 
 

1.14.2 Hypothesis 

 We hypothesize that the structural 19,20-EDP analog SA-22 will protect 

cardiomyocytes against IR/HR injury by maintaining mitochondrial homeostasis and 

blunting innate immune responses dependent on the activity of SIRT3. 

1.14.3 Objectives 

We began this project with two primary objectives. First, we sought to replicate the 

cardioprotective effects of 19,20-EDP in murine ex vivo and in vitro models of IR/HR injury 

using a synthetic structural analog of 19,20-EDP SA-22. Second, we confirmed if the 

cardioprotective benefits of 19,20-EDP and its analog SA-22 were dependent on SIRT3 

enzymatic activity. 
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CHAPTER 2. METHODS 
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2.1 Reagents 

Stock solutions of 19,20-EDP, antimycin A, decylubiquinol, FCCP, nigericin, 

rotenone, and ubiquinone were prepared in absolute ethanol. Stock solutions of 3-TYP, 

digitonin, DUB, hoechst 33342, retinoic acid, SA-22, were prepared in DMSO. Reagents 

used for transfection (pCMV-dR8.2 dvpr, pMT-mKeima-Red, pCMV-VSV-G, pLJM1-

eGFP, and LP2K), and laminin were prepared in D-PBS. Stock solutions of acetyl CoA, 

ADP, ascorbic acid, BSA, CHAPS, collagenase type II, cytochrome c, DCPIP, dextrose, 

DTT, DNase type I, DTNB, EDTA, glutamate, glycine, HEPES, malonic acid, nicotinamide, 

oxaloacetic acid, puromycin, pyruvate, sodium hydrosulfite, succinate, sucrose, tris acid, 

tris base, trypan blue, trypsin, and urea were prepared in sterile cell culture-grade water. 

Drugs were prepared such that vehicle concentrations did not exceed 0.1% v/v in media. 

A list of materials and reagents used is provided in Table 1. 

Table 2.1. List of materials and reagents 

Reagent Supplier Catalogue # 

0.45um PES syringe filter MilliporeSigma SLHV033RS 

10 cm plastic culture dishes Sarstedt 83.3902 

19(20)-EpDPA Cayman Chemical 10175 

20S Proteasome activity assay kit MilliporeSigma APT280 

35mm glass-bottom dishes MatTek 
P35G-1.0-14-

C 

3-TYP Selleck Chemical 58628 

60mm culture dishes Fisher Scientific FB012921 

6-well glass-bottom plates MatTek 
P06G-1.0-20-

F 

Acetylated Lysine antibody 
Cell Signaling 
Technology cs9441 

Acetyl CoA lithium salt Sigma Aldrich A2181 

ADP sodium salt Sigma Aldrich A2754 

α-Tubulin antibody Abcam ab4074 
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Anti-mouse HRP-conjugated antibody 
Cell Signaling 
Technology 7076 

Anti-rabbit HRP-conjugated antibody 
Cell Signaling 
Technology 7074 

Antimycin A Sigma Aldrich A8674 

Ascorbic acid Sigma Aldrich A5960 

Beta-actin antibody 
Cell Signaling 
Technology 4967 

Bleach Lavo 02358107 

BLUelf prestained protein ladder FroggaBio PM008-0500F 

BME BioShop MER-002 

Bradford protein dye concentrate Bio-Rad 5000006 

BSA Sigma Aldrich A6003 

BSA fatty acid free Sigma Aldrich A7030 

Calcium chloride Caledon Laboratories 2521-1 

cTnT antibody 
Cell Signaling 
Technology cs5593s 

Caspase-1 fluorogenic substrate (Ac-YVAD-
AMC) Enzo Life Sciences 

ALX-260-024-
M005 

Cell scrapers 
Thermo Fisher 

Scientific 179693 

Cell strainer (70um Nylon Mesh) Fisher Scientific 22363548 

CHAPS Sigma Aldrich 226947 

Collagenase Type II 
Worthington 

Chemical Corporation LS004176 

CoralHue® mitochondria-targeted mKeima-
Red (pMT-mKeima-Red) MBL Life Science AM-V0251M 

COX IV antibody 
Cell Signaling 
Technology cs11967s 

CS antibody Abcam ab129095 

Cytochrome c (cytochrome c from equine 
heart) Sigma Aldrich C2506 

DCPIP Sigma Aldrich D1878 

Dextrose [anhydrous] EMD D-4751 

Digitonin Sigma Aldrich D141 

DMSO Sigma Aldrich D2650 

DRP-1 antibody Santa Cruz sc-271583 

DTT Sigma Aldrich 646563 

DMEM (Dulbecco's Modified Eagle Medium) 
[high glucose] Gibco 11965-092 

DMEM (Dulbecco's Modified Eagle Medium) 
[low glucose] Gibco 11885-084 

DMEM/F12 Gibco 11320-033 
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DNase I 
Worthington 

Chemical Corporation LS002139 

D-PBS 
Thermo Fisher 

Scientific 14190144 

DTNB Research Organics 2180D 

DUB Sigma Aldrich D79113 

Ethanol (95%) Commercial Alcohols P016BA95 

EDTA dihydrate Sigma Aldrich ED2SS 

Euthanyl© Sodium pentobarbital injection 
Bimeda-MTC Animal 

Health 00141704 

FCCP Abcam ab147482 

FBS 
Thermo Fisher 

Scientific 12483-020 

GSDMD antibody Santa Cruz sc-393581 

Glutamate (L-Glutamic acid potassium salt 
monohydrate) Sigma Aldrich G1501 

Glycerol Caledon Laboratories 5350-1 

Glycine Fisher Scientific BP3815 

H9c2 cells ATCC CRL-1446 

HDAC fluorogenic substrate BPS Bioscience 50032 

HEK293T cells ATCC CRL-3216 

HEPES Fisher Scientific BP310 

Hoechst 33342 
Thermo Fisher 

Scientific 62249 

Horse serum (New Zealand) Gibco 16050-122 

HSP60 antibody 
Cell Signaling 
Technology cs4870 

Immersol™ Immersion Oil 518F Carl Zeiss AG 444960 

Immun-Blot® PVDF Membrane Bio-Rad 1620177 

Instant skim milk powder Smucker Foods 3808 

IL-1β antibody Abcam ab9722 

Laemmli sample buffer Bio-Rad 1610747 

Laminin Sigma Aldrich L2020 

LC3B antibody 
Cell Signaling 
Technology cs3868 

LP2K 
Thermo Fisher 

Scientific 11668019 

Magnesium sulfate [anhydrous] Fisher Scientific M65-500 

Malate (L-(-)-Malic acid) Sigma Aldrich M1000 

Malonic acid Sigma Aldrich M1296 

Methanol Sigma Aldrich 34860 

Mini-PROTEAN TGX™ Gels (12%) Bio-Rad 4561094 

Mini-PROTEAN TGX™ Gels (4-20%) Bio-Rad 4561094 
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MiR05 Oroboros Instruments 60101-01 

MnSOD2 antibody Abcam ab13533 

MnSOD2 antibody (acetyl) Abcam ab137037 

NAM Sigma Aldrich 72340 

OPA1 antibody BD Biosciences bd612606 

Opti-Mem reduced serum media 
Thermo Fisher 

Scientific 31985070 

Oxaloacetic acid Calbiochem 5000 

P62 antibody Abcam ab5646 

Parkin antibody 
Cell Signaling 
Technology cs2132 

pCMV-dR8.2 dvpr plasmid Addgene 8455 

pCMV-VSV-G plasmid Addgene 8454 

Penicillin-Streptomycin (10000U) 
Thermo Fisher 

Scientific 15140122 

Pierce™ protease and phosphatase 
inhbibitor mini tablets 

Thermo Fisher 
Scientific A32959 

PINK1 antibody Abcam ab23707 

pLJM1-eGFP plasmid Addgene 19319 

Potassium chloride Fisher Scientific P-217B 

Potassium cyanide Sigma Aldrich 60180 

Potassium ferricyanide 
Electron Microscopy 

Sciences 20150 

Potassium phosphate monobasic Caledon Laboratories 6660-1 

Puromycin Sigma Aldrich P8833 

Retinoic acid Sigma Aldrich R2625 

Rotenone Sigma Aldrich R8875 

SA-22 Falck Lab N/A 

SIRT1 antibody 
Cell Signaling 
Technology cs9475s 

SIRT3 antibody 
Cell Signaling 
Technology cs5490s 

SIRT3 human recombinant enzyme BPS Bioscience 50014 

SIRT3 fluorogenic assay kit BPS Bioscience 50088 

SIRT assay buffer BPS Bioscience 50090 

SIRT developer solution BPS Bioscience 50032 

Sodium azide Sigma Aldrich S-2002 

Sodium bicarbonate Sigma Aldrich 712519 

Sodium chloride Sigma Aldrich 746398 

Sodium dithionite Sigma Aldrich 71699 

SDS Fisher Scientific BP8200 

Sodium fluoride Sigma Aldrich S7920 
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Sodium hydrosulfite Sigma Aldrich 157953 

Sodium phosphate dibasic Caledon Laboratories 8120-1 

Sodium phosphate monobasic Caledon Laboratories 8180-1 

Sodium pyrophosphate Sigma Aldrich P8010 

Sodium pyruvate Sigma Aldrich P5280 

Stericup® Quick Release 0.22um Filters MilliporeSigma S2GPU5RE 

Succinate (dibasic sodium salt) Sigma Aldrich 14160 

SDH-A antibody 
Cell Signaling 
Technology cs5839s 

Sucrose Caledon Laboratories 8720-1 

SuperSignal™ West Pico PLUS 
chemiluminescent substrate 

Thermo Fisher 
Scientific 34580 

T25 cell culture flasks Sarstedt 83.3910.002 

T75 cell culture flasks Sarstedt 83.2911.002 

Tris acid Fisher Scientific BP153-500 

Tris base Invitrogen 15504-020 

Trypan Blue (0.4%) 
Thermo Fisher 

Scientific 15250061 

TrypLE™ Express Enzyme, 1X Gibco 12605028 

Trypsin 
Worthington 

Chemical Corporation LS003707 

Tween-20 Sigma Aldrich P7949 

Ubiquinone Sigma Aldrich C7956 

Urea Sigma Aldrich 0000279909 

VDAC antibody Abcam ab14734 

Zeiss Lens Cleaner Carl Zeiss Vision 
740.000.0014

6 

2.2 Synthesis of the 19,20-EDP analog SA-22 

(10Z,16Z)-18-(3-Ethyloxiran-2-yl)octadeca-10,16-dienoic acid (SA-22) was 

synthesized by the Falck lab at ≥95% purity using established synthetic methods and 

characterized using 1H/ 13C Nuclear Magnetic Resonance (NMR) and mass 

spectroscopy(293,297,382,383). The synthetic process for SA-22 can be found among 

the supplementary digital information published alongside Kranrod et al.(239). 
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2.3 Animals 

All experiments used young, male wildtype (WT) C57BL/6J mice weighing 25-35g, 

aged between 2-6 months. The mouse colony was housed and maintained at the 

University of Alberta under stable conditions with regards to temperature and humidity on 

a 12:12-h light-dark cycle. Mice were given standard rodent chow ad libitum (fat 11.3%, 

fiber 4.6%, protein 21% (w/w)). Dietary composition included linolenic acid (0.27%), 

linoleic acid (2.12%), arachidonic acid (0.01%), omega-3 fatty acid (0.45%), total SFA 

(0.78%), and total MSFA (0.96%) (PicoLab®Rodent Diet 20 Cat. No 5053, LabDiets, Inc., 

St. Louis, MO, USA). All animal experimental protocols were approved by the University 

of Alberta Health Sciences Welfare Committee (University of Alberta Animal Welfare, 

ACUC, study ID#AUP330) and conducted according to strict guidelines provided by the 

Guide to the Care and Use of Experimental Animals (Volume. 1, 2nd ed., 1993, from the 

Canadian Council on Animal Care). 

2.4 Isolated heart perfusions 

Mice were anesthetized via intraperitoneal injection with sodium pentobarbital 

(Euthanyl™, 100mg/kg). Mice were then monitored for complete non-responsiveness to 

external stimulation before the hearts were excised and perfused in Langendorff mode 

with Krebs-Henseleit buffer (pH 7.4) (in mM) 120 NaCl, 25 NaHCO3, 10 Dextrose, 1.75 

CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 4.7 KCL, 2 Sodium Pyruvate and bubbled with 95% O2, 

and 5% CO2 at 37°C(221,384). Following hanging of the heart, the left atrium was excised, 

and a water-filled, plastic saran-wrap balloon was inserted into the left ventricle via the 

mitral valve. Connection of the balloon to a pressure transducer allowed for continuous 

monitoring of LVDP (cm H2O) and heart rate (HR) (beats/min). Hearts were omitted from 
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experimental analysis if they failed to sustain an LVDP greater than 80 cm H2O or had a 

persistent arrhythmia. Perfusions were done in retrograde at a constant flow rate for 20 

minutes at baseline before 30 minutes of global no flow ischemia followed by 40 minutes 

of reperfusion.  Starting at reperfusion hearts were perfused with vehicle (final 

concentration less than 0.1% DMSO), SA-22 (1 µM), or 19,20-EDP (1 µM). Some hearts 

were perfused with SA-22 (1 µM) together with either the pan-sirtuin inhibitor nicotinamide 

(NAM, 30 µM) or the SIRT3-selective inhibitor 3-(1H-1,2,3-triazol-4-yl) pyridine (3-TYP, 

50 µM). Previous studies with CYP-derived n-3 EpFAs demonstrating cardioprotective 

benefits informed our choice of concentrations(385,386). Chemicals were added to the 

apparatus 10 minutes before ischemia and were present in the heart throughout the 

reperfusion period. Tissues were immediately snap frozen in liquid nitrogen for tissue 

analysis following reperfusion.  Postischemic functional recovery was assessed by taking 

the percentage of left ventricular developed pressure (LVDP) at 40 minutes into 

reperfusion as a percentage of baseline LVDP. Software from ADI (AD Instruments, 4360 

Arrowswest Drive, Colorado Springs, Colorado) was used to acquire and analyze 

haemodynamic parameters. Isolated heart perfusion experiments were graciously 

performed by Dr. Ahmed Darwesh, Dr. Wesam Bassiouni, and Andy Huang. 
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Figure 2.1. Ischemia-reperfusion and hypoxia-reoxygenation experiment design. 

2.5 Cultivation of H9c2 cardiac cells and treatment protocols 

H9c2 rat embryonic myoblast cells (Sex Unspecified) were purchased from the 

American Type Culture Collection (ATCC) and maintained between 30 to 90% confluency 

in DMEM media supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. Cell differentiation was induced by supplementation of media with 10 nM 

all-trans retinoic acid for 14 days. Differentiation of cells was confirmed by densitometric 

blot analysis of cardiac Troponin T, comparing cells that did or did not receive retinoic 

acid(387). Cells were plated at a density of 1.0 × 106 cells/mL and culture conditions were 

maintained at 37°C, 5% CO2 and 95% air. Cell viability was assessed with a trypan blue 

exclusion test. H9c2 cells subjected to hypoxia-reoxygenation (HR) or normoxia were 

treated with the following agents: 19,20-EDP (1 µM), SA-22 (1 µM) and/or either NAM (30 

µM) or 3-TYP (50 µM). 
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2.6 Trypan blue exclusion assay 

 H9c2 cardiomyblasts in 10cm dishes (8ml culture volume) were treated as 

described in Section 2.5 prior to harvesting. Following dissociation of cells from their 

culture flasks and neutralization with fresh DMEM, 100µl of each cell suspension was 

mixed with 100µl of Trypan blue solution. Trypan blue exclusion assays were then 

performed using a hemocytometer. Viable cells were trypan blue-negative while non-

viable cells were trypan-blue positive. Percent cell viability was calculated as (viable cells 

/ total cells). 

2.7 Lentivirus transfection and stable Mito-Keima expression in H9c2 cells 

 To construct the pLJM1-mito-Keima transfer plasmid, the mito-Keima open 

reading frame from the CoralHue® Mitochondria-targeted mKeima-Red plasmid was 

subcloned into an empty pLJM1 vector backbone. Transfection complexes were formed 

by incubating 15000 ng pLJM1-mito-Keima plasmid, 6000 ng pCMV-dR8.2 dvpr 

packaging plasmid, 3000 ng pCMV-VSV-G envelope plasmid, and Lipofectamine 2000 

Transfection Reagent in 750µl Opti-MEM at room temperature for 30 minutes. 

Transfection complexes were then incubated with wild-type HEK293T cells in T75 flasks 

with 10 ml DMEM supplemented with 10% FBS and 100U/ml penicillin/streptomycin for 

24 hours at 37°C and 5% CO2. Lentivirus production was facilitated by replacing cell 

culture media the following day. Lentivirus-containing DMEM was collected after another 

24 hours. Media was cleared of HEK293T cells by centrifugation at 500 x g for 5 minutes 

followed by filtration through a 0.45 µm PES syringe filter. H9c2 cells were seeded in 6-

well plastic culture plates and grown to 60% confluency whereupon the culture media was 

replaced with 2 ml of lentivirus-containing DMEM. Cells were spinfected by centrifuging 
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6-well plates at 1000 x g for 45 minutes at 37°C. Lentivirus-containing media was 

aspirated after 24 hours and replaced with fresh DMEM. After another 24-hour period, 

successfully transfected cells were isolated by supplementing media with 2 µg/ml 

puromycin. Once cells reached 80-90% confluency they were seeded into larger dishes 

for further cultivation and frozen in liquid nitrogen for long-term cryostorage. Stable mito-

Keima expression was validated using fluorescence microscopy. 

2.8 Isolation of neonatal rat cardiomyocytes (NRCM) 

Primary cultures of cardiomyocytes were prepared from 2–3-day-old neonatal 

Sprague-Dawley rats (mixed sex) as previously described(388). Briefly, hearts were 

excised immediately following decapitation and placed in ice-cold D-PBS. After thorough 

rinsing, atria, fats, and connective tissue were discarded. The remaining ventricles were 

minced using scissors and then placed into a T25 tissue culture flask containing ice-cold 

D-PBS, DNase (0.025% w/v), collagenase (0.10% w/v), and trypsin (0.05% w/v). Tissue 

suspensions were digested on a rotary shaker at 37°C for 25 minutes and then transferred 

to a 50-mL Falcon™ tube containing 20 mL of DMEM/F12 media supplemented with 20% 

FBS. The tissues were centrifuged at 200 x g for 4 minutes at 4°C. After discarding the 

supernatant, the digestions were repeated two more times but with the supernatant being 

collected after the second and third digestions. Following the final digestion, tissue and 

supernatant fractions were combined and centrifuged at 1700RPM for 7 minutes at 4°C. 

The resulting pellet was resuspended in 20ml of DMEM/F12 media supplemented with 

10% horse serum, 5% FBS, and 100U/ml of penicillin/streptomycin and passed through 

a 70 µm nylon mesh strainer. NRCMs were then seeded and cultivated on dishes coated 
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with laminin (10µg/ml). Cultures were used for experiments 48-72 hours after the initial 

plating. 

2.9 Hypoxia-reoxygenation exposure 

H9c2 cells and NRCMs were placed in a computer-controlled humidified hypoxic 

chamber (0.9% O2, 5% CO2, and 94% N2) for 24 h followed by reoxygenation under 

normoxic conditions (21% O2/5% CO2) for 6 h as described previously(243). Control cells 

were exposed to 30 h of normoxia. All hypoxic treatments used deoxygenated medium. 

The hypoxia chamber and controller were custom-designed and assembled in the 

instrumentation workshop at the Faculty of Pharmacy, University of Alberta, Edmonton, 

AB, Canada. 

2.10 Immunoblotting 

Subcellular fractions were isolated from frozen heart tissues and dissociated cell 

cultures. Mouse hearts were ground with a mortar and pestle on dry ice and homogenized 

in an ice-cold homogenization buffer (20 mM Tris-HCl, 50 mM NaCl, 50 mmol/L NaF, 5 

mM sodium pyrophosphate, 1 mM EDTA, 250 mmol/L sucrose plus Pierce™ Protease 

and Phosphatase Inhibitor Mini Tablet (PPI), pH 7.0) as previously described(264). H9c2 

cells and NRCMs were lysed using standard lysis buffer (75 mM NaCl, 1 mM NaH2PO4, 

8 mM NaHPO4, 10 mM Tris-HCl, 250 mM sucrose, and PPI) as previously described(389). 

Cellular debris was separated via centrifugation at 800 x g and 4°C for 10 minutes. 

Plasma membrane associated proteins such as Gasdermin D contained in the debris 

pellet were re-solubilized with homogenization buffer containing 8M urea. Subsequent 

centrifugation of the supernatant at 10,000 x g for 20 minutes produced mitochondrial-
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enriched pellets. Mitochondrial pellets were resuspended in homogenization buffer for 

analysis. Ultracentrifugation of the supernatant at 105,000 x g for 60 minutes separated 

microsomal membranes from the cytosol. Total protein concentration was assessed via 

Bradford assay, and Western blotting was carried out as previously described(221). 

Sample proteins (15-50ug) were reconstituted in Laemmli sample buffer and then boiled 

for 5 minutes. Samples were then loaded onto Mini-PROTEAN TGX™ gels for sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were resolved 

by SDS-PAGE (90V, 2-3 hours) within an ice-bath prior to electrophoretic transfer (25V, 

overnight) onto Immun-Blot™ polyvinylidene difluoride (PVDF) membranes. Prior to 

probing, membranes were blocked with tris-buffered saline tween solution (TBST; 50 mM 

Tris-HCl (pH = 7.6), 150 mM NaCl, 0.1% Tween-20) with 5% BSA. Following blocking, 

membranes were incubated overnight with primary antibodies against SDHA-1 (1/2000), 

COX IV (1/5000), Citrate Synthase (1/5000), SIRT3 (1/1000), SIRT1 (1/1000) total 

MnSOD2 (1/1000), acetyl-MnSOD2 (1/1000), acetyl-Lysine (1/1000), OPA1 (1/1000), IL-

1β (1/500), GSDMD (1/500), NLRP3 (1/500), VDAC (1/2000), β-Actin (1/2000), α-Tubulin 

(1/2000), cardiac Troponin T (1/500), DRP-1 (1/1000), PINK1 (1/1000), Parkin (1/1000), 

P62 (1/1000), and LC3B (1/1000). After washing, membranes were incubated with 

corresponding secondary antibodies made in TBST + 5% instant skim milk powder. 

Primary and secondary antibodies used are included in Table 1. Blots were visualized 

using the chemiluminescent substrate SuperSignal™ West Pico PLUS and a ChemiDoc 

MP Imaging System. Densitometric analyses were performed using ImageJ (NIH, USA). 

Membranes were re-probed following incubation with stripping buffer (1.5% glycine, 0.1% 

SDS, 1% Tween-20, pH = 2.2) and 1 hour re-blocking. 
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2.11 Enzymatic assays 

2.11.1 Spectrophotometric ETC complex assays 

Spectrophotometry was employed to assess mitochondrial respiratory chain (RC) 

enzymatic function as previously described(390). Mitochondrial heart samples were 

assessed for complex I, II, III, IV, and CS activities. Complex activity was normalized to 

volume and protein concentration. 

2.11.2 Sirtuin activity 

Mitochondrial SIRT3 and cytosolic SIRT1 activity was detected according to the 

manufacturer’s instructions using a fluorescent assay kit (50088 and 50081 respectively, 

BPS Bioscience, San Diego, CA, USA). This assay involves mixing samples with a 

specific fluorogenic HDAC substrate, bovine serum albumin, NAD+, and proprietary assay 

buffer. Upon initial deacetylation by SIRT and subsequent exposure to the assay 

developer solution, the HDAC substrate produces a fluorescent product that can be 

measured using a fluorometric plate reader at 350-380/440-460 nm excitation/emission 

wavelengths. Replacing biological samples with the recombinant SIRT3 enzyme supplied 

the kit enabled us to examine the direct effect of SA-22 and 19,20-EDP on SIRT3 catalytic 

activity. SIRT activity was expressed as a fold of the aerobic vehicle group in relative 

luminescence units (RLU).  

2.11.3  Caspase-1 activity 

Cytosolic Caspase-1 activity was assessed as a marker of NLRP3 inflammasome 

complex activation. Activity in heart tissue lysate is proportional to the generation of a 



50 
 

fluorescent signal following cleavage and release of 7-amino-4-methylcoumarin (AMC) 

from a tagged caspase-1 peptide substrate, Ac-YVAD-AMC over time. Briefly, cytosolic 

samples (20-30 µg protein) were incubated with the fluorogenic substrate in a reaction 

buffer (50 mM HEPES, 100 mM NaCl, 0.5% CHAPS, 1 mM EDTA, 10% glycerol, 10 mM 

DTT) and the fluorescence intensity of the cleaved AMC was quantitated using a 

fluorometer (excitation 380 nm, emission 460 nm wavelengths). Activity was normalized 

to protein concentration then expressed as a fold of the aerobic vehicle treatment group 

in relative luminescence units (RLU). This protocol has been described previously(391). 

2.11.4  20S proteasome activity 

Total 20S proteasome activity assay was determined in cytosolic fractions 

monitoring the release of AMC by proteolytic cleavage of the peptide Suc-LLVY-AMC 

(APT280, Chemicon) by 20S proteasomes. The kit measures the formation of 7-Amino-

4-methylcoumarin (AMC) from cleavage of substrate LLVY-AMC by the proteasome. 

Fluorescence was monitored at wavelengths of 380 nm (excitation) and 460 nm 

(emission). Activity was normalized to protein concentration then expressed as a fold of 

the aerobic vehicle treatment group in RLU. This protocol has been employed 

previously(389). 

2.12  Microscopy 

2.12.1  Live-cell fluorescence microscopy 

 For fluorescent microscopy experiments, H9c2 cells were plated on 6-well glass-

bottom plates. Experimental treatments were conducted as described in Sections 2.5 

and 2.7. For the last 30 minutes of hypoxia/normoxia, cells were incubated with 1 µM 
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Hoechst 33342 dye to illuminate nuclear DNA. Due to difficulties in maintaining cell-

cultures on glass-bottom dishes for several weeks, all microscopy experiments utilized 

non-differentiated H9c2 cells. In all experiments, cells were imaged using a Zeiss Axio 

Observer Z1 inverted epifluorescence microscope fitted with a microincubator (37°C, 5% 

CO2), using a 40X/1.3NA oil DIC objective lens and the Colibri 62 HE BFP GFP McRed 

filter cube. Images were captured using the Zeiss Zen© 2.3 (blue edition 2011) software 

package (Version 2.3.69.1018). 

2.12.2  Quantification of Mito-Keima fluorescence 

 Fluorescence images were generated according to the following parameters: 

Neutral pH mitochondria fluorescence was excited at 470nm (25% intensity, 750ms 

exposure) and captured at 604nm. Acidic pH mitochondrial fluorescence was excited at 

590nm (80% intensity, 800ms exposure) and captured at 604nm. Hoechst 33342 (DNA) 

fluorescence was excited at 365nm (10%, 100ms exposure) and captured at 455nm. 

 Before image export, fluorescence histograms were adjusted to isolate signal 

attributable to mitophagosomes from background noise. Analysts adjusting the images 

were blinded to their treatments. CZI images were then split into individual channels and 

exported as high-resolution TIFF files for analysis using ImageJ. Acidic channel images 

were then converted into a binary mask and discrete objects were counted. Acidic object 

counts were normalized to nuclei counts manually obtained from Hoechst 33342 channel 

images. 
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2.13  High-resolution respirometry 

 Mitochondrial respiratory function was assessed in H9c2 cells using an Oroboros-

O2k high-resolution respirometer (OROBOROS Instruments, Innsbruck, Austria) 

according to the substrate-uncoupler-inhibitor titration (SUIT) protocol 008(151). 

Following experimental treatment protocols, cells were washed twice with PBS then 

dissociated with TrypLE™. After neutralizing TrypLE™ with fresh DMEM and collecting 

cell suspensions, cell density was calculated using the trypan-blue exclusion assay 

described in Section 2.6. Remaining cells were centrifuged at 500 x g for 4 minutes. 

Pellets were resuspended in mitochondrial respiration medium (MiR05, pH = 7.1, 0.5 mM 

EGTA, 3 mM MgCl2, 60 mM potassium lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 

20 mM HEPES, 110 mM D-sucrose, 1 g/L fatty acid-free BSA, dissolved in double-distilled 

water (ddH2O)). 2.0 ml of cell suspension was then added to closed chambers at 37°C 

and 750RPM stirrer speed. Cells were given 20 minutes to equilibrate within the 

chambers before the basal respiratory state was recorded. Selective permeabilization of 

cytosolic membranes was achieved by incubating cells with 4 µM digitonin for 20 minutes 

prior to commencement of the SUIT protocol. Oxygen consumption rates (OCRs) at each 

respiratory state were recorded in the following order: (i) LEAK respiration stimulated by 

5 mM pyruvate and 2 mM malate [PML]; (ii) OXPHOS stimulated by 2.5 mM adenosine 

diphosphate (ADP) [PMP]; (iii) Mitochondrial outer membrane integrity was tested by 

addition of 10 µM cytochrome c [PMcP]; (iv) Complex I respiration was saturated with 10 

mM glutamate [PMGP]; (v) Maximal complex I+II OXPHOS respiration following 10 mM 

succinate addition [PMGSP]; (vi) Maximal non-coupled respiration (ET) following several 

step-wise 0.1 µM FCCP titrations [PMGSE]; (vii) Non-coupled complex II respiration with 
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0.5 µM rotenone [SE]; (viii) Residual oxygen consumption (ROX) after 2.5 µM antimycin 

A titration(392). Reported OCRs were calculated by normalizing all O2 flux values to ROX 

respiration and cell count ([pmol O2] / [sec*million cells]). 
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Figure 2.2. Representative high-resolution respirometry experiment. Oxygen 

consumption rates (OCRs) are measured at different respiratory states induced by 

various substrates, uncouplers, and inhibitor titrations. 

 

2.14  Statistical analysis 

Statistical analyses were conducted using GraphPad Prism software (Version 

10.2.0(392)). Values are presented as mean ± standard error of mean (SEM). Statistical 

significance was determined by one-way ANOVA with a Bonferroni post-hoc test when 

comparing two or more groups to a control mean; p < 0.05 was considered statistically 

significant. Individual points on data plots/graphs represent separate biological replicates. 
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CHAPTER 3. RESULTS 
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3.1  19,20-EDP and SA-22 directly potentiate SIRT3 catalytic activity in vitro 

 In addition to growing evidence that the cardioprotective effects of 19,20-EDP were 

SIRT-dependent(240,243), unpublished preliminary work by our group suggested that 

both 19,20-EDP and SA-22 could directly bind to SIRT3 and modulate its activity. Thus, 

we employed the SIRT3 fluorogenic activity assay described in Section 2.11.2, incubating 

recombinant human SIRT3 (hSIRT3) enzyme in the presence of either 19,20-EDP or SA-

22. Interestingly, both 19,20-EDP and SA-22 improved the catalytic capacity of hSIRT3, 

but only at 100 µM rather than the 1 µM concentration at which we have previously 

observed beneficial outcomes from EpFA treatment. Furthermore, potentiation of SIRT3 

activity was completely abrogated by 3-TYP addition (Figure 3.1C). 
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Figure 3.1. SA-22 is a structural 19,20-EDP mimetic that boosts SIRT3 activity. Chemical 

structures of an endogenously abundant metabolite of DHA, 19,20-EDP (A) as well as 

the metabolically more stable, synthetic analog SA-22 (B). (C) Human recombinant SIRT3 

activity was assessed after incubation with either 19,20-EDP (1, 100 µM) or SA-22 (1, 

100 µM), in the presence or absence of 3-TYP (50 µM) in vitro. Values represent mean ± 

SEM; # p<0.05 vs. VEHICLE (n = 5-6 per group). 3-TYP; 3-(1H-1,2,3-triazol-4-yl) pyridine, 

DHA; Docosahexaenoic acid, EDP; Epoxydocosapentaenoic acid, SA-22; (10Z,16Z)-18-

(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. 
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3.2  Post-ischemic functional recovery is improved by SA-22 treatment 

To prove the functional improvement in SIRT3 activity stimulated by the EDP 

compounds in vitro has meaningful impact on post-ischemic injury pathogenesis we 

tested SA-22 in an ex vivo model of IR injury utilizing the Langendorff apparatus. Initial 

assessment demonstrated that SA-22 had similar cardioprotective effects compared to 

19,20-EDP (Figure 3.2A-D). Importantly, pre-ischemic myocardial function was 

comparable across all treatment groups (Figure 3.2A-D). Hearts perfused with SA-22 

had significantly improved postischemic left ventricular developed pressure (LVDP) as 

well as rates of contraction (dP/dt max) and relaxation (dP/dt min) compared to the vehicle 

IR group (Figure 3.2A-D). Perfusion with the pan-sirtuin inhibitor NAM as well as the 

SIRT3-selective inhibitor 3-TYP markedly reduced SA-22-induced recovery of LVDP, 

dP/dt max, and dP/dt min (Figure 3.2A-D). Lastly, there were no notable differences in 

heart rate between all study groups (Figure 3.2E). Altogether, these data suggest that 

SA-22 can improve postischemic functional recovery. 
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Figure 3.2. SA-22 enhanced postischemic functional recovery. Hearts were assessed for 

contractile function at baseline (B20), during ischemia (10, 20, 30), and after reperfusion 

(R10, R20, R30, and R40).  Measurement parameters included LVDP (A,D), rate of 

contraction (dP/dt max) (B), and rate of relaxation (dP/dt min) (C). Heart rate was 

assessed as beats per minute (BPM) (E). Treatments; vehicle (0.1% v/v DMSO), 19,20-

EDP (1 µM), SA-22 (1 µM), NAM (30 µM), and 3-TYP (50 µM). Values represent mean ± 

SEM; # *p<0.05 vs. vehicle IR (n = 5-8 per group). LVDP; left ventricular developed 

pressure. 3-TYP: 3-(1H-1,2,3-triazol-4-yl) pyridine, EDP: Epoxydocosapentaenoic acid, 

NAM; Nicotinamide, SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic 

acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

3.3  SA-22 preserves respiratory chain function following IR-injury 

Preserving mitochondrial respiration is critical to ameliorating myocardial injury in 

post-myocardial infarction and post-ischemic contexts(393). Furthermore, SIRT3 is a 

known regulator of myocardial mitochondrial dynamics and respiratory capacity(394). 

Thus, we assessed the catalytic activity of complex I, II, III, IV, and CS, an aerobic 

metabolism biomarker due to its role as the rate-limiting factor for Krebs cycle entry(395). 

IR injury significantly decreased enzymatic activity in complexes I, II, III and IV when 

compared to the aerobic vehicle group (Figure 3.3A, B, D, E). Perfusion with SA-22 

consistently preserved catalytic activity of all 4 complexes following the myocardial insult 

(Figure 3.3A, B, D, E). Interestingly, NAM co-treatment abrogated analog-induced 

protection of activity at complexes I and II but not III or IV, suggesting sirtuins are 

potentially important mediators for the benefits evoked by EpFAs (Figure 3.3A, B, D, E, 

G). Protein expression levels of succinate dehydrogenase subunit A, a major catalytic 

subunit of complex II, were unchanged across all groups (Figure 3.3C). Intriguingly, while 

SA-22 and vehicle IR treatment did not appear to change COX IV expression, treatment 

with NAM alongside SA-22 significantly reduced protein levels when compared to SA-22 

alone (Figure 3.3F). There were no significant differences in CS activity and expression 

across all treatment groups (Figure 3.4A, B). Interestingly, perfusion with SA-22 partially 

ameliorated the accumulation of shorter OPA1 isoforms stimulated by IR-injury (Figure 

3.4C). Treatment with NAM did not appear to reduce this effect. 
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Figure 3.3. SA-22 treatment preserved ETC function following IR-injury. Mitochondrial 

extract from perfused hearts were assessed for ETC activity (nmol/mg/ml) at complex(s) 

I (A), II (B), III (D), and IV (E). Representative immunoblots and densitometric 

quantification for SDH-A (C), and COX IV (F). Treatments; vehicle (0.1% v/v DMSO), SA-

22 (1 µM), and NAM (30 µM). Values represent mean ± SEM, # p<0.05 vs. aerobic control 

(n = 4-6 per group). CS; citrate synthase. ETC; electron transport chain. VDAC; voltage-

dependent anion channel. SDH-A; succinate dehydrogenase subunit A. NADH; reduced 

nicotinamide adenine dinucleotide. COX IV; cytochrome c oxidase. NAM; Nicotinamide, 

SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid 
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Figure 3.4. Perfusion with SA-22 protected long OPA1 isoforms. Mitochondrial extract 

from perfused hearts were assessed for CS activity and OPA1 cleavage. Enzymatic 

activity as well as representative immunoblots and densitometric quantification of citrate 

synthase (A, B). Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM), and NAM (30 µM). 

Values represent mean ± SEM, # p<0.05 vs. aerobic control (n = 4-6 per group). FL; full-

length. CLV; cleaved. OPA1; optic atrophy type-1, VDAC: voltage-dependent anion 

channel. NAM; Nicotinamide, SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-

dienoic acid 
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3.4  Sirtuin function is maintained in post-IR hearts perfused with SA-22 

SIRT3 is capable of deacetylating and activating several targets involved with 

cellular stress responses, including MnSOD2, whose ability to scavenge ROS is greatly 

enhanced upon deacetylation by SIRT3(331-333). Importantly, over 90% of the cellular 

ROS produced during IR injury arises from electrons escaping disrupted ETC subunits, 

which are known SIRT3 substrates. Thus, we theorized that analogs of 19,20-EDP may 

limit mitochondrial dysfunction, ROS production, and oxidative damage following IR injury 

by preserving sirtuin activity(132,143,396,397). From our results, SIRT3 activity was 

significantly reduced by IR injury when compared to the aerobic vehicle group (Figure 

3.5A). However, perfusion with SA-22 significantly attenuated the decline in sirtuin activity 

caused by IR injury (Figure 3.5A). While SIRT3 protein expression showed no significant 

differences between treatment groups (Figure 3.5B). The changes in SIRT3 activity were 

reflected in the acetylation levels of two known SIRT3 substrates, MnSOD2 and lysine 

residues, where SA-22 prevented an increase in acetylation of both markers induced by 

IR injury (Figure 3.5C, D). NAM co-perfusion attenuated SA-22-mediated protection of 

sirtuin activity, reducing SIRT3 activity levels and enhancing acetylation of MnSOD2 and 

lysine residues (Figure 3.5C, D). 
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Figure 3.5. SA-22 administration preserved SIRT3 activity against IR injury. SIRT3 

deacetylase activity assayed with fluorescent kit in isolated mitochondrial fractions (A). 

Representative immunoblots and densitometric quantification of SIRT3 (B), acetyl 

MnSOD2 (C), and acetyl lysine (D). Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM), 

and NAM (30 µM). Values represent mean ± SEM, # p<0.05 vs. aerobic control (n = 4-5 

per group). AC; acetyl. RLU; relative luminescence units. VDAC; voltage-dependent 

anion channel. MnSOD2; manganese superoxide dismutase. SIRT3; silent mating type 

information regulation 2 homolog 3. NAM; Nicotinamide, SA-22; (10Z,16Z)-18-(3-

Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid 
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In addition to assessing mitochondrial SIRT3 activity post-IR, we also explored 

potential changes in cytosolic SIRT1 activity. SIRT1 is another member of the sirtuin 

family of deacetylases that shuttles between the cytosol and nucleus, regulating the 

transcription of a plethora of genes related to mitochondrial biogenesis via post-

translational modification of PGC-1α(351). Similarly to SIRT3, SA-22 protected the 

catalytic activity of SIRT1 against the deleterious effects of IR injury (Figure 3.6A). There 

were no significant differences in the protein expression of cytosolic SIRT1 across all 

treatment groups (Figure 3.6B). 
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Figure 3.6. SA-22 administration preserved SIRT1 activity against IR injury. SIRT1 

deacetylase activity assayed with fluorescent kit in isolated cytosolic fractions (A). 

Representative immunoblots and densitometric quantification of SIRT1 (B). Treatments; 

vehicle (0.1% v/v DMSO), SA-22 (1 µM), and NAM (30 µM). Values represent mean ± 

SEM, # p<0.05 vs. aerobic control (n = 4-5 per group). RLU; relative luminescence units. 

SIRT1; silent mating type information regulation 2 homolog 1. NAM; Nicotinamide, SA-

22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. 
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3.5  Perfusion with SA-22 attenuates IR-injury-induced pyroptosis 

Caspase-1 is a key mediator of pyroptotic cell death, transducing inflammatory 

signals by proteolytically cleaving the pyroptotic pore protein gasdermin D (GSDMD) as 

well as secreted cytokine interleukin 1 beta (IL-1β) following IR injury(43,45,398). We 

tested SA-22 for potential attenuation of pyroptosis. Caspase-1 activity levels were 

significantly increased in the vehicle IR group compared to aerobic control, with SA-22 

treatment returning them to aerobic vehicle levels (Figure 3.7A). Secondly, SA-22 

reduced cleavage of IL-1β when compared to vehicle IR, where virtually all IL-1β was 

cleaved/active (Figure 3.7B). Once activated via proteolytic cleavage, GSDMD localizes 

to the cellular plasma membrane (PM) where it functions as a pore for pyroptotic signals 

such as IL-1β to be secreted(399). Across all treatment groups, only the PMs of the 

vehicle IR hearts possessed any notable levels of cleaved GSDMD. SA-22 administration 

reduced the PM-localization of cleaved GSDMD (Figure 3.7C). Unexpectedly, despite 

the ability of NAM to prevent the benefits induced by SA-22 regarding myocardial function 

and respiration, there was no effect on the activation of pyroptosis when compared to 

treatment with SA-22 alone (Figure 3.7A-C). Cumulatively, these data suggest that 

maintenance of sirtuin activity is important to the cardioprotective actions exerted by 

EpFAs in the context of myocardial IR injury. 
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Figure 3.7. SA-22 perfusion attenuated IR-induced pyroptosis. Caspase-1 proteolytic 

activity assayed with a fluorescent kit in isolated cytosol fraction (A). Representative 

immunoblots and densitometric quantification of cytosolic cleaved IL-1β normalized to 

non-cleaved IL-1β (B), and cleaved GSDMD resolubilized from plasma membranes (C). 

Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM), and NAM (30 µM). Values represent 

mean ± SEM, # p<0.05 vs. aerobic control (n = 4-5 per group). FL; full-length. CLV; 

cleaved. RLU; relative luminescence units. IL-1β; interleukin-1 beta. GSDMD; gasdermin 

D. NAM; Nicotinamide, SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic 

acid. 

3.6  SA-22 protects myocardial cells against HR injury 

Previous work has demonstrated EDPs are protective against HR injury in an atrial 

cell line, HL-1 cardiac cells(243). In the current study, we employed the ventricular cardiac 

myoblast cell line H9c2 to assess the cytoprotective effect of SA-22. First, successful 

differentiation of H9c2 cells using retinoic acid (RA) was confirmed by densitometric blot 

analysis of cardiac troponin T levels (cTnT) and phase contrast microscopy compared to 

cells that did not receive RA (Figure 3.8).  
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Figure 3.8. Validation of RA-stimulated cellular differentiation. Retinoic acid-induced cell 

differentiation was confirmed by immunoblotting and densitometric quantification of cTnT 

normalized to β-actin (A). Representative phase contrast microscope images (B). 

Treatments; RA (10 µM). Values represent mean ± SEM, *p<0.05 vs DIFF control, 

#p<0.05 vs DIFF (n = 4 per group). BA; Beta-actin. cTnT; cardiac Troponin T. DIFF; 

Differentiated. RA; Retinoic acid. 
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Exposing H9c2 cells to HR injury caused a significant decrease in cell viability, 

assessed by Trypan Blue exclusion assay and a fluorogenic 20S Proteasome activity 

assay (Figure 3.9A, B). Notably, SA-22 treatment attenuated a significant increase in 

caspase-1 activity elicited by HR (Figure 3.9C). NAM treatment prevented SA-22 from 

limiting caspase-1 activity, suggesting that sirtuins have a role in the cytoprotective 

response. HR injury also stimulated robust increases in acetylation of MnSOD2, indicating 

a reduction in SIRT3 activity, which was reversed by addition of SA-22 (Figure 3.9D). 

SIRT1 levels were relatively unchanged across treatment groups (Figure 3.9E). HR cells 

also possessed a marked reduction in SIRT3 levels compared to aerobic baseline, which 

SA-22 treatment rescued (Figure 3.9F). Notably, NAM treatment did not affect SIRT 

levels (Figure 3.9E, F). 
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Figure 3.9. SA-22 ameliorated HR injury in H9c2 cells. General cell viability after 24 hours 

of hypoxia followed by 6 hours of reoxygenation was assayed via trypan blue cell counting 

(A) and fluorescent cytosolic 20S proteasome activity kit (B). Caspase-1 proteolytic 

activity assayed with a fluorescent kit (C). Representative immunoblots and densitometric 

quantification of acetyl MnSOD2 (D), SIRT1 (E), and SIRT3 (F). Treatments; vehicle (0.1% 

v/v DMSO), SA-22 (1 µM), and NAM (30 µM). Values represent mean ± SEM, # p<0.05 

vs aerobic vehicle (n = 3-6 per group). BA; Beta-actin. MnSOD2; manganese superoxide 

dismutase. SIRT1/3; silent mating type information regulation 2 homolog 1/3. NAM; 

Nicotinamide, SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. 

RLU; relative luminescence units. 
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To further validate and support the evidence of cytoprotection observed in our 

H9c2 cell model, we also employed the use of primary NRCMs as an in vitro model of 

myocardial HR injury. Similarly to the results observed in our H9c2 cells, both 19,20-EDP 

and SA-22 protected NRCM cell viability against HR injury as assessed via 20S 

Proteasome assay (Figure 3.10A). Additionally, SA-22 and native 19,20-EDP abrogated 

the induction of caspase-1 activity following experimental insult (Figure 3.10B). 
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Figure 3.10. SA-22 ameliorated HR injury in NRCMs. General cell viability after 24 hours 

of hypoxia followed by 6 hours of reoxygenation was assayed via fluorescent cytosolic 

20S proteasome activity kit (A). Caspase-1 proteolytic activity assayed with a fluorescent 

kit (B). Treatments; vehicle (0.1% v/v DMSO), 19,20-EDP (1 µM), SA-22 (1 µM), and NAM 

(30 µM).  Values represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 3-6 per group). 

NAM; Nicotinamide, SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic 

acid. RLU; relative luminescence units. EDP; Epoxydocosapentaenoic acid. HR; hypoxia-

reoxygenation. 
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3.7  SA-22 preserves mitophagic flux post-HR injury 

Following observations that SA-22 preserves ETC activity and ameliorates OPA1 

cleavage following IR challenge ex vivo, we wanted to explore the potential impact of SA-

22 and SIRT3 potentiation on myocardial mitochondrial homeostasis following HR injury 

in vitro. To that end, we wondered if the mechanism of action (MoA) for SA-22’s 

cardioprotective properties involved modulation of mitophagy. To confirm whether SA-22 

triggers a mitophagic response irrespective of cellular injury, we treated non-challenged 

H9c2 cells with SA-22 and harvested them at several timepoints (30-minutes, 1-hour, and 

2-hours). FCCP was used a positive control for stimulation of mitophagy(400). Western 

blot analysis of heavy membrane-enriched fractions demonstrated that SA-22 did not 

significantly trigger the mitochondrial-localization of several markers associated with 

mitophagy such as dynamin-related protein-1 (DRP-1), PTEN-induced kinase-1 (PINK1), 

p62, and Microtubule-associated proteins 1A/1B light chain 3B (LC3B) (Figure 3.11A, B, 

D, E) (401-405). Interestingly, SA-22 treatment appears to cause significant mitochondrial 

localization of Parkin, independent of any of the other assessed markers (Figure 3.11C). 
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Figure 3.11. SA-22 does not stimulate mitophagy in the absence of cellular injury. Heavy 

membrane-enriched fractions from H9c2 cell lysates were assessed for mitochondrially-

localized mitophagy markers via western blotting. Densitometric quantification for DRP-1 

(A), PINK1 (B), Parkin (C), p62 (D), and LC3-II (E). Representative immunoblots for 

mitophagy markers (F). Treatments; vehicle (0.1% v/v DMSO), FCCP (10 µM), SA-22 (1 

µM). Values represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 4-8 per group). 

DRP-1; dynamin-related protein-1. VDAC: voltage-dependent anion channel. FCCP; 

Carbonyl cyanide p-trifluoromethoxyphenylhydrazone. PINK1; PTEN-induced kinase-1. 

P62; sequestosome-1. Microtubule-associated proteins 1A/1B light chain 3. SA-22; 

(10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. 
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While the stimulation of mitophagy by hypoxia and its benefits have been well-

documented (406), several of the adverse outcomes also associated with HR injury (such 

as ROS, and NLRP3 inflammasome activation) have been demonstrated to be potent 

inhibitors of mitophagy(407,408). Thus, we sought to determine if SA-22 could preserve 

protective mitophagic flux in myocardial cells after HR injury. However, since mitophagy 

is a highly dynamic and time-dependent process, we opted to employ the use of H9c2 

cells stably expressing mito-Keima, a mitochondrially-targeted, lysosome-resistant, 

fluorescent protein with pH-dependent excitation spectra(409). Use of mito-Keima 

enables the real-time differentiation between mitochondria present in a neutral pH 

environment and those within an acidic pH environment (i.e. 

Autophagosomes/autophagolysosomes) (Figure 3.12). Using ImageJ and Hoechst 

33342, we quantified the number of acidic puncta within the mitochondrium and 

normalized it to the total number of nuclei present in the image field. Immediately following 

reoxygenation, all hypoxic groups possessed an elevated number of ‘mitophagosomes’ 

(Figure 3.13A). Interestingly, by 1-hour post-reoxygenation, both the 19,20-EDP and SA-

22 treated groups had significantly fewer mitophagosomes compared to the HR vehicle 

group (Figure 3.13B, C). At the end of the 6-hour reoxygenation period, mitophagosome 

levels in the EDP-treated groups had returned to near aerobic levels (Figure 3.13F, 3.14). 

In contrast, the groups that received co-treatment of 19,20-EDP or SA-22 with a sirtuin 

inhibitor (NAM or 3-TYP), showed no improvement in the number of mitophagosomes, 

implying that SIRT activity is vital to the resolution/preservation of functional mitophagic 

flux following HR injury (Figure 3.13A-F, 3.14). Neither 19,20-EDP or SA-22 appeared to 
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trigger mitophagic flux in the absence of HR insult, further supporting our initial western 

blot analysis (Figure 3.13A-F). 
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Figure 3.12. Mito-Keima: A pH-dependent dual-excitation protein fluorophore. Graphical 

summary of the pH-dependent change in mito-Keima fluorescence during mitophagy 

following acidification of the mitochondria by lysosomes (A). Excitation and emission of 

mitochondrially-targeted Keima fluorescence. The excitation wavelength of the Keima 

protein is determined by its environmental pH, with an excitation spectrum at neutral pH 

centered at 440nm, an excitation spectrum at acidic pH centered at 586nm. The emission 

wavelength for mito-Keima at either pH is approximately 620nm (B). 
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Figure 3.13. SA-22 rescues mitophagy in H9c2 cells following HR injury. H9c2 cells stably 

expressing mito-Keima were assessed after treatment with either vehicle, 19,20-EDP, 

SA-22, or co-treatment of either compound with either NAM, or 3-TYP. Mitophagosome 

density was normalized to nuclei count at several timepoints post-reoxygenation (Average 

of 5 random fields’ whole-field fluorescence represents each data-point); reoxygenation 

(A), 30-minutes (B), 1-hour (C), 2-hours (D), 4-hours (E), and 6-hours (F). Treatments; 

vehicle (0.1% v/v DMSO), FCCP (10 µM), 19,20-EDP (1 µM), NAM (30 µM), 3-TYP (50 

µM), or SA-22 (1 µM). Values represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 3 

per group). SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. EDP; 

Epoxydocosapentaenoic acid. 3-TYP: 3-(1H-1,2,3-triazol-4-yl) pyridine. NAM; 

Nicotinamide. HR; hypoxia-reoxygenation. FCCP; Carbonyl cyanide p-

trifluoromethoxyphenylhydrazone. 
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Figure 3.14. Preservation of mitophagy post-HR by EDP compounds is SIRT-dependent. 

Representative fluorescence images from H9c2 cells stably expressing mito-Keima were 

treated with either vehicle, FCCP, 19,20-EDP, SA-22, or co-treatment of either EpFA with 

either NAM, or 3-TYP. Photos were taken 6-hours post-reoxygenation. White bar = 50 

µm. Treatments; vehicle (0.1% v/v DMSO), FCCP (10 µM), 19,20-EDP (1 µM), NAM (30 

µM), 3-TYP (50 µM), or SA-22 (1 µM). SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-yl)-

octadeca-10,16-dienoic acid. EDP; Epoxydocosapentaenoic acid. 3-TYP: 3-(1H-1,2,3-

triazol-4-yl) pyridine. NAM; Nicotinamide. HR; hypoxia-reoxygenation. FCCP; Carbonyl 

cyanide p-trifluoromethoxyphenylhydrazone. EpFA; epoxy fatty acid. 
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To gain further insight into the changes in mitophagy occurring post-reoxygenation, 

we harvested treated cells after 6-hours of reoxygenation and subjected them to western 

blot analysis. Hypoxic cells exhibited a significantly increased amount of mitochondrially-

localized DRP-1, suggesting that damaged mitochondria were being targeted for removal 

(Figure 3.15A). Intriguingly, other markers that represent the progression and execution 

of mitophagy such as Parkin and p62 were significantly decreased among hypoxic groups 

(Figure 3.15B-F). Importantly, SA-22 treatment significantly ameliorated the deficient 

localization of Parkin and p62 to mitochondria in a SIRT-dependent manner (Figure 

3.15C, D). SA-22 did not appear to influence mitochondrial-localization of PINK1 and 

LC3B (Figure 3.15B, E). 
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Figure 3.15. SA-22 affects post-HR localization of several mitophagy proteins. Heavy 

membrane-enriched fractions from H9c2 cell lysates 6-hours post-reoxygenation were 

assessed for mitochondrially-localized mitophagy markers via western blotting. 

Treatments; vehicle (0.1% v/v DMSO), 19,20-EDP (1 µM), NAM (30 µM), 3-TYP (50 µM), 

or SA-22 (1 µM). Densitometric quantification for DRP-1 (A), PINK1 (B), Parkin (C), p62 

(D), and LC3-II (E). Representative immunoblots for mitophagy markers (F). Values 

represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 4-6 per group). DRP-1; dynamin-

related protein-1. VDAC: voltage-dependent anion channel. FCCP; Carbonyl cyanide p-

trifluoromethoxyphenylhydrazone. PINK1; PTEN-induced kinase-1. P62; sequestosome-

1. Microtubule-associated proteins 1A/1B light chain 3. SA-22; (10Z,16Z)-18-(3-

Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. NAM; Nicotinamide. HR; hypoxia-

reoxygenation. 3-TYP: 3-(1H-1,2,3-triazol-4-yl) pyridine. 
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3.8  SA-22 protects cellular respiratory capacity and ETC efficiency 

 After demonstrating that the physical relationship between SA-22 and SIRT3 has 

beneficial effects on the clearance of damaged mitochondria following reoxygenation, we 

assumed that such effects would be reflected in mitochondrial respiration. Thus, we 

employed the Oroboros O2k high-resolution respirometer to assess oxygen consumption 

by H9c2 cells following hypoxia-reoxygenation. Immediately, HR injury significantly 

reduced basal oxygen consumption (physiological respiration coupled to ATP production) 

compared to aerobic vehicle control (Table 3.1). Furthermore, HR challenge significantly 

reduced spare respiratory capacity and total OXPHOS capacity, suggesting ETC 

impairment (Figure 3.16A, B). SA-22 addition protected cells against HR-induced 

decreases in sprare respiratory capacity (SRC) and OXPHOS function caused by HR 

(Figure 3.16A, B). When normalized to total ETC capacity, HR vehicle-treated cells 

displayed elevated levels of LEAK respiration, implying that a greater proportion of their 

respiratory capacity is dedicated to compensating for proton and electron leakage, 

suggesting disruption of the ETC complexes and of the mitochondrial matrix (Figure 

3.16C); This was also ameliorated by SA-22. Residual oxygen consumption (ROX) is a 

total measure of the oxidative side reactions occurring in cells not coupled to ATP 

production(410). While this may be an effect of an overall decreased respiratory capacity, 

HR significantly increased ROX (Figure 3.16D). 
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State AERO AERO 
SA-22 

HR 
VEH-0H 

HR 
VEH-3H 

HR 
VEH-6H 

HR SA-
22-0H 

HR SA-
22-3H 

HR SA-
22-6H 

Basal 
49.24 ± 

0.93 
56.85 ± 

1.95 
21.98 ± 

2.67 
24.29 ± 

2.25 
25.14 ± 

4.17 
53.81 ± 

2.45 
58.01 ± 

2.00 
45.83 ± 

3.12 

PML (NL) 
18.67 ± 

2.74 
24.49 ± 

1.88 
11.11 ± 

1.64 
15.74 ± 

2.70 
14.16 ± 

1.93 
22.67 ± 

1.50 
15.12 ± 

3.02 
25.34 ± 

1.24 

PMp (NP) 
49.37 ± 

4.94 
74.41 ± 

6.24 
20.11 ± 

4.30 
32.72 ± 

3.88 
28.53 ± 

4.35 
69.63 ± 

4.41 
44.18 ± 

8.17 
74.78 ± 

6.24 

PMcP (NP) 
70.19 ± 

7.25 
100.68 ± 

8.29 
47.77 ± 
11.98 

48.28 ± 
6.77 

40.32 ± 
4.95 

84.52 ± 
3.84 

54.79 ± 
9.40 

78.31 ± 
5.92 

PMGp (NP) 
70.06 ± 

7.06 
100.14 ± 

8.53 
35.40 ± 
10.74 

45.39 ± 
6.39 

48.85 ± 
3.86 

84.41 ± 
4.83 

80.65 ± 
15.89 

83.28 ± 
11.16 

PMGSP 
(NSP) 

116.91 
± 10.18 

177.49 ± 
6.81 

70.31 ± 
17.12 

53.63 ± 
7.11 

80.87 ± 
6.20 

198.73 ± 
20.21 

198.83 ± 
41.88 

175.23 ± 
11.75 

PMGSE 
(NSE) 

178.21 
± 13.43 

227.79 ± 
27.75 

79.06 ± 
21.26 

103.46 
± 20.49 

119.54 
± 5.80 

310.06 ± 
26.37 

299.82 ± 
61.30 

220.22 ± 
33.93 

PMGS(Rot)

E (SE) 
8.73 ± 
2.03 

1.48 ± 
0.36 

20.98 ± 
3.86 

41.83 ± 
8.78 

31.05 ± 
3.72 

2.13 ± 
0.99 

5.43 ± 
0.91 

5.86 ± 
2.03 

ROX 
6.05 ± 
0.99 

3.29 ± 
0.62 

1.71 ± 
0.59 

9.50 ± 
1.85 

6.46 ± 
1.52 

8.81 ± 
0.98 

5.82 ± 
1.08 

10.07 ± 
1.53 

 

Table 3.1. Raw oxygen consumption rates in H9c2 cells treated with SA-22. High-

resolution respirometric assessment of H9c2 cells subjected to HR insult with or without 

SA-22 (1 µM) treatment. Following permeabilization with digitonin (4 µM), cells were 

analyzed with the SUIT-008 protocol. OCRs from each respiratory state were obtained by 

normalizing oxygen flux following each substrate titration to ROX; Basal, Pyruvate (5 µM) 

and Malate (2 µM) (PML), ADP (10 µM) (PMP), Cytochrome c (10 µM) (PMcP), Glutamate 

(10 µM) (PMGP), Succinate (10 µM) (PMGSP), FCCP (0.3 µM) (PMGSE), Rotenone (0.5 

µM) (PMGS(Rot)E), and Antimycin A (2.5 µM) (ROX). Treatments; vehicle (0.1% v/v 

DMSO), SA-22 (1 µM). Values represent mean ± SEM (n = 4-18 per group). SA-22; 

(10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. FCCP; Carbonyl cyanide 

p-trifluoromethoxyphenylhydrazone. HR; hypoxia-reoxygenation. ROX; Residual Oxygen 

Consumption. P; Pyruvate. P; ADP-stimulated respiration. M; Malate. G; Glutamate. S; 

Succinate. L; LEAK. E; Maximum uncoupled respiration. N; N-Pathway (i.e. Complex I). 

OCR; oxygen consumption rate. SUIT; Substrate-uncoupler-inhibitor titration 
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Figure 3.16. SA-22 preserves SRC In Vitro. High-resolution respirometry-based analysis 

(SUIT-008) of H9c2 cells following HR challenge in the presence or absence of SA-22. 

Resulting oxygen consumption ratios include SRC (A), net OXPHOS capacity (B), 

LEAK/ET CCR (C), and ROX (D). Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM). 

Values represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 5-18 per group). SA-22; 

(10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. HR; hypoxia-

reoxygenation. ROX; Residual Oxygen Consumption. P; Pyruvate. M; Malate. G; 

Glutamate. S; Succinate. L; LEAK. E; Maximum uncoupled respiration. P; ADP-stimulated 

respiration. OCR; oxygen consumption rate. SRC; Spare respiratory capacity. CCR; 

Coupling-control ratio. OXPHOS; Oxidative phosphorylation. SUIT; Substrate-uncoupler-

inhibitor titration. 
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SA-22 preserved complex I respiration stimulated by ADP when compared to HR 

vehicle (Figure 3.17A). However, this discrepancy appears to largely be a result of 

cytochrome c loss due to problems with mitochondrial membrane integrity as saturating 

complex I with glutamate following cytochrome c addition virtually erases any difference 

between vehicle and SA-22 treated groups by 6-hours post-reoxygenation (Figure 3.17B, 

C). Interestingly, complex I respiration is significantly reduced by HR only immediately at 

reoxygenation (Figure 3.17C). SA-22 significantly protects complex I+II respiration 

compared to HR vehicle groups (Figure 3.17D). Paradoxically, while HR vehicle groups 

displayed significantly higher complex I-mediated control over NS-pathway respiration 

prior to uncoupling, rotenone completely inhibited oxygen consumption in aerobic groups 

and SA-22-treated hypoxic cells after uncoupling (Figure 3.18A-B). 

 

 

 

 

 

 

 

 

 

 



99 
 

 

 

 

 

 

 

 

 

 



100 
 

Figure 3.17. SA-22 protects complex I and II coupling efficiency against HR challenge. 

High-resolution respirometry-based analysis (SUIT-008) of H9c2 cells following HR 

challenge in the presence or absence of SA-22. Resulting oxygen consumption ratios 

include PMP (ADP-stimulated complex I respiration) FCR (A), ADP FCE (B), Cytochrome 

c FCE (C), PMGP (saturated complex I respiration) FCR (D), PMGSP (complex I+II) FCR 

(E). Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM). Values represent mean ± SEM, 

# p<0.05 vs aerobic vehicle (n = 6-16 per group). SA-22; (10Z,16Z)-18-(3-Ethyloxiran-2-

yl)-octadeca-10,16-dienoic acid. HR; hypoxia-reoxygenation. P; Pyruvate. M; Malate. G; 

Glutamate. S; Succinate. L; LEAK. P; ADP-stimulated respiration. CCR; Coupling-control 

ratio. FCR; Flux control ratio. FCE; Flux control efficiency. ADP; Adenosine diphosphate. 

SUIT; Substrate-uncoupler-inhibitor titration. 
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Figure 3.18. SA-22 treatment preserves Q-junction additivity. High-resolution 

respirometry-based analysis (SUIT-008) of H9c2 cells following HR challenge in the 

presence or absence of SA-22. Resulting oxygen consumption ratios include N/NS PCR 

(A), and NS PCR(Rot) (B). Treatments; vehicle (0.1% v/v DMSO), SA-22 (1 µM). Values 

represent mean ± SEM, # p<0.05 vs aerobic vehicle (n = 6-18 per group). SA-22; 

(10Z,16Z)-18-(3-Ethyloxiran-2-yl)-octadeca-10,16-dienoic acid. HR; hypoxia-

reoxygenation. P; Pyruvate. M; Malate. G; Glutamate. S; Succinate/S-Pathway (complex 

II). E; Maximum uncoupled respiration. P; ADP-stimulated respiration. SUIT; Substrate-

uncoupler-inhibitor titration. N; N-Pathway (Complex I). PCR; Pathway control ratio. 
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CHAPTER 4. DISCUSSION/CONCLUSION 
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4.1  Summary of results 

This thesis presents evidence for the cardioprotective action of a novel synthetic 

19,20-EDP analog, SA-22. Preliminary work established that SA-22, similarly to 19,20-

EDP, boosts SIRT3 activity directly in the absence of any cellular context (Figure 1). 

Isolated heart perfusions featuring SA-22 exhibited preserved contractile function 

dependent on sirtuin activity (Figure 2). Trends in ex vivo tissue function were closely 

mirrored by ETC complex activity within their mitochondrial fractions (Figure 3). 

Preservation of ETC function could potentially be correlated with the observation that SA-

22 treatment also ameliorated the proteolytic cleavage of OPA1 (Figure 4C). Importantly, 

we demonstrated that SA-22 maintained cellular SIRT3 and -1 activity, which was 

reflected in the acetylation state of MnSOD2 and mitochondrial lysine residues (Figure 5, 

6). Subsequently, SA-22 abrogated activation of pyroptosis following reperfusion in our 

murine model of IR injury (Figure 7). Our findings from the ex vivo model were then 

replicated using in vitro models of hypoxia-reoxygenation injury featuring cardiac cells. 

SA-22 preserved cell viability, SIRT3 activity, and inhibited activation of pyroptosis 

following reoxygenation in H9c2 cells (Figure 9). We again replicated these results using 

another in vitro model of HR injury featuring NRCMs, wherein SA-22 also protected cell 

viability and prevented activation of pyroptosis (Figure 10). Given that mitochondrial 

quality control and function are inextricably linked, we sought to explore the potential 

involvement of SA-22 in mitophagy; Interestingly SA-22 did not appear to evoke changes 

in the mitochondrial localization of several mitophagy markers in the absence of cellular 

injury with the exception being parkin (Figure 11). Despite this, both 19,20-EDP and SA-

22 clearly exhibited a restorative effect on mitophagy following reoxygenation, dependent 
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on SIRT3 activity (Figure 12-14). We then sought to bolster our understanding of the 

effects that SA-22 exerts on mitochondrial respiration. After analyzing H9c2 cells using 

high-resolution respirometry, we found that not only did SA-22 protect overall 

mitochondrial respiratory capacity, but that this effect involved preventing deficiencies in 

ETC complex function and cytochrome c caused by loss of mitochondrial membrane 

integrity. (Table 2, Figure 15-16). Furthermore, it appears that the protective effects of 

SA-22 may involve effects on Q-junction additivity following reoxygenation injury (Figure 

17). 

 

 

Figure 4.1. Graphical results summary. 
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4.2  Discussion 

4.2.1  Application of EDPs as therapeutics 

One of the largest hindrances to the translation of therapeutic interventions from 

experimental models to clinical applications is the unpredictability of MI onset(10). While 

possessing strong efficacy, therapeutic approaches that focus on ischemic pre-

conditioning have failed to translate into practical clinical approaches(411). Furthermore, 

traditional pharmacological approaches have thus far been unable to lessen the clinical 

burden and mortality posed by myocardial infarction(10). In recent years, great effort has 

gone into developing novel delivery systems for the use of biologics to treat myocardial 

infarction with mixed results(412). Fortunately, in this study we have demonstrated a 

novel pharmacological agent that remains efficacious even when administered post-

ischemically.  

While we presume that bioactivity of EDPs specifically within the cardiomyocyte 

mitochondrium is vital to their cardioprotective properties in the context of ischemic heart 

disease, mounting evidence indicates that EpFAs are active in several constituents of the 

myocardium, including endothelial and smooth muscle cells across a plethora of injury 

models(173,222,278,413). It is imperative to investigate the role of other cell types in 

EpFA-mediated cardioprotection. However, severe limitations regarding the 

bioavailability of endogenous EpFAs have hindered their therapeutic utilization until 

now(277,414,415). In addition to rapid metabolic conversion into diol compounds by 

soluble epoxide hydrolase, a disadvantage of PUFAs is their strong tight binding 

interactions with plasma proteins(416,417). Despite this problem however, eicosanoids 

seem to readily transfer to cells(173,239-241,243,264,278). Theoretically, these 
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compounds could be administered alongside existing reperfusion protocols (e.g., 

thrombolytic agents) upon hospitalization. Further elucidation of EDP pharmacokinetics 

involving off-target interactions and their relationship to experimental efficacy is 

necessary for the future consideration of EDPs as therapeutic agents. SA-22 is a first-

generation mimetic, intended solely for proof-of-concept studies. Subsequent generations 

of analogs will feature modifications that obviate metabolism by other eicosanoid 

pathways (e.g., COX and LOX) and reduce auto-oxidation. Additional work characterizing 

the efficacy of EDPs at various concentrations and how this is affected by chemical 

modification will be critical for discovering potential candidates for clinical trials. While all 

our experiments here were conducted using 1 µM epoxide, a concentration informed by 

previous studies, significant bioactivity of EpFA at nanomolar concentrations has been 

reported(418). Furthermore, exploration of higher concentrations may yield greater 

benefits than what has been observed previously. 

4.2.2  Sirtuins as potential targets for cardioprotection 

Analysis of our data suggests that SA-22 attenuates postischemic injury by 

ensuring SIRT3 remains active despite insult, which subsequently preserves 

mitochondrial function and blunts activation of pyroptosis. Sirtuins are a family of NAD+-

dependent deacylase enzymes, consisting of seven members, which can regulate a vast 

array of proteins via deacetylation activity, including many involved in respiration, 

oxidative stress responses, metabolism, and mitochondrial dynamics(311,328,329). 

The relative pH and abundance of acetyl-CoA contributes to more than 65% of 

mitochondrial proteins being acetylated under normal physiological conditions. 

Acetylation of mitochondrial metabolic enzymes (often caused by SIRT3 deficiency) has 
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been demonstrated to reduce catalytic activity, exacerbate metabolic dysregulation and 

cause mtROS production(419-421). The mitochondrial antioxidant ROS-scavenger 

MnSOD2 has its activity significantly upregulated upon deacetylation by SIRT3(332,333). 

Complexes I and II of the ETC have been established as direct targets for binding and 

subsequent deacetylation by SIRT3(422). In agreement with the broader literature, this 

study demonstrated hearts perfused with SA-22, a potential sirtuin-potentiating 

compound, improved respiratory chain function and lowered mitochondrial protein 

acetylation (Figure 3.3, 3.5). A rate-limiting factor for sirtuin activity is NAD+; as such, 

decreased SIRT3 activity following IR injury could be caused by a reduction in the 

NAD+/NADH ratio.  Previously, we demonstrated hearts perfused with a synthetic 16,17-

EDP analog possessed a much higher NAD+/NADH ratio than hearts treated with 

vehicle(240). While NAD+ deficiency may be in part due to disruption of complex I 

following reperfusion, it has also been demonstrated that inhibition of the NAD+-

dependent DNA repair enzyme poly-ADP-ribose polymerase 1 (PARP1) following 

myocardial ischemia in pigs was cardioprotective(423,424). Crucially, as complex I is 

responsible for regenerating NAD+ from NADH, preserving its function during the early 

phases of reperfusion/reoxygenation injury may be important to sustaining SIRT3 activity 

despite PARP1 hyperactivity (425).  

It should be noted that there are limitations to analyzing the effect of SA-22 and 

SIRT3 activity on each discrete ETC complex separately. Beyond the additive effect of 

convergent complex I and II flux into the Q-junction, it is well-known that the individual 

complexes of the respiratory chain RC frequently assemble into super-complexes often 

dubbed ‘respirasomes’(151-153). The broader literature indicates that respirasome 
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assembly is marked by significant increases in respiratory efficiency(155-157). 

Conversely, when respirasome assembly is inhibited or disrupted, marked increases in 

ROS production can be observed(158-160). Interestingly, increases in ETC complex 

acetylation induced by SIRT3 KO in cardiac cells have been correlated with respirasome 

disassembly(161). Therefore, it could be theorized that the beneficial effect of SA-22 

treatment with respect to mitochondrial respiration may be more attributable to the 

protection of respirasome assembly than it is to the effect of direct complex deacetylation.  

In addition, SA-22 administration reduced the proteolytic cleavage of OPA1, a 

protein critically important for proper cristae organization, mitochondrial function, and 

metabolic adaptation, in response to IR injury(352,426,427). Following the processing of 

the mature peptide into non-cleaved long and short isoforms, OPA1 localizes to the 

mitochondrial inner membrane wherein its presence is critical for proper stabilization of 

ATP synthase(428,429). Importantly, accumulation of short OPA1 isoforms has been 

demonstrated to promote pathological mitochondrial fission(430). Following mitochondrial 

depolarization during IR injury, OPA1 dissociates from ATP synthase and is subsequently 

proteolytically cleaved, exacerbating mitochondrial injury(431). Notably, various groups 

have suggested that SIRT3 regulates the activity of OPA1 through several different 

mechanisms. One group demonstrated that via deacetylation, SIRT3 promoted the pro-

fusion GTPase activity of OPA1(330). Another group found that through deacetylation 

and inactivation of nuclear encoded mitochondrial escape 1-like 1 (YME1L1), a 

mitochondrial metalloproteinase that proteolytically processes OPA1, SIRT3 could 

promote OXPHOS(352). In an even more indirect mechanism, SIRT3 may influence 

OPA1 cleavage through deacetylation of ERK and its subsequent effects on mitochondrial 
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dynamics(432). As OPA1 homeostasis is well-known to be tightly coupled to respiratory 

function, potentiating SIRT3 activity may help to curtail IR-induced dysregulations in 

mitochondrial structure and metabolism(433-435). 

While we did not explore the involvement of SIRT1 in-depth here, it has long been 

associated with bioenergetic outcomes following hypoxia/ischemia(55,307,436-438). The 

most well-characterized function of SIRT1 is the promotion of mitobiogenesis through the 

deacetylation of PGC-1α(439,440). A previous work by our group observed that 19,20-

EDP relied on SIRT1 activity for its cardioprotective effects in a murine in vitro model of 

endotoxemia(222). In this study, we found that SIRT1 activity was also preserved despite 

IR injury in isolated perfused mouse hearts (Figure 3.6A). However, further study is 

necessary to determine if this is critically important for the effects of SA-22 or if it is simply 

a positive side-effect of SIRT3/Complex I signaling. Interestingly, a recent study using 

primary rat neuronal cultures as an in vitro model of cerebral ischemia found that 

stimulating SIRT1 activity with resveratrol led to a downregulation in PARP1-mediated 

cell death(441). Another group working on human pulmonary arteriolar smooth muscle 

cells found that SIRT1 was required for SIRT3-mediated post-hypoxia mitobiogenetic 

reprogramming(442). Furthermore, additional literature indicates that SIRT1 signals with 

a plethora of proteins involved with cellular responses to hypoxia including hypoxia-

inducible-factor-1α (HIF-1α), nuclear factor erythroid 2-related factor 2 (NRF2), and 

phosphoinositide 3-kinase (PI3K) (443-445). 

Despite not being as extensively studied as SIRT1 and -3, thought should be given 

to the potential roles of other sirtuins in myocardial diseases. Importantly, all sirtuin 

homologs possess a highly conserved NAD+ binding domain and thus have similar 
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metabolic triggers for their activity (446). However, not all sirtuins possess deacetylase 

activity and instead may regulate other post-translational modifications (PTMs) such as 

malonylation, succinylation, and lactylation (447-449). In contrast to the protective action 

of SIRT1 and SIRT3, recent research seems to indicate that SIRT2 activity in the context 

of myocardial diseases can be either beneficial or deleterious depending on injury severity 

(450-452). SIRT4 competitively binds MnSOD2 and sequesters it from SIRT3, thereby 

increasing ROS and promoting cardiac hypertrophy(453). Another group demonstrated 

that inhibition of SIRT4 with MicroRNA-497 prevented the development of cardiac 

hypertrophy post-TAC surgery in vivo(454). Desuccinylation activity by SIRT5 has been 

shown to have significant impact on murine cardiac metabolic function(455,456). A recent 

study found that SIRT5 played a key role in liver-myocardial crosstalk following acute 

ischemia(457). The roles of SIRT6 in the context of myocardial ischemia seem more 

clearly positive, with several groups demonstrating the cardio-protectivity of its 

action(458-461). In short, while our findings here seem attractive, further study into the 

potential deleterious effects of sirtuin-potentiation in other cell-types, tissues, and disease 

models is necessary for the therapeutic consideration of 19,20-EDP derivatives.  

Moving forward it will also be important to consider possible sex differences, 

specifically as they relate to sirtuins. While our group has not observed significant 

differences between young male and female mice regarding the efficacy of DHA and 

19,20-EDP, we have yet to substantively test synthetic epoxylipids in female mice(221). 

Furthermore, emerging evidence seems to suggest potential significant sex differences 

in SIRT expression(462,463). Future exploration of these topics may help to rationalize 
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prior observations regarding sexually dimorphic susceptibility to ischemic heart 

disease(464). 

4.2.3  SA-22 and programmed cell death 

Activation of pyroptosis following reperfusion exacerbates tissue injury and 

contributes to adverse outcomes. Cleavage of GSDMD by caspase-1 leads to semi-

permeabilization of the outer plasma membrane and secretion of cell death promoting 

factors such as IL-1β(399). These factors actively polarize and recruit neighboring 

macrophages to the site of injury, perpetuating inflammation, and aggravating cell 

death(41,43,465).  A recent study found that GSDMD permeabilizes both the 

mitochondrial inner membrane (MIM) and -outer membrane (MOM) prior to the plasma 

membrane, and that this resulted in cytosolic release of cytochrome c, mtROS and 

mtDNA, leading to enhanced pyroptotic cell death dependent on cardiolipin(466). 

Coincidentally, cardiolipin has also been implicated in both OPA1 activity as well as the 

mitochondrial localization of the BH3 interacting-domain death agonist (tBID) (467-469). 

Interestingly, SIRT3 has been shown to regulate cardiac cardiolipin biosynthesis, activity, 

and protein binding(470-473). Furthermore, it has been demonstrated that potentiation of 

sirtuin activity may be a viable strategy for the attenuation of pyroptotic cell 

death(474,475). Our results indicated that SA-22 attenuated the activation of pyroptotic 

mediators such as caspase-1, GSDMD, and IL-1β (Figure 3.7). Intriguingly, despite 

perfusion with NAM greatly worsening myocardial function recovery, these hearts 

exhibited protection against pyroptosis comparable to hearts perfused with SA-22 alone 

(Figure 3.7). These data were further supported when we observed significant loss of 

cytochrome c from HR injured cells during our respirometry experiments (Figure 3.17). 
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Further work is necessary to identify and characterize potential pleiotropic mechanisms 

by which SA-22s preserve heart function and protect cardiomyocytes against IR-induced 

pyroptosis. 

4.2.4  SA-22 and mitochondrial homeostasis 

 Analysis of our data suggests that EDP compounds may have a restorative effect 

on mitophagy following HR insult (Figure 3.13-3.15). However, it does not appear that 

this is due to a direct stimulatory effect on traditional PINK1/Parkin-dependent mitophagy 

as SA-22 did not cause mitochondrial localization of mitophagy markers nor did it 

stimulate the recruitment of mitochondria to autophagosomes in the absence of cellular 

injury (Figure 3.11). The one exception to this was Parkin, which significantly localized to 

the mitochondria following SA-22 treatment (Figure 3.11C). Beyond simply observing the 

protective effect of SA-22 with respect to mitophagy, it is somewhat difficult to make 

inferences regarding the potential MoAs by which SA-22 and SIRT3 act, as the broader 

literature adamantly suggests that SIRT3 exerts a stimulatory effect on PINK1/Parkin-

dependent mitophagy(355,476-478). However, there is growing evidence suggesting that 

PINK1 and Parkin can regulate mitophagy independent of each other(479,480). Further 

study is necessary to determine if the effect of SA-22 on Parkin localization has 

meaningful impact on mitochondrial homeostasis following HR injury. Secondly, while 

treatment with SA-22 appears to strongly protect mitophagic flux against HR injury 

according to our mito-Keima data, the corresponding western blot data is somewhat 

unconvincing (Figure 3.15). Analysis of our high-resolution respirometry data suggests 

that the cardioprotective benefits of SA-22 may be attributable more to effects on 

mitochondrial respiration than to regulation of mitophagy. Briefly, SA-22 reduced LEAK 
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and ROX respiration commonly linked to cellular oxidative stress and improved ETC 

coupling (Figure 3.16-3.18). One could therefore theorize that the gradual reduction in 

observed mitophagosome count could have more to do with less mitochondria being 

dysfunctional and subsequently recruited to autophagosomes as a result of preserved 

respiration than it does with regulation of mitophagy. Importantly, almost all well-

characterized mitophagy pathways including PINK1/Parkin and BNIP/NIX among others 

heavily rely upon kinase activity to transduce signals(401,481,482). Naturally, 

deficiencies in ATP production due to respiratory dysfunction will cause the inhibition of 

kinases crucial to mitophagy. Given the abundance of cytotoxic and pro-pyroptotic 

DAMPs present within mitochondria, preventing the accumulation and permeabilization 

of dysfunctional mitochondria following ischemia/hypoxia seems central to resolving 

reperfusion/reoxygenation injury. Indeed, various strategies aimed at preserving 

mitochondrial integrity and respiratory functionality against ischemia/reperfusion have 

been shown to be cardioprotective in recent years. Furthermore, the salutary effects of 

these strategies with respect to mitochondrial autophagy and the accumulation of 

dysfunctional mitochondria appear to be dependent on ETC function(393,483,484). 

4.3  Conclusion 

Within this work we investigated the effects of SA-22, a novel synthetic structurally 

mimetic analog of the epoxylipid 19,20-EDP, in several experimental models of 

myocardial ischemic/hypoxic injury. We hypothesized that SA-22 protects 

cardiomyocytes against IR/HR injury by preserving mitochondrial homeostasis and 

limiting innate immune responses via potentiation of SIRT3 activity. Using isolated young 

male C57/Bl6 mouse hearts within an ex vivo model of IR injury, we demonstrate that 
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treatment with SA-22 preserves myocardial contractile function, mitochondrial respiration, 

and SIRT3 activity, consequently blunting activation of pyroptosis. We supported these 

findings by replicating them using two in vitro models of HR injury, wherein SA-22 also 

protected cardiac cell viability, mitochondrial respiration, mitophagy, and inhibited 

pyroptosis. Secondly, our data suggests that SA-22-induced protection is dependent on 

maintaining sirtuin activity, as pharmacological inhibition of sirtuins abrogated many of 

the benefits evoked by SA-22 treatment. Although the exact molecular mechanisms of 

action for SA-22 requires further elucidation, this study provides further evidence for the 

viability of synthetic EpFA analogs as a therapeutic agent for IR injury. 

4.4  Future directions 

 The present thesis has focused on replication of previous observations that 19,20-

EDP exerted its cardioprotective properties dependent on SIRT3, with a novel synthetic 

analog named SA-22. The secondary fundamental consideration of this work was to 

establish the functional impact of a direct interaction between SA-22 and SIRT3 as it 

pertains to mitochondrial homeostasis and pyroptosis following myocardial ischemic 

injury. In this work, we presented evidence that much like native 19,20-EDP, SA-22 

mitigates cardiac IR injury via potentiation of SIRT3 activity, marked by preservation of 

mitochondrial homeostasis. While we suggest the 19,20-EDP analog SA-22 is 

cardioprotective in our models of IR and HR injury, another previous work by our group 

demonstrated cytotoxic effects of 19,20-EDP on H9c2 cells dependent on glycolysis(485). 

Therefore, it appears that SA-22’s biological activity, along with many other EpFAs, is 

likely dependent on many factors such as time, tissue, metabolism, concentration, sex, 

age, and species. While this work provided some mechanistic insight into the action of 



115 
 

EDP compound, it is consideration for these other factors that will be critical for the 

continued study of EpFAs. Thus, the conclusions of our work identify several directions 

in which future research can hopefully be taken to translate our findings into the 

development of novel therapeutic agents.  

Of primary important is to assess EDP compounds for direct interactions with 

sirtuins other than SIRT3. Given the vastness of the sirtuin interactome, further study into 

the functional relationships between EDPs and the other sirtuins should elucidate much 

of how EDPs regulate mitochondrial homeostasis(486).  

Given the broader impetus for this field of study is to develop efficacious therapies 

for IHD, subsequent projects should focus on developing novel EDP-based 

pharmacophores that feature more advanced structural modifications (i.e., urea 

substitutions that obviate sEH metabolism) and assess changes in their stability and 

bioavailability(276,487). Additionally, extensive understanding of the mechanisms behind 

a therapeutic agent’s bioactivity is important for the adoption of their use into clinical 

practice. Thus, future studies should determine if EDPs are the ligands of unknown 

receptors that influence their biological activity. 
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APPENDIX 

Uncropped representative immunoblot images for figures (red rectangle represents target 
bands) 

 

 

 

 

 

(Figure 3.3)

SDH-A

Citrate synthase

COX-IV

Citrate synthase



155 
 

 

 

 

 

 

 

 

(Figure 3.4)

Citrate Synthase VDAC OPA-1



156 
 

 

 

 

 

 

 

 

 

(Figure 3.5)

SIRT3

VDAC

Acetyl MnSOD2

Total MnSOD2

Acetyl Lysine

VDAC



157 
 

 

 

 

 

 

 

 

 

(Figure 3.6)

SIRT1  -Tubulin



158 
 

 

 

 

 

 

 

 

 

(Figure 3.7) 

IL-1β Cleaved GSDMD Full Length GSDMD 



159 
 

 

 

 

 

 

 

 

 

(Figure 3.8) 

β - Actin Cardiac Troponin T 



160 
 

 

 

 

 

 

 

 

 

(Figure 3.9) 

Acetyl MnSOD2 SIRT1 

β - Actin 

SIRT3 

β - Actin Total MnSOD2 



161 
 

 

 

 

 

 

 

 

 

(Figure 3.11) 

DRP1 PINK1 Parkin 

p62 LC3-II VDAC 



162 
 

 

 

(Figure 3.15) 

DRP1 PINK1 

p62 

Parkin 

LC3 HSP60 


	CHAPTER 1. INTRODUCTION
	1.1 Ischemic heart disease and reperfusion injury

	Figure 1.1. Graphical summary of classical ischemia-reperfusion injury pathogenesis.
	1.2 Previous therapeutic approaches to IR injury and obstacles for clinical translatability
	1.3 Pyroptosis and mitochondrial DAMPs
	1.4 Mitochondria homeostasis and IR injury pathogenesis
	1.5 Endosymbiotic theory of mitochondria
	1.6 Mitochondrial respiration and oxidative phosphorylation

	Figure 1.2. Graphical depiction of the mitochondrial electron transport chain.
	1.7 ETC supercomplexes and IR injury
	1.8 Association of PUFAs with cardioprotection
	1.9 Cytochrome P450s and PUFA metabolism
	1.10 Bioactivity and -availability of EpFAs

	Figure. 1.3. Biosynthesis and biological roles of 19,20-EDP. (A) Biosynthetic pathway for 19,20-epoxydocosahexaenoic acid (19,20-EDP). α-Linoleic acid is an abundant n-3 polyunsaturated fatty acid (PUFA) derived from dietary sources. It is also freque...
	1.11 Epoxylipid-based therapeutic agents
	1.12     Physiological relevance of sirtuins
	1.13    Sirtuin biochemistry
	1.14 Thesis overview
	1.14.1 Rationale
	1.14.2 Hypothesis
	1.14.3 Objectives

	CHAPTER 2. METHODS
	2.1 Reagents

	Table 2.1. List of materials and reagents
	2.2 Synthesis of the 19,20-EDP analog SA-22
	2.3 Animals
	2.4 Isolated heart perfusions

	Figure 2.1. Ischemia-reperfusion and hypoxia-reoxygenation experiment design.
	2.5 Cultivation of H9c2 cardiac cells and treatment protocols
	2.6 Trypan blue exclusion assay
	2.7 Lentivirus transfection and stable Mito-Keima expression in H9c2 cells
	2.8 Isolation of neonatal rat cardiomyocytes (NRCM)
	2.9 Hypoxia-reoxygenation exposure
	2.10 Immunoblotting
	2.11 Enzymatic assays
	2.11.1 Spectrophotometric ETC complex assays
	2.11.2 Sirtuin activity
	2.11.3  Caspase-1 activity
	2.11.4  20S proteasome activity
	2.12  Microscopy
	2.12.1  Live-cell fluorescence microscopy
	2.12.2  Quantification of Mito-Keima fluorescence
	2.13  High-resolution respirometry

	Figure 2.2. Representative high-resolution respirometry experiment. Oxygen consumption rates (OCRs) are measured at different respiratory states induced by various substrates, uncouplers, and inhibitor titrations.
	2.14  Statistical analysis

	CHAPTER 3. RESULTS
	3.1  19,20-EDP and SA-22 directly potentiate SIRT3 catalytic activity in vitro

	Figure 3.1. SA-22 is a structural 19,20-EDP mimetic that boosts SIRT3 activity. Chemical structures of an endogenously abundant metabolite of DHA, 19,20-EDP (A) as well as the metabolically more stable, synthetic analog SA-22 (B). (C) Human recombinan...
	3.2  Post-ischemic functional recovery is improved by SA-22 treatment

	Figure 3.2. SA-22 enhanced postischemic functional recovery. Hearts were assessed for contractile function at baseline (B20), during ischemia (10, 20, 30), and after reperfusion (R10, R20, R30, and R40).  Measurement parameters included LVDP (A,D), ra...
	3.3  SA-22 preserves respiratory chain function following IR-injury

	Figure 3.3. SA-22 treatment preserved ETC function following IR-injury. Mitochondrial extract from perfused hearts were assessed for ETC activity (nmol/mg/ml) at complex(s) I (A), II (B), III (D), and IV (E). Representative immunoblots and densitometr...
	Figure 3.4. Perfusion with SA-22 protected long OPA1 isoforms. Mitochondrial extract from perfused hearts were assessed for CS activity and OPA1 cleavage. Enzymatic activity as well as representative immunoblots and densitometric quantification of cit...
	3.4  Sirtuin function is maintained in post-IR hearts perfused with SA-22

	Figure 3.5. SA-22 administration preserved SIRT3 activity against IR injury. SIRT3 deacetylase activity assayed with fluorescent kit in isolated mitochondrial fractions (A). Representative immunoblots and densitometric quantification of SIRT3 (B), ace...
	Figure 3.6. SA-22 administration preserved SIRT1 activity against IR injury. SIRT1 deacetylase activity assayed with fluorescent kit in isolated cytosolic fractions (A). Representative immunoblots and densitometric quantification of SIRT1 (B). Treatme...
	3.5  Perfusion with SA-22 attenuates IR-injury-induced pyroptosis

	Figure 3.7. SA-22 perfusion attenuated IR-induced pyroptosis. Caspase-1 proteolytic activity assayed with a fluorescent kit in isolated cytosol fraction (A). Representative immunoblots and densitometric quantification of cytosolic cleaved IL-1β normal...
	3.6  SA-22 protects myocardial cells against HR injury

	Figure 3.8. Validation of RA-stimulated cellular differentiation. Retinoic acid-induced cell differentiation was confirmed by immunoblotting and densitometric quantification of cTnT normalized to β-actin (A). Representative phase contrast microscope i...
	Figure 3.9. SA-22 ameliorated HR injury in H9c2 cells. General cell viability after 24 hours of hypoxia followed by 6 hours of reoxygenation was assayed via trypan blue cell counting (A) and fluorescent cytosolic 20S proteasome activity kit (B). Caspa...
	Figure 3.10. SA-22 ameliorated HR injury in NRCMs. General cell viability after 24 hours of hypoxia followed by 6 hours of reoxygenation was assayed via fluorescent cytosolic 20S proteasome activity kit (A). Caspase-1 proteolytic activity assayed with...
	3.7  SA-22 preserves mitophagic flux post-HR injury

	Figure 3.11. SA-22 does not stimulate mitophagy in the absence of cellular injury. Heavy membrane-enriched fractions from H9c2 cell lysates were assessed for mitochondrially-localized mitophagy markers via western blotting. Densitometric quantificatio...
	Figure 3.12. Mito-Keima: A pH-dependent dual-excitation protein fluorophore. Graphical summary of the pH-dependent change in mito-Keima fluorescence during mitophagy following acidification of the mitochondria by lysosomes (A). Excitation and emission...
	Figure 3.13. SA-22 rescues mitophagy in H9c2 cells following HR injury. H9c2 cells stably expressing mito-Keima were assessed after treatment with either vehicle, 19,20-EDP, SA-22, or co-treatment of either compound with either NAM, or 3-TYP. Mitophag...
	Figure 3.14. Preservation of mitophagy post-HR by EDP compounds is SIRT-dependent. Representative fluorescence images from H9c2 cells stably expressing mito-Keima were treated with either vehicle, FCCP, 19,20-EDP, SA-22, or co-treatment of either EpFA...
	Figure 3.15. SA-22 affects post-HR localization of several mitophagy proteins. Heavy membrane-enriched fractions from H9c2 cell lysates 6-hours post-reoxygenation were assessed for mitochondrially-localized mitophagy markers via western blotting. Trea...
	3.8  SA-22 protects cellular respiratory capacity and ETC efficiency

	Table 3.1. Raw oxygen consumption rates in H9c2 cells treated with SA-22. High-resolution respirometric assessment of H9c2 cells subjected to HR insult with or without SA-22 (1 µM) treatment. Following permeabilization with digitonin (4 µM), cells wer...
	Figure 3.16. SA-22 preserves SRC In Vitro. High-resolution respirometry-based analysis (SUIT-008) of H9c2 cells following HR challenge in the presence or absence of SA-22. Resulting oxygen consumption ratios include SRC (A), net OXPHOS capacity (B), L...
	Figure 3.17. SA-22 protects complex I and II coupling efficiency against HR challenge. High-resolution respirometry-based analysis (SUIT-008) of H9c2 cells following HR challenge in the presence or absence of SA-22. Resulting oxygen consumption ratios...
	Figure 3.18. SA-22 treatment preserves Q-junction additivity. High-resolution respirometry-based analysis (SUIT-008) of H9c2 cells following HR challenge in the presence or absence of SA-22. Resulting oxygen consumption ratios include N/NS PCR (A), an...
	CHAPTER 4. DISCUSSION/CONCLUSION
	4.1  Summary of results
	4.2  Discussion
	4.2.1  Application of EDPs as therapeutics
	4.2.2  Sirtuins as potential targets for cardioprotection
	4.2.3  SA-22 and programmed cell death
	4.2.4  SA-22 and mitochondrial homeostasis
	4.3  Conclusion
	4.4  Future directions
	REFERENCES
	APPENDIX


